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ABSTRACT

Cross sections for the photoproduction of neutral pi, eta,
rho and phi mesons on hydrogen have been measured at the Stanford
Liﬁear Accelerator Center using a missing mass spectrometer
technique. The data cover photon energies between 5.0 and 17.8
GeV and four momentum transfer squared t between -. 12 and
-1.38 (GeV/c)>. |

Pion differential cross sections at lower energies show a
peak at low momentum transfers, a distinctive dip and secondary
maxXimum for t in the region -.4to -.9 (GeV/c)z, and a smooth
decrease at higher momentum transfers. As photon energy in-
creases, the dip becomes less pronounced, in contradiction to the
expectations of simple Regge theories based on the exchange of
omega and B trajectories only.

Eta photoproduction was measured only below 10 GeV. The
cross section has about the same magnitude as the pion production
cross section, but decreases exponentially with t, showing no dip.

Rho mesons appear to be diffractively produced. The differ-
ential cross section varies approximately as exp(8. 5t + 2t2). It falls
slowly with energy, decreasing about 35 percent from 6 GeV to 17.8
GeV. A simple quark model relation appears to describe the data
well.

Phi meson cross sections are also consistent with diffraction
production. The differential cross section varies approximately as
exp(4t). The cross section tends to decrease slightly with photon

energy.
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Production of particles with masses between 1100 and 2000
MeV was sought. A broad resonance with mass 1240 =20 MeV
was observed. It is tentatively identified with the B meson. No
particle of mass between 1300 and 2000 MeV and width less than
200 MeV was produced with a cross section larger than about 10

percent of the rho's.
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I. INTRODUCTION

A. Objectives

This experiment has extended data on neutral meson photo-
production to 17. 8 GeV incident energy and a broad range of four-

- momentum transfers. It was made possible by the new high-energy,
high-current electron accelerator at the Stanford Linear Accelerator
Center (SLAC). Use of the SLAC 1.6 GeV/c spectrometer with a
missing mass spectrometer technique permitted taking data on pro-
duction of many different mesons with high statistical precision.

When this experiment began, 'photoproduction data existed for
photon energies up to 6 GeV. The data and theoretical predictions
for each particle we studied will be briefly described now. (For
completeness experiments done since this experiment was begun will
be mentioned parenthetically. )

Forward neutral pion photoproduction has been studied between
photon energies of 2 and 5.8 GeV by groups at the Deutsches
Elektronen-Synchrotron (DESY)(l) and at the Cambridge Electron
Accelerator (CEA)(z). The differential cross sections they obtain
show a ''dip" at a four-momentum transfer squared t of about
-. 5(GeV/c)2, which appears to become more pronounced as photon
energy increases. A reasonable explanation of this effect resulted
from assuming that omega Regge trajectory exchange dominates the
G, 4). At t=-.5 (GeV/c)2 the contribution of this trajectory
vanishes, leaving the dip. The cross section does not fall to zero

(3) (4)

However, these mechanisms become relatively less important at

amplitude

completely because resonances or B exchange still contribute.

higher energies, and therefore the dip should deepen with increasing



photon energy. The theory also predicts the usual Regge shrinkage
of the forward peak at high energies. Neither of these predictions
is borne out by our data.

Very few data on eta photoproduction at high energies were
available at the start of this experiment. Bubble chamber experi-
ments at DESY(S) and CEA(G) which observed only a few events were
the only source of data above 2 GeV. (At the same time.this experi-
ment was run data at 4 GeV incident energy were being taken by
Bellenger et al. {7 )at CEA.) Predictions were, however, made by

(8)

relate eta photoproduction to the process m +p = w+ n. This

Dar and Weisskopf' ’ using vector dominance and SU3 symmetiry to

theory predicted a smooth dependence of the cross section on t. On

- the other hand, one might expect simple Regge trajectory exchange

(9)

where the contribution of the rho trajectory vanishes. Our data

theory' "’ to predict a dip analogous to the pion dip at t =-.5 (GGV/C)Z
agree qualitatively with the Dar and Weisskopf model, and show no
dip. )

Data on rho meson production at energies up to 6 GeV were

(5,6, 10, 11)

rather plentiful (Several experiments were measuring

rho production at higher energies while this experiment was being
run(lz’ e M).) The differential cross section falls rapidly with
momentum transfer, approximately as exp(8t). The cross sections
appear roughly independent of photon energy. This behavior was

(15

to this model, the cross sections for photoproduction of vector

understood using the vector meson dominance model. ) According

mesons are proportional to the elastic scattering cross sections for
transversely polarized vector mesons on protons. A simple quark

(186)

model can be used to obtain the cross section for vector meson-

proton elastic scattering in terms of measurable meson-proton cross



sections. The theory predicts approximate constancy of the cross
section with photon energy. The predictions are consistent with
our data.

Omega and phi cross section measurements were somewhat

(5, 6, 10) (There are several recent higher energy

less plentiful
experiments(lz’ v 17). ) These data, while statistically poorer than
the rho data, seemed to show similar characteristics of diffraction
production. The vector dominance model and quark model were
also applicable here, and fit the data reasonably well. The SU3
prediction of a ratio of 9:1:2 for rho:omega:phi photoproduction
appeared to work well for the rho:omega ratio, but predicted a
factor 20 too much phi production. (18) Several SU3 breaking
theories were advanced which modify this ratio(18’ 19)  The energy
and t dependence of our phi production data are in qualitative agree-
ment with these models, although the production rate still appears
lower than anticipated.

A search for other particles was desirable for several
reasons. Many resonances excited in pion-proton interactions had
not been conclusively observed in photoproduction, e.g., B, fo, A1
and AZ' (11) It is also possible that a resonance only weakly coupled
to the pion-nucleon system could be visible in photoproduction.
Finally, a particle on the first ""daughter' trajectory to the rho meson
trajectory should have been visible in photoproduction. The missing
mass spectrometer technique is ideal for seeking these kinds of
particles, since great amounts of data can be taken quickly and since
the details of the particles' decay process are immaterial. We have
tentatively identified a broad peak at 1240 MeV with the B meson.

No mesons with mass between 1300 and 2000 MeV, width less than
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200 MeV, and production cross sections more than 15 percent of the

rho's were seen.

B. Scope and Organization of this Thesis

The data on pion and eta production are not as yet complete.

(20)

Two experiments at SLAC, one already run' '’ and one shortly to be

run(2 1) should help complete the picture. The pion and eta data of

(

constitute the Ph.D. thesis of Mr. J. Johnson of Stanford University.

this experiment and the one yet tobe done 21) (if successful) will
Nevertheless, the partial pion and eta data are reported in this thesis
for logical consistency and completeness.

The prime focus of this thesis is on the remainder of the data.
Differential cross sections for the production of rho and phi mesons
are obtained and their energy and momentum transfer dependence
investigated. Little can be said about their widths and shapes, and
nothing about their decays. Cross sections for the particle tenta-
tively identified as a B meson are given where possible. An upper
limit is given for the photoproduction of particles with masses up to
2 GeV,

In chapter II, the experimental technique and apparatus are -
sketched. Only a general description of the apparatus is attempted;
details of design and performance are presented in appendix A.

Chapter III describes the yield curves which constitute the
data of this experiment. Section A is devoted to kinematics; section
B describes the yields expected from each particle; backgrounds are
discussed in section C; section D presents a representative sample
of the data.



In chﬁpter IV the process of obtaining cross sections from
the data is summarized. Section A describes how the data from
many short runs were assembled into yield curves. In section B
the program for fitting the yield curves is described. Section C
presents a summary of factors and corrections used in obtaining
cross sections. Each of these sections is a summary of a corre-
sponding section of appendix B, in which the procedures are described
in detail.

In chapter V the cross sections obtained for each particle
are presented, compared to the results of other experiments, and
discussed in the light of theoretical predictions.

Appendices A and B elaborate on the apparatus and data

analysis, respectively, as already mentioned.



II. METHOD AND APPARATUS
In this experiment the reaction
y +p = p + (boson)

was investigated using a missing mass spectrometer technique.
Before the apparatus is described, the basic features of the tech-
nique will be sketched.

If in a two-body reaction

A +B -~C +D

one measures the four-momenta Pps» Pp and P of the A, B and
C particles, he can identify the D particle by its mass

2 2 2
mD = PD = (pA * pB = pC) (-1)

without ever actually observing D. This technique both avoids the
complexities of detecting a rapidly decaying D particle and permits
surveying the production of all possible D particles with one experi-
mental arrangement. At an accelerator, the experimenter can
usually measure p s and Py easily, and the difficulty comes in
determining Pe and the flux of A's precisely enough. When ana-
lysing the data, one assumes the C particle was formed in a two-
body reaction; multi-body final states can produce a range of apparent
missing masses, and constitute an unavoidable source of background.



For this experiment A was a bremsstrahlung photon, B a
target proton and C the recoil proton. A broad spectrum of
photons struck the target. Fortunately a good knowledge of the
maximum ("endpoint') photon energy and an approximate knowledge
of the energy spectrum provide enough information about the photon
momentum. A spectrometer analysed the recoil proton momentum
and angle. Missing mass was varied by changing the angle of obser-
vation of the spectrometer for a fixed endpoint energy and recoil
proton momentum. The proton yield as a function of angle shows
unique structure when the threshold for production of a boson is
reached, which allows the experimenter to measure cross sections.

The experiment was performed at the SLAC accelerator.
Momentum=~-analysed electrons struck a . 03 radiation length aluminum
radiator 50 m. upstream of the target and were then swept from the
beam. The resulting bremsstrahlung beam, after collimation and
more sweeping, traversed the hydrogen target and finally stopped in
the secondary emission quantameter (SEQ) about 30 m. beyond the
target. The SEQ was the main beam monitor, but two other monitors
operated continuously to verify SEQ stability. Absolute normalization
and long term stability were measured by periodically calibrating the
SEQ against a calorimeter. Short term monitor stability was about
. 2 percent and long term reproducibility better than 3 percent. The
energy spectrum of photons in the beam was estimated theoretically.

The liquid hydrogen target cell was a 12 inch long mylar
cylinder with its axis along the beam line. Variable slits in front
of the spectrometer limited the viewed length of the target to about
6.5 inches. In particular, the aluminum beam entrance and exit
windows were masked out. The target cell was made only 2 inches

in diameter to reduce the amount of material protons had to go



through before being detected, since multiple scattering of protons
was the chief restriction on mass resolution. An unfilled duplicate
of the target cell could be inserted into the beam for empty target
runs.

The SLAC 1.6 GeV/c spectrometer measured the angle and
momentum of the recoil protons. Figure 1 shows the spectrometer
schematically. The entire spectrometer rotates about the hydrogen
target under remote control. The magnet bends particles upwards
90 degrees on a 100 inch radius. - Second order optics corrections
insure that momentum and angle are focused in a single plane, and
that this plane is perpendicular to the direction of analysed particles.
The usable magnet acceptance —%P- A is 6.8 X 10_5 sterad. Resolution
of the spectrometer, .08 percent in momentum and .4 mrad. in
angle, contributes a negligible amount to mass uncertainty.

The counter telescope is at the top of the spectrometer,
shielded from room background by a concrete cave. The telescope
is depicted in the inset to figure 1. The 7- by 1l-inch scintillation
counters S9 and S10 sandwich an eight-counter hodoscope S1 - S8,
which lies in the focal plane of the magnet. ALucite threshold
Cerenkov counter C and scintillation counters S11, S12 and S13
are further back in the telescope. The entire counter assembly can
be rotated remotely about an axis parallel to the path of incoming
particles, for reasons discussed below.

The large counters S9, S10, S11 and C are used to identify
protons. A background of pions, roughly equal in flux to the protons,
is rejected using a combination of energy loss and Cerenkov require-
ments. Pion contamination is less than 2 percent. Pions are counted
employing Cerenkov and range requirements with counters C, S12
and S13.
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Eight scalers count coincidences between the proton logic
and hodoscope counter pulses. These counting rates are the basic
data of the experiment. Each hodoscope counter defines a small
range of missing mass, as can be seen with the aid of figure 2. This
graph shows the relation between the momentum and the angle of a
recoil proton for a fixed photon energy and chosen missing mass.
Over the small acceptance of the hodoscope, this relation is approxi-
mately linear. By rotating the telescope to align the hodoscope
counters with lines of constant missing mass, the experimenter
makes a missing-mass hodoscope. For convenience, the hodoscope
is not rotated to the proper angle for each spectrometer angle setting;
rather, a compromise hodoscope angle is used for each value of t.

Because data rates were high, typically several events per
1. 6-microsecond long beam pulse, it was necessary to keep track of
accidental coincidences and dead time. This was accomplished by
counting deliberately mistimed coincidences between various key
counters. The beam intensity was lowered occasionally to calibrate
accidental rate and dead time against these monitors. Corrections
for these effects were less than 5 percent. Empty target rates were
measured occasionally, always indicating a negligible effect.

SLAC's on-line SDS 9300 computer was used as a secretary.
It recorded all useful data, issued warning messages, plotted the
incoming data, so that physicists could compute cross sections and
check for trouble, and made diagnostic calculations to monitor the

performance of the apparatus.
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III. YIELD CURVES

A. Kinematics

A relation between cross sections and experimental proton
yields is necessary for understanding the data, and will be presented
here.

Applying the missing mass relation (II-1) to meson photo-

production, one finds

mx2 = 2pk cos® - 2T(M + k) = 2pkcosb - |t] (1 + I%I)
(I-1)

where

m_ is the meson mass,

p is the magnitude of the recoil proton three -momentum,

k is the photon energy,

6 is the angle between the recoil proton and incident photon,

T is recoil proton kinetic energy,

M is the mass of a proton,
and t = -2MT is the square of the four-momentum transfer to

the proton. All variables are evaluated in the laboratory system.
The incident bremsstrahlung beam has a known distribution of photon

energies:

dk
Nk = N_olk, E) 1= (O1-2)
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where

NY = W/E0 is the number of equivalent quanta,
W is the total energy in the beam,
E0 is the electron energy, the endpoint energy,

and a(k, EO) is the reduced bremsstrahlung spectrum factor,
approximately 1. 0 for k less than Eo and zero for k greater than
Eo' The function is normalized so that the total beam energy is W.
Its precise form is discussed in appendix A.

Using these two equations and assuming the photoproduced
meson has negligible width, one calculates the proton yield at angle

8 and momentum p:

. _ dk do

Yield = n Np NY Cx(k, EO) —]E- "ai- dt (III-3a)
_ do Ap ¥
= nN,N als, E)) & J 2 80 (I11-3b)

where

n is an overall detection efficiency factor,

pN
_ o L . :
Np @ i ) ( = e) is the number of viewed target protons

per unit area,
p is the density of liquid hydrogen in the target,
No is Avogadro's number,

A is the atomic weight of hydrogen,

is the effective length of the target as viewed through
slits of width L,

sin 0
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%j- is the differential cross section,
M 93 PE,|t| (|t]| + 4M2)
J = alk, t) _ _PE, |

3(p, @) - m(T + M)(pcos6 - T) 2 )

n(]t] +2M?)([t] +m2)
is the Jacobian for transforming from variables k and
t to the measured variables p and 98, and is derived
from equation (III-1),

AQ is the solid angle acceptance of the spectrometer,

%E is the fractional momentum acceptance of the spectrometer,

and other variables are as defined above. Equation (III-3b) has three
independent variables p, © and m_, the mass of the meson whose
cross section is being measured. In particular, the photon energy
k is determined by these variables.

For particles like the rho, with width greater than experi-
mental resolution, one must explicitly introduce the mass aperture
og the apparatus, dm, into equation (III-3) by replacing g_tg dt with

-—-—gt gm dtdm. The mass dependence of the cross section will be

assumed separable from the energy and t dependence, i.e.,

dzo _ do

dtam - at Pl .

The particle shape function P(m) might be, for example, the familiar
Breit-Wigner resonance form. With this generalization equation
(IT1-3) becomes

. ® do Ap
Yield = nN_N_J[[ ak", E )=(k',t)P(m')dm'] == AQ .
Py Io 7ot at P (I11-3c)
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a and g'tg are inside the integral over missing mass because the
effective photon energy k' is determined by m' and the measured
p and 6. The upper limit to the integral is reached when k' equals

Eo’ after which a(k,Eo) is zero.

B. Yield Curves

The expected proton yield will now be described. In the
discussion, as in the experiment, the bremsstrahlung endpoint is
fixed at Eo’ and the magnet is set to observe protons of momentum
p. Proton yield will be described as a function of 6 as 6 decreases
from ninety degrees.

From equation (III-1)

mx2 = 2k(pcose - T) - 2MT
it is clear that for angles larger than ninety degrees no protons from
two-body processes can be observed, since the right side of the
equation is negative, implying imaginary missing mass. As 6 de-
creases, the term in parentheses becomes larger and eventually
recoil protons from elastic scattering of endpoint energy photons are
observable. If 6 becomes still smaller recoil protons are still ob-
served from elastic scattering, but are produced by lower energy
components of the bremsstrahlung beam.

Thus in a plot of proton yield against angle, Compton
scattering gives rise to a step. The leading edge of the step is
located at an angle 6 which can be calculated from equation (III-1)
substituting m = 0 and k = Eo‘ The shape of the leading edge is

determined in this experiment almost entirely by the angular
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resolution of the apparatus. The shape of the curve beyond threshold
angle depends on the bremsstrahlung spectrum, the energy de-
pendence of the cross section and on kinematic factors, as can be
seen from equation (III-3b).

As angle decreases further, steps from production of higher
mass particles appear. The proton yield curve thus is a sum of
steps from production of various particles and a smooth background
(to be discussed in the next section). Figure 3 shows the experi-
mental proton yield obtained at endpoint energy 11.5 GeV and mo-
mentum transfer t = -. 7 (GeV/c)Z. Angle is plotted increasing to the
left on the X axis in units of hodoscope counter widths (about 2. 6
milliradian). Proton counts per 1011 equivalent quanta are plotted
vertically. Smooth curves represent the calculated step shapes for
the pi, rho and phi mesons, the background, and the total of these,
a fit to the data. There is no step for eta production because its
cross section is too small for a signal to be seen. Elastic scattering
is not resolved from pion production and its cross section is small,
so no step is shown for it either.

At any angle recoil protons from several different processes
are being seen simultaneously. For example, in figure 3, at the
angle where phis are being produced by 11.5 GeV photons, rhos
are produced by 8. 3 GeV photons, pions by 4. 8 GeV photons, and
background by the full photon spectrum. The interesting signal, the
phi step, accounts for only about 3 percent of the total proton yield.

The classical ""subtraction' technique effectively gives the
yield of a nearly monochromatic photon beam and helps verify that
production by low energy photons is causing no difficulty in interpre-
tation. The metl}od exploits the weak dependence on E0 of the reduced
bremsstrahlung factor a(k, Eo). Data are taken at two nearby end-
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point energies. Subtracting the two sets of data with proper normali-
zation approximately cancels the effect of photons below the lower
energy. Figure 4 shows data at two different endpoint energies on the
same angle scale. In figure 5 the resulting subtracted yield curve is
plotted. The subtraction technique sacrifices statistical precision
and also relies more critically on the beam monitor stability than
direct analysis of the yield curves. Thus although it was used as a
check throughout the experiment, it was only required in rare cases
when production of direct channel resonances like the N*(1920) by low
energy photons obscured the step of an interesting particle.

Curves looking very similar to subtractions can be obtained
by numerically differentiating the curve obtained at a single endpoint
energy. In figure 6c the successive first differences of a yield curve
are plotted. The original yield curve is at the top of the figure and
a subtracted yield curve is in the middle. The similarity of the bottom
two curves demonstrates that the original yield curve contains all

information needed to extract cross sections.

C. Background

As is obvious from the yield curves in figures 4 and 5, not all
protons observed come from meson production. Background typically
accounts for 50 percent of the observed counting rates, and therefore
is a serious problem.

. It can have two different harmful effects. A smoothly varying
ba}:kground reduces the signal to noise ratio. Since a particle appears
as a step on an otherwise smooth curve, additional smooth background
will increase the size of statistical errors and make the separation
between step and smooth background statistically less significant, but
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will not change the apparent size of the step. A background can, on
the other hand, create false steps and mask real ones if it varies
with angle about as quickly as the steps of the particles expected.
The steps from broad resonances like the rho and the B are therefore
more susceptible to this kind of interference than the sharp steps of
the pion, eta, and phi.

It is kinematically impossible, in single processes, for recoil
protons to be produced at angles greater than that corresponding to
elastic scattering of endpoint energy photons. Such ''ghost protons'’
are nevertheless common, as can be seen in figure 4. The counting
rate of this background is generally one to eight times as large as the
rate due to pion production. The problem has been encountered in
other photoproduction experiments in which only the recoil proton was
observed. (22)

Ghost proton yield appears to have a smooth dependence on
endpoint energy and momentum transfer, as shown in figures 7 and 8.
In these graphs the plotted yield is the background in the forbidden
region extrapolated to zero missing mass. Statistical errors are
smaller than the symbol size. Dotted lines are only to guide the eye.
Figure 7, showing ghost proton yield vs. photon energy for various
t, has been split in two parts because the level of this background
changed with experimental arrangement. Figure 7a shows yields
obtained when a mask near the target blocked all but the target
hydrogen from the view of the spectrometer. The yields of figure
7b, which are approximately 70 percent greater, were obtained with-
out this mask. About half this experiment's data was taken with each
arrangement. Filled in symbols in figure 7 identify data taken with
other differences in experimental arrangement. In figure 8 ghost
proton yield is plotted against t for three different photon energies.
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Data with doubled (single) symbols were taken with the mask in (out),
as with figure 7a (7b). The shape of the background does not appear
to have changed with the insertion of the mask.

Possible sources of ghost protons and their likely behavior in
the allowed kinematics region will now be discussed.

Beam particles can produce protons in interactions with the
target structure. Empty target rates were measured by substituting
an émpty cell for the hydrogen-filled cell in the hydrogen target
assembly. Counting rates in the forbidden region were reduced by
about a factor of ten. It was found that this low counting rate was
roughly independent of angle, and therefore empty target rates are
negligible.

Misidentification of pions as protons is a second possible
source of background which can be neglected. Even in the worst
conditions, at high momentum transfers, fewer than 5 percent of the
pions are mistaken for protons. A typical pion flux is indicated in
figure 4 as a dashed line. It is clear that even 5 percent of this is
small. The smooth variation of pion flux with angle indicates that
this source of background cannot imitate or mask a step, so it can be
ignored altogether.

A spurious signal might come from protons of the wrong mo-
mentum which reach the detectors by traveling through the shielding
or bouncing off the walls of the magnet. Such protons should show
different times of flight from protons of the proper momentum which
reach the detectors in the normal way. Time of flight spectra in the
kinematically forbidden region show a proton peak which is just as
narrow as the peak in the allowed region. Relatively few particles
arrive with a flight time characteristic of neither a proton nor a

pion. An additional.indication that most protons detected come
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through the magnet in the proper way is that if the spectrometer
entrance slits are closed down, counting rate decreases linearly
with slit opening. Closing the slit entirely reduces the rate in the
ghost region to about 3 percent of the full-aperture value.

Empty target counts, pion leakage, and wrong-momentum
protons together cannot account for more than 20 percent of the ghost
proton background. Thus 80 percent or more of the ghost protons
are genuinely protons of the right momentum, whose production is
associated with the presence of hydrogen in the target. Since single
processes are kinematically forbidden, ghost protons must come

(23)

from two-step processes. An attempt has been made to calculate

at 6 GeV the expected background made entirely in hydrogen from the

processes
y+ p - m + anything
followed by m+p = p + anything
and vy + p = nucleon + anything

followed by nucleon +p - p + anything.

DESY 6 GeV bubble chamber data(s) were used to obtain total pion
and total nucleon production cross sections and angle dependences.
The calculation roughly reproduces the t dependence, but accounts
for only about 20 percent of the ghost protons. These calculations
probably underestimate the production level because the second step
of the process can also occur in the hydrogen target structure, e.g.,
the massive copper heat exchanger. The large decrease in ghost
level when all but the hydrogen cell was masked from the view of the

spectrometer suggests that the underestimation may be substantial.
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In sum, the source of ghost protons is not fully understood,
though probably most come from two-step processes. A smooth
dependence of ghost proton rate with angle is expected.

If the spectrometer angle is set to observe recoil protons in
the kinematically allowed region, a second major source of back-
ground is encountered. As mentioned in chapter II, with the missing
mass spectrometer technique recoil protons are assumed to be pro-
duced in two-body reactions, so three- or many-body final states
appear as background. This class of reactions includes processes
like

YFP =% R E P
- (3m) +p
- (om +p

ol -

The thresholds for these reactions are easily computed, but the angle
dependence of the yield depends on the matrix elements, phase space,
kinematics and the bremsstrahlung spectrum in a complicated way.
For a few of the reactions bubble chamber experiments give an idea
of the proton spectrum in a limited range of momentum transfers and
photon energies. Extrapolations to our region of interest would
probably be inaccurate. Attempting to introduce this kind of infor-
mation into the fitting procedure with free parameters is very likely
to result in physically unreasonable fits from too many parameters.
For these reasons many body final state reactions are assumed to be

too complicated to compute individually.
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If a particular many-body production mechanism is strong
and rises rapidly at threshold, it will produce a step similar to that
from production of a particle. However, phase space factors make
rapid rises at threshold unlikely; also, for high effective missing
mass, so many channels are open that it is unlikely any given one
will be large. In practice this source of background appears to be
well approximated by a smooth curve, with the possible exception of
two- and three-pion production.

A similar type of background comes from production of

baryon resonances which decay to yield the observed proton, e.g.,

v +p = nm + N¥

L—-Tr+p,

A Monte Carlo calculation of this reaction indicates that the proton

spectrum spreads smoothly over a broad range of angles. In addition

the total number of protons seen from these processes is small.
Protons can also be produced in the decay of direct channel

resonances like
Y+Pp = N¥ -+ p.

Known strongly produced resonances require photons with energy less
than 2 GeV. Although these are present in the bremsstrahlung beam,
in most cases the protons produced in the decay come out at angles
smaller than the angles of interest. However, at low endpoint
energies and momentum transfers large broad peaks can interfere
with analyses of the yield curves. A simple bremsstrahlung sub-
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traction restores the data to usefulness. The mass search described

and illustrated in chapter V is an excellent example.

D. Sample Data

Figure 9 shows a representative sample of yield curves ob-
tained in this experiment. The sample was chosen to represent the
average quality of the data and to show the complete mass spectrum.
This latter requirement eliminated some of the highest quality data,
which were taken to study individual particles. Subtracted curves as
well as yield curves are shown, in order of increasing momentum
transfer. Data with the same t are in order of increasing energy.
Each yield curve is labelled with the endpoint energy (or energies)
and the momentum transfer squared. The horizontal axis is threshold
missing mass squared as computed from equation (III-1) substituting
E0 for k. Proton yield per 1011 equivalent quanta is plotted verti-
cally. Each point is the rate observed in an angle bin; the spacing
between points is about constant on an angular scale, and the spacing
on a mass squared scale depends on kinematics. Error bars reflect
counting statistics only. The points with error bars at the top of the
figures are deviations of the data from the fit on a one-, two-, or
five-times expanded scale.

The reader should be able to notice the following qualitative
features of the curves. As momentum transfer increases and as
energy increases, each angle bin defines a larger range of missing
mass. At the highest t and photon energy the distance between points
on a mass scale begins to make distinguishing steps difficult. Angle
resolution also b!écomes poor at low momentum transfer because

protons are multiple scattered more. At the lowest t it is very
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FIGURE 9

Sample Yield Curves

Data are arranged in order of increasing momentum
transfer and endpoint energy. Each part of the figure is
labeled with the endpoint energy E in GeV, and t in (GeV/c)z.
Threshold missing mass increases along the abscissa and
observed proton yield along the ordinate. Error bars are
statistical. As in the previous figures the smooth curves are
fits to particle production yields, background and the total
yield. Points at the top of each figure represent deviations of
the observed yield from the fit. In a few cases the interpolating
plotting program has added structure to the fitting curves; this

is not significant,
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difficult to distinguish the steps of the pion and the phi because they
are so badly spread.

The yield from rho production dominates the structure for
all but the highest momentum transfers. As momentum transfer
increases the pion step becomes more and more pronounced, partly
because pion cross sections fall less rapidly with t than the other
particles', and partly because angle resolution improves. The eta
step is ohly visible at low energies and intermediate momentum
transfers; at high energy the cross section is low, and at low or
high momentum transfer mass resolution becomes poor. Phi steps
are consistently visible where statistics are good enough. The "B"
steps shown are not the most impressive ones seen (cf. chapter V)

and have large statistical errors, but are typical.
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IV. DATA ANALYSIS

A. Data Consolidation

Each of the 108 angle sweeps at a definite endpoint energy
and t consisted of approximately 25 separate runs, one for each
spectrometer angle setting. Before the data could be fit these runs
had to be organized into composite curves of proton yield vs. angle.
Correction had to be made before this was possible.

The eight hodoscope counters have different proton detection
efficiencies. These efficiencies change with t because of errors in
correcting for differing proton flight times and ionization rates. The
relative efficiencies were evaluated for each t by demanding that the
partial yield curves obtained by the individual hodoscope counters all
had the same normalization. The resulting efficiencies were taken
out of the data before consolidation.

Accidental coincidences and dead times in the electronics
were evaluated using an empirical formula and experimental data on
accidental coincidences. The accidentals monitor was calibrated by
comparing data at high and low counting rates. In many cases, the
correction was applied run by run.

The stability of the beam monitor was verified using two
secondary monitors, the smoothness of the pion yield curve, and
redundancies in the proton yield data itself. A run was discarded
or its measured photon flux corrected when the tests showed this

necessary, roughly 5 percent of the time.
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B. Fitting Procedure

The fitting procedure was a straightforward application of
the concepts described in chapter III. For each particle a mass,
a width, and an energy dependence for the cross section were
assumed. From these the theoretical yield of recoil protons vs.
angle was calculated for each particle, following equation (III-3).
The effect of resolution was simulated. The resulting curve was
matched to the data with a linear least squares fitting program to
determine a normalization, and hence the cross section. Theoretical
curves for fitting subtracted data were generated by subtracting the
theoretical curves for the two endpoint energies. Backgrounds were
estimated with polynomials.

The form of the function used to fit a yield curve was

Y(8) = (a_y_(8) + aﬂyn(e) + apyp(e) L

sin 6
+ by +by(8 - 6.) +b.(m - 2m )2 +b,(m - 2m )2+
0 1 0 2 m 4 n Tt
(Iv-1)
where
J is the Jacobian defined in equation (III-3),

sin 6 corrects for the effective target length as viewed

obliquely,

B Ay e are the parameters to be determined by fitting,

and are related to the cross sections,

¥ yn, ... are the calculated yield vs. angle curves for each

particle,
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bO, b1, ... are fitted parameters for representing the back-
ground. (The b2, by, ...

than two pion masses),

terms are zero for m less

m is the threshold missing mass at angle 6, calculated
- assuming the photon has the endpoint energy,

and 8 0 is the angle for which m is zero.

The physical assumptions are contained in the form of the background
polynomial and in the yield curves y(6). Appendix B describes in
detail the assumptions made and the rationale behind them. A sketch
of the fitting procedure for each particle is presented here.

The eta and phi were fit with the simplest of assumptions.
Both particles' cross sections were assumed independent of photon
energy. The chief difficulty in obtaining their cross sections was
background. The contribution of the eta was masked by poorly known
yields from multi-pion production and the low mass tail of the rho
distribution. The phi step is on a huge background from rho
production.

Obtaining pion cross sections was more complicated. The
variation of the cross section with photon energy was determined
iteratively. An effective power law behavior was established in
preliminary analyses and used for the final analysis. Two sources
of confusion made the extraction of cross sections difficult. The
photon energy was hard to determine because of a three-way col-
lusion between poor angle resolution, rapid variation with angle of
the photon energy effective in producing pions, and rapid variation
of the cross section with photon energy. The second source of

confusion was Compton scattering, which is not resolved from pion
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production. Measured total gamma-~p cross sections(S’ 24) , the
optical theorem, and the photonrho meson analogy were used to

estimate
do 2
a (Compton) = . 68 exp(8.5t) ubarn/(GeV/c)” .

This correction is small for -t greater than .5 (GeV/c)z, but be-~
comes as large as 50 percent at t of -.2 (GeV/c)z.

The rho meson presented several serious problems. The
proper resonance shape is unknown. This was dealt with by fitting
with all currently popular shapes and investigating the sensitivity of

(25)

used as standard in quoting cross sections. The rho width and mass

derived cross sections to shape. The Jackson-Selleri shape was
have not been convincingly measured, so both were treated as
parameters in preliminary fitting. Since no regular dependence on
s or t was found, the final fits used the average values of 765 MeV
mass and 125 MeV width. The omega, not resolvable from the rho,
was estimated to be 10 percent of the rho plus orriega cross section.
The lack of knowledge about multipion production background was a
serious problem since large changes are possible over the large
width of the rho. Errors due to possible structure in the background
were estimated by eye. Uncertainties from these sources dominate
the specified errors in the rho cross sections. '

The 1240 MeV particle was fit with a simple Breit-Wigner
shape. The broad width and poor statistics were the prima-ry sources
of difficulty in determining the cross section.

The analysis of the mass search was very different from
fitting for a particle's cross section. Discussion will be deferred to

chapter V.
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The technique of fitting theoretical functions to the data to
determine cross sections has the advantage of objectivity and of
being able to account for energy dependence of cross sections and
mass resolution correctly. However, its inflexible insistence on
the assumed form can be a hindrance if that form is only an approxi-
mation. For example, the rho size is determined primarily by the
threshold missing mass region near 765 MeV. If the assumed mass
distribution is inaccurate on the tails of the rho, the background
polynomial will adjust to correct the error. Since the background
has only a few degrees of freedom, the adjustment will affect the
background everywhere. The entire fit can be ruined.

For this reason all fits were plotted and examined to be sure
that the background was physically reasonable and that the fits to
each particle were good. Each yield curve was fit several times
with differing assumptions. Sometimes particles were fit individu-
ally. For the narrow particles, pi, eta and phi, two additional
entirely independent methods (described in appendix B) were used to
measure cross sections and the results were compared. The use of
a variety of rho shapes helped to guarantee that wrong shapes did not

ruin the fits.

C. Calculation of Cross Sections

Equation (III-3b) can be inverted to express the cross section

in terms of experimental data and kinematic factors:

do _ Proton counts - EO} [’ 51518

1
at " SEQ - T T AKE) 1
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where all symbols have the same meaning as in equation (III-3); in
addition SEQ represents the charge accumulated on the SEQ capacitor,
and F is a measured factor converting SEQ charge to total energy in
the photon beam. The expression in the curly brackets is thus proton
counts per equivalent quantum. It is the result of the data consoli-
dation process described in section A of this chapter, and is input
data to the fitting program. The kinematic factors in the square
brackets are incorporated into the fitting functions as described in
section B. The remaining factors account for target length and
density, spectrometer acceptance and the various efficiencies. Table
1 lists the values of the parameters used in equation (IV-2).

The efficiency factor mn includes the effects listed in table 2.
These are described in appendix B.

Adding in quadrature the various estimated errors fromtables
1 and 2 we find a total systematic normalization uncertainty of approxi-
mately 6 percent. This does not include possible systematic errors

in fitting, which have been included in the error bars for each point.
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V. RESULTS AND DISCUSSION

A. Pion

Differential cross sections obtained for pion photoproduction
are plotted in figure 10. DESY data at photon energies below 6 GeV
are also plotted. Our error bars include counting statistics and an
estimate of background uncertainty. At low momentum transfers,
poor resolution and large Compton scattering corrections contribute
large systematic uncertainties. Corrections have been made which
are peculiar to the pion data. The derivation of effective photon
energy from endpoint energy and the angle resolution is described
in appendix B. Estimates of the Compton effect cross sections use
the measured total photon-proton cross section and the photon-rho
meson analogy as described in appendix B.

The data are plotted versus (s - Mz), where s is the square
of the total energy in the center of mass, and M is the mass of a
proton. Full logarithmic axes show the power law dependence of the
cross section. The straight lines are least squares fits with the

fitting function*

do

22(t)—-2
a M*)*¢

= A(S-

3
The Regge behavior of cross sections with s is often written
A(s/so)za-z, with s  customarily taken as 1 GeV. Using (s - Mz)

guarantees the cross section vanishes at threshold, and therefore may
be a better form to use at low energy. The trajectory derived using s

instead of (s - Mz) is almost indistinguishable, if only photon energies
above 5 GeV are involved.
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The DESY data were included in this fit. The effective Regge tra-
jectory oft) is plotted versus t in figure 11.

Because the data are taken at varying effective s, plotting
cross section against t for various photon energies requires inter-
polation. This was done assuming a power law dependence of cross
section on photon energy. The results are plotted in figure 12 for
photon energies of 6, 9, 12, and 15 GeV. At low momentum
transfer; the cross section drops rapidly, approximately as exp(6t).
The outstanding feature of the curves is the ''dip" ata t of -.5
(GeV/c)2 which is pronounced at 6 GeV photon energy, but becomes
only a shoulder at higher energies. Above the dip region the data
again show smooth exponential decreases. Figure 13 shows the 6
GeV data from this experiment plotted along with the DESY results
at 5.8 and 5. 0 GeV. The cross sections are multiplied by a factor
of s2 which takes out most of the energy dependence and makes
comparison easier. The results of the two experiments are com-
pletely consistent. In both figures 12 and 13 the dotted lines are
merely to guide the eye.

Because the disappearance of the dip at high energies runs
counter to the prior expectations of simple Regge theory, it is im-
portant to estimate the strength of the evidence. Within the model
taken for the background, the quoted errors are very conservative.
The background was assumed to be a straight line below the threshold
for producing two pions, and a polynomial above. Attempts were
made to estimate sensitivity to the model by increasing the order of
polynomial below threshold. The results were erratic, indicating
overparametrization, but averaged about 20 percent lower. Pion
curves have also all been fit by eye and with a second computerized
method described in appendix B. Errors quoted include estimates



69

20099)" €—t———11

Ax10300[Ra], 9589y 9ATIO8II UOTIONPOIJ UOIJ

T 3INOId



70

i S I S A T N T e A ]
L \* 7,+p—-_-n-0+p :
- A ]
- \\ o 6.0 GeV
. % o 90 GeV
i \ a 12.0 GeV 1
\ \ ° 15.0 GeV
L
e \ [—
© A & * T
% ol b \ \\ *%/ \\
R 4 ki
~ K2 \ ___%4,\
ES \f’/# T ‘
5 A - ]
S5 | oA oy
i \ -'Jr*’\ﬂ \4\ )
e
i \\¢.\ S
BOTTED LIFFS ARPFE TO N b
CUHINE THE FYE OHLY \\
0.0l 3
S P ION0. TSN S N, [NV S
O 02 04 06 08 |10 L2 14
-1, (GeVv/c)2

FIGURE12 Pion Cross Section vs. t



500

(ub-Gev?2)

do
dt

SE

100

71

')/+p——-n-o+p

¢ 6 GeV, THIS EXP.

{%ﬁ o 58 GeV, DESY

L a 5 GeV, DESY )
. DOTTER LIMFS ARF To .

i CUINE THE FYF NPy
F *\
\}{

T

l | I — 5 l i l 1 I 1 l 1 I i
0O 02 04 0O6 08 10 12 14
-t, (Gev/c)?

FIGURE 13 Pion Cross Section vs. t



72

of systematic fitting uncertainties based, in part, on a comparison
of results from all these models. The disappearance of the dip is
therefore probably real. However, a more definitive experiment is

(21)

needed. Such an experiment has been proposed and will be run

soon.
If the dip really does go away, the Regge theory explanation
of neutral pion photoproduction must be modified. A theory quite

(1, 2) at the time this experiment

(4,3)

laws allow only omega, rho, phi, and B single-trajectory exchanges.

successful in explaining the data
was begun used Regge single particle exchange Conservation
pmy and ¢pry couplings are small, so omega can be taken to repre-
sent the vector mesons. The omega trajectory contribution should
dominate the cross section. The dip is supposed to be produced
where the omega trajectory passes through zero and its contribution
vanishes. The residual cross section in the dip region is attributed
to sources which are negligible elsewhere -- the B meson exchange
contribution in the Ader, Capdeville and Salin theory(4). These
contributions should decrease faster with increasing s than the
omega contribution, so the dip should become deeper as energy
increases.

Other evidence than the vanishing of the dip casts doubt on
the simple omega exchange model. The energy dependence of the
differential cross section outside the dip region also disagrees with
predictions of omega trajectory exchange, as can be seen from the
effective Regge trajectory in figure 11. Furthermore, as Harari(zﬁ)
shows using the vector dominance model and experimental limits on
o4 n oo ow p, the B trajectory exchange contribution is too small

by at least a factor of four to fill in the dip. Finally, measurements
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at CEA of neutral pion photoproduction with polarized 3 GeV

(27)

in the dip region.

photons show a polarization of the wrong sign for B exchange
In the face of this evidence, several new theories have ap-
peared, all of which allow cuts or absorption as well as single Regge
28
pole exchanges. 7. Fréyland( ) and A, Capella and J. Tran Thanh
each use omega exchange and a cut term from omega and

(29)

Pomeranchuk exchange. Both ignore the contribution of the B. The

Van

dip from the vanishing of the omega trajectory contribution is filled
in by the contribution from the cut term, which becomes increasingly
important with increasing energy. Each of the two theories achieves
a good fit to our data and the polarization data. The theory of

(30)

change with absorption to obtain a good fit to our published data and

Blackmon, Kramer, and Schilling uses rho, omega and B ex~

a fair fit to the polarization data. Some B exchange is required, and
the B trajectory has an unusually high intercept and small slope.
Furthermore, the model predicts a pronounced peaking at low mo-
mentum transfers for high energies. Even though our data in this
region are too poor to have been published, the anticipated factor of
three enhancement should have been qualitatively visible and was not.

(31) .

A different type of theory uses vector dominance to
relate pion Yp2/4rr photoproduction to production of vector mesons
by pions, without going into the workings of the reaction as does the
Regge theory. The prediction using yp2/4rr = .‘5 is consistent with
the data, although the uncertainties in the data on vector meson

production by pions are rather large.

¥
The vector dominance model will be discussed in connection with
rho meson photoproduction.
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B. Etga

Differential cross sections for eta photoproduction are plotted
2

in figure 14 as s %1?" vs. t. Reliable data are only obtained at
5.5, 6.0, 6.5 and 9.0 GeV because of background problems. The
dotted line of figure 14 is the 6 GeV pion production cross section
taken from figure 12. It shows that eta cross sections are of the
same order of magnitude as pion cross sections, but lack the dra-
matic dip. For the small range of energies and momentum transfers
covered, the differential cross section is consistent with an 3_2
energy dependence and an exp(3t) dependence on momentum
transfer.

In figure 15 the eta production data of this experiment are
compared with 4 GeV measurements by Bellenger et al. at CEA(7).
In the CEA experiment the eta decay into two photons was measured
by observing the decay photons. As in figure 14, 52 times the
differential cross section is plotted to take out the s dependence
for comparison. Our data appear to fall more rapidly with t, and
also seem somewhat higher. This may reflect a genuine change in
t-dependence with energy and a fall off with energy slower than S-Z,
but the conclusion is not firm considering the errors and the two
very different techniques.

Figure 15 also depicts two fits to the data made using vector
dominance and SU3. Dar and Weisskopf(s) assume rho exchange
dominance to relate eta photoproduction to the process

+
T +n = w+p

and also to the process 1 +p - w +n.
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Gorczyca and Hayashi(sz) allow omega and B exchange as well as
rho exchange and relate eta photoproduction to neutral pion photo-
production and vector meson production by pions. Both fits agree
reasonably well with the data. Although ideally neither fit has any
parameters, the poorly known coupling constant wa allows a
certain freedom.

(9)

the eta photoproduction cross section, analogous to the dip in pion

One might expect simple Regge theory' ’ to predict a dip in
photoproduction, due to the vanishing of the contribution of the rho
trajectory. The absence of a dip can be reconciled with Regge
theory. It is possible for B exchange to fill dips in eta photopro-
duction but not in pion photoproduction if amplitudes interfere in just
the right way. However, such a theory does not seem to have much

)

dips as interference between a Regge pole exchange amplitude and

predictive value. A recent theory by F. Henyey et al. (33 explains
the amplitudes of its associated absorbtive cuts. The authors expect
to be able to reproduce the pion photoproduction data without using B
exchange. They also appear to be able to fit the reaction

1'r++n-~w+p(34)

, which is closely related to eta photoproduction
as noted in the previous paragraph. However, the absence of a dip
in their model appears to be due to a post hoc assumption about the
absence of nonsense wrong-signature zeroes. A theory which
required the presence of a dip in pion photoproduction and the

absence of a dip in eta photoproduction would be more satisfying.

C. Rho

Rho meson photoproduction differential cross sections are

listed in table 3. These numbers were obtained assuming a Jackson-
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Selleri type shape for the rho (equation B-5 ) with a 10 percent
admixture of omega. Average values of rho mass and width were
obtained by fitting each yield curve. These average values, 765 + 20
MeV mass and 125 = 20 MeV width, were adopted as standard for
fitting all data. Errors cited in table 3 include statistical errors
and estimates of the error due to the unknown shape and width of the
rho, background uncertainty, and omega admixture. The assumptions
made in fitting are discussed in appendix B.

In figure 16 the differential cross section is plotted against t
for various photon energies. The smooth curves are from a fit using
the quark model and vector dominance which will be discussed

shortly. The data are also well represented by a function of the form

do

& - Aexp(Bt + ct?) (V-1)

with A about 100 pbarn/(GeV/c)?, B about 8.5 (GeV/c) 2, and C
about 2 (GeV/c)-4. The B and C values are very similar to those

(35)

fit the data without the C term are successfulupto t = -. 6 (GeV/c)Z,

obtained in fitting pion-proton elastic scattering Attempts to
although they fail badly over the full range of momentum transfers.
The discrepancy at high momentum transfers is approximately

exponential, i.e., a sum of exponentials

do

- ol A exp(Bt) + A' exp(B't) (Vv-2)

with A about 100 ubarn/(GeV/c)?, B about 8 (GeV/c) 2, A" about
1.5 ubarn/(GeV/c)Z, and B' about 2.5 (GeV/c)'2 also fits the data.
The data are not of sufficient quality and do not extend to large enough
momentum transfers for one of the forms (V-1) and (V-2) to be pre-

ferred.
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In figure 17 our cross sections for photon energies between
5.5 and 6.5 GeV are compared to a fit of the DESY data(s) at nearby
energies and the data of McClellan et al. (13) at 6 GeV. The dashed
lines about the DESY fit indicate the size of their errors. Cross
sections from the three experiments are consistent.

The quark model fits have been used to extrapolate rho differ-
ential cross sections to zero momentum transfer and to obtain the
total rho cross section as a function of photon energy. The results
are listed in table 4. McClellan et al. (13} obtain forward cross
sections with a much smaller extrapolation. Their value is 130
ubarn/(GeV/c)2 for the forward differential cross section, approxi-
mately constant with photon energy between 4 and 9 GeV. Our results
are consistent with this value, but show a greater tendency to fall
with energy, from about 140 ;.Lba,t'n/((.?reV/c)2 at 6 GeV to about 100
ubarn/(GeV/c)? at 17 GeV.

Figure 18 shows the rho differential cross section at various
t plotted against s on full logarithmic scales. The dashed straight
lines drawn through the data are best fits with the function

ds _ (s - M2)2a(t) -2

(v-3)
The values of o obtained are shown as a function of t in figure 19.
For t=-.4 and -1.1 (GeV/c)2 the lowest energy data lie far away
from the general trend of the other data. The dotted lines in figure
18 and the dashed points in figure 19 show the best fit ignoring these
points. A straight line fit to oft) gives

or,eﬂ.(t) = (.89 +.04) + (.23 =.07)t . (V-4)
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This effective Regge trajectory is very similar to those obtained in

- . (35
elastic pp, pp, mp and Kp scattermg( )
nearly identical to the average of the effective trajectories for 'rr+p

, and in particular is

and 7 p elastic scattering. It is also consistent with the trajectory

(36)

for the Pomeranchan obtained by Rarita et al. in a fit to hadron
elastic scatterings.

The vector meson dominance model (VDM) appears to be
helpful in understanding many of the qualitative features of rho photo-
production. According to this hypothesis, the photon interaction with

hadrons is mediated by the vector mesons, to which the photon couples
2 (15)
m

with amplitudes E . In this expression, V is rho, omega

2 Yy
or phi, my, is the vector meson mass, and Yy is the coupling
constant. The constants Yy enter into many processes, including
vector meson decay into electron-positron pairs, neutral pion decay
into two photons, Compton scattering, and, as mentioned earlier in
this chapter, pion and eta photoproduction.

Figure 20 shows how the VDM would view rho meson photo-
production. Once VDM is applied, the problem reduces to a problem
in strong interactions: V +p = p +p. A well known feature of
meson-baryon scattering is that elastic (or "quasi-elastic'') total
cross sections appear to approach a constant at high energies, where-
as reactions requiring the exchange of non-vacuum quantum numbers
have cross sections which apparently fall to zero at infinite energies.
In Regge language, the Pomeranchan trajectory is the highest lying
known trajectory for physical t. For this reason rho elastic
scattering should be larger than rho production by phi or omega
mesons at the energies of this experiment, and the V of figure 20 |
is assumed to be a rho. Using this and evaluating the propagator for

the virtual rho meson, we obtain
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d :
atﬁ(v+p—p+p)=§ A7) 2 (o +p = o +p) (V-5)

where Piye indicates that only transversely polarized rhos are con-

sidered since photons are transversely polarized.

(16)

the experimentally unmeasurable rho-proton elastic scattering to

Margolis uses a simple additive quark model to relate

pion-proton elastic scattering:
2

5 /2 (w'p) + 3 %;-’-(n‘pJ . (V-8)

El-f-(pp) =

This equation comes from assuming quark forces are additive and
spin-independent, and noticing that the quark structure for neutral
pions is identical to that of neutral rhos, except for spin. Neutral
pion cross sections are related to charged pions cross sections by
isospin independence. By combining equations (V-5) and (V-6),
taking the constant y as a single free parameter, and using the
pion-proton elastic scattermg data of Foley et al. (35) the curves
plotted in figure 16 are obtained. The agreement is remarkably
good. The extrapolation to forward cross sections and total cross
sections for rho production have been made with this theory. Table
4 lists cross sections obtained with one overall yp and with yp
allowed to vary with photon energy; from these the quality of fits
with a single Yp can be evaluated.

The average yp obtained this way is given, in the convention-
2

al notation, by 71%— = 0.61. Systematic errors in our data and in

the elastic scattering data cause an uncertainty of about 20 percent
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in this value. Other evaluations of this quantity can be made by
comparing rho photoproduction to rho total cross sections. Assuming
the entire forward rho elastic scattering cross section absorptive and

applying the optical theorem to (V-5), we find

do

T (V-17)

2
tosn =t = B 4 [cTOT(pp)]
A S - 2\ 73 16w

t=0 Yp

Several groups have measured pp total cross sections using rho
photoproduction on heavy nuclei. Bulos et al. (37)
section of 30 millibarns at 9 GeV, and McClellan et al. *®) obtain 39

millibarns at 6 GeV. These values correspond to Yp2/4ﬂ‘ = 0.7 and

obtain a total cross

1. 09 respectively. The disagreement of these values from the
generally accepted 0.5 is a difficulty of the VDM which has only
showed up with the recent total rho-proton cross section measure-

ments. (12)

D. Phi

Differential cross sections obtained for phi photoproduction
are listed in table 5, and plotted as functions of t for several
energies in figure 21. Included in the plot at 6.5 GeV are data from
Asbury et al. (12) and from the DESY bubble chamber collaboration.(5)
The smooth curve is the same in all six parts of the figure; it comes
from a quark model relation similar to the rho production relation,
and will be discussed shortly. Good fits can be achieved with simple
exponentials

do

-l A exp(Bt) (Vv-8)



91

€ =4 T

L =+ L
a8 -+ *62
*0c¢ -+ *0%
11 -+ *9¢
*6 -+ *0¢
b ) ~+ *gE
*8 -+ *He
=TT -+ */€
*GE -+ *69
*61 =& g9
g -+ *9g¢g
°91 -+ *g6
*0¢ -+ *0.
*0Z -+ *86
*0Z -+ *°08
*0¢ -+ *GQ
*0g -+ *091
‘0% -+ *081

2{3/A39) /NYVEONVYN

NOILD3S SSO¥D

00°91

00°91
00°¢el
00°9

08°L1
00°91
06°#%1
00°¢cl
0s°11
06°9

08°L1
00°*91
0s° %1
06°%1
00°¢cl
00°¢el
06°11
0s°9
0s°9

A39
A9YINT

ge*1

01°1
ot°1
01°1

06°0
06°0
06°0
06°0.
06°0
06°0

0L°0

0L°0
. -
0L°0
0L°0
0L®0
0L°0
0L*0
0L°0 _
2{3/7A39)

1=

0%
*0%
0¥y
°0¢
0L
*0%
‘0%
*alL
011
*08
‘011
*011

*0etl
‘0L
*0¢s
‘oL
QDC
‘08
*0el

*0¢ctl
001
*06

*0L1
*04l
‘0Tl
*0ce
00+

2z(J/A39) /NUVEONVYN

-+
-+
-+
-+
-+
-+
-+
-+
-+
-+
-+
-+

-+
-+
-+

-+

-+
-+
-+

-+
-+
-
-+
-+
-+
-
-+

‘091
*0el
*0ee
*0g1
*09¢
*0c1
‘0Ll
*06¢
*09%
*01¢
*02¢
*061

‘012
*0SE
*012
*0%E
*042
*09¢
*01%

*01¢
*09c
*0T1g

*0Le

*019
*0tes
*0Lg
*oo0¢t

NOILD3S SS04D
NOI123S SSO¥D NOILONOGO¥d IHd & 378ViL

08°L1  0S°0
00°91  05°0
06°%1  0§°0
06*%1  05°0
00°€1  06°0
00*€l  0G°0
06°11.  05°0 .
05°*9 05°0
05°9 05°0
00°9 05°0
00°9 060
05°*s 05°0
00°9T  0%°0
06°%#1  0%°0_
06°%T  0%°0
00°€1 __0%°0_
00°€ET  0%°0
. 06°11_ 0%°0

05°9 0%°0
08°LT 0£°0
00°9T 0€°0
0s°%1  0£°0
06°%1  0€°0
00°€T  0€£°0
00°€T  0€°0
05°9 0€°0
05°9 0€E°0

A39  2(2/A39)

IR ELE!

i-



Q.01

ub
(Gev/c)?

do
dt

0.0l

0.0l

FIGURE 21

I I i } 1

..-:}f_q Y+p T ¢p+p
R, + 6.0 Gev

_% _ * 650G
S

! \Q—f

~ DESY-MIT, ’
5.2 Gev -
~+ DESY (HBC)
2.5-5.8 GeV
Pl el N
A T /A
Y*P T ¢+p
Eq=13.0 GeV
N

Y+p = $+p
Eg=16.0 GeV

92

% YR Sguep
Eg=11.5 GeV

Y+P = $+p
Eg=14.5 GeV

yHp—= ¢+p
Eo=17.8 Gev

b l 1 iE 1 1

TEESY 1 H ! |

O 02 04 06 08 10 12 140 02 04 06 08 1O 12

-1, (GeV/c)2

-1, (Gew/c)?

Phi Cross Section vs.

1.4

t



93

with A and B typically 2 ubarn/(GeV/c)2 and 4 (GeV/c)'z,
respectively. Because the extrapolations involved are quite large,
total cross sections are not reliably determined. However, extra-
polations using equation (V-8) and using the quark model both yield
total cross sections of (.65 +.20) ubarn at 6 GeV and (. 45 + . 10)
uwbarn averaged over the high energies. The ratio of the phi total
photoproduction cross sections to the rho is roughly 1:25.

In figure 22 the phi cross sections are plotted against s on
full logarithmic scales. There is some indication that the cross
section falls with energy. The plotted straight line best fits de-

termine an effective Regge trajectory

do

do 20(t) - 2
at :

- C (s - M) (V-10)
The effective Regge trajectory obtained in this way is plotted against
t in figure 23. The data are not precise enough at high and low mo-
mentum transfers to make the calculation of a straight line effective
trajectory significant.

The cross section for phi photoproduction should be pro-
portional to phi elastic scattering ci'oss sections by the same VDM
arguments used for the rho:

do oy 4\ do
a;‘(Y*P“®+P)—Z(7)a{(w+p*@+p)- (V-11)
(7]

(18)

in terms of measurable cross sections:

A quark model relation describes phi-proton elastic scattering



94

;A9 's —,A99 'S
Ob G6€ O0f 62 02 Sl o } 8 Ok S O S2 02 sl 0l 8

T

T

TTT T T

X

L O

UALALI LALAS REREE BLASELE BLELELEE BN (LN SN B R AL LALE ARARN R ELES B ELEUELEY HL AN AN AL AN

Jio s /ﬁlﬁfﬁ /H 4r

Jz0 / - 47
/% /% —_ Jeo 3 A g /# 3
no- . a M G ¥
-4 8 — -
. X - l‘w<
e 1 oo
dio B dr

6™ Lok |
190 @ jor + 1
4 " <la | /s
18035 ¥ u“
Jr t+ 1r
¢ |
420 F 42
€0 - 4¢
4v0 - v
- - —~ -
490 - B S E
] L ¢ S ]
o0 = 5
Ji - Jo1

R

7

= 42 - 0

JINTPVITITE FTRRS EWNWE A T S S N A Y [TTIITETE IRUTE FRUIS WA ST S S

S SA RLFF?IS%

S§ 'SA UOIJI3S SSOID g gz TUNDIA

i
op

2(9/A39)
uing

——



95

—110

=[5 -0 -5 0
t, (GeV/c)2 —>

FIGURE 23  Phi Production Effective Regge Trajectory



96

2

\/ %(K+p) ol %tE(K'p) - / g—,?(ﬁ‘p) . (V-12)

do _
at (op) =

All the cross sections in equation (V-12) are elastic. In this
equation, Kp scattering is used to obtain the behavior of strange
quark and strange antiquark scattering (the phi is made of a strange
quark and a strange antiquark), and the mp scattering cross section
subtracts off the non-strange quark part of Kp scattering. The
smooth curve of figure 21 uses equations (V-11) and (V-~12), with
data from Foley et al. (35), and ycpz/éln = 9.8. This value is

marginally consistent with predictions of iz s —% s —% = O
¥, 0 Yu) ch

.65 : 1.33 using broken SU3. (19) Note that to obtain this con-~
sistency, a broken SU3 model has also been used in evaluating phi-
proton elastic scattering.

The quark model curve does not appear to fit data from all
photon energies equally well. This is more likely to be a failure
of the quark model, which involves data with considerable error
bars and a rather large subtraction, than a failure of the VDM.
Upon allowing the constant of proportionality between phi production
and phi elastic scattering to vary with energy, the extrapolations to
zero momentum transfer give the forward differential cross section
(3.2 £.4) ;.Lbarn/(GreV/c)2 and total cross section (.71 = .08) ubarn
at 6 GeV. The data from incident energies between 11.5 and 17.8
GeV do not differ significantly; the averages of the corresponding
cross sections are (2.1 +.2) |.xb:a,rn/(GeV/c)2 and (. 45 +.04) ubarn,

respectively. These errors do not include an estimate for model
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dependence. Anyone not trusting the quark model would do well to
multiply the error bars by 2.5 in view of the large extrapolations

involved.

E. x%958)
(8)

duction in the same paper where they successfully predict eta pro-

Dar and Weisskopf' ’ predict the cross section of XO pro-
duction. Although some data show a hint of such production (¢ f.
figure 9f, the subtraction of 5.5 and 5.0 GeV, t = -, 3(GeV/c)2
curves), in general this experiment is not sensitive enough to see
production of the predicted size because of the large background

from rho production.

F. YYB"

Figure 24 depicts the subtracted yield from endpoint energies
14.5 and 13.0 GeV at t = -.5 (GeV/c)?. In addition to peaks from
pion, rho, and phi production, a distinct peak is visible at a mass of
about 1240 MeV. Of 51 yield curves (counting subtractions) which
covered this mass region, 8 showed peaks as unmistakable as this
one, 13 had definite measurable peaks and the remainder were con-
sistent with the presence of a peak with a cross section extrapolated
from the measurable peaks. Peaks were most easily seen at about
14 GeV and for t between -.3 and -. 7 (GeV/c)z, where resolution
and our data were best. No data in which this peak would have been
visible were taken below 11.5 GeV photon energy.

All the observed peaks had a best fit mass value within 20
MeV of 1240 MeV. The width is hard to determine with poor
resolution, but is roughly 100 MeV. Table 6 lists the cross sections
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TABLE 6 mB" PRODUCTION CROSS SECTION

-7 ENERGY * CROSS SECTION
{(GEV/C)* GEV NANOBARN/ (GEV/C)*
» 30 13.00 Y 800. +- 400,
«30 13,00 Y 1000. +- 400.
30 13.75 S 900. +— 300.
«30 13.75 § 450. +— 250,
30 14,50 Y 400. +—- 300.
.30 16.90 S 400. +- 300.
o 40 13.75 S 350. +— 250
40 13.75 S 200. +- 100.
e 40 14.50 Y 300. +—= 250,
W40 14,50 Y 400. +-  300.
+50 12.25 S 400, +- 150.
<50 13.00 Y 400. +- 100.
«50 13,00 Y 300. +- 200.
<50 13.75 S 250. +— 100.
w50  13.75 S 180, +- 60.
.50 14.50 Y 250e. +=- 100.
+50 14,50 Y 300, +- 150,
«50 15.25 § 200. +- 150,
.50 16.00 Y 300, += 100.
& 70 " 12.25 S 60, +- 40.
+ 70 13.00 Y 100. +- 40,
+ 70 13,00 Y 70, +-— 40,
.70 13.75 S 60. +— 30.

70 14,50 Y <50.
.70 15.25 S BO0a +-— 50.
T LT0 T T 17.80 Y 70 +- 40.

<90 7 ALL ' <80.

* Y IDENTIFIES DATA TAKEN FROM YIELD CURVE AT THE
_ SPECIFIED ENDPOINT ENERGY. S IDENTIFIES DATA TAKEN
FROM SUBTRACTION AT THE SPECIFIED AVERAGE ENERGY.
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obtained for the measurable peaks, assuming a 100 MeV width.
The cross sections are consistent with an exp(5t) dependence on t.
No systematic dependence on photon energy is visible with the large
errors and small range of energies of the data.

Possible identifications with known particles include the £°
(mass 1264 MeV; width 145 MeV), the A, (1269; 26), the D (1285;
31) and the B(1221; 123). A disadvantage of the missing mass
spectrometer technique is that only weak clues can be used to obtain
the gquantum numbers of any bumps observed. The large cross
sections for production of this particle at high energy suggest that
it may be diffraction produced, although the lack of data at low
energies makes it impossible to prove this. Of the four possible
particle identifications listed, only the B has the same charge conju-
gation (minus) as the photon, so only the B can be diffraction pro-
duced. This is why the particle is tentatively identified with the B.
Speculations on Regge daughter trajectories and of the Veneziano

(39)

1240 MeV, which may be the source of this bump. The question

representation indicate there may be a vector meson near mass

cannot be decided with the present data.

G. Mass Search

Systematic searches for production of particles with masses
up to 2.0 GeV were performed at 16.0 and 17. 8 GeV for t = -. 2 and
-.3 (GeV/c)z. These searches were done with pairs of energies so
that a bremsstrahlung subtraction technique could be used to eliminate
s-channel resonances. The data can be seen in figures 25 and 26,
takenat t=-.2and t = -. 3 (GeV/c)z, respectively. Of these the
data in figure 25 are the more reliable, being taken under more

carefully controlled conditions and withgreater statistical precision.
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It is clear to the eye thati no significant peaks are visible.
To make this observation quantitative, a straightforward statistical
analysis was used. The subtracted data were fit with a straight line.
This gives a surprisingly good fit; chi~squared is 103 for 102
degrees of freedom in the -.2 (GeV/c)z search, and 56 for 59
degrees of freedom in the -. 3 (G—eV/c)2 search. The fit straight line
was subtracted from the data. Production of a hypothesized particle
was represented by a Gaussian peak, whose width, in three separate
trials, was given by resolution alone, by resolution and a 100 MeV
decay width, and by resolution and a 200 MeV decay width. The
position of this peak was stepped one angle bin at a time over the
entire range of the search, and its best-fit height determined with a
least squares fitting program at each bin. The significance of the
peak in "standard deviations' ("'s.d.") was determined at each bin
assuming random errors from counting statistics only. '"Standard
deviation' is put in quotation marks because significant errors, e.g.,
in the beam monitors, have been ignored. We estimate that a |
"s.d." peak would be required for statistical significance. No peaks
were found of more than 3.5 "s.d." For example, the -. 2(GeV/c)2
search for zero-width particles found two negative peaks, or valleys,
of 3.1 and 2.6 "s.d.", and one peak of 1.9 "s. d.," with the re-
maining structure smaller than 1 "s.d." No apparent correlation
between the structures in the two mass searches was observable, A
5 "s.d." peak corresponds to about 10 percent of the rho cross section,
depending on effective missing mass (see table 7). Thus with 0 per-
cent confidence, no ﬁew particles are seen which have mass between
1300 and 2000 MeV and cross sections greater than 15 percent of the
rho's. |

The high energy, low momentum transfer mass searches are

sensitive primarily to diffraction-produced resonances, since other



104

*AFD 6T91 AUHANA H497daAV * (T

/h49)

2=

=10

HOEVES SSUW HHL %Ud SwOIL23S SSOUMD UL SLIWIT 4IN30I4MUT Ln3D¥3d 06
23T 722 or* i Lt 0061 |
ik - 60° gy 0G.1
it 6°T 80°* 91 0091
AN 9° 1 90t 1= 06%T
R ) Eal | 90" gl 00¢eT
Lt 1038 SSUHD [ Z0/A39) /NNYEN fl NOLLOES SSUuD | 2/a39) /navan || Adw
el OILvY b OHY 01 OILvw 1P SSyw
op op |
GAWNSSY HLAIM AJw 00e  fI 0 3wWnsSSv HIAIN Azw ool ||

o

SLIWIT ddddil

HOHV4S SSvu L 374V L




105

particles' productions should fall rapidly with s. In particular, a
vector meson with mass between 1500 and 2000 MeV and production
cross sections comparable to the rho meson's should have been
visible. The first ""daughter' to the rho Regge trajectory, if parallel
to the rho trajectory, would have produced a particle of mass approxi-
mately 1750 MeV.

An attempt at a mass search at 6.5 GeV, t = -. 9 (GeV/c)?
was cut short by equipment failure, and extended only to 1550 MeV.
The yield curve is shown in figure 9t. No new particles are ob-
served. Particles with production cross sections more than about
one third of the rho's should have been visible. |



106

APPENDIX A

This appendix will be devoted to describing experimental

apparatus in more detail than was convenient in chapter II.

1. The SLAC Accelerator

The SLAC accelerator has been described in great detail

elsewhere(40).

Only those properties which influenced this experi-
ment directly will be mentioned here.

The accelerator is uniquely well suited to a survey experi-
ment using a missing mass spectrometer. Its maXimum output
energy, 20 GeV, is twice that of the next most energetic electron
machine, the Cornell synchrotron, and over three times that of CEA
and DESY. This permits surveying over a wide range of energies
for which Regge theory is expected to work. SLAC's maximum
current, 25 microamperes, is an order of magnitude greater than
that of any other electron machine in the world. High current per-
mits surveying a large range of energies and momentum transfers
with good statistics in a relatively short time.

The high energy and current lead to a major problem with
power dissipation and radiation. Beam monitors and targets have
to be carefully designed to dissipate heat rapidly. Beam steering
has to be watched carefully to prevent equipment damage; for
example, once during this experiment the beam drilled a hole through
the beam vacuum pipe. Common-sense radiation safety precautions
make entry to the experimental floor slow and reduce the experi-
menter's interaction with his apparatus to what he can do with remote
control and television. Sometimes the amount of beam delivered has

to be reduced to protect people.
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The most serious experimental nuisance at SLAC is the duty
cycle, about . 06 percent at maximum repetition rate. Because the
klystrons which supply the accelerating power cannot be run continu-
ously at peak output, electrons are accelerated in 1.6 microsecond
long pulses, 360 per second. In typical running conditions an experi-
menter receives about 108 electrons per nanosecond while the beam
is actually on. An unshielded counter exposed to room background
simply turns on for the length of a beam pulse. In order to make full
use of the possible counting rate, an experimenter is forced to
separate out genuine events from background mechanically before
using scintillation counters. In practise this means using a well
shielded, very expensive spectrometer. Even so, the experimenter
is plagued by accidental coincidences due to the resolving time of his
electronics and must make corrections. In this experiment the
maXimum usable beam current was frequently set by the resolving
time of the electronics.

Another problem was instability of the beam. About once
every ten minutes, a klystron would overload and shut itself off, and
there was a chance of a steering change. Sometimes steering would
change for no apparent reason. The experimenter had tokeep an eye
on the beam position monitors continually. Steering changes were a
major source of beam monitor instability for this experiment.

The energy of the beam transmitted to the experimenter is
determined by a series of bending magnets in the switchyard at the
end of the accelerator. Beam energy is measured by measuring the
magnetic field in a bending magnet which is identical to the ones in
the switchyard and wired in series with them. A variable slit de-
termines the energy resolution. For this experiment it was set to

require one percent resolution, allowing almost all the beam to be
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transmitted, since the spread of energies from the machine is
typically .5 percent.

Several times during the running of the experiment the beam
was ”chop;()ed" so that time of flight could be used to distinguish

gun by deflecting the beam electrostatically with a 20 MHz. sine wave

particles. 41) The chopping was accomplished near the electron
voltage. A slit allowed the beam through only when the chopping
voltage passed through zero, thus dividing the beam into one nano-
second long bunches spaced every 25 nanoseconds. To distinguish
particles of different velocity the experimenter measured the phase
of the 20 MHz. chopping voltage at the time of the particles' arrival.
With this method, protons were distinguishable from pions easily at
even the highest momentum measurable in the 1.6 GeV/c spectrome-
ter. Unfortunately, chopping reduced beam current by about a factor
of five, so time of flight was used only for testing.

2. The Photon Beam

The beam line is diagrammed in figure A-1.

Fifty meters before the hydrogen target, the SLAC electron
beam hit a .1 inch (. 03 radiation lengths) aluminum radiator.
Electrons were then bent out of the beam and dumped. A television
camera viewing the position monitor, a gas Cerenkov cell just behind
the radiator, allowed the experimenter to keep track of beam size,
shape, and position.

The bremsstrahlung photon beam was reduced to the desired
dimensions by the main collimator. Secondary collimators reduced
beam halo, and sweep magnets removed electrons produced on the

collimators. After traversing the target the beam was stopped and
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monitored in the secondary emission quantameter (SEQ). Typical
beam size at the target was 2 cm. by 2 cm. Photon beam power
was adjusted to keep accidental rates in the electronics at a reason-
able level, and varied between 200 and 1500 watts, about 5 x 1011
equivalent quanta per second.

The beam was steered using four screens viewed by tele-
vision. Three zinc sulphide screens were located in front of and
just behind the target and just in front of the SEQ. These screens
could only be in the beam when data were not being taken, so only
the gas Cerenkov cell just behind the radiator was usable as a
continuous check on the beam steering.

The Cerenkov monitor, the SEM and the SEQ were used to
monitor the beam. The calorimeter was occasionally moved into the
beam line for calibrations of the SEQ. Monitoring will be discussed
in the next section.

The distribution of photon energies in this bremsstrahlung
beam has never been measured experimentally. The spectrum was
{42 and the

The former has provisions for simu-

therefore calculated using the Caltech program BPAKI
SLAC program BREM43),
lating beam collimation, and the latter is specifically designed for
high energies. The programs agreed within .5 percent, once the

(43). Both also indicated

SLAC program was properly normalized
that details of the energy spectrum near the endpoint would produce
no effects visible within the experimental resolution. The calculated
shape of the reduced bremsstrahlung spectrum factor ok, Eo) is

shown in figure A-2. This factor is defined by

| dk
N@) dk = N ofk, E )
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where N(k) is the number of photons per unit energy at photon
energy Kk, NY is the number of equivalent quanta and Eo is the
endpoint energy. The integral of a over all k is normalized to
Eo' For narrow particles, the pion, eta and phi, only the value
of o near the endpoint energy is vital, and the approximation
indicated with a dashed line in figure A-2 was used (the change in

normalization was, of course, corrected for).

3. Beam Monitors

The secondary emission quantameter (SEQ) was the primary
beam monitor and the beam dump. This device is described else-

Where(44)

, and will be discussed only briefly here. It consists of
twenty . 5-inch thick water-cooled copper plates alternating with
nineteen . 0005-inch gold plated aluminum foils. The assembly is
inside an evacuated steel enclosure. The copper plates are at high
voltage, typically -300 volts. An incoming photon or electron starts
a shower in the copper plates. As the charged particles of the
shower leave the negatively charged plates, electrons from the
ionization of atoms near the rear surface of the plate can be thrown
from the plate (secondary emission). These electrons are collected
by the foils, and charge is integrated on a capacitor. The charge
collected is ideally proportional to the energy in the incident beam.
The SEQ is not an absolute device and must be calibrated

(45) was used for this

periodically. The SLAC silver calorimeter
purpose. The Cerenkov monitor (to be described below) was used

as an intermediate standard, since the calorimeter and the SEQ can-
not be used simultaneously. Calibrations generally were consistent

within one percent. The calibration value obtained was 2. 11 x 106
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GeV/ucoul (incident beam energy per unit charge collected). Absolute
calibration was also tested against the SLAC precision toroid using a
positron* beam. Agreement with calorimeter calibrations was within

two percent.
The SEQ is designed to handle up to ten kilowatts incident

beam power, the limit being set by heat transfer rate in the copper
plates. Its useful aperture is about 8 inches by 8 inches, far more
than adequate for the beam of this experiment. Dependence of the
SEQ's response on beam intensity and steering was tested with a
positron beam and found to be negligible for this experiment.

Short term stability of the beam monitor is important to the
validity of a yield curve, which is constructed out of about twenty
individual runs taken over a two hour period. The SEQ was there-
fore continuously checked with two supplementary monitors and also
verified against pion and proton counting rates.

The more reliable auxillary monitor was the Cerenkov

(45)

light from pairs produced in a thin foil intercepting the beam is

monitor This consists of a tube filled with Helium gas. Cerenkov
reflected onto a photomultiplier tube whose output is integrated. The
ratio of SEQ charge to charge on the Cerenkov monitor generally
stayed constant to within .5 percent, though the Cerenkov monitor

was sensitive to beam steering. The SEM (secondary emission
monitor) was very sensitive to beam steering, and in general only
tracked well under unusually stable beam conditions.

*For technical reasons, a positron beam was available to us for
testing purposes, but not an electron beam. Because the SEQ
measures a shower from the primary particle, it responds to
electrons, photons and positrons in very nearly identical manners.
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If one divides pion counts by the charge accumulated on the
SEQ, he should observe a smooth variation with spectrometer angle.
This was a useful technique for diagnosing SEQ behavior when
analyzing data offline. Where data were redundant enough the proton
counting rate could also be used. The details of this relatively com-
plex method are described in appendix B, section 1. These checks
showed the SEQ's short term stability to be about * .2 percent under
steady beam conditions.

4. Hydrogen Target
(46)

A diagram of the liquid hydrogen target assembly is shown
in figure A-3.

The target cell was a cylinder 12 inches long and 2 inches in
diameter, with the axis parallel to the beam direction. Its walls
were of . 005 inch mylar and the beam entrance and exit windows of
. 005 inch aluminum. The cell was long enough that its end windows
were not visible to the spectrometer. Its diameter was kept small
and its walls made of thin mylar to reduce the amount of material
protons had to go through before being analyzed.

A supply of gaseous hydrogen under 8 to 10 p.s.i. pressure
kept the target cell filled. A large reservoir, filled from an inde-
pendent liquid hydrogen source, served as a heat sink both to con-
dense the hydrogen supply and to carry off heat left in the cell by the
beam. As the beam traversed the target and heated the liquid
hydrogen locally, convection currents were generated which carried
the warm hydrogen upward to thermal contact with the reservoir.
The hydrogen in the target, thus being kept at the temperature of
boiling hydrogen at one atmosphere pressure, had density . 070
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gm/cm3. Since the target was designed to keep a well-focussed
electron beam from causing local boiling, the 2 cm. by 2 ¢cm. photon
beam used in this experiment was easily handled.

The entire target and reservoir assembly could be raised
pneumatically to replace the hydrogen target with an identical but
empty ""dummy’ cell for empty target runs. This provision is
necessary because emptying the target and refilling it takes hours.
The equality of counting rates for dummy target and an emptied real
target was verified.

The spectrometer viewed the target through a two inch high
slit, which masked out all of the target assembly but the liquid
hydrogen cell. A second slit with its jaws perpendicular to the beam
line determined the length of the hydrogen target visible to the
spectrometer. This aperture was kept open 6. 0 inches, making the
effective target length (6/sin 0) inches, where 6 is the angle between
the spectrometer and the beam.

5. The Spectrometer

The SLAC 1.6 GeV/c spectrometer(47), illustrated in figure
A-4, analyses the momentum and angle of a particle emerging from
the target. The angle 6 between the spectrometer and the beam
can be set to within . 001 degrees by remotely rotating the spectro-
meter around the target. The weak focusing magnet bends particles
upwards ninety degrees on a 100 inch radius. Particles travel
through the magnet in an airtight chamber which, for this experi-
ment, was filled with helium. At the top of the spectrometer a three
foot thick concrete cave with lead access doors shields the counters

from room background.
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The magnet is second-order corrected. Ideally, a particle
of momentum p and angle 6 is focused to a point on a p-6 plane
regardless of where along the length of the target it was produced.
Both p and 6 focus in a single plane, and this plane is perpendicular
to the central ray. Because the focal properties are not affected if
the counter telescope is rotated about the direction of incoming
particles, a hodoscope can be oriented along interesting kinematic
lines. In this experiment, for example, different hodoscope counters
corresponded to different missing mass.

The optical properties of the magnet, measured with a floating

(48)

erator, agreed with design parameters within experimental errors.

wire technique and with an electron beam directly from the accel-
The momentum dispersion is 1.65 = . 02 inches per percent (the error
is the uncertainty in the experimental measurement), and resolution
. 08 percent. Angle dispersion is . 323 = . 015 inches per milliradian,
with resolution 0.4 milliradian. The magnet's resolution was good
enough to be neglected as a contribution to mass uncertainty. The
usable vertical (¢) angle acceptance is 60 milliradian, and is defined
by a fixed mask. The magnet momentum and horizontal (8) angle
acceptances are = 5 percent and * 17 milliradian, respectively, but
in this experiment p and 8 apertures were limited by the area of the
hodoscope in the focal plane, 6 inches by 10 inches. These dimensions
would correspond to * 3 percent in momentum and 18.5 milliradian in
angle if the hodoscope counters were aligned with their long edges
parallel to the momentum axis. -The product of the acceptances,
( %p_ ) AQ , for each of the eight hodoscope counters is (8.5 = 0.4)
x 10-4 steradian-percent.

Nuclear magnetic resonance (NMR) was used to determine

magnetic field strength. The NMR probe was swung into the center
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of the vacuum chamber on a boom when readings were taken. The
NMR system was extremely sensitive; changes of one part in 105
were easily visible. Stability of the power supply and NMR system
were such that readings taken several hours apart agreed to this
accuracy, once the magnet was allowed to warm up. A precision
current shunt on the power supply was calibrated to prdvide a second
magnetic field measurement.

Estimated errors in the momentum and spectrometer angle
calibrations are +.2 percent and =* .3 milliradians, respectively.
The calibration of momentum and spectrometer angle measurements
was verified by observing the recoil proton from elastic positron-
proton scattering. The calculated acceptance of the magnet was also

crudely verified in this way.

6. Counters

The counter telescope is illustrated in figure A-5. The two
main trigger counters S9 and S10 sandwich the eight-counter hodo-
scope, which lies in the focal plane of the magnet. The remainder
of the telescope is used to separate the protons from other incoming
particles. It consists of a Lucite Cerenkov counter C, an unused
variable absorber Al, a third trigger counter S11, a second variable
absorber A2 set to three inches of copper, and finally two counters
S12 and S13, separated by a lead absorber. The entire telescope
assembly can be rotated about an axis through its middle and parallel
to the path of incoming particles.

The large scintillation counters S9, S10, S11, S12 and S13
are made of .5 inch thick Pilot B scintillator. Counter area in-

creases with distance along the incoming particles' path to
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accommodate the beam’'s angular dispersion: S9 is 7 inches by 11
inches, and S12 is 10 inches by 14 inches. The eight hodoscope
counters S1 through S8 are made of quarter inch Pilot B scintillator,
and are each 10 inches long and . 75 inches wide. RCA 7850 photo-
multiplier tubes are used on all counters S1 through S13 except S9
and S10, where Amperex XP1020 tubes were used.

The Cerenkov counter has four RCA 8575 photomultiplier
tubes viewing a 9- by 13- by 2-inch active volume of UVT Lucite.

It relies on total internal reflection to conduct Cerenkov light from
highly relativistic particles to the photomultipliers, and is wrapped
in black paper to absorb light which is not reflected. Thus even
1400 MeV/c protons, which are above the threshold for producing
Cerenkov radiation (850 MeV/c), are not counted; their Cerenkov
light is produced at too small an angle for internal reflection. Pions
are counted with better than 98 percent efficiency at all momenta
used in this experiment. The counting efficiency for protons varies
with momentum, and is shown in table A-1. The numbers at high
momentum were determined using time of flight to separate protons
from pions. At the lower momenta, range requirements were used
to identify protons for the test.

The flux of pions was roughly equal to the proton flux, with
no other particles counting significantly. Good pion rejection was
not vital because pion counting rate varies smoothly with angle.
Since cross sections are determined by separating steps from smooth
background, additional smooth background from pion leakage affects
the statistical quality of the data, but not cross sections. A pion
rejection factor of ten would have been adequate for most data.

At the lowest momenta (t of -. 12 and -.2 (GeV/c)z) protons

stopped in the Cerenkov counter. Protons ionize at several times
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TABLE A-1

Cerenkov Counter Efficiency for Protons

Proton Momentum

under 1000 MeV/c
1060
1200

1400

C Efficiency

1 + .5 percent

1.5+ .5

2:8%210

5.8+ 1.5
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the minimum rate at these momenta, so pulse height requirements
in S9 and S10 separated pions from protons cleanly. The high
voltages to the photomultiplier tubes of the hodoscope counters were
reduced so that only protons would produce detectable signals. For
intermediate momenta, t between -.3 and -.7 (GeV/c)z, protons
were stopped in A2. Pulse height in counters S9, S10, and S11 was
again useful, but more nearly marginal than when the proton ionized
heavily. In fact, at t of -.5 and -.7 (GEV/C)z it was necessary to
use the Cerenkov counter to veto pions. At these momentum
transfers counting rates had fallen enough that dead time loss was
not too large. At momentum transfers cor‘responding tot of -.9
(CweV/c)2 and greater proton range and ionization criteria became
useless, and only the Cerenkov veto was left to reject pions. Fortu-
nately the ratio of pions to protons incident was favorable, one to
two or better, even in the region of low proton counting rate.

During the early running at intermediate momenta, complex
triggering logic was used to perform a better separation. For each
momentum transfer a thickness of copper for absorber Al was
chosen to increase proton ionization in S11, and pulse height require-
ments were made on that counter. Absorber A2 was adjusted so that
protons just stopped in it, and S12 used in anticoincidence in the
proton signal. These refinements were later dropped as unnecessary,
inconvenient and conducive to errors in setting the absorbers.
Furthermore, the S12 anticoincidence forced a decrease in data
taking rate as it increased dead time losses.

Throughout the experiment pions were counted in addition to
protons in order to check counter stability and beam monitors, as
well as to keep an eye on pion background. A coincidence between
the Cerenkov counter and S12 and S13 was required, so that both
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range and velocity were used as separation criteria. Many pions
were absorbed in the three inches of copper in A2, so a neat division

of all incident particles into protons and pions was not made.

7. Electronics

The electronics used in making the "PROTON" and ""PION"
logic pulses is diagrammed in figure A-6. In this figure horizontal
distance is proportional to time. The basic requirements for identi-
fying a particle as a proton or a pion have already been described.
Changes in coincidence logic at different momenta were accomplished
by switching inputs to coincidence circuits on or off. Timing and
discriminator threshold in counters S9, S10 and S11 also changed as
proton flight time and ionization varied from momentum to mo-
mentum. These variations were accommodated with the variable
delays and with variable attenuators in front of the fixed threshold
discriminators. All fast logic was done with Chronetics 100 MHz.
logic units.

Hodoscope trigger logic is shown in figure A-7 for counter
S4 as an example. Other hodoscope counters lacked the singles
scaler and the accidental channel 4.(PROTON). Switches on the
circuit "CHOICE" could be set to demand coincidences with a
"PROTON" pulse, a "PION'" pulse, a time of flight window, or any
combination of these. In normal running only the '"PROTON"
coincidence was required.

The coincidence units 9.(10), 9.10.(C), 12.(13), and 4.
(PROTON) monitor accidental coincidences in the basic proton
trigger, the Cerenkov counter veto, the pion trigger and hodoscope

counters, respectively. To accomplish this signals are deliberately
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mistimed by 50 nanoseconds before coincidences between them are
measured. These ''delayed coincidences' are guaranteed to be
accidentals, and thus are proportional (within statistics) to accidental
rates in the corresponding important coincidence circuits. The
accidentals monitors are calibrated by varying beam intensity. Their
usage in computing corrections is described in appendix B, section
1.

In order to improve timing resolution and decrease double
pulsing in the discriminators, signals from all counters were clipped
at the photomultiplier tube base with a two nanosecond long cable
terminated in 10 ohms resistance. Logic pulses in the electronics
were 5 nanoseconds wide, except the veto pulse from 9. 10.C to
"PROTON", which was 12 nanoseconds wide. The overall speed of
the electronics is about 40 MHz. Desire to keep corrections for
accidentals and dead time below five percent frequently forced a
reduction in beam at low momentum transfers. This limit corre-
sponds to an average data rate of about three events per 1.6 micro-
second long beam pulse.

Counts in almost all electronic units were scaled on Tran-
sistor Specialties, Inc. 100 MHz. scalers. At the end of each data
run, the computer read these scalers. This was the only counting
information of the experiment.

To simplify trouble-shooting, signals from all counters were
split just before attenuation (the splitter has been suppressed on the
electronics diagrams for simplicity). All signals and all triggers
were brought, properly timed, to one panel. By plugging in cables,
the experimenter could display the pulse height spectrum of any
counter gated by any trigger.
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During the first half of the experiment the electronics was
considerably more complex. S9, S10, and S11 each had two discrimi-
nators, one biased to reject minimum ionizing particles, which was
used for the proton logic, and the other set to count all particles
going through the counter, used in the pion trigger. The hodoscope
logic was also doubled so that coincidences on both pions and protons
could be scaled simultaneously. The pion counts in the hodoscope
were supposed to provide a sensitive index to each counter's per-
formance. It was found that plotting proton rate against angle gave
all the necessary diagnostic information. Eliminating the double
accounting made the electronics simpler, faster and more easily
modified.

8. The Computer

The SDS 9300 computer at SLAC has a 32K memory of 24 bit
words, and is roughly equivalent toan IBM 7094 in performance, Its
priority interrupt system allows it to break off in the middle of one
task to execute a more urgent task immediately, with the priorities
of up to 32 subprograms being assigned by the programmer. The
system software allows an experimenter to program in FORTRAN in
almost all applications.

At the beginning of a run beam monitors and scalers are
zeroed, and the run number counter incremented. The computer
then reads various multiplexers and a digital voltmeter to determine
important experimental variables, such as the spectrometer angle
and momeﬁtum, hodoscope angle, settings of the various slit openings
and the target position. Warning messages will be issued if, for
example, the experimenter has left a screen in the beam or if the

momentum has changed more than .1 percent from the previous run.
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During a run, the computer functions as several pulse height
analysers. When an event occurs the fast electronics interrupts the
computer and the computer reads six analog to digital converters,
updating the appropriate histograms. The histograms (e.g., a
counter's pulse height spectrum) can be displayed on an oscilloscope
or the line printer. During a run, the computer can also perform
on-line data analysis on runs already completed, as will be discussed
shortly. |

At the end of a run, the electronics and beam monitors are
stopped. The computer then reads the scalers and the charges
accumulated on the beam monitors. Diagnostic summaries, such
as ratios of beam monitors, are printed. The data, besides being
printed, are written on magnetic tape, which can then be used to do
on-line analysis.

Some data analysis is usually done during the next run at a
low priority level. The counting rates of any desired past run can
be plotted against angle with the on-line Calcomp plotter. Most
frequently, the run just completed is plotted so that physicists can
see their data and look for possible trouble. At the same time data
from any desired set of runs can be accumulated into a composite
counting rate vs. angle array. Any run can be added to or deleted
from the accumulation at any time. Plots and printouts of the
accumulation can be made at any time so that eager physicists can
calculate cross sections and search for steps. Besides plotting, the
computer was programmed to print out data from any block of con-
secutive runs upon request. Without the computer's on-line data
analysis it would have been almost impossible to keep up with the
flow of data.
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Nearly all the programs for this experiment were adaptations
of programs for a previous experiment on backward pi-plus photo-
production. A more detailed account of programming considerations

for that experiment exists in the Ph. D. thesis of David B. Gustav=~
(48)
son.

9. Resolution

Angle resolution was dominated by the effects of proton
multiple scattering. The magnitude of these effects was calculated
with a Gaussian approximation to the theoretical form of Bethe. (48)
These calculated numbers agree within errors to observed widths
of the spectrum of recoil protons from elastic positron-proton
scattering at t of -.2, -.3 and -. 4 (GeV/c)z.

Other causes of poor resolution were usually less important.
The spread of energies in the initial electron beam varied, but was
typically + .5 percent. The width of the bremsstrahlung endpoint
region is about 25 MeV. The .75 inch width of the hodoscope counters
limits the resolution in the p-6 plane (intr'insic spectrometer reso-
lution is about one quarter of a counter width). Spreading of proton
momentum can be caused both by differing flight paths out of the
target and by the random uncertainty of the energy loss. The con-
venience of changing hodoscope angle only with t and not with end-
point energy or spectrometer angle costs some resolution. To com-
pare these effects to that of multiple scattering, each source of error
can be converted to an effective mass resolution by multiplying with
the appropriate partial derivatives. The results at the rho mass and
the phi mass for two energies and several momentum transfers are
in table A-2.
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The effect of assumed resolution on derived cross sections
was investigated by varying the input multiple scattering angle to the
fitting program. Derived cross sections remained well within errors
for any reasonable assumed resolution.

It might be thought that some error is introduced because two
different hodoscope elements in the same angle bin do not have
identical average momenta. This was not a serious problem because
the data were taken so that, upon consolidation, these effects can-
celled to first order. Occasionally, however, the effect can be seen

as discontinuities in the steep rise of the yield from rho production.
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APPENDIX B

1. Data Consolidation

Data were taken in about 3000 five- to ten-minute runs. The
fundamental quantities measured in each run were photon energy,
spectrometer momentum and angle, total photon flux and the counts
in each of the eight hodoscope counters. Before fitting could begin
the data at each endpoint energy and t had to be organized into a
yield curve. This section describes the organization process.

The spectrometer angle settings for each endpoint energy and
t were programmed to obtain as many internal consistency checks
as possible, since great demands are made of the beam monitors in
detecting steps containing only a few percent of the total counting
rate. For each t the hodoscope angle in the p-6 plane (calculated
from kinematics) and the .75 inch width of the hodoscope counters
determine the angular width subtended by a counter, typically 2.6
milliradian. The interesting range of spectrometer angles was
divided into bins of this width. A normal data taking pattern called
for the spectrometer to move six bins between runs, so that the two
counters on one end of the hodoscope fell into the same angle bins as
the two counters on the opposite end had occupied during the previous
run. The entire angle range of interest was swept back and forth,
offsetting the spectrometer angle a few bins at each reversal of
direction, until the desired number of counts had been accumulated.
In many sweeps each bin was sampled by each of the eight hodoscope
counters.

The resulting data can be imagined as being in a matrix with

indices of bin number and hodoscope counter number, as illustrated
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in figure B-1. In this figure the eight columns numbered 1 through
8 corr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>