
P H YSICAL REVIEW 0 VOLUME 1, NUMBER 3 I FEBRUARY 1970

Multibody Photoproduction between 2 and 16 GeV*
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The SLAC 2.2-m streamer chamber has been used to study photoproduction from hydrogen with a 16-
GeV bremsstrahlung beam. The use of a single-hadron trigger permitted a study from 2 to 16 GeV which
included photoproduction of the A~ and of the vector mesons p, co, and qb. The sample reported here repre-
sents 87 000 pictures containing 7055 hadronic events of which about 2500 were above 5 GeV. Interesting
aspects of the data are the dominance of p' production in the three-prong topology at high energies, the
di6raction character of high-energy p production, the clear indication of the transversality of the p spin
orientation, and the apparent interference between the resonant n+n (oe) production and a nonresonant
background. Tests of the vector-dominance model are described, including a comparison of total photo-
production cross sections derived from our data with those obtained elsewhere by direct measurements.

I. INTRODUCTION
' 'N studies of multibody photoproduction, the prob-
- - lems of accidental coincidences and of aperture
biases make it desirable, and in some cases even essen-
tial, to use a large-solid-angle detection system. The
accidentals problem is accentuated at machines, such
as linear accelerators, which have a small duty cycle.
While our group at SLAG was working on the design of
a large-solid-angle detector, we learned of the successful
operation of streamer chambers by Alikhanian et al. '
and Chikovani t.t al.' and decided to develop a very large
streamer chamber magnet system to yield approxi-
mately 4x detection efficiency for photoproduction
events. This article is a report on the first experiment
performed with the SLAC 2-m streamer chamber.

The experimental setup is indicated in Figs. 1 and 2.
The streamer chamber was located in the 1-m-high
)&2-m-diam gap of a 450-ton electromagnet. A colli-
mated low-intensity bremsstrahlung beam (~150
equivalent quanta per pulse, 180 pulses per sec) less
than 2 cm in diameter passed through a 1.25-cm-diam
tube of 50-p, wall thickness containing hydrogen gas
pressurized to 4 atm absolute and mounted in the upper
half of the neon-helium volume. Hadronic events were
detected by an array of scintillation counters located
on the beam-exit side of the magnet, and photographs
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of the triggered chamber were taken in three-camera
stereo through the open upper pole of the magnet.

In the experiment reported here 87 000 pictures were
taken containing 7055 hadronic events in a large
number of channels. About 2500 of these were above
5 GeV, but a significant fraction had one or more
neutral particles and were dificult to analyze. Pre-
liminary results of the analysis of this experiment have
been reported earlier. '

II. EXPERIMENTAL APPARATUS

A. Streamer Chamber

Momentum resolution of a few percent is necessary
for reasonable kinematic fitting and mass determination
at high energies, while the accuracy expected of a
streamer track is of the order 0.5 mm in real space.
These considerations led to the design and construction
of a chamber having a sensitive volume 2 m long, 1.5 m
wide, and 60 cm deep with an electrode structure 4 m
long, 3 m wide, and 70 cm deep. Streamer formation
requires electric fields of about 20 kV/cm and 10-nsec
duration; the chamber described here requires pulses of
600 kU lasting less than the transit time from one end
of the chamber to the other. The production and
application of such a pulse was our most serious tech-
nical problem.

In a streamer chamber one is attempting to produce
a series of small streamers about 1 mm in diameter and
5—10 mm long centered on the original particle path.
When a high-voltage pulse is applied to a neon-helium
volume through which an ionizing particle has passed,
ion multiplication occurs, and a Townsend avalanche is
formed by electrons cascading in the. direction of the
positive high-voltage plate. When the ion density and
rate of ion formation are suKciently high, photo-
ionization becomes the dominant process, and streamer
formation occurs at both ends of the ionized region. It

'M. Davier, I. Derado, D. Drickey, D. Fries, R. Mozley,
A. Odian, F. Villa, D. Yount, and R. Zdanis, Phys. Rev. Letters
21, 841 (1968) (po production); M. Davier, I. Derado, D. Drickey,
D. Fries, R. Mozley, A. Odian, F. Villa, and D. Yount, Phys.
Letters 28B, 619 (1969) (co', sr production).
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is during the streamer formation stage that appreciable
light is produced; since streamers grow at a rate of order
1 mm/nsec, as compared with 1 mm/10 nsec for
avalanches, the pulse duration is critical, and pulses of
order 10 nsec are required.

As suggested by Chikovani et ol. ,
' the problem of

producing a high-voltage pulse of short duration is best
handled by separating the high-voltage-generator and
pulse-shaping functions. In our case, the high voltage
was produced by a 17-gap 34-stage Marx generator'
rated at 1.3 MV when charged to &40 kV. The output
with 150-nsec charging time was used to cha, rge the
intermediate electrode of a Blumlein line. ' Near the
peak of the Marx pulse, the Blumlein spark gap broke
down by overvoltage, producing a pulse of 4-nsec rise-
time. The dura, tion 10 nsec of the Blumlein pulse was
twice the transit time of the charging element in oil and
could be varied by substituting charging elements of
different length. The virtue of the Blumlein, as com-
pared with other pulse-shaping networks, is that it
produces a "rectangular" pulse with the full charging
voltage. The use of a single gap in the Blumlein, instead
of the 17 gaps of the Marx generator, permits a small
inductance and hence a fast rise. In practice, the
genera, tor was charged to about ~20 kV, and the
Blumlein pulse was then about 600 kV.

As indicated in Figs. 1 and 2, the Blumlein pulse was
applied to a central electrode separating the upper and
lower 30-cm gaps of the streamer chamber. The outer
electrodes were at ground potential and were joined at
the sides to make an enclosed-line conhguration which
reduced the otherwise large amount of rf radiation from
the fast pulse. Since the electrode dimensions were
comparable with the product of pulse duration times
velocity, the chamber was driven as a transmission line
and was terminated with a distributed impedance
of 230.

In the visible region of the chamber the three elec-
trodes consisted of stainless-steel wires 0.25 mm in
diameter and spaced about 5 mm apart. The neon-
heliurn gas was contained in cells with polyurethane
walls and top and bottom windows of 2-mil Mylar. The
streamer chamber developments at SLAC are described
in detail in a SLAC report and have been summarized
in various conference proceedings. '

J. D. Craggs and J. M. Meek, High Voltage Laboratory Tech-
niqle (Butterworths Scientific Publications Ltd. , London, 1954).

'Blumlein "voltage-doubler circuits" are discussed by O. I.
Ratsey, J. Inst. Elect. Engrs. (London) 93, 245 (1946); K. J. R.
Wildinson, ibid. 93, 1090 (1946); Craggs and Meek (Ref. 4). See
also J. L. Brewster, F. M. Charbonnier, L. F. Garrett, K. W.
Riegelmann, and J. K. Trolan, Technical Report No. AFWL-TR-
65-21, Air Force Weapons Laboratory, Kirkland Air Force Base,
N. M. , 1965 (unpublished).

F. Bulos, A. Odian, F. Villa, and D. Yount, Stanford Linear
Accelerator Center Report No. 74, 1967 (unpublished); F. Bulos,
SLAC Internal Report No. TN-64-73, 1964 (unpublished);
F. Bulos, A. Boyarski, R. Diebold, A. Odian, B. Richter, and
F. Villa, IEEE Trans. Nucl. Sci. NS-12, 22 (1965); in Proceedings
of the International Conference on Instrumentation for High Energy
Physics, Stanford, 1966, (International Union of Pure and Applied

B. Camera System

A major problem in the use of streamer chambers is
that very little light is emitted. This is coupled to the
fact that the chambers do not saturate since they are
not loaded by streamers. As a result, special Aim with
high acutance and sensitivity to neon light is required.
In the experiment reported here, Kodak. special-order
So-340 61m was used with Zeiss Planar lenses and with
lens apertures of Ii2. A demagnification of 70 yielded a
reasonable depth of field and allowed us to use a 35-mm
sprocketed-film format.

Events were photographed by three cameras mounted
4m above the chamber with vertical lens axes and a
stereo a,ngle of 18'.For the P2 lens apertures, vignetting
occurred at about this angle. The locations of events in
the magnetic field were determined with the aid'of 25
fiducials on a marble plate pinned to the lower magnet
pole and two upper fiducials supported by granite beams
attached to the four vertical Aux-return columns of the
magnet. Figures 5 and 6 show typical photographs.

C. Magnet

The magnet was designed to allow access to the field
region from all sides. There was no upper pole, so that
the chamber could be viewed and photographed from
above. Seven double coils were installed above the 1-m
magnet gap and three around the lower pole tip to
produce an approximately symmetric field. The coils
were formed of 2.5)&3.75-cm copper tubing wrapped
with fiber glass and vacuum-impregnated with Epoxy
to form double pancakes.

Each of the top and bottom plates of the magnet was
laminated from two separable plates weighing less than
50 tons each to facilitate assembly and later modi6ca-
tion. The magnet weighed approximately 450 tons of
which 50 tons were the coils. The entire detection
system, including magnet, streamer chamber and drive
system, cameras, trigger counters, and fast electronics,
was assembled as a unit outside of the beam line and
was moved into the beam on rails. Once in place, the
magnet and peripheral gear were elevated to the proper
beam height by four jacks, and the final alignment was
made.

During the experiment reported here, the 5.8-MW
magnet power supply was limited by transformer
failures and produced a field of only 8 kG. The field
distribution in the central region is shown in Fig. 3.

D. Trigger Electronics

The experiment was intended as a survey and was
designed to be triggered by any charged hadron leaving
the magnet in the forward 15' cone. The principal

Physics and U. S. Atomic Energy Commission, Washington, D. C.,
1966), p. 49; F. Villa, in Proceedings of the International Colloquia
on XNclear Electronics, Versailles, 1968 (International Union of
Pure and Applied Physics, Versailles, 1968), Vol. III, pp. 7—11.
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FIG. 3. Magnetic 6eld distribution in the 450-ton
5.8-MW streamer chamber magnet.

background for false triggers was from electromagnetic
interactions: The pair cross section is approximately
200 times larger than the total hadronic cross section,
and the Compton cross section is large enough to cause
many false triggers from the numerous low-energy
photons in a bremsstrahlung spectrum.

To reduce the triggers from pairs, which occur mainly
at small angles, the trigger counters were separated by
a 20-cm horizontal gap in the beam plane. Very few
high-energy Compton electrons were produced, and
low-energy electrons were swept aside by the magnetic
field. The background from materializing Compton
photons was minimized by placing as little material
as possible before the first plane of trigger counters and

by making this plane only 6 mm thick.
The trigger counters were arrayed in four vertical

planes perpendicular to the photon beam line. Poly-
ethylene sheets 1 in. thick were placed between the
counter planes to reduce the number of soft electrons
that could penetrate. In addition, approximately 2

radiation lengths of lead were introduced between the
second and third layers and 1-,' radiation lengths be-
tween the third and fourth layers to make it possible to
identify showers from high-energy electrons. The
trigger logic required a pulse from each layer and no
large pulse from the last two layers of a triggering zone.
The counters formed a 32-zone hodoscope covering an
area 2 ft high and 8 ft wide above the beam and a
similar area below. A proper fourfold coincidence in any
zone caused the chamber to fire. This allowed the re-

jection of triggers from electrons without the rejection
of hadronic events with +"s.

A problem with a streamer chamber is the pickup
from electromagnetic radiation when the chamber fires.
This was reduced many orders of magnitude by com-

pletely enclosing the chamber high-voltage electrode;
nevertheless, additional shielding of the counters and
cabling was required. The firing of the streamer chamber
took place about 750 nsec after the trigger logic had
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functioned, and multiple redundant gates throughout
the logic provided additional rf protection.

The ratio of pictures to hadronic events was reduced
by the trigger system from several hundred to 1 with
no trigger to about 12 to 1. A complete removal of
electromagnetic backgrounds would have resulted in
ratio of about 3 to 1, since the target hydrogen in the
chamber volume was about —', the total effective mate-
rial in the beam line near the counter system. Some of
the false triggers came from Compton scattering in the
Mylar windows and helium-gas bag near the trigger
counters, but a large fraction apparently came from
showers of soft photons originating in the upstream
beam line. A relatively small number of false triggers
were from pairs; the shower rejection reduced the false
trigger rate by only about 10%. In a subsequent run
with the hydrogen-gas target pressurized to 6.5 atm
absolute, it has been possible to reduce the ratio of
pictures to hadronic events to about 4.5 to 1.

E. Photon Beam

A special effort was made to produce a well-collimated
photon beam. Since particle trajectories inside the
hydrogen target tube were not seen, it was essential that
the target and beam diameter be small. Moreover, even
with high-pressure ( 4 atm absolute) hydrogen, the
target walls, Ranges, and neon-helium gas were much
thicker in radiation lengths than the hydrogen; thus
beam halo had to be reduced to a minimum.

The photon beam line and radiator area are shown in
Fig. 4. Basically the system consisted of a point radi-
ator, source-defining collimator C-1, the primary
collimator C-2, and two scraping collimators C-3 and
C-4, which do not intercept the primary photon en-
velope. The electron beam from the accelerator was
momentum-analyzed to less than 1%momentum width,
was focused at the collimator C-2, and after striking the
radiator was deflected to a beam dump by a magnet
system. The beam at the radiator was essentially
parallel since the beam phase space was less than 10 '
rad cm. The radiator itself was 1 mm in diameter and
0.25 p thick, and was suspended on three 10-p, wires of
stainless steel.

The first collimator C-1 was located 17 m beyond the
radiator and consisted of 20-radiation-length horizontal
and vertical copper jaws in tandem; the openings and
centering could be separately varied. The source-
defining collimator was followed by a sweeping magnet
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in which was located a beam hardener of 1-radiation-
length LiH. Following the hardener, the beam proceeded
30 m to a second collimator, C-2, consisting of a 1-mm-
diam hole in 60 radiation lengths of tungsten. The
centering of this hole and of several others in the same
tungsten block could be remotely adjusted. Following
the two primary collimators, the beam proceeded 30 m
to a scraping collimator, C-3, similar in design to C-2,
with a nominal diameter of 5 mm. A second scraping
collimator, C-4, was 6xed in a location 15 m beyond
C-3 and had a nominal hole diameter of 10 mm.

A laser beam transmitted by C-2, C-3, and C-4 was
used to align the hydrogen target tube and was traced
to the entrance window of the quantameter some 39 m
beyond the center of the streamer chamber. The photon
beam itself was used to check the alignment at the
beginning of the run. Final checks of the beam centering
were made by studying the trigger rate and by visually
monitoring backgrounds in the streamer chamber for
different centering values of C-2 and C-3. The response
was normally independent of the C-2 and C-3 settings
for values within a few tenths of 1 mm of beam center.

The photon beam was monitored in a quantameter
calibrated to a few tenths of 1% with electron and
positron beams and the SLAC Faraday cup. ~ The
quantameter drift with no beam corresponded to less
than 100 equivalent quanta per second assuming a
standard 95%-argon —5%-CO2 gas 611ing. Since the beam
intensity was over 100 equivalent quanta per pulse at
180 cycles per second, the effect of drift was normally
less than &1%. The quantameter was operated at
ambient temperature and pressure, and the gain was not
corrected for changes in these quantities. Considering
the various factors mentioned, we have estimated an
over-all uncertainty for the experiment of &2.5%.

The photon beam was also monitored by a thin
scintillation counter directly in front of the quanta-
meter. The signal from this counter was displayed on an
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FIG. 5. Energy spectrum of pairs produced
in the 2,2-m streamer chamber.

7 D. Yount, Nucl. Instr. Methods 52, 1 (1967); in Proceedings
of the Symposium on Beam Intensity Measurement, Daresbury,
England, 1968, DIPL/R1, 1968, p. 75 (unpublished).

oscilloscope to indicate beam time structure, and it was
frequently used in beam tuneup as an instantaneous
current monitor.

The streamer chamber system was insensitive for
about 0.3 sec after each Bring; the beam lost during this
deadtime period was determined by counting pulses in
the above-mentioned scintillator. It was necessary to
measure the energy spectrum of the photon beam, since
the well-known bremsstrahlung spectrum could be
affected by collimator edges and particularly by the
beam hardener. The hardener was installed in a 15-kG
Geld to reduce secondary radiation; its location 45 m
upstream of the primary collimator C-2 also reduced
any such low-energy contamination.

The photon spectrum was checked by measuring the
energies of pairs produced in the hydrogen-gas target
tube. It was essential to use pairs which did not trigger
the chamber, since the trigger counters were inten-
tionally biased against pairs. An unbiased sample could
be obtained with a trigger timed to occur during an
accelerator pulse and not derived from the trigger logic,
but in this experiment we used pairs found in frames
containing hadronic events. The chance of a non-

triggering hadronic event occurring randomly on a
frame triggered by a positron-electron pair was
negligible.

All frames containing hadronic events were scanned
for pairs within the same fiducial volume used for
hadrons. A difhculty in this scan was the possible con-
fusion of pairs with events when neither vertex was
seen; thus pairs visible within a region extending 17.5
cm downstream of the hadronic vertex were not used.
It was essential- to study the pair spectrum as a function
of the position in the fiducial volume, since high-energy
pairs were often missed in the downstream end of the
chamber due to the unseen vertex.

The pair spectrum obtained with appropriate cor-
rections for fiducial volume is shown in Fig. 5. An
enhancement of the low-energy region would be ex-
pected if there were problems related to collimator edges
or the use of a beam hardener. within the statistical
accuracy of the sample, the agreement with the pre-
dicted Bethe-Heitler spectrum is satisfactory.

The total photon intensity determined from the pair
scan was compared with that measured by the quanta-
meter. Pairs were assumed to provide a random sample
of the intensity during operation, and the attenuation
of low-energy ((50 MeV) photons by the beam
hardener was neglected, since only the total energy was
measured by the quantameter. Each 120-m roll of film
was analyzed separately and represented roughly a 1-h
sample of the total run. Beam instability would cause
a second-order error due to the fact that more samples
were made at times of high intensity than at low in-
tensity. Since the beam was monitored continuously,
an increase of no more than 5% in the pair yield was
expected. A correction was made to the pair rate because
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the chamber sometimes 6red before the 1.5 @sec
accelerator beam pulse was over. In addition, there was
occasional difFiculty in distinguishing hadronic events
from two or more pairs.

After all corrections were made, the pair yield be-
tween 1 and 16 GeV, determined from a sample of 200
events, was 85% of that calculated from the quanta-
meter. Since the pair analysis was estimated to involve
a net systematic error of about 10%, this agreement was
considered satisfactory. The quantameter data, which
were accurate to &2.5%, were used in the final cross-
section calculations.

m. AmLVSIS

A. Film Scanning

Two independent scans were made and about 1 frame
in 12 contained a hadronic event. A strong interaction
could be distinguished by the angle of emission of the
tracks and by the requirement that there be one more
positive than negative track. The problem was com-
plicated by the lack of a visible vertex and by the
presence of flares in the chamber. Typical frames are
shown in Figs. 6 and 7. The lack of a vertex caused
occasional pairs to be included wrongly in events, and
these were removed in the manner to be described. The
Qares often obscured the vertex region and could have

caused a scanning bias. As a result a cut was made on
all events with tracks of dip angle X greater than 45'.
This is also discussed in more detail below.

Scanning was relatively easy, since there was less than
one background pair per picture. The statistical
efficiency from two scans was 0.99. Systematic scanning
errors were undoubtedly present for certain event
con6gurations, and these were estimated to result in a
loss of 5%. The scanning statistics were as follows:

photographs scanned 87 000
events found 7 055
ambiguous events 993
only one view 21
1 prong I',6g7
3 and more prongs 5 074
strange particles 280

B. Film Measuring and Syatial Reconstruction

Events were measured~on an image-plane digitizer
at 3—15 points per track in each of three views. Camera
positions were located ~by measuring 12 lower 6ducials
and 2 upper 6ducials. Three 6ducials were used for
ordinary event reconstruction. Lens errors for each
measured point ro in the film plane were compensated
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by assuming a radial distortion of the form

r=ra —n sin'y,

where y is the angle between ro and the optic axis.
Since the vertex was not observed and the magnetic

held was very nonuniform, a Gtting program sYBIL' was
developed for the geometrical reconstruction of the
events. All tracks were fitted simultaneously; the errors
for the different tracks were not independent, and the
analysis produced a correlated error matrix. The exact
particle trajectories were used instead of an helical
approximation. The resulting geometrical fits were
consistent with an average measuring error on film of
8 p in each coordinate direction. The S-p, error cor-
responds to 0.56 rnm in real space.
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FIG. 8. Distribution of standard deviations
for 6t ted 3-prong events.

svBzL: D. Fries, SLAC Report No, 103, 1969 (unpublished); see
also I. Derado and D. Fries, Nucl. Instr. Methods 6V, 109 (1969);
TKUTA: L Derado and R. Leedy, SLAC Report No. 72; siMULATE:
R. Zdanis (private communication); see also F. Bomse et al., Phys.
Rev. 158, 1281 (1967); MURTLEBERT: J. Friedman, University of
California Lawrence Radiation Laboratory Report No. AGM-
P156, 1966 (unpublished); rsxs: M. Davier, Doctoral Dissertation,
University of Paris, France, 1969 (unpublished). A more complete
description of event analysis will be published.
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FIG. 9. Distribution of 3-prong event
vertices perpendicular to the beam
direction.
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Figure 8 shows a histogram of the geometric standard
deviations of 3-prong events reconstructed by svarL.
All events which did not pass svsxL were remeasured,
and after two measurements 4460 of 5074 events passed.
About 2.5% did not converge, and the remainder were
rejected for technical reasons. Strange particles, 1-
prongs, and events with greater than 9 prongs were not
measured. In the 4460 events which passed sean. there
were:

3182 3-prongs
1025 5-prongs

221 7-prongs
32 9-prongs

For a more complete discussion of the performance and
resolution of a streamer chamber see Ref. 8.

C. Determination of Vertex Position

The error in the vertex position transverse to the
beam was less than 0.5 mm in real space. The error
along the beam direction depended strongly on the
event type, since high-energy particles frequently did
not leave the target for several centimeters. The largest
error was in the vertical coordinate, about ~2 mm
caused by the 18 stereo angle.

To test whether the beam struck the 50-p Mylar wall
of the target tube, events were plotted (Fig. 9) as a
function of vertex position along the line of viewing
(vertical coordinate) and along an orthogonal line also
perpendicular to the beam direction. The profiles are
consistent with bearTi dimensions of 6 and 3 mm,
respectively. The absence of any accumulation of events
at the wings of the beam profile distribution confirms
that the beam was not striking the Mylar.

D. Contamination of Events by Pairs

When a pair vertex occurred very close to a 3-prong
event vertex, the configuration' could be mistaken for a
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FIG. 10. Separation of positron-electron pairs in a sample of
apparent 5-prong events. The curves show the X distribution of
tracks in the events considered. The full sample is shown in (a).
In (b) the same distribution is given for events in which a positive
and a negative track have 1X1 angles &40 mrad, and in (c) are
included only those events in which a positive and negative pair
of tracks have both 1X1 and [d 1

angles &40 mrad.

5-prong event in both scanning and measuring steps.
Figures 10(a)-10(c) summarize an analysis of the tracks
of all 5-prong events. Figure 10(a) shows the tracks with

no angular cut, while Fig. 10(c) shows all tracks in those
events in which both the smallest-angle positive"and the
smallest-angle negative tracks have X and d angles of
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less than 40 mrad, where )t is again the dip angle and p
is the angle between the track and the beam direction
projected onto the horizontal plane. From such cuts we
have found 76 3-prong events falsely identified as
5-prongs and 27 5-prongs falsely identified as 7-prongs.
This is the same ratio as that of the 3- to the 5-prong
events identified as such. Moreover, the events identi-
fied in this way had the same percentage of kinematic
fits as the classes to which they were assigned. Finally,
the pairs detected in association with these events had
an energy distribution above 3 GeV compatible with a
bremsstrahlung spectrum.

E. Kinematic Determination

After the reconstruction of momenta and angles of
the particles, the events were subjected to the con-
straints of energy and momentum conservation in a
least-squares procedure TEUTON. ' Since the energy of a
particular photon in the bremsstrahlung spectrum was

unknown, completely visible final states resulted in fits
having three constraints (3-C 6ts) if the identity of each
particle was assumed. A single missing neutral with

assumed identity (w', neutron) led to a zero-constraint
(0-C) kinematic fit. A fit was dined by conservation of
energy and momentum to less than 10 4 GeV with
X'(30. In 3-C events the particle identity could be
determined from the fit; in 0-C events the distinction
between proton and positive pion generally could not
be made kinematically (assuming a missing s.e), nor
could one be sure that any of the tracks were protons
(missing neutron). Ionization information was used to
restrict the choices in about 20% of the 0-C events.
Since there was an 80 jo probability of having more than
one neutral, further analysis of 0-C events was very
difficult.

The 3-prong events were fitted with the appropriate
3-C and 0-C pion and kaon hypotheses. (For 5- and

7-prong events the choice of hypotheses was of course
much greater. )

The probability distribution of the 3-C events showed

an accumulation of low-probability fits. Errors for
low-momentum tracks were underestimated, since

multiple scattering and energy loss in the Mylar and gas
were neglected. The measurement error assumed for
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FlG. 11.Number of events versus the calculated mass squared of the incident photon.

s J. Ballam et at , Phys. Rev. Letters .21, 1341 (1968) (partial cross sections up to 12 GeV); 21, 1544 (1968) (&P total cross sections);
Y. Eisenberg et gt. (Weismann Institute), iNd 22, 669 (1969) (pa.rtial cross sections at 4.3 GeV).
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such events should be increased. This has been checked
by increasing the assumed measurement error in dis-
crete steps and observing the increase in the number of
events satisfying 3-C Gts. A plateau was reached beyond
which further increases in the assumed measurement
error did not increase the number of Gtted events having
X' probability of greater than 1%. At that point few
0-C events had entered the low-probability category for
3-C events.

A further test of kinematically selected events was
made by studying the mass-squared distribution of the
incident photon given by

0fc

s 2
QQg

fog9

sic

gg

2

where the I'; are the four-vectors of the outgoing
particles in the reaction. Figure 11 is a plot of 3f~ for
X'&30 and for X'&30. The value of 30 was determined
empirically by decreasing the acceptable X' until the
M~' peak began to appear in the high-X' plot. The cut
for X'&30 resulted in the same number of events as that
given by the variation in assumed measuring error and
was the actual criterion used for all data. The small
number of solutions incompatible with the ionization
information was rejected.

IV. TRIGGER AND GEOMETRIC EFFICIENCIES

A. Counter EfBciencies

The streamer chamber was Gred by any particle
passing through a counter hodoscope located downbeam
from the chamber. As described earlier, the hodoscope
consisted of four layers in coincidence covering two
areas 60&(240 cm' above and below a 20-cm gap in the
central plane. To check trigger efficiency, tracks from
events of over 2 GeV were extrapolated from the
measured trajectories in the streamer chamber to the
position of the trigger counters.

Figure 12 is a plot showing the position of interception
at the trigger counters of those events in which only one
track intercepted the trigger counters plus a 30-cm
border. There are no obviously insensitive regions in
this plot nor in similar plots for other classes of events;
we assume, therefore, that the counters were operating
normally and that their efhciencies were high enough to
permit a meaningful correction of about 2/o per counter
plane to be made for the monitored counter instabilities.

B. Geometrical EKciencies

The greater concentration of events near the center
of Fig. 12 suggests that geometrically a reasonable
sample of all possible events was obtained. In particular,
if a positive particle was emitted to the right in a
magnetic Geld that swept to the left, it would have had
a much greater chance of triggering than the same
particle emitted to the left. The magnetic field thus
ensured that the sample contained a significant number

FIG. 12. Distribution of events for which only one track inter-
cepted the trigger counters |,'indicated by the two rectangular
regions) .

of events in which the angle between the beam line and
the track direction was large. The existence of a sub-
sample of large-angle events, appropriately weighted,
implies a relatively large effective solid angle for the
triggering system.

Flares were frequently observed in the chamber in
association with steep tracks approximating the direc-
tion of the pulsed electric Geld. Streamers tended to
coalesce when the dip angle A was large, and an intense
discharge could then occur along the track. The charge
deposited on the Mylar windows of the neon-helium
cells accumulated until a surface breakdown or Gare was
folmed.

In correcting for Aares associated with steep tracks,
we have used the intrinsic symmetry about the beam
axis that is characteristic of events produced by un-
polarized bremsstrahlung. Since the dip angle X co-
incides with the production angle 0 in the particular case
of tracks originating in the plane containing the beam
and the vertical axis (P= &90', where P is the angle of
rotation of the track about the beam line), it then
suffices to compare the distributions in 8 for tracks near
the vertical beam plane (iP~&90') and for tracks near
the horizontal beam plane Q~O' or 180'); the ratio of
the two 0 distributions gives directly the efficiency as a
function of dip angle: e(X) =4'(8)/Es(8), where E(8)
and Es(8) refer to the observed distribution at P
=&(90'&10') and /=0'&40' and 180'&40', re-
spectively. The data plotted in Fig. 13 indicate that the
probability of missing a track increases rapidly after
fl J&45.

C. Trigger and Geometric EfBciency Corrections

The method used in correcting the trigger and
geometric efficiencies depended essentially upon the
rotational Q) symmetry of events about the beam axis,
and the same method applied in both cases. Because of
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EFFICIENCY EFFICIENCY OF THE STC
FOR LARGE DIP ANGLES
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0, 8 FrG. 13. Detection efB-
ciency versus dip angle A,

in degrees for streamer
chamber tracks.
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scanning and measuring inc% ciencies, only events
having

~

X
~

(45' for all tracks were used. Each event in
this sample was rotated through 360' in S successive
intervals AP (X=36).At each interval three operations
were performed:

(1) A function &(P,) was assigned a value 1 or 0
depending upon whether or not at least one track. in the
event extrapolated to give a "virtual" hit at the counter
array.

(2) The product

50-
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~+ 40-
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o 50
CL
LLJ

m

~~ 20—
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Yp p77 7T 4-8 GeV

)( STREAMER )) TOTAL
CHAMBER SYSTEM

f(A) = II ~(~")

was calculated, where e(X,') was the geometrical
eKciency for the ith track at the rotational angle f, and
was defined to be unity for

~

X (45' and zero elsewhere.
(3) A correlation function CQ, )= tQ, )f(P;) was

formed for the two effects and the average acceptance
calculated:

~= —2 c(0).

The weight was then 1jA for that event.
IO—

o
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EFFIC l EN CY

Fzo. j.4. Number of events versus detection efficiency for coun-
ters, streamer chamber, and total system. The acceptance histo-
grams indicate that most event types were detected with high
e%ciency by the counters, with about 50% efficiency by the
streamer chamber, and with an over-all,-efBciency'-of about 50%.

The choice of intervals Af was determined by the
rapidity of the variation of t(P). For example, too large
an interval might have caused certain extrapolated
tracks consistently to miss the gap in the trigger.
counters and hence to yield a higher efficiency than
actually obtained. Such considerations led to a choice of
36 intervals of 10 each. The correction described was
made by a program ?stan. '
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FIG. j.5. Acceptance histograms for
different energy intervals.
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D. Limitation of Method

The method described above is valid for a given class
of events if two conditions are satisfied: (1) There must
be enough events in the class to provide a statistically
significant sample of all event types included in that
class, and (2) all geometric configurations should be
represented in the event class.

Acceptance histograms are given in Fig. j.4 for events
of the type p~+n. between 4 and 8 GeV; the variation
of the weighting with energy is shown in Fig. 15. Below
2 GeV the acceptance was poor, making it probable that
certain classes of events are missing. Hence distribu-
tions obtained in this region are suspect.

Figure 16 shows the variations with photon energy of
the total efliciency for the reactions yp~ m+m p and

yp ~m+~ m+~ p. In each case the efFiciency First
increases with energy (at low energies particles are
swept away from the counters by the magnetic 6eld)
and reaches a maximum, the peaks occurring at 7 and
10 GeV, respectively. In the 3-prong case there is a
clear decrease in efficiency at the highest energies due to
particles passing through the horizontal gap separating
the upper and lower trigger counters. For the 5-prong
events, the effect is not clear.

E. Effects of EfBciency on Physical Observables

A second approach to estimating the detection
efficiency and, in addition, determining whether vari-
ations in efficiency affect certain physical quantities was
to generate events by Monte Carlo methods. ' We
consider here, in particular, events of the type pp —+

m+n. p satisfying the following characteristics:

(1) The invariant s+m mass distribution had the
mass and width of the p' meson.

(2) The t distribution was of the form e "'~.
(3) The sample of photon energies had a brems-

strahlung distribution.
(4) The angular distribution of the p' decay was sin'8

in the helicity system.

The generated Monte Carlo events are compared
with the accepted Monte Carlo events as a function of
t in Fig.~17. The acceptance function versus di-pion
mass for "the Monte Carlo events is plotted in Fig. 18.
The facts that the t dependence does not differ appreci-
ably for generated and accepted events and that the
mass sensitivity is Rat in the regions of interest imply
that the corrections are mainly an over-all renormali-
zation of the data and do not affect the shape of the
experimental distribution.

Figure 19 shows the fraction of the Monte Carlo
events accepted as a function of the decay angle 0~ in
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FIG. 16. Total acceptance versus energy for the reactions
yp ~ m+m p and yp ~ ~+~ ~+~—

p.

(5) The exact geometry and magnetic field of our
experimental setup were used. Errors due to measure-
ment resolution have a negligible effect and are not
taken into account.
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F. Determination of Absolute Cross Sections

the helicity system. Here the Rat response indicates that
the decay distribution in the helicity frame is not
appreciably affected by the acceptance function.

The Monte Carlo efficiency as a function of photon
energy is compared in Fig. 16 with corresponding
efficiency determined by rotating real events in the
manner already described. Within the statistical
accuracy of this comparison the agreement is adequate.

were corrected on the basis of the particular counter
area, and the total effect on the experiment was less
t an 1%.

The distribution of event vertices showed a decrease
at either end of the target. At the upstream end, this
was due to the fact that certain low-energy events never
reached the trigger counters. At the downstream end,
the loss was due primarily to the horizontal slot be-
tween upper and lower trigger counters. These two
effects were taken into account in the principal cor-
rection for detection efficiency made by rotating events
about the beam axis in the manner already described —a
procedure which we estimate was valid to &5%.

A third factor influencing the target fiducial volume
was related to the low magnetic field: Particles originat-
ing at small angles near the downstream end of the
target frequently remained within the target tube and
were not seen. This effect was particularly severe for
high-energy 3-prong events, and it has caused us to
reduce the fiducial volume with increasing energy
rather than try to correct for these losses. The useful
target length was 1.35 m below 8 GeV, 0.50 m between
8 and 12 GeV, and 0.40 m between 12 and 16 GeV.

A statistical evaluation of the scanning efficiency gave
(99&1)%,as mentioned earlier. In addition, there was
a systematic inefficiency due to ambiguous events that
could not be classified either by energy or by channel.
Assuming that these were distributed in proportion to

In obtaining absolute cross sections, four pieces of
information are required: (1) the total flux of incident
photons, (2) the shape of the bremsstrahlung, (3) the
over-all detection efficiency, including the efficiency of
the apparatus and of the data analysis, and (4) the
number of events actually observed.

As discussed in Sec. II E, relating to the photon beam,
the incident Qux was measured to an accuracy of
&2.5% with a quantameter. This was checked to
+10%by monitoring the yield of pairs produced in the
chamber.

Tests of the individual counters used in the experi-
ment gave an eKciency of better than 98% and an
estimated fourfold trigger eKciency of about (92&4)%.
In addition, during short intervals certain counters of
the hodoscope malfunctioned. Individual rolls of film
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the populations of normal events, we estimated that
there were 460 ambiguous 3-prongs as compared with
3182 normal 3-prongs. The scanning eKciency for this
effect was then (87&3)%. The measuring eKciency,
dered as the fraction of all measured events which
passed the geometrical 6tting program svsn. , was
(88a2) jo.

By combining quadratically the errors given in this
section, we have obtained an estimate of about &8/o
for the systematic uncertainties in our absolute cross-
section data. This is in addition to the statistical errors
calculated from the number of events&actually', observed
in the individual channels.

V. EXPERIMENTAL RESULTS

A. Reaction yP ~ es+es—P

1. General Features

Cross sections for photon energies between 2 and
16 GeV for the reaction yp ~ s-+s. p are plotted in Fig.
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Fzo. 20. Cross sections versus energy for the reaction pp ~ w+z p.

20 and are tabulated below. Our results are in good
agreement with those of the Dzsv' and czA" bubble
chambers below 6 GeV and with the sLAc9 bubble-
chamber exposures to a monochromatic beam at 5 and
7.5 GeV.

' Aachen-Berlin-Bonn-Hamburg-Heidelberg-Munchen Collab-
oration, Xuovo Cimento 41A, 270 (1966) (first results); Phys.
Letters 23, 707 (1966) LA++(1236) production]; Nuovo Cimento
46A, 795 (1966) (u&, 4, n, x' production); 48A, 262 (1967) (p
production); 49A, 337 (1967) (p production); Phys. Letters 2'7B,
54 (1968) (vector-meson production); Phys. Rev. 175, 1669
(1968) (meson and baryon resonances, 6rst of two 6nal reports);
Phys. Rev. (to be published} (yp total cross sections).

"Cambridge Bubble Chamber Group, Phys. Rev. Letters 13,
636 (1964); 13, 640 (1964) (erst results); Phys. Rev. 146, 994
(1966) (p production); 155, 1468 (1967) (ap production); 155, 1477
(1967) (cross sections); 163, 1510 (196'7) (A++(1236) production);
169, 1081 (1968) (multipion production).

M p~+ (GeV)

Fzo. 21. Invariant mass distribution for (ps+)
in the reaction yp ~ ~+~-p.
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in the reaction yp ~m+~ p.

The invariant mass distributions for (ps.+), (p~
—

)
»d (7r+s ) are shown in Figs. 2]—23. In Fig
prominent &++(1236 MeV) is seen decreasing rapidly
with increasing photon energy. At photon energies
above 2 GeV the production of p' mesons dominates the
(s.+s ) distribution of Fig. 23 and within our statistics
is constant with energy.
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20—

y'p =7T77'p
1-2 GeV

mass spectrum. One must also take into account the
effects of the reQection of the 6++(psr+) resonance and
of the phase space for production of x+x pairs. For the
p resonance we have used a Breit-Wigner shape":

1,(m)
a, (m) =c, (fit, A),

(m' —m, ') +m, 'I', '(m)
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FIG. 23. Invariant mass distribution for (~+s )

in the reaction yp —+ z-+~-p.

Z. Reaction yp —& p'p

To calculate the cross section for p' production it is
necessary to evaluate the fraction of p"s in the m+w

TABLE I. p-mass Gts.

Apart from the 6++ and the p', no other resonance can
be positively identified at our statistical level. It
appears, however, that there may be some fo (1260
MeV) between 2 and 4 GeV in Fig. 23, decreasing
rapidly at higher energy. The possible existence of
(sr+sr ) resonances strongly produced by photons is of
interest, since diffraction production would imply a
selection of quantum numbers of which J~=1, those
of the photon, are the simplest case. Such resonances
could play an important role in explaining the electro-
magnetic structure of nucleons as does the p . Our data
set limits on the production of such resonances at the
level of 0.1 pb per event between masses of 1 and 2 GeV
(4&k&16 GeV) and 0.3 tsb per event between masses
of 2 and 3 GeV (8&&&16 GeV).

where

I'„(m)= I'o(q/q, ) 'm, /m (shape I),

and where q is the pion momentum in the center-of-mass
system of the di-pion and I'0 is the p width. p subscripts
for m and q refer to the mean value of the di-pion mass.
Among other more empirical forms for the width, one
frequently used is

( q )' 1+(qoR)'
I'o(tId ) = I'o~ —

I

— (shape II),
k q,) 1+(qR) '

where R is a constant equal to 3.58 GeV '. Either of
these expressions gives virtually the same result, and
we have used the second form in the analysis which
follows. The 3++ resonance has been fitted in the same
manner as the p. We have fixed vs~, F~, and Fp 150
MeV, so that the only free parameters are mp cp c& alld
a phase-space factor, all of which we adjust with the
program MURTLEBERT.

Figures 24(a)—24(c) show the best fits to the sr+sr

mass plots in three energy regions (see Table I, fit A).
The fitted values of m, ( 720 MeV) are different from
those found in pion production or in storage-ring
experiments ( 770 MeV), and the observed shape
differs from the above predictions. The p-mass dis-
agreement increases slightly with energy, although it is
statistically compatible with a constant value. The
probabilities for the Gts shown are very low, and it
appears that the expression (fit A) for o, (m) is not
correct. The asymmetry observed has been predicted
by Ross', and Stodolsky (fit 8),"who introduce a factor
(m, /m)' into the cross section by a vector-dominance
calculation in which the mass of the p coupled to the
photon is the mass of the final-state 2m system. The fit
is improved but not satisfactory, and there are problems
with this assumption which lead one to look for the
causes of the asymmetry in an interference effect. We
have tried a third, purely phenomenological analysis
within a region (SOO—9SO MeV) near the p resonance
(fit C). Here we combine a mass-dependent term, Am,
with a constant term, 8, and the Breit-Wigner term of
fit A, ao(m):

I(m) =Am+B+ao(m) .
Photon
energy
(GeV)

Fit A
mp

(MeV)

725m 13
711&24
710&21

Fit 3
1Sp

(MeV)

758& 4
766~11
770&23

Fit C
SZp Fp

(MeV) (MeV)

747~ 6 80' 23
754& 9 iii& 41
747&47 219&195

"J.D. Jackson, Nuovo Cimento 34, 1644 (1964); H. Pilkuhn,
The Irsteractsoris of Hadroes (North-Holland Publishing Co.,
Amsterdam, 1967) (8reit-Wigner shape and angular distri-
butions); M. Ross and L. Stodolsky, Phys. Rev. 149, 1172 (1966)
(p-mass asymmetry); P. Soding, Phys. Letters 19, 702 (1966)
(interfering dipion background); A. Krass, Phys. Rev. 159, 1496
(1967) (di8raction production in the strong-absorption model).
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The p-production differential cross sections are shown
in Fig. 27 and Table II as a function of momentum
transfer t', where

and
t-;„=(mp'/2k)'.

At energies above 4 GeV, t;„divers negligibly from
zero. We fit our t distributions with the function

d(r/dr=He a'

and we use all of the points in Fig. 27 except those at the
smallest momentum transfer. (The loss of events at very
low momentum transfer is due to protons of less than
about 6 -0eMV/c momentum stopping in the 50-p
Mylar walls of the target tube. )

The p width and mass determined by this analysis are
also given in Table I. Another approach by Soding"
will be considered below.

In determining the fraction of p's in the z+m samples
we have used Breit-Wigner fits (fit A) which give values
statistically compatible with the Ross-Stodolsky fits
(fit B). Fit C dealt only with the central part of the p
region and was used to study the mass and width. The
results are plotted in Fig. 25 together with earlier
DESK' measurements. As the energy increases, the
reaction yp —+ n+m p is more and more dominated by
p'production, which reaches a level of (97~4) jo in the
range 8—16 GeV. The cross sections for p photoproduc-
tion are shown as a function of energy in Fig. 26 and are
tabulated below:
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Fi&-.. 25, Fraction of p's in the sample yp —& r+-„-p versus energy.
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Frc. 26. Cross sections for p' photoproduction versus energy.

I5

We have studied the angular distributions of the
p —+ m+x decay in two reference systems:

The Jackson frame is defined as the di-pion center-of-
mass system with the Z direction that of the incident
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Fro. 27. Differential cross sections do/df for p' production as a function of momentum transfer f'.

photon transformed to the di-pion center-of-mass
system, with I" perpendicular to the production plane
(P7&&P„where P„and P, are over-all c.m. system
momenta of incident photon and outgoing di-pion), and
X chosen to make a right-handed Cartesian system.

The helicity frame is the same as the Jackson except
that the Z direction is the direction of Qight of the
di-pion instead of the photon.

The angular distribution is then given in terms of the
meson spin-density matrix elements p

The Jackson system is well suited to studying ex-
change processes in the t channel. The interpretation is
particularly simple when a single particle is involved;
for example, single-pion exchange gives a sin 0J distri-
bution. The data plotted as a function of cosog in Fig. 28
are certainly not of the simple sin 8~ form.

The angular distributions in the helicity system are
given in Fig. 29. For events in the range 4—16 GeV, we
obtain a value of p~~ compatible with its maximum
value —', (a sin'8~ distribution):

ps&II= 0.53~0.2, 4&4 &16 GeV.

where 2pii+pso=1

W(8,$)= (3/4n)Lp~~+(1 —3ptt) cos'8 —pt t sin'8 cos2&

~2Rep&o»n28 cos'tt'O' The o8-diagonal matrix elements do not appear in the
angular distribution after integration over p, and
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FIG. 28. Angular distributions for p' decay in the Jackson system.
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Fxo. 29. Angular distribution for p decay in the helicity system.

pop= 1—2p]y is evidently near zero. Our results, which
are dominated by low-momentum-transfer events, are
compatible with the p' behaving as a photon.

Soding" has suggested that the observed asymmetry
in di-pion mass may result from an interference by
terms in which a pair of pions is coupled to the photon,
and one of these rescatters from the proton, as shown in
the inset in Fig. 30(a). In applying this suggestion, we
have used an analytic expression for the diffractive
production of the p given by Krass" from the strong-
absorption model (SAM). There are problems of double
counting in this method which are not well understood.
In this calculation the same scattering cross section was
used for ++ andm .The asymmetry of the resonantpeak
is reproduced by this interference. Its sense is fixed by
the relative sign of the interference, which is chosen by
comparison with the experimental spectrum. The curve
obtained with a p mass of 765 MeV and a p width of
125 MeV is shown in Fig. 30(a), where the strength of

ht'
(GeV') 2-4 GeV

do/Ck (pb/GeV')
4—8 GeV 8-16 GeV

0 -0.05
0.05—0.1
0.1 -0.2
0.2 -0.3
0.3 -0.4
0.4 -0.5
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8 (GeV ')

&78 w13
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63 &8,3
16.8W4.4
12.9+3.2
3.2&2.2
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8.3+1.0

&72 &13
74.4m 14
30.8+5.8
17.9+4.8
7.1+2.9
1.8+1.2

133 &34
8.9+1.5

&50 &20
68.5&23
34 &9
9.9&5
3 &2.1

~ ~ ~

152 &65
11.1+2.8
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Resonant p Production
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0
0.5
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0.6
I I I . I I

0.7 0.8 0.9 I .0
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yp = sr+sr-p

TAaxx II. p momentum transfer distributions.

the resonance was treated as a free parameter. A
reasonable fit is also obtained with the Orsay values of
772 MeV for the p mass and 113 MeV for the p width.
No other parameters were adjusted. The model predicts
an effect which we have observed experimentally that
the slope of do/dt decreases with the mass of p. This is
shown in Fig. 30(b). The model predicts that the inter-
ference will have little effect on the decay matrix
elements.

IO-
Al
I 8-
C5

IXI 6—

—=Ae
dt
B=B((~'7T ) )

o DESY 2.5-5.8 GeV

a THIS EXPERIMENT 4-I6 GeV—INTERFERENCE
MODEL 4 GeV

3. Reaction yp —s 5++

From the fraction of 6++ in the ps+ spectrum, we can
calculate cross sections for gps s. 3++ in various
photon energy intervals. Our measurements given
below are compatible with those of DESK,' CEA ' and
SLAC."They indicate that E~'(7 is approximately con-

"A. Boysrski et at. , Phys. Rev. Letters 22, t48 (1969).

0 I I I

0 0.4 0.6 0.8
I I

I.0 I.2

M + (Gev)

FIG. 30. Corrected m-+m= mass plot (a) fitted with resonant p
production and an interfering 2~ background. The variation of the
slope parameter 8 for do/dt is shown as a function of p mass in (b).
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2-l6 GeV

a peak near %~~=0 when X~2&X 2 and no peak when
X~2+ X~2.

~ Figure 32 is a mass spectrum for E+E . In the region
of,]the p(1.010—1.030 GeU), eight events satisfy only a
kaon solution, while one event also satisfies a pion
solution, hut with a higher x'. We evaluated the rp cross

8 —

4—
0, I In ll I Nl

-04 0 0.4
Ms (GeV~)

(4) (I) + (&)
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I io. 31.Photon mass-squared distributions for events
satisfying kaon solutions with p' less than 30.

stant as expected qualitatively for processes involving
meson exchange in the t channel.
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Fio. 33.DiGerentisl cross sections der/dt' for p production
as a function of momentum transfer t'.
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pp 7r' 7r- 7r+ 7r- p

B. Reaction yp —+ %+X p

Identification of the reaction yp ~E+E p was
difficult, since our sample of 3-prong events contained
about 25 times as many pion as kaon final states. The
basic htting criterion was a X' of less than 30. When both
pion and kaon hypotheses were possible, the fit with the
lowest X' was normally chosen. In most cases, however,
ionization data provided an effective selection criterion,
since the alternative solutions for 1(+)2(—)3(+) were
prr rr+ and E+E p or rr+rr p and pE E+. After a
particular assignment was made, its validity was tested
by computing 3f7'. All of the events satisfying Xz'(30
are shown in Fig. 31; those also satisfying X '&30 have
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FxG. 34. Cross sections versus energy for
the reaction yp ~ m.+x x+m. p.
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Pro. 32. E+E mays ypqctrum in the sample yp~E+E p. FzG. 35. Mass spectrum for pm in the reaction yp ~ w x ~ ~ p.



MULTI BOD Y P HOTOP ROD U CTION 809

section by making the usual corrections for geometry
and by assuming a background of one event in the
20-MeV interval at the p mass. A branching ratio of
0.47 for E+E to all p decay modes was used. The cross
section between 2 and 16 GeV was then 0.55~0.20 pb.

Figure 33 gives the diRerential cross section do/dt' . as
a function of the momentum transfer t'. A fit of the form
Ae ~' gives the values

A =3.4&1.8 pb/GeV,

8=6.3&2.5 GeV '.
These results agree with bubble-chamber measurements
by DESY," and with counter experiments by DESY-
MIT" and by SLAC":They yield a t dependence much
weaker than that for p production.

C. Reactions with More than One Pair of Pions

Z. Reaction yp ~ ~+m s.+~ p

The 3-C events satisfying the hypothesis yp —+

vr+tr ~+s p are plotted in Fig. 34. The cross section
increases with photon energy E7 up to 6 pb at 5 GeV,
then decreases slowly to about 2 pb at 15 GeV. In Fig.
34 our results together with those from the DESY and
SLAC bubble chambers are compared with the pre-
dictions of the Satz" model. This calculation uses vector
dominance and the quark model plus np and pp in-
elastic scattering measurements to predict 7p cross
sections. There is some possible disagreement in the
form of a greater peaking in the 5-GeV region.

The mass spectra for this reaction show two principal
characteristics: The production of the d,++(1236 MeV)
is demonstrated in the pn.+ mass plot of Fig. 35, and p'
production is evident in the x+x mass plot of Fig.
37(a). The various 37r spectra and the 4s spectrum of
Fig. 36 show no significant structure at our present
statistical level; in particular, if one considers events
leading to the formation of 5++, the mass spectrum of
the remaining 3z's shows no indication of states such as
Ai or A2. The 4x spectrum is interesting, since it could
show a hypothetical "p'," a new vector meson, or a
Regge recurrence of the p (for example, J~=3 ) made
by diffraction. No significant evidence for such states is
seen with our present statistical accuracy.

Z. Reaction yp —+ p's.+n p

y'p 7r+7r 7r+7r p

QJ 20 4-I6 GeV

~ IO-

~o r
I.O I.5 2.0 2.5

M~~(6eV)

FIG. 36. Mass spectrum for mal ~+~
in the reaction pp —+ ~+x 77;+~ .

evidence for any state of I= 2. The cross section for p'
production versus photon energy is given in Fig. 37(c).

40—

30—

)'p m+ 7r-7r+7r- p
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IO—

r ~n.
0.5 I.O I.5 2.0

M 7T+Yr+and ~ -(GeV)

Xp =~'vr 7r- p

2.5

3. Reaction yp —+ n.+n. ~+s n.+s. p

Ke have found 23 events with six charged pions in
the final state. It is especially difficult to interpret the
various mass spectra in this case because of the large
number of combinations possible. In the ~+m spectrum,

We have already mentioned the p peak in the m+x

mass plot of Fig. 37(a). Its interpretation is made
difficult by the number of combinations. The x+m+ and
m s. mass plot of Fig. 37(b) gives an indication of the
background present in Fig. 37(a) while providing no

~ DESY

~ THIS EXPERIMENT

(c)

"J. G. Asbury et g/. , Phys. Rev. Letters 19, 865 (1967) (p
production on complex nuclei); 19, 869 (1967) (p ~ e+e, yp
coupling constant); 20, 227 (1968) (tests of vector dominance);
U. Seeker, ibid. 21, 1504 (1968) (qP —+ e+e, p@ coupling constants)."W'. G. Jones et aE., Phys. Rev. Letters 21, 586 (1968). 1

~~ H. Satz, Phys Letters 25B., 27 (1967);Phys. gev, Letters 19,
1433 (1967).

0
0 5 IO

K {GeV)

l5

FiG. 37. Mass spectra for 71-+~ (a) and for m-+m+ and m x (b)
in the reaction yp —+ 71-+sr ~+71- p. -The cross section versus photon
energy for the reaction yp —+ p'm+m p is given in (c).
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6-10
10-16

0.93&0.3
0.90+0.3

D. Reactions with at Least One m'

In dealing with events that did not have a 3-C solu-
tion, we carried out kinematic its assuming there was
one missing wo. Weak constraints were imposed by
requiring that the missing neutral have positive energy
and that the total energy be less than the peak brems-
strahlung energy 16 GeV. In about 20% of the events,
ionization information permitted an identification of
the proton. Clearly any mass plot for these data will
have large backgrounds; the proton is not positively
identided in most cases, and in many cases the missing
neutral is a neutron, so that all charged particles are
pions. Furthermore, in the 3-prong sample there are
about three times as Inany events with more than one
x' missing as with a single x' missing. '

The narrow width of the co(783 MeV) and the low
background at the beginning of the three-pion phase
space make possible an investigation of the reactions

for example, there are nine combinations. Thus we give
only the cross sections for the entire channel; these may
be compared with the prediction of Satz,"who obtains

1 pb in the range 6—10 GeV.

Photon energy E„(GeV) a(yp-+m+m. m+m. m. +m. p) (pb)

Photon energy E» (GeV)

2-5
5-16

~(vp-"p) (~b)

3.9&0.9
2.6&0.l

2-5 GeV 5-l6 GeV

IQ-
CD

C9

yP~cuP, or ~m+n. m'. The n+n. n-'mass plot of Fig. 38
shows an co peak, with data separated into intervals of
2—16 and 5—16 GeV. In calculating cross sections wc.
have estimated the background phenomenologically
with a polynomial fit between 0.70 and 0.95 GeV. The
peak itself was assumed to be Gaussian; theoretically,
one should fold a Gaussian resolution with a Breit-
Wigner resonance shape, but in our case the resolution
was broader than the natural resonance width. Specific-
ally, the standard deviation of the Gtted Gaussian was
25 MeV between 2 and 5 GeV and 20 MeV between 5
and 16 GeV. (The natural width of the~ is 12.6MeV. )

Using a branching ratio of 90%%u~ for co--+&—-s, we
obtained the following cross sections:

gP ~7T 7T 77 P
No. of events/20 MeV 2- l6 GeV

shaded histogram: 5- l6 GeV

i

O2 QA

L L
1 '

~ F

I( l(k

O.2 O.4

20

FIG. $9. Differentia]cross section do/dt' versus t'for the reaction
'p-+cup. (Events of both the 2—5- and 5—16-GeV photon energies
were analyzed with Gve t' intervals. There were zero events in the
Gfth interval of the 2—5-GeV data, although events of higher t'
did occur. )

The differential cross section da/dt' is plotted in Fig. 39
for the two energy regions, Gtting these with the usual
exponential Ae ~'.
Photon energy E~

(GeV)

2-5
5-16

A
( b/GeV')

35&12
25&10

B
(GeV ')

9.0&2.6
9.5w2.3

o v ~~ui~usiF/8
0.5 0.6 0.7 0.8

M~+~-,~'(GeV)

0.9 I.O

We have used a phenomenological form suggested by
DESY to extract the diffractive part of the cross section.
Here production is split between a one-pion-exchange
term and a diffractive term (the amplitudes do not
interfere):

o(+P ~(0P) =CQPEZ +&diff.

Fro. 38. Comparison of the mass spectra for m+~ m' in the intervals
2-16 and 5-16 GeV in the reaction yp ~ p~+~-~.

The experimental data and the diGractivre part are
shown in'Fig. 40.
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Fxc. 40. Separation of the one-pion-exchange and diGractive contributions to the reaction yp -+ ~p.

E. Vector-Dominance Model

It is possible to test the vector-dominance model'~ by
using it, our data on p, cp, and p photoproduction, and
recent measurements on photon —vector-meson coupling
constants to derive the total photoproduction cross
section. This cross section can then be compared with
recent measurements of the total photoproduction cross
section.

The vector-dominance model (VDM) permits one to
write the following relation between amplitudes'7:

Abp~ vp) =E Abp~ Vp'p),
V' VI

where V', V stands for vector meson, V~, means the
transverse polarization states of V, and em''/fr is the
vector-meson —photon coupling constant. From this
equation and the optical theorem one can derive a
relation for the total yp cross section:

where
fReA (yp -+ Vt,p) )~v=!
(ImA(yp ~ Vp,p)f g=p

TABLE III. VDM calculation of er(rp) (in yb).

p0

co0

2—4 GeV
110&16

2—5 GeV
18.3 3,7+'4

4—8 GeV
95.5&13

2-16 GeV
7 1 +1.$

8—16 GeV
102 26+»

5—16 GeV
15.5 3.4+'

allows for a possible contribution of a real part of the
mostly diffractive amplitudes.

We can now test the VDM by evaluating or (pp)
using our measured data and recent measurements on
the coupling constants, " and by comparing the result
with independent direct measurements of o.s (yP).P "

e (do ) 1/2

-.(vp) -=4- 2 —
I

—(vp -V.,p),=p
v fvEdb 1+rry P

2—4 GeV
135.6&16

4-8 GeV
119.4&14

8-16 GeV
124.5 26~

"J.J. Sakurai, Ann. Phys. (Ã.Y.) 11, 1 (1960); N. M. Kroll,
T. D. Lee, and 3. Zumino, Phys. Rev. 15'7, 1376 (1967);H. Joos,
Acta Phys. Austriaca Suppl. IV, 320 (1967).

re V. L. Auslender et g/. , Phys. Letters 25B, 433 (1967) (pp
production); J. E. Augustin, ibid. 28B, 503 (1969) (comparison
with vector dominance); 288, 508 (1969) (p production); 28B,
513 (1969) (&P production); 28B, 517 (1969) (gp production).



DA VIER et al.

HADRONIC PHOTON —PROTON TOTAL CROSS SECTION
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I'xo. 41. Comparison of experimental total cross sections with those derived from the
vector-dominance model using data from the SLAC streamer chamber.

There is some uncertainty about o.&. Experimental
information is available only for 0. and indicates that 0.'
is less than 10% and consistent with zero."Assuming
nv' ——0, we obtain o.r(yp) from the above equation
accurate to about 20% (the isoscalar amplitudes con-
tribute in total only this amount).

Table III shows the relative contributions of p', or,

and p to op(yp). The comparison with the directly
measured total photon cross section is shown in Fig. 41.
The agreement appears to be very good and permits one
to conclude that the VDM is valid to &20% in this
process.

Using the VDM and our measured data, we can also
obtain information on the high-energy total cross
section for (Vp) reactions.

The optical theorem and~the VDM equation

~(vp~ UP) =2 ~(V 'P t~ UP)
F~ yi

yield the following relation'~ for the diffractive part of
(d /«)hp Up):

do diff ~ 2—(yp ~ Vp) = — o.2'(Vp),
dt & o fv 16m.

where we assumed that (1) only "elastic" amplitudes
U= V' contribute and (2) Red (Up —+ Vp) =0. Al-

though for the reaction yP -+ Ppo all experimental
evidence suggests a nearly pure diffractive process, a
nondiffractive contribution in co photoproduction is to
be expected, and we use the diffractive portion as ob-
tained at the end of the previous section. For p photo-
production we assume a pure diffraction process. The
present experimental data give no information on a
possible real part of the amplitude. The results from the
evaluation of a.~(VP) are listed in Table IV.

The po, oo, and Q proton total cross sections are in

TABLE IV. Cross sections and differential cross-section parameters for photoproduction of p, co, and p.

Photon energy E'~

interval (E )
(GeV)

8—16 (11.5)
5—16 (9.5)
2—16 (6.5)

(» b)

13.8 &2.9
2.6 &0.7
0.61&0.24

vP~ VP
(de/dt)] (;„
(pb/GeV')

152 +65
25 &10
3.9~ 2.1

BV
(GeV ')

11.1+2.8
9.5%2.3
6.3&2.5

e+e -+ V
1'v'/4x

2.10+0.11
14.8 &2.8
11.0 &1.6

3.86&0.6
3.84+1.2
0.91%0.6

-.(t P)
(mb)

29.4+6 g
27 &8 ~

10.7&3.8
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agreement with theoretical predictions from the quark"
model and from SU(3) with universality and symmetry
breaking in the Pomeranchuk trajectory. " They are
also in agreement with published cross sections at lower

energy (3—5 GeV) obtained from photoproduction of ps

and p on complex nuclei, '4 but disagree with more
recent measurements by McClellan et al. and Bulos
et al."

"H. Joos, Phys. Letters 243, 103 (1967).
"M. Davier, Phys. Rev. Letters 20& 952 (1968).
ss G. McClellan et at , Phy. s. Rev. Letters 22, 377 (1969);

F. Bulos et al. , ibid. 22, 490 (1969). We have used the coupling
constants of the colliding-beam measurements (Ref. 18), but we
are aware of the apparent discrepancy between those values and
the values given by the references quoted here. In particular, the
photoproduction total cross sections predicted by vector domi-
nance from our data would be signi6cantly lower than the direct
experimental values if the constants of McClellan et al. or Bulos
et al. were used.
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Scattering of High-Energy Muons on Electrons

P. L. JAIN, N. J. WIxON, * D. A. PHILLIPS, * AND J. T. FECTEAU

DePartment of Physics, State University of 7ievo York at Bstffalo, Bstffato, Sew York 14214
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The elastic muon-electron interactions of 10.1-GeV/c positive and 5.0- and 14.5-GeV/c negative muons
produced at the Brookhaven alternating gradient synchrotron have been studied in nuclear emulsions.
Energies of knockon electrons calculated from scattering measurements were compared with those obtained
from their ejection angles. Integral cross sections were compared with the Bhabha prediction for the scatter-
ing of two point fermions. Excellent agreement was found for negative and positive primary muons up to
t=3.3X10 ' (GeV/c)v and t=1.8X10 s (GeV/c)v, respectively. Our results are in contradiction to some
of the previous cosmic-ray data, which show an anomalously large cross section.

I. INTRODUCTION

&~URING the past few years a number of experi-
ments' ' were performed with cosmic rays to

measure the muon-electron elastic interaction. Most of
these experiments have shown an anomalously large
number of events in the region of several hundred MeV
energy transfer to the electron, while the others' ' have
shown a larger cross section for positive than for nega-
tive muons at the higher momentum transfer values.
These previous results are summarized in Fig. 1. These
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experimental results for the cross section are in disa-
greement with the theoretical calculation for the inter-
action of nonidentical point fermions which has been
derived by Bhabha and is quoted by Rossi':

o (E,E')dE' = 2' Pl eZf'e dA

O' (E')'

e 1 e 2-

X 1—t3'—+—,(1)
E ' 2 E+Nt„

7H. Bhabha, Proc. Roy. Soc. (London) 154A, 195 (1936);
152A, 559 (1935).

8 B.Rossi, High E~rIergy Particles (Prentice Hall, Inc. , Engelwood
Cliffs, N. J., 1952), pp. 16 and 148.

where r, is the classical radius of the electron, P is the
velocity of the incident muon ( 1), E is the kinetic
energy of the incident muon, E' is the kinetic energy of
the secondary electron, E ' is the maximum trans-






