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Abstract

Inclusive Photoproduction of 7° and n Mesons

in the 50 to 130 GeV Energy Range

We conducted an experiment at the Tagged Photon Labora-
tory at the Fermi Naticnal Accelerator laboratory to measure
elastic photon-proton scattering, quasi-elastic vector and
pseudoscalar meson photoproduction, and inclusive single
photcn and pseudoscalar mescn photoproduction. This thesis
describes the detection system of the experiment and data-
taking and analysis procedures used for the extraction of
Feynman X (Xp) and transverse momentum (pt) distributions

for inclusive photoproduction of 7° and N mesons.

Using tagged photons ranging from 50 to 130 GeV
incident <c¢n a 75 cm long liquid hydrogen target, we measure

inclusive w° rrcducticn for .35 < x, < 1.0 with .3 < Py <

F
1.4 GeV/c and inclusive n production for .35 < x, < 1.0 with

F
0 < Py < 1.4 GeV/c. Clear 7° and n signals are observed.
The distributicns in toth Xp and p, are consistent with
scaling. The average transverse momentum of 7%1s is .57 =
- 07 GeVs/c, wnile for n's it is .52 * .04 GeV/c. The average
n/w0 ratio is .52 * .10 over the range .3 < Ft < 1.4 GeVse

and .35 < x: < 71.0.

F
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Chapter 1

Introductory Remarks

For many years scientists have used photon scattering
to probe the structure of matter. 1In essence our eyes are a
sophisticated detector of the scattering of 1light off of
ordinary objects. The scale with which photons probe matter
is proportional to their wavelength; thus, it 1is inversely
proporticnal +to their energy. We have conducted an experi-
ment with the highest energy rhoton beam in the world to
probe the structure of the proton at the smallest possible
distances. #We built a single detecticn apparatus to measure
a number of different"reactions: elastic scattering
{yp -=> vE)., quasi-elastic pseudoscalar and vector nmeson
prodvction ({yp --> ﬁop, Yp =--> np, and yp --> wp), aand
inclusive production of pseudoscalar mesons and single pho-
tons (yp -=> wox, Yp =——> nX, and Yp --> YX, where X means
any cther particle or set of particles). This experiment
provides a first 1look at these reactions at energies more
than an order of magnitude higher than they have been previ-
ously studied. It provides valuable new information on both
the hadronic nature of the photon and the internal structure
of the proton. In this thesis I will describe the entire
detection apparatus and data taking procedures, concentrat-
ing on those aspects which are particularly important for

inclusive pseudoscalar mescwn production. I %ill go on to
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describe 1in some detail the analysis of the inclusive chan-
nels vyp -->1°x and Yp -~>nX, giving the results and con-

paring them tc those of cther sirilar experiments.

1«1« General Features of the Data

Multiparticle production is characterized by four major
properties:

1) the leading rarticle effect

2) limited transverse ncmentum
3) logarithmic rise in multiplicities
4) scaling in inclusive distritutions

The leading partidle effect (of ten referred to as peri-
pheralism) implies that the guantum numbers of the beam and
target particles tend to ke preserved in an interaction.
For example, in photcn-protcn scattering, the particles pro-
duced in the fcrward direction (the direction of the photon)
are typically vector mesons which have the same gquantum
numbers as the photon. Because of this effect, we use the
terms beam and target fragmentation regions to refer to the
kinematical regions in the forward and backward directioné

in the center-of-mass systene.

Reactions are also characterized by the production of
relatively few particles with small transverse nomentum.
Most of the energy of a reacticn goes into kinetic energy of
the products rather than particle productiom per se. The

number of particles produced rises approximately
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logarithmically with increasing center-of-mass energy. For
transverse momenta less than about 1 GeV/c, the transverse
momentum dependence of the inclusive cross sections is
roughly exponential, yielding an average value of about 350
MeV/c, swhereas for higher transverse momenta it assumes a
power law behavior with an exponent ranging from about 8 to
12, depending on the bear and target particles and the
inclysive particle species. This suggests different mechan-
isms <for the production of high- versus low-transverse-
momentum particles. Physicists make a distinction Letween
Usoft" scattering models, such as the Vector Dominance Model
(VDM), which are resronsible <for the production of low-
transverse-momentum particles, and "bhard"” scattering models,
such as the Cconstituent Interchange Model (CIM) and parton
models, which describe the rrcduction of particles with high

transverse monmenta.

For high-multiplicity reactions, one finds a large
nunber of fairly low energy rarticles in the center-of-mass
system. This is referred to as the central regiona. The
types of particles produced in this region are not strongly
correlated with the Lkeam and target particles as is the case
in their respective fragmentation regions. This suggests a

production mechanism which is similar for all hadroans.

Finally, one finds a sort of beam energy independence
of the inclusive cross sections called scaling. One might

expect that am inclusive cross section depends on the total
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available center-of-mass energy, longitudinal momentum, and
transverse momentum independently, but instead it is seen
that if one uses the ratio of the longitudinal momentum to
the énérgy in the center of mass frame as a variable, the
inclusive distributions can be fitted well with only two
guantities, namely, the transverse momentun (pt) and this

*scaling" variable, called Feynman X (xF); i.e.

d d
—% (xp,E,p,) = T (xp5P,)
ddept ddept

1.2. Hard Scattering Hodels

While the data presented in this thesis are at 1low
transverse nomenta (below about 1 GeV/c), our experiment
does have the carpability of studying inclusive reactions up
to about 4 or 5 Gevyc, where the predictions of hard
scattering models are relevant. Since these models are
currently c¢f great interest, I will briefly mention some of

them, indicating their major predictions.

In hard scattering models, bhigh-transverse-momentum
particle producticn is due to the collisions of constituents
of hadrons. If the constituents are point-1like, structuie-
less particles {like the electron), dimensional counting
rules predict that the transverse momentum dependence of the
inclusive cross section should be p£4 . This does not agree

. . . . . . 0
with inclusive distributions such as pp --> T X, vwhere a
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pt'8 ktehavior is observed in the p{ range from 2 to 5 GeV/c

[Angelis 78 and Clark 78].

To remedy this situation, Blankenbecler and cthers gro-
posed the Constituert Interchange MNodel (CIM), whereby the
constituents that are responsible for high-transverse-
momentum particle production are not necessarily point-like
[ Gunion 72, B}ankenbecler 74 and 78, and Jones 79]. A
number of processes are possible, each with a different p
dependence, allowing a complicated overall behavior. The
data generally agree with this model, in particular,
inclusive rphctoproduction results below 20 GeV with
transverse momenta in the 1 to 2 GeV/c range have been con-

pared to CIM predictions [Eismner 74 and Boyarski 76].

For the rarticular case of large-transverse-momentun
photcproduction of single photons ("deeply inelastic Comp-
ton" scattering), Bjorken and Paschos derived a relation
between electroproduction and photoproducticn in the deeply
inelastic-region [Bjcrken 69]. They assumed that the photon
scatters off partens inside the proton as is illustrated in
Figure 1-1. Since the photon couples to +the partcns via
their electric charge, they obtained the following relation:

4
dg"?  _ vz do®P <ZQi>
d0dE'  EE' dedE' <1Q’>

where E and E' are the energies of +tke dinitial and final

photon (measured in the labcratory frame), V = E-E', and Q.

i
th

is the charge of the parton. This formula can be used
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Figure 1-1

Feynman Graphs for Inelastic Scattering
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to determine whether the partons are integrally cr fraction-

ally charged.

Experirentally it is difficult to separate single pho-
tons due to this process from those due to decays ¢f other
particles, predominantly 70 and n's. One of the ﬁ;jor
goals of this experiment is to measure this process. The
understanding of inclusive photoproduction of n° ard N

nesons is essential tc this measvrement.

1.3« Soft Scattering Models

To model the complex behavior of low-transverse-
momentum particle production, it is necessary to take a
phencmenclogical approach. The Vectcr Dominance Model {VDH)
assumes that the f[fhoten couples +to hadrons via vector
mesons, notably the p% w, and ¢. The model makes a number
of detailed rfredictions for the photon-proton total cross
section and several exclusive processes, including elastic
sca ttering. A further discussion of this nodel, including
comparisons cf its predictions with a large variety c¢f data

can ke found in an excellent teview article { Bauer 78].

For incluéive scattering a different approach has been
taken. Seiden, Field, and others [Seiden 76, 77, and 78 and
Field 78a, 78b, and 79] have developed a simple Monte Carlo
model which describes many features of inclusive scattering
quite well with an amazingly small amount of phenomenologi-

cal input. These models envision multiparticle production
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Figure 1-2

Quark Cascade Model
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as a cascade process, depicted in Figure 1-2, in which an
isolated gquark ccmbines with an antiquark from a quark-
antiquark pair in the sea tc form a meson which <can then
decay to produce other mesons. The quark that is left com-
bines with another antiquark to form another mescn and the
PLOCESS continues. The key function involved 1is the
energy-sharing function, f(z), which gives the probability
that the nmeson frcduced has a fraction z of the parent
guark's energy. This is generally parametrized to fit
inclusive chacéed pion data. Also the transverse nomentum
of quarks must be parametrized and put into the model.
Other assumpticns which vary from model to model are the
probabilities for producing each type of quark and the vec-
tor mesorn to pseudéscalar mescn production ratio. Typically
such models igqnore high mass gquarks (charmed and bottom
guarks) and the production cf tarycns or mesons not in the
pseudoscalab or vector nonets. In fact the whole basis of
the model is <contradictory to the theoretical notion that
the beam and target fragmentation prcducts are made at a
later time than the particles in the central region. This
point as well as other critiques of the model are discussed

in [Field 78a].

Becatuse of their general nattire, guark cascade models
can be used to simulate the data from a number of different
reactions. We use a quark cascade model in cur Monte Carlo

program that simulates inclusive particle productian.
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We also compare our data tc those of other similar
reactions. In particular we compare our data to those from
low energy phctcrroduction [ Berger 73], low energy elec-
troproduction [ Berger 77], and high energy electroproduction
[Loomis 79) experiments. The comparison to electroproduc-
tion exreripents 1is particularly interesting since it
involves the compariscn cf the hadronic nature of rTeal and

virtuval photons.
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Chapter 2

Description of Experimental Apparatus

The experiment is designed to simultaneously collect
data for several processes with quite different kinematical
parameters., Elastic photon-proton scattering and quasi-~
elastic neutral meson production require identification of
the recoil proton while rejecting events in which nucleon
resonances are forrmed. They also produce low-transverse-
momentum photons which deposit nearly the entire beam energy
into the forward detector. On the other -hand inclusive pho-
ton, neutral pion, and eta production can produce 1lower
energy photons at larger angles. The small opening angle of
photon pairs from high energy neﬁtral pion decays requires
good position and energy resolution in the forward detector
to separate single shovers from pairs of showers. This 1is
essential to the measurement of deep inelastic single photon
production. Typical resolution parameters required of the
forward detector are an energy resolution of a few per cent
at 100 GeV energies with a position <rTesolution of 1 cnm,
corresponding to amn angular resolution of .3 mr, for forward
going photons. For the recoil proton a drift chamber posi-
tion resolution of 1 mm and a time-of-flight counter time
resolution of 1 ns are sufficient over most of the momentum

transfer range accessible to the experiment.
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The rest of this chapter consists of a description of
the major elements of the experiment: the beam line, tag-
ging system, hydrogen target, and detection apparatus. I
will Dbe quite brief in my discussion of the first two items
since they are more fully described elsewhere [Halliwell 72,

Garbincius 76 and 78, Cumalat 77, and Eqloff 79].

2.1. Bean Line

Protons from the accelerator are directed onto a beryl-
lium target where they produce, among other things, neutral
pions which decay primarily to pairs of photons. These pho-
tons, along with oc¢ther neutral particles, are allowed to
propagate several meters through a magnetic field which
bends the <charged particles into a beam dump. A lead foil
is inserted into the beam to convert photons to electron-
positron pairs. The electrons are bent away to form a
secondary beam, while most of the positively charged parti-
cles and neutrals are deposited into a beam dump. The major
cont amination of the electron beam is from negative pions

produced by neutrons interacting in the lead foil.

Beryllium is chosen as the primary target material to
minimize the ratio of ccllision length to radiation length
since one wants to maximize neutral pion production while
minimizing the conversion of photons before the converter.
The beryllium target thickness of 36 cm (1.2 collision

lengths, 1.0 radiation lengths) and the lead ccnverter
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thickness of .125 inches (.57 radiation lengths) are chosen
to maximize the electron yield while minimizing the negative
pion contamination. (See [Halliwell 72] for more details.)
The ﬂ-/e- ratio was measured to be .003 to .004 at 115 GeV
by a previous experiment [Davis 74]. The yield of electrons

produced by 400 GeV protons is shown in Figure 2-1.

The electrons produced in the lcad converter then go
through a series of magnets and collimators which define the
size and momentum of the bean. The beanline 1is shown
schermatically in Figure 2-2. This electron beam is used for
the calibration of the shower counters in the forward detec-
tor and to check out the entire apparatus and analysis pro-
grams with electron-proton elastic scattering. For the
latter measurements, the 1lead converter is replaced by a
.008 inch thick copper foil (.014 radiation 1length) to
reduce the electron flux while leaving the collimator set~

tings the sanme.

2.2. Tagging System

The tagging system (Figure 2-3), which converts the
electron beam into a photon beam of known energy, consists
of a thin copper radiator, a series of bending magnets, a
scintillation counter hodoscope to measure the position of
the deflected electrons and a set of lead glass blocks which
measure the electron's energy as a cross check on the momen-

tum measurement provided by the tagging hodoscope. With
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this arrangement photons containing approximately 45% to 90%
of the incoming beam energy are tagged. A typical flux is 2
X 105 tags per pulse of 3 x 1012 400 GeV/c protons for a
135 GeV electron beam and a 5.5% r.l. copper radiator.

Further details may be found in [ Breakstone 80 and Grillo

80} as well as the previously-given references.

2.3. Hydrogen Target

This target consists of a 3 cm diameter, 75 c¢m long
mylar flask containing liquid hydrogen {Figure 2-4). The
diameter is just large enough to contain the Dbean. The
thickness of the walls, insulation, and supporting struc-
tures around the target are kept as small as possible to
minimize the awount of material traversed by recoil protons
produced in elastjic scattering and quasi-elastic vector
meson production. Oon the average protons with a kinetic
energy greater than 25 MeV (corresponding to |t| > .05
(GeV/c)2 in elastic scattering) will be able to leave the
target. The length of the target represents approximately
.1 radiation length. This is chosen as a compromise between
a large event rate and a low electromagnetic background.
More details on the design of the hydrogen target are in

[Grillo 80].

2.4. Detection Apparatus

The two major elements of the detection apparatus are a
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set of drift chambers and time-of-flight (TOF) counters sur-
rounding the target and an electromagnetic shower spectrome-
ter in the forward direction. The experimental layout is

shown in Figure 2-5.

Surrounding the target are two layers of drift
chambers, each with four sense wire planes, and a layer of
scintillation counters. They combine to measure the trajec-
tory and time-of~flight of recoil particles (Figure 2-6).
The detector spans the full azimuthal angle with a total of
8o° (4 x 200) dead angle due to the frames of the drift
chambers. It subtends a polar angle from 45° to 90° in the
lab. Each module of drift chambers has four planes of sense
wires at 90°, 09, 72°, and 108° with respect to the bean
direction, thus giving four measurements of the particle's
trajectory. A typical drift cell (shown in Figure 2-7) con-
sists of a sense wire at a fpotential of +2.4 kV and a field
wvire at -4.9 kV. The drift cell size is 4 cm from sense
wire to field wire. Above and below are a set of field
wires with 2 mm spacing. We use pure ethylene gas in the
chambers to avoid the complexities of a mixed gas systen.
[Palladino 80] contains many more details on the design and

performance of these chambers.

The 16 time—of-flight counters form a barrel arcund the
target with the center of each counter 1 m from the axis of
the hydrogen target. The scintillator is half-inch thick

NE-110 with an area of 150 ¢m by 40 cm. The light pipe is
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Figure 2-6

a) Recoil detector: front view
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b) Recoil detector: side view
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simply a half-inch thick plexiglass sheet of a trapezoidal
shape tapering down from 40 cm to 5 cm over a distance of 30
cm (Figure 2-8). Details of the design of these counters

may be found in [Grillo 80].

The entire recoil detector is mounted on a cart (Figure
2-9) in an environmentally isolated house which provides a
dehumnidified atmosphere as well as electrostatic shielding
which 1is necessary for proper functioning of the drift
chambers. The cart rides on a set of rails which allows the
detector to be moved outside the house so it can be accessed

for repairs, additions, etc.

The forward electromagnefic shower spectrometer (Fig-
ures 2-10 and 2-11) consists of two banks of lead-acrylic
plastic sandwich Cherenkov counters separated by a scintil-
lator hodoscope. The front bank of shower counters, called
the U counters, contains eight quarter-inch thick sheets of
lead for a total thickness of 9.0 radiation lengths. The
back bank of shower counters, called the V counters, con-
tains nine quarter-inch thick sheets of lead with a total
thickness of 10.2 radiation lengths. Each shower counter
has an active area of 18 cm x 72 cm. The scintillator hodo-
scope consists of two identical sets of scintillation
counters at right angles to each other. Each counter is 158
cm long x 3 cm wide x 2.5 cm thick with the exception of the
counters around the beam hole which are 92 cm x 2 cm x 2.5

cm. There are a total of 112 of these hodoscope counters.
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Figure 2-9
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Figure 2-10

Forward Detector Assembly: side view
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Figure 2-11

front view
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EFach counter in the forward detector uses a ten-stage photo-
tube with a bialkali photocathode. Turther details on the
design and construction of these counters may be found in
Appendix A. The entire assembly of shower counters and
scintillator hodoscope 1is mounted on a cart which allows
side~to-side motion transverse to the beamline. This cart
is, in turn, mountedvon a cart which can move upstream or
downstream over a range of roughly 25 m on a set of rails.
This arrangement allows great kinematic flexibility and pro-
v%aes a relatively easy way to calibrate the detector in

place.

In the far forward direction, covering the beam hole in
the forward detector, we haveAQ set of two shower counters
{the "beanr Tlug" counters in Figure 2-5), one behind the
other, to monitor the beam and to measure the energy of
showers which go through the beam hole in the forward detec-
tor in wmulti-photon events. The upstream counter is a
lead-acrylic plastic sandwich counter, while the downstreanm
counter 1is a lead-scintillator sandwich. Each counter has
16 layers. The total thickness of 1lead is 28 radiationm
lengths. The active area of the counters is approximately
20 cm horizontally by 30 cm vertically with the beam cen-
tered on the counter. These counters are at a fixed posi-
tion 30 m downstream of the hydrogen target. Just upstreanm
of the beam plug counter we have a segmented wire ionization
chamber (SWIC), provided by Fermilab, to measure the bean

position and shape.
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Just upstream of the forward detector we have a set of
half-inch-thick scintillation counters (the J counters in
Figure 2-5) to latch charged particles which would hit the

,showet counters (Figure 2-12), while just downstream of the
target we have a set of four planes of drift chambers with
an active area of 60 cm horizontally by 80 cm vertically.
Howe ver, because of the relatively long drift time (up to
800 ns) and the high rates of charged particles in the bean
from Bethe—-Heitler pairs, the central wires 1im the drift
chamber are essentially always on, severely limiting the
usefulness of this chamber. As a substitute for this
chamber, we placed a scintillation counter (the C counter in
Figure 2~5) of dimensions 20 cm x 20 cm x 1/4 inch thick
approximately 1 m downstream from the end of the hydrogen
target. The counter has a 6 cm diameter hole in its center
which shadows the active area of the forward detector so
that we minimize the amount of material that the scattered

photons go through on their way to the shower counters.

Immediately upstream of the target we have a scintilla-
tion counter (VC in Pigure 2-5) also of dimensions 20 cm x
20 co x 1/4 inch thick, but with a 3 cm diameter hole in its
center which we use to veto beam halo particles and events
in which the photon interacts upstream of the hydrogen tar-
get. This counter is very important in that it reduces the
trigger rate by a factor ranging from two to ten, depending
on the beam conditions and the position and shower energy

threshold of the forward detector which is used for the
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Figure 2-12
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event trigger.

In addition to the VC counter, we installed a small
scintillation counter (TFAKE in Figure 2-5), 2 cm x 2 ¢cm X
1/4 inch thick, which is put in the beam only when we run an
electron beam into the target for various calibration pur-
poses. Its sole purpose is to provide a signal to the fast
logic to be used instead of the usual tag signal when we are

in data taking mode.

Finally we have a 10 m long by 56 c¢m diameter helium
bag just downstream of the recoil house. It is used to
reduce the number of interactions of photons downstream of
the target. This Lkag was removed for data taking with the

forward detector in the 10 m position.
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Chapter 3

Data Collection Procedure

In the following sections I will briefly describe the
system used to collect and store the data for this experi-
ment. We used conventional fast logic to decide what con-
stituted an event and only collected data when the counter
hits satisfied the trigger criteria. In addition several
different triggers were used to monitor the performance of
the apparatus. The data were read into a computer via a
CAMAC system, which consists.of a set of standardized elec-
tronic modules addressed by the computer that provides an
interface between the signals coming in from the counters
{or other sources) and the computer. These data wvwere pro-
cessed by the computer and writtemn onto magnetic tapes to be

analysed at a later time.

After describing the hardware I will discuss the pro-
cedures used to set up the experiment and collect the data.
The actual data taking was preceded by an approximately
one-week period of calibration of the apparatus. Also at
this time the monitors were recorded so that they could pro-
vide gain tracking of all the phototubes in the forward
detector throughout the experiment. _Once we felt we under-
stood the apparatus, we began data taking while continually

checking the integrity of +the apparatus using the data
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itself as well as the various monitors described in Section

3.5.

3.1. Trigger Logic

The event trigger used for the experiment required a
coincidence of the following elements:
1) a beam gate
2) a good tag

3) a pulse height in the front bank of shower counters (U
plane) above a certain thresholgd

4) a pulse height in the total absorption counters (sum of
U and V planes) above a certain threshold
in anticoincidence with the veto counter labeled VC in Fig-
ure 2-5. Figure 3-1 gives a block diagram of the trigger
logic. The threshold for showers in the total absorption
counters was varied by changing an attenuator at the input
to the discriminator where the summed signal from the U and
V planes arrived. This was done to make the trigger thres-
hold easily reproducible, si;ce it was changed several times
during the course of the experiment. The bulk of the data
was taken with the U + V threshold set to correspond to 34
GeV showers with the requirement that the energy defposition

in the U plane exceeds a minimum of 3 GeV.

Various other triggers existed to monitor the tagging
system and the detection apparatus. In this section I will
briefly describe each of then. Further details are in

[ Breakstcne 80].

t
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The simplest of these triggers was a pedestal trigger
which used a pulse generator to trigger the ADC gate genera-
tion logic. This was done during the beam spill as well as
out of spill to provide a check that the ADC gates were
being generated properly. The pedestal triggers were used
for calculating the <value of the ADC pedestals which were
then cross-checked by another method during the analysis of
the data. I discuss this further in Sections 4.2.1. and

4.2.4.

To monitor the tagging system we set up a trigger con-
sisting of a coincidence of the beam plug counters with the
tagging system {(T*BP). A ccincidence with a gate generator

allowed us to manually vary the rate of this trigger.

For the recoil detector we had a trigger which wused a
coincidence of the time-of-flight (TOF) counters with either
the tag or the forward detector or both. This was origi-
nally 1intended to be an alternative type of event trigger,
but the rates due to delta ray production from Bethe-Heitler
pairs produced in the target was too large to permit this,
so we merely counted the number of these triggers. 1In addi-
tion, tc ©provide straight tracks for aligning the drift
chamters, we used a coincidence of various sets of TOF

counters to define a cosmic ray trigger.

Several monitoring systems were used for the forward
detector: passing muons, americium sources, and light-

emitting diocdes (LEéD's) for the total absorption counters,
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the latter two only for the hodoscope. The trigger logic
for all of these as well as for the time-of-flight LED sys-

tem is discussed in detail in Appeniix C.

Finally we had a trigger to provide a beginning- and
end -of -beam—-spill pulse to the computer as well as a beanm
gate to use in coincidence with the event trigger. The tim-
ing information was provided by signals generated by the

accelerator via a CAMAC unit.

3.2. CAMAC and Computer

The data were read in by a NOVA 840 minicomputer via a
CAMAC branch systen. The data consist of a set of integer
numbers from the various CAMAC units: pulse heights of the
lead glass, time-of-flight, beam plug, hodoscope, and total
absorption counters from the analog-to-digital <converters
{ADC's), time-of-flight information from one set of time-
to-digital converters (TDC's), drift chamber drift times
from a different type of TDC, and counter latches and
scalers which recorded hits and rates on all the counters

and triggers used in the experiment.

3.2.1. CAMAC Systenm

o«
The CAMAC branch system consists of a series of CAMAC

crates, each one with its own crate controller module. The
crate controllers were daisy-chained together, with the far

end terminated and the front end going to a master

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



= 37 .-

controller which communicated with the computer. Event and
moni tor triggers signaled the computer via a CAMAC priority
interrupt module. It basically functioned as a NIM input
register but had the capability to interrupt the computer
from whatever it was doing and tell it to read the various
CAMAC units. The structure of the data taking program was
such that it read in events with the following priorities:

1) beam start

2) Dbeam stop

3) real events

4) U/V americiunm

5 U/V LED

6) U/V muon

h X/Y LED

8) X/Y americiunm

9) TOF LED

10) Tag-beam plug (T+BP)
11) Pedestal

3.2.2. Computer Configuration and Data Flow

The configuration of the NOVA 840 miniccmputer and its
peripherals 1is shown in Figure 3-2. It consists of a cen-
tral processor with 48K of main-frame core memory, 256K of
out board memory, a moving head disk, two tape drives, a line
printer, a storage display unit (oscilloscope) with a
digital-to-analog converter (DAC), a teletype, and two CAMACZ

interfaces.

The experiment was controlled almost exclusively by the
computer via commands typed into the teletype. The software
was written such that there were two separate programs run-

ning at any one time in a foreground/background environment.
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The foreground program controlled CAMAC. When an interrupt
from an event came, it read the data into core. When time
was available during the beam spill, the data were
transferred to the outboard memory. Then at the end of the
spill the data were written onto magnetic tape from the out-
board memory. Communication with the background was kept to
a minimum. The background program was a multi-task program
that allowed the person on shift to control the experiment
through a set of teletype commands and to monitor the exper-
ime nt >using a set of on-line checks. The foreground and
background programs and their suprort routines resided on
the moving head disk and were brought into core for execu-
tion by a set of commands typed in on the teletype. More
details on the op-line data collection programs may be found

in [Grillo 80].

3.3. Setup of the Experiment

The final assembly of the experiment occurred in Sep-
'tember and October of 1977. During the preceding two years
we had been building the pieces of the detection agparatus
and had been setting up as much as possible without
interfering with the then running experiment. By this time
nearly all of the detectors had arrived at Fermilab for
assembly. The physical layout of the Tagged Photon ..Lab is
such that theré‘is a large underground pit for the beam and
detection apparatus and a ground-level counting room which

houses most of the trigger 1logic, the computer, various
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nonitors and controls, and, of course, the experimenters.

The physical setup of the experiment culminated in an
approximately one-month-long setup run during which we did
the timing of the trigger logic, tested and set high vol-
tages on all the counters and drift chambers, did prelim-
inary checks on the monitors, tuned the beam, and so on.
One of the most important things we did at this time was to
make adjustments of the beam and apparatus to reduce the
trigger rate which was initially too high to allow reason-
able data taking. It was at this time that after studying
the delta ray production in the hydrogen target, we aban-
doned plans to include a trigger requiring only a tag and a
time-of-flight counter hit. By nid-October we were at the
stage where we could do a full calibration of the forward

detector and subsequently commence data taking.

3.4. Calibration Runs

Prior to taking data we required a full knowledge of
ﬁhe behavior of the detection apparatus under beam condi-
tions. To obtain the required information we set aside
approximately omne week prior to the data taking to calibrate
the apparatus. The bulk of fhis time was spent on the for-

ward detector.

Since I devote Appendix B to a detailed discussion of
the calibration runs, the analysis of the calibration data,

and extraction of the relevant quantities, I will only
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briefly discuss the procedures used, highlighting the impor-

tant results.

We calibrated the apparatus with an electron beam of
known energy which was focussed on various spots on the for-
ward detector by a combimation of bending the beam with a
magnet and moving the forward detector laterally with
respect to the beam. Most of the calibration was done with
a 30 GeV electron beam because that was the highest energy
beam which the magnet could bend to cover the full extent of
the forward detector. The tagged photon beam was also usad
occasionally to establish the differences hetween electron-
initiated and photon-initiated showers. At various times
the monitors were turned on and their values calibrated to

the electron beamn.

Aside from providing the relative gains of the photo-
tubes and an initial calibration of the monitors, the cali-
bration runs provided us with a number of other results, the

most important of which are listed below.

For the total absorption counters:

1) The attenuation function was mapped and found to vary
by approximately 30% over the entire length of the
counter.

2) The energy response is linear from 15 to 185 GeV with a

slope of 6.01 ADC counts per GeV.
3) The energy resolution can be parametrized by a Gaussian
width o {E) = 18% / VE, where E is measured in GeV.

For the hodoscope:
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1) The attenuation length is about 150 cm.

2) The energy resolution of a single plane is approxi-
mately parametrized by 140% / VE (in GeV).

3) The positicn resolution improves with increasing energy
with a value of 2.6 mm {(Gaussian standard deviation) at
135 GeVa

3.5 Data Runs

After calibrating the detection épparatus, Wwe began
data taking using the foreground /background programs previ-
ously described to control the experiment and log the data.
Typical running conditions were such that with 3 x 1012
protons per beam spill and a 135 GeV electron beam, we got
200,000 tags, yielding roughly 30 events. 0f these

triggers, roughly one in two thousand is an elastic scatter-

ing event.

A great deal of monitoring information was accunulated
during +the data taking, much of which was written onto mag-
netic tape along with the data. The beam quality and inten-
sity were monitored in a number of ways, most of which were
provided by Fermilab. The intensity of protcns on the pri-
mary target was measured by a secondary emission monitor
{(SEM) which gives a number proportional to the number of
protons. We put this number into a CAMAC scaler which was
displayed on a television screen and written onto tape along
with many other scalers every beam spill. The beam profile

was measured at various points along the beam line with seg-
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mented wire icnization chambers (SWIC's), which were also

displayed on a television monitor.

He found that our data rate was quite sensitive to the
tuning of the last horizontal bending magnet and the tagging
magnets. For this reason we monitored the current in these
magnets using an analog voltage readout into the digital
volt neter {(DVM) systen. In addition the temperature at
various points in the hydrogen target was monitored using a
set of resistors whose resistance is a function of tempera-
ture. The voltage drop across these resistors was fed into
the DVM system, allowing us to keep track of temperature
variations in the target.. The DVM system was also used to
monitor the high voltages on all th: counters and the drift
chambers. Periodically the computer read in the DVM values,
wrote them onto magtape, and checked them against a set of
standard values. If the values were off by more than a
specified tolerance, typically .1%, a message was printed on
the line printer telling which channel was tad and what its
value was so that the persom on shift could adjust it. The
high voltages were stable to the .1% level, requiring little

adjustment throughout the course of the experiment.

At the beginning and end of every spill all the scalers
were read in by the computer. A number of counters and
trigger rates were monitored this way. One of the nmost
important of these 1is the number of tags, which serves to

normalize the cross sections. Some of +the scalers were
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reset every spill, others vwere allowed to count until the
tape was finished. When a new tape was started, all the
scalers were reset. Most of the scalers were gated on only
during the beam spill, of these about half required the com-
puter to be ready as well. This provides a means to correct
for the computer dead-time, since many of the scalers are
counted in both categories. Thus a simple subtraction gives

the computer dead-time correction.

A number of monitors of the forward and recoil detec-
tors vwere read in concurrently with the data: the LED's for
the time-of-flight, hodoscope, and total absorption
counters, the americiom monitor for the hodoscope and total
absorption counters, and the muon monitor for the total
absorption counters. The average value and width of the
pulse height distributions for all of the above-mentioned
monitors were checked during the course of the data taking
and messages printed on the line printer if one was found to

be out of tolerance.

Another way of monitoring the counters 1is to have a
counter hit histogram, in which the npumber of times a
counter has a pulse height above some threshold is histo-
grammed versus the counter number. ¥#e used this a great
deal to debug problems with the counters. This histogram
was printed out along with other summary information at the

end of each file on the tape.

Pedestal runs were taken only at the —request of the
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person on shift by typing in a command on the teletype.
Since the pedestals were found to bz quite stable, for the
most part only varying by one or two ADC channels over the
course of the experiment, we cnly did pedestal runs every

one or two days.

Finally we had another monitor of the tagging systenm
which we read in once or twice per beanm spillz This was a
trigger consisting of a coincidence of the tag and the bean
plug counters. Due to rate problems in the 5eam plug
counters, this did not serve a very useful function and we
decided to use a different method of calibrating and moni-

toring the tagging system which I will discuss a bit later.

In addition to the monitors taker during the course of
normal data taking, we had a number of special runs we did
from time to time to serve a calibration or monitoring pur-
pose . To get a handle on the kinds of events that occur
outside the hydrogen target, or in its walls, we emptied it
periodically and took data for four hours or so. The
trigger rate was about c¢ne-fifth the normal rate, which
shows that most of our events come from scattering in the
target. We took one data tape using a pulser as a trigger,
but with the beam on, to measure accidental rates. ¥We also
took one data tape with the forward detector removed from

the trigger as a separate type of background event study.

An occasional check on the timing of the TOF counters

used a SWIC which was just upstream of the hydrogen target.
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fhen this SWIC and the lead in front of it were inserted in
the beam, a huge numbher of particles were sprayed into the
TOF counters. The forward detector was removed from the
trigger so that only the tag was required. This gave a set
of events which had the TOF start and TOF counters on and
allowed them to be timed to each other relatively easily.
More details on the use of these sets of runs can be found

in [Grillo 80 ].

An additional check on the recoil system used cosmic
”rays. When the beam died for a long time, which was an all
too frequent occurrence at Fermilab, we would switch over
the event triggér to a coincidence of +two or more TOF
cbuntets on opposite sides of the beam line. This defined a
set of minimum ionizing cosmic ray tracks which were used to
calibrate the TOF counters and align the drift chambers.
Further discussions of this appear in [Grillo 80 and Palla-

dino 80].

Due to the lack of viability of the T+*BP trigger we
used another method of calibrating the lead glass in the
tagging system. Ve moved the forward detector such that it
intercepted the beam and then used the normal electron-
proton and photon-protcn triggers with the collimators
stopped down so we got about 3000 triggers per spill. The
electrons recalibrate the forward detector and then when we
turned on the tagging system we used the electron beam

energy minus the energy from the forward detector to deter-
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mine the absolute gains of +the lead glass blocks. This
worked extremely well and has become our primary way of
calibrating the lead glass. This is very imrortant since we
found that the lead glass blocks closest to +the beam 1line
yellowed appreciably in the few-week period between calibra-
tions. A few times during the experiment we cleared these
lead glass blocks using an ultraviolet lamp and recalibrated

them immediately afterwards.

3.6. Summary of Data Collected

puring the course of the major data taking phase of the
experiment, which lasted from May to November of 1978 (with
many interruptions), we logged data on approximately 400
magnetic tapes.-. our running was divided into two major
blocks depending on the fposition of the forward detector.
We took the bulk of our data with the forward detector
roughly 30 m from the hydrogen target. This was split into
two parts. Roughly one~quarter of the data was taken with a
160 GeV electron beam, the rest with a 135 GeV bean. The
purpose of this rurning is to measure elastic scattering,
quasi-elastic vector meson production, and low-to-
intermediate-transverse-momentum inclusive photon, neutral
pion, and eta photoproduction. The ten meter running con-
sists of approximately one-third 80 GeV and two-thirds 135
GeV running. The purpose of these runs 1is primarily to
measure inclusive photoproduction at 1larger transverse

momentum over a wider energy range. buring part of this
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running the recoil detector was under repair and not opera-
tional. 1In total we toock over four nmillion triggers of
pkoton-proton scattering. Table 3-1 summarizes the various
run conditions, including the electron-proton scattering,
giving the dates and number of triggers for each set of con-
ditions. [ Breakstone 78f)] contains a more complete summary

of the contents of the data tapes.
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a)
Forward
Det ector
Position
(m)
30

30

30
10
10

10

Empty target runs {various conditions)

Table 3-1

Summary of Run Conditions

Photon-Proton Scattering

Flectron Forward
Beamn Detector
Energy Threshold
(GeV) (Db)
135 0
135 6
160 6
80 0
135 0
135 6

Dates Triggers
(All in 1978)

5/21 20871

5/21 to 5/22 109538

/12 to  1/27 944485

8/17 to 8/23 318755

10,27 to 11713 1025726

Subtotal: 2398504

6/19 to 7/12 766951

10/24 to 10/27 3601868

10/16 89091

8,24 to 8/25 56193

10/15 to 10/23 548585

Subtotal: 604778

Total: 4219492

66368

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

Table 3-1 (Continued)

b) Electron-Proton Scattering

Forward
Detector
Position
(m)
30

30

30
30
30

30
30

Electron
Bean
Energy
(GeV)
60

80

80
135
135

160

160

Forward
Detector
Threshcld
{Dh)
9

9

12
12

Dates
{(All in 1978)

5/21
8/16
11711
Subtotal:
10729 to 10/30
10,29
T7/14
7/18
Subtotal:
6/22
6/22
6/25
771
Subtotal:

Total:

Triggers

35911
39281
84167
123448
51017
13015
15539
16444
31983
1684
15472
13171
17560
41203

298261
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Chapter 4

Analysis Procedure

The following chapter deals with the off-line analysis
of the data, i.e. how we turn the numbers on tape into
yields or scattering cross sections. I will begin by
briefly describing the preliminary steps taken to reduce all
the data and then go into some detail on the extraction of
the inclusive neutral pion and eta distributions. I will
only touch briefly on the analysis of other processes such
as elastic scattering and quasi-elastic vector meson produc-
tion which are described in detail in [Grillo 80 and Palla-

dino 80].

4.1. Tage Copying"

The first step in analysis of the data was to simply
make a copy of the oriéinal data tape. This insured against
the loss of daﬁa in the event that the original data tape
was destroyed somehow. Each tape was then translated fronm
NOVA (16~bit word) to CDC (60-bit word) format. See [Break-
stone 78e] for more details. All further data processing

vas done on this set of CDC tapes.

4.2. Monitor Prograns

Before we could run analysis programs over the entire
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data set, we had to determine hkow various calibration quan-
tities varied with time during the experiment. 1In particu-
lar such quantities as the ADC pedestals and the gains of
the lead glass blocks in the tagging system and hodoscope
and total absorption counters in the forward detector varied
on a day-to-day basis, requiring continual updating of the

pedestal and gain values for each data tape.

We had a two-pronged effort to monitor these quanti-
ties. Pirst we had programs to establish the pedestals or
gains on special runs or special trigger types which were
taken at various times during the experiment. I discuss
these programs in Sections 4.2.1. through 4.2.3. Secondly,
we wrote one rather long program to check that the ggins and
pedestals are reasonable by plotting various distributions
using the data itself. In addition this set of routines
went over the scalers and looked at various distributions
for the drift chambers and time-of-flight counters. I will

discuss this program in greater detaill in Section 4.2.4.

4.2.1. ADC Pedestals

Since we only took pedestal runs about cnce a day dur-
ing the data taking, we have roughly sixty tapes on which we
did pedestal runs. W®e ran a program to calculate the pede-
stals on these sixty tapes. The only tricky aspect of the
program was the algorithm to find the average value and

width of the pedestal distribution, throwing away occasional
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garbage triggers and tails of the distribution in the pro-
cess. Two slightly different algorithms were used depending
on the shape of the distribution. For most of the counters
the pedestal Eeak was gquite narrow, one or two channels
wide (FWHM). TFor these counters we defined the pedestal
value to be the lowest bin with at least the height of the
‘mean height of all contiquous bins that had at least 30% of
the height of the peak. This was often the peak bin itself.
The width was calculated assuming a Gaussian distribution,
rounding off +to the nearest integer value. It was usuvally
just one ADC count. For the counters with amplifiers on
them (the 1lead glass blocks and the 0U/V muon ADC'!s), the
amplifier noise caused the ADC pedestal distribution to be
wider, so the previous algorithm did not produce the correct
result. The distributions looked Gaussian, so for these
ADC's, we defined the pedestal to be the average value of
the distribution with the pedestal width defined to be the
Gaussian width (o). The pedestal widths were typically two
or three ADC counts for the lead glass ADC's and five to
eight counts for the U0/V muon ADC's. The pedestals and
wid ths were checked against a set of standard values and, if
a calculated value was off by mors than one ADC count from
the standard value, its histogram was printed, so we could
figure out what the pedestal should be by directly looking
at the distribution. HWe found that the pedestals were guite
constant with time. The pedestal values and widths thus

calculated were then written onto a tape.
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4.2.2. Lead Glass Gains

Approximately a dozen times during the course of the
experiment, we moved the forward detector into the beam to
recalibrate one of the total absorption counters with an
electron beam and then calibrate the lead glass using tagged
photons hitting the forward detector. Using the known elec-
tron beam energy, we established the gain of the U and Vv
counters hit by the beam. Then, using +tagged photons and
vthe pulse height versus enerqy curve established by the
calibration, we calculated the lead glass gains since the
energy in the lead glass was simply the beam enerqgy minus
the energy in the forward detector. We used only events
which hit roughly the centers of the lead glass blocks (as
determined by requiring overlapping counters in the tagging
hodoscope to be hit) to determine the gains. Even with this
precaution, there was still a slight spread of the shower
into neighboring lead glass blocks, so we used an iterative
procedure to precisely calculate the gain of an individual
lead glass block. The gain for the ith counter for the kth

iteration is defined by the following formula:

_ Bpeam " Brwd ~ 8i-1,k-1%i,i-1 7 8i+1,k-1P0,441
i,k b
i,1
. . . .th
where P. . is the average pulse height in the 1 counter

1,]
when the recoil electron hits the ith counter. Ey.,. and
Efwd are the energies of the beam and the tagged photon as

measured by the forward detector. We used five iterations
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of this algorithm, but it converged so gquickly that the

gains did not change significantly after the third pass.

4.2.3. Gains of the Hodoscope and Total Absorption Counters

The program to calculate the gains of the hodoscope and
total absorption counters consisted of two separate pieces.
The first piece calculated the average value and width of
the various monitors for each counter. These values were
written cn a tape which was read by a second program which
calculated the gains based on these values and the standard

values derived from the initial calibration.

Since the trigger for each of the monitors consisted
basically of a logical "or" of many counters, the ADC for a
particular counter was usually at the pedestal value, while
only occasionally reading a value corresponding to the moni-
tor for that counter. Thus the program took two passes of
the data for each monitor. 1In the first pass, it calculated
the pedestal and found the approximate location of the peak
due to the monitor. In the second pass, it histogrammed the
monhitor (with pedestal subtracted) on a finer scale and cal-
culated the average value and width. In doing so it only
included events within a range defined by the set of con-
tiquous bins with at least 20% of the height of the maximum
bin. It further reguired there to be a minimum number of
events in fhis range. This minimum varied from 20 to 100

events depending on the type of monitor. Finally, these
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values were written onto magnetic tape and checked against a
set of standard values. If the average or width disagreed
with the standard by more than a certain tolerance (5% for
the U/V americium and LED and the hodoscope LED, 20% for the
U/V muon and hodoscope americium monitors), the histograms
were printed out for all the monitors on that particular

counter.

This program was run on approximately 100 tapes for
which there was sufficient monitor data. Figures 4-1 and
4-2 show the results for typical total absorption and hodo-
scope counters. We have rlotted the average value for the
various monitors as a function of tape number. The ratio of
the varibus monitors is also plotted. The tracking of the
LED and americium monitors for the total absorption counters
is guite good as is evidenced by the nearly comnstant ratio
shown in FPigure U4-14. For the hodoscope the tracking

between the two moritors is not as good.

Based on the results of the average value versus tape
number plots, we found that the hodoscope gains were con-
stant to about the 10% level, so when calculating the gains
as a function of time, we simply used the gain calculated
when the counters were calibrated. For the total absorption
counters, there were substantial gain shifts for several of
the counters, so we calculated the gain on a tape;by—tape
basis, smoothing over any rapid fluctuations which occurred.

Primarily we used the americium monitor +to calculate the
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Figure 4-1

Monitors for the Total Absorption Counters
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Figure 4-2

Monitors for the Hodoscope
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gain; however, there were cases where the data were lacking
or where there were inexplicable fluctuations, in which case
we used the LED for the gain calculation. The gain is
defined such that the product of the gain and the average
value of the monitor is a constant, i.e., g °* <PH> = const.
Note that this is the inverse of what is +traditionally
called the gain since its value goes down when the pulse
height goes up. Figure 4-~3 cshows this gain as a function of

tape number for a typical total absorption counter.

4.2.4. The Grand Monitor Program

There are a number of quantities to calculate or histo-

gran for each data tape before further processing the data.
For example, the scalers must be checked, the 1lead glass
gains calculated, the gains of the hodoscope and total
absorption counters checked, etc. To do this we wrote a
large program which consisted of three separate programs run

sequentially.

The first of these read the scaler information from the
beam start and stop event types, summing the scaler values
for the entire tape. At the end of the file, it printed out
the accumulated sums, wrote them onto a tape along with a
number indicating from which tape and file they are accumu-
lated, and calculated and printed out various ratios of the

scalers.

The second program used the T+BP events to see if the
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Figure 4-3

Total Absorption Counter Gain
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plug counters were working properly by histogramming

the pulse height spectra in the two beam plug counters using

various cuts on the lead glass and hodoscope counters in the

tagging systemn.

The third program of this series was run on the real

events and has several sections to it. It:

N

2)

3)

)

5)

6)

7)

8)

Histogrammed all the ADC's to calculate the pedestals
and check them against the values calculated by the
pedestal program described in Section 4.2.1. The same
algorithms were used here as well. The pedestal values
and widths were then printed out and written onto tape.

Histogrammed the U + V pulse height before and after
gain corrections for each of the sixteen U/V combina-
tions.

Histogrammed the uncorrected sums of pulse heights in
the U bank of total absorption counters and in both
banks as a check on the proper functioning of trigger
thresholds.

Made a hit frequency plot of the hodoscope counters so
we could spot tad counters. Also we plotted the aver-
age pulse height in each hodoscope counter before and
after gain corrections as a check on the hodoscope
gains.

Histogrammed the pulse height in each Dbean plug
counter.

Calculated the lead glass gains using the previously
discussed algorithm (Section #4.2.2.). It also calcu-
lated pedestal correction factors due to rate effects
in some of the lead glass counters. The gains and
pedestal correction factors were printed out and also
written onto a tape.

Made a consistency check of the TOF ADC's, TDC's, and
latches for each tube, made a hit fregquency plot, and
checked other quantities related to the time spectra.
[Grillo 80 ] describes these checks in greater detail.

Histogrammed several distributions for the drift
chambers, among which were a wire hit frequency plot, a
TDC time spectrum for each module, the number of hits
per guadrant, and the average TDC value for each wire.
More details on these distributions as well as a full
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description of other checks that are done on the drift

chambers may be found in [Palladino 80].
A large numnber of monitoring quantities were calculated and
printed out along with about a hunired histograms. Much of
the summary information was written onto a tape as well to
aid in relating these quantities from different data tapes
and to be used by other ©programs for further processing.
[Breakstone 80] contains more details about this set of pro-

grams.

4.3. Porward Detector Analysis Routines

In order to extract neutral pions and other radiatively
decaying mesons from the data, it is necessary to have a set
of routines which isolate showers in the forward detector,
giving their energy, rosition, and width. This is conpli-
cated because showers are quite wide in the detector due to>
the air gaps between the U counters, hodoscope, and Vv
counters. They may overlap or have missing energy in the
beama hole or at the edge of the array. 1In addition hadrons
in the event complicate the reconstruction problem. We have

written a set of routines to try to solve these problems by

separating them into a number of steps.

The first few steps are to simply input various flags
and counters for the tape reading routines, cuts and toler-
ances used by the analysis routines, read in the pedestals

and gains from tare, and set limits for any histograms or
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scatter plots that one wishes to make. At this point one is
ready to read in events from tape and process them one at a
time. This begins with a set of :éﬁtines which <check the
tagging system information to see if we have a good tag.
For example, it checks that the tagging hodoscope and lead
glass information are compatible, it checks that the energy
deposited in the lead glass is sensible, makes sure that
there are no extraneous hits in the tagging hodoscope or
lead glass, etc. About 20% of the events are rejected due
to bad tags. This is fcllowed by a routine to zero all the
variables in common blocks that the analysis routines use so
that data from a previous event cannot find its way into the
current event. Next we call a routine to subtract pedestals
from the ADC's for the hodoscope and total absorption

counters and nmultiply them by the gains.

This is followed by a routine to find hits in the total
absorption counters. A hit 1is defined by a U + V pulse
height sum of 5 ADC counts or more of which at least 5
counts must be in the U bank. This corresponds to showers
of approximately 1 GeV. At this point no shower position
information is known, so no attenuation corrections are
made. After all hits are found, the hits are reordered by

their pulse heights.

Next comes a pair of routines to find clusters in the x
and y planes of the hodoscope. A cluster is defined as a

set of at least three contiguous strips, where each has a
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pulse height above a cut of 4 ADC counts, corresponding to

about 0.5 GeV of energy deposition.

At this point the lasic information from the total
absorption c¢ounters and hodoscope is known and the only
problem that remains is to match them together. This is an
extremely difficult problem. The program attempts to solve
this problem by sorting the events according to the number
of hits in each plane of the hodoscope and themn branching to
the appropriate ambiguity handling routine to try to do the
matching. If the number of x and y clusters agree, the rou-
tines match the hodoscope clusters in each plane, using the
combination that yields the best energy match consistent
with the total absorption counter hits. If the number of
clusters in each plane does not agree, the program associ-
ates one cluster in cne plane with two in +the other plane
using energy match criteria and compatibility with the total
absorption counter hits. It tﬁen tries to split the one
cluster into two by searching for a minimum between two max-
ima in the pulse height distribution, reguiring at least two
strips to be above the nminimum on each side to reduce
misidentification of the minimum due to lateral fluctuations
in the shower. If this procedure fails, one can still cal-
culate the mean position of each shower in the plane in
which they overlap if one assumes that the energy and shower
widths are similar in both planes. The formula (derived in

Appendix D) is
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where E = Eq ¢+ E, and the 0's are rms widths. E, x, and Ox
are measured gquantities while E1. Ep, 97, and 0, are taken
from the other plane. The assumption that the shower widths
and energies are similar in the two planes leads to errors
in the calculaticn of x; and x,, but in testing the algo-
rithm using both Monte Carlo events and real showers artifi-
cially displaced in one plane, we found that the error in
the position of individual showers is less tﬁan 1 cm. 1In
each of the ambiquity routines, as soon as the hodoscope
clusters are successfully associated with the total absorp-
tion counters, attenuation corrections are applied. The
shower energy is determined by including pulse height'from
all U and V counters with which the hodoscope cluster over-
laps. Energy information from the hodoscope is used to
apportion energy to showers which overlap in the total

absorption counters.

At the conclusion of the analysis package the program
provides a certain number of reconstructed showers, giving
their energies, positions, widths, and a few other quanti-
ties relating to the probability of being a single photon or
a neutral pion, which are discussed below. Approximately 4%
of the events cannot be properly reconstructed by this set

of routines. The Monte Carlo efficiency calculation
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corrects for this loss.

One of the most difficult problems confronting these
analysis routines is how to resolve showers which are too
close together to form two separate clusters in the hodo-
scope. This occurs gquite frequently in decays of neutral
pions, where, for example, the minimum opening angle is only
2.7 nr for a 100 Gev ﬂo, yielding a separation of only 8 cm
in the hodoscope when it is 30 m from the target. Because
of large fluctuations in the pulse heights of individual
hodoscope strips, these showers can look like showers due to
single photons and visa versa. HWe have devised a rather
simple test which we use to decide whether the shower is due
to a sipgle photon or two éhotons. It has the additiomnal
benefit that it gives us the mass of the two-photon systen
if the shower is due to two photons. We define the follow-
ing quantity:

2
2 _ E 2, 2 2 2
myy - ;7 ( Ox * 0y %o Oyo)

where E is the energy of the shower as measured in the total
absorption counters, 2z 1is the distance from the target to
the hodoscope, Oy and Oy are the measured widths of the
shower in the x and y hodoscope planes, and Oyo and Gyo are
the paranmetrized widths of single showers. Thus if the
shower is due to one photon, ideally Ox = Oxo and Gy = cyo
and we get m2 = 0. In practice there is a spread of

YY
values about zero which gets sworse as the energy gets higher
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* due to the E2 term in the expression.

Complications are caused by the facts that the

parametrized widths of g&ingle showars, o and o are not

X0 yo*
equal and increase with increasing shower energy. Showers
in +the 1y plane are wider than those in the x plane because
the y plane is in front and absorbs many of the low-energy,
wide—angle particles in the shower. Using the methods

described in the next section, we have established the fol-

lowing parametrization:

2 = 5.0 + .333 E for E < 20 GeV
X0 1.0 + .10 (E-20) for E > 20 GeV
2 7.0 + .50 E for E < 20 GeV
0, = 17.0 for 20 < E < 50 GeV
Y 17.0 + .18 (E-50) for E > .50 GeV

For showers with their centers in +the narrow hodoscope
strips, the squares of the widths are approximately 20%
smaller. We include this effect in the parametrization as

well.

Because of the energy dependence of the widths, one
must be careful what value of the energy to use for the
parametrized width to get the correct miY. If there really
is only one photon, the full energy should be used; however,
if there are two photons, the true widths of each shower are
smaller, thus one must use a lower value for the energy.
For symmetric decays this is ©E/2, vwhereas for extremely

asymnmetric ones, it approaches E. O0On the average the value
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is 2/3 E. This point is discussed more fully in Appendix D,
where I go through the full derivation of all these formu-

las.

Using the above—-mentioned parametrization, we calculate

. 2 .
the gquantity m for each shower which gets through the

YY
ambiguity handling routines. A histogram of this quantity
for a subset of the data is shown in Figure 4-4. One can
see peaks due to single rphotons and neutral pions. The pion
peak 1is quite broad due to the combined effects of the
energy resolution, uncertainties in the gains, and varia-
tions in the widths of showers. The photon peak is dis-

placed slightly from zero because of the 2/3 factor in the

energy used for the parametrized widths.

Using the widths and the calculated mass squared, we
form +two chi-squared tests for single photon and pion

hypotheses. For the single photon hypothesis we define

2 2 2 2 .2 2 2 22 .2
, kol yvol-ol 1P [(o2-ol)-(2-07 )]
Xy §2 §2
1 2

where 6% = 67 and 6% = 45 as foundl from single photon
calibration data. He use the sum and difference of the
differences in width sgquared in each hodoscope plane because
we want to separate effects due to overall width from those
due to skewness of the pulse height distributions. For this
test we use the full energy to calculate the parameterized
wid ths %o and o . TFor the neutral pion hypothesis we

yo
define
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Figure 4-4

Mass Squared for Individual Showers
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2
The value of O, is determined by taking two single photons

showers from the calibration data, artificially displacing
them in the hodoscope by the right distance to form the
invariant mass of a ﬂo, and looking at the miY distribu-
tion. It increases with energy according to the following

parametrization:
.0020 + .000028 E for E < 50 Gevy
02 - 0034 + .000064 (E-50) for 50 < E < 64 GeV
T .0043 + .000243 (FE-64) for 64 < E < 88 GeV
-01 for E > 88 Gev

For this test we use two-thirds of the energy in determining
%o and ¢ o * These tests give us the relative likelihood
that the unresolved shower is a single photon or is actually

two overlapping showers from a neutral pion.

4.4. Corrections to Shower Energqgy, Position, and Width

As we proceeded with the analysis of the data, we found
that the mass peaks due to the 7° and W were not centered at
their pioper values. We eventually traced the problem to
non-linearities in the forward detector resronse and energy
normalization difficulties. The calibration procedures wvere
not sensitive to some of these effects since the exact value

of the beam energy was not known with sufficient precision.
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These effects are particularly important for low energy
shovwers (below 30 Gev) for which there is practically no

calibration data.

Fortunately, the data provide a means to <correct for
these deficiencies. He isclated a sample of guasi-elastic
onegas by methods described iﬁ [Palladino 80 ]. W¥We then ran
this sample through the forward detector analysis package
and found that most of the time it reconstructs two showers,
one for the photon and ome for the neutral pion. This is
expected since for pions above about 30 GeV, the two photons
from 1its decay are not resclved by the detector. Using the
known masses of the w and ﬂo, the measured opening éngle,
and the tagged photon energy (E, * Etag for guasi-elastic

)
production), we calculate the energies of. the Y and T

using 2 2
Ey 4(m -m.) 1/2
By = b1+ s =) ]
2 E"O
w
and E2 = Ew - E1

and compare them to the reconstructed ‘energies from the
total absorption counters. There are two effects to
correct. The overall gains of most of the U and V counters
needed adjustment. The multiplicative gain correction fac-
tors are given in Table 4-1. The gains of the outermost
counters cannot be corrected due to lack of statistics.
Secondly, there is an enerqgy non-linearity in the total
absorption counters which we correct by simply adding 3 GeV

to the energy of each reconstructed shower. When we correct
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Table U4-1

U and V¥ Gain correction Factors

Counter correction Factor
Number U v
1 - .
2 1-1 -
3 1.1 1.0
4 .95 .95
5 1.05 -9
6 1.0 1.0
7 1.2 -
8 - -
9 - -
10 1.2 -
11 1.05 1.2
12 1.2 -9
13 1.08 .88
14 1. 1 -9
15 1.05 -
16 : -
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Figure 4-5

Reconstructed versus Calculated Energy of
Showers from Omega Decays
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for these effects and redo the analysis, we find that the
calculated and reconstructed energies of showers from omegas

agree quite well as shown in Figure 4-5.

The hodoscope has a known problem with linearity at low
energies, which we first noticed at the time of the calibra-
tion. Using omega events, single photon calibrations, and
isolated showers from the data, we have plotted the X and Y
plane energies versus those measured by the total absorption
counters (with their corrections) for the full energy range
from 3 to 150 GeV. An eyball fit to these yields the fol-

lowing multi-linear expressions for the hodoscope energies:

.2 PH for 0 < PH < 150

_30. + .12 (PH-150) for 150 < PH < 400

E. = 60. + .075 (PH-400) for 400 < PH < 666
80. + .09 (PH-666) for PH > 666

. 171 PH for 0 < PH < 175

30. + .12 (PH-175) for 175 < PH < 342

Ey = 50. + .086 (PH-342) for 342 < PH < 575
70. + .1 (PH~-575) for 575 < PH < 675

80. + .12 (PH-675) for PH > 675

where PH is the pulse height summed over all the strips in

the hodoscope cluster.

In addition the parametrization for the widths of
showers 1in the hodoscope 1is extended reliably to lowver
energy using the previocusly-mentioned data sets to yield the

parametrization given in the previous section.

Finally, there is a correction of a different nature

for showers which overlarp the beam hole. Sometimes the cal-
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culated position ends up to be inside the beam hole, which
is obviously impossible. Thus, for showers with centers
within three strips (9 cmn) of the beam hole, we recalculate
the position in each hodoscope plane as follows. First we
search for the strip with the maximum pulse height. If that
strip is adjacent to the beam hole, we set the position of
the shower to the center of that strip and set the error 1in
the positicn to 9 mm. If the strip is one strip away from
the team hole, we use it and one neighbor on each side to
determine the position and error. If neither of these cases
occurs, then we leave the position as is. This corrects the
position of most of the showers which would otherwise be

incorrectly positioned inside the beam hole.

4.5. TInclusive Filters

After fully debugging the analysis routines, we wrote
filter programs to reduce the data sample to a manageable
size for subsequent analysis. The results discussed in the
next chapter are based on a sample of about three-fourths of
the 135 GeV, 30 m runping. We ran the filter in two stages.
The first stage merely requires a good tag and the forward
detector analysis package to reconstruct from one to four
shovers. This eliminates about 25% of the events, mostly
due to bad tags: The events are then writtem out onto
another ‘tape in a densely packed format. This reduces the
data sample from 1.54 million triggers on 91 data tapes to

1.15 million triggers on 10 summary tapes.
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The second stage of filtering consists of 1isolating
samples of events which contain neutral picns and eta
mesons. Separate filters were run for each. The eta filter
requires at least two reccnstructed showers. Pairs of
showers are made for which each must pass a hadron cut
{U/tctal pulse height greater than .1 and a requirement
that it be due to a single phcton, rather tham a coalesced
pion {chisquared for the single photon hypothesis less than
20). The mass squared of the pair is calculated and the
event kept if it is Dbetween .1 and 1.0 (GeV/cz)2 for at
least one pair in the event. This eliminates 87% of the
events, further reducing the sample from 1.15 million to 151

thousand events.

The pion filter takes into account that most pions uith
energies above the ttigger threshold will be coalesced into
a single reconstructed shcwer. For this reasom it puts no
limit on the number of reconstructed showers, but has a more
complicated algorithm for réjecting events. An event is
kept if it has a single shower with energy greater than 38
GeV, passes the previously mentioned hadron cut, has a mass
squared based on the shower width algorithm Letween .002 and
-1 (GeV/cz)Z, and its center is within a fiducial area from
8.5 to 60 cm in each hodosccpe rplane. Also, for events in
which two or more showers are reconstructed, pairs are
formed with the same cuts as for the eta filter for each
shower, with an additional fiducial cut. In addition the

energy of the pair must exceed 38 GeV and its mass sqguared
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te in the range .002 to .1 (GeV/cz)Z. This eliminates 68%
of the filtered events, reducing the sample to 367 thousand

events.

4.6. Mass PFits, Efficiency, and Normalizaticn

The final steps to calculate the inclusive «cross sec-
tions are toc histogram the mass and mass squared of the for-
ward object, fit the histograms with a given mass hypothesis
to c¢et the numker of events in the peak above background,
correct this number for the detection efficiency, and nor-
malize it using the number of tagged photons ihcident on the
target and the target length and density. This is done
separately for each bin of tagging energy, and transverse
momentum and Feynman x of the forward object. Mathemati~-

cally this can be exgressed as followus:

dN
(E,,Xg,p,)
do (E.) ddepZ YIUETTE

dXdei (E.,x )+BR*N_(E_,x;)* P N L

where N is the number of eQents {signal above backgroundj,
€ is the detection efficiency,
BR is the branching ratic for the two photon decay,
(-38 for the n, .9865 for the 7°)
NY is the number of tagged photons,
p is the target dersity (.07C8 g/cms),
Np is the number cf protcns per nolecule 2),
U1 is the molecular weight (2 gs/mole),

23

N is Avagadro's number {6.022 x 10 rolecules/mole),

o]
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and

L is the length of the target (75 cm)

p%?q)L/u = 3.188 x 1024 protons/cm2

The number of events is determined by fitting each mass
or mass squared histogram with & Gaussian peak on a polyno-
mial background:

f(m) = A (1 + alPl(m) + aZPZ(m) + a3P3(m))
2 2
N e-(m—mo) /20
o V2T

We use Legendre polynomials to fit the background. An exam-
ple of such a fit for the entire inclusive n sample is shown

in Figure 4-6.

The normalization is obtained by counting the number of
tagged photons which can ccptribute to a given bin. VUsing
the T+BP events and the scaler information, we have deter-
mined the number of tagged photons for each data tape as a
funétion of their energy (in 5 GeV Eins). The computer dead
time correction is -'made at this time. For details on how
this was done see [ Palladino E0Q0]. Summing over the data
tapes in the inclusive sample, one obtains the total number
of tagged photons as a function of emergy @NY/dEY). The
total number of photons summed over all energy bins is

1.001 x 1010. To calculate the number of photons which can

ax min max

contribute to a bin defined by EI\I(lln, FIYn and X", Xg o

one uses
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Figure 4-6

Two Shower Mass Histogram with Fit
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max
- Y Y - m1n E max
NY(EY,XF) fEmin &E; 8 (E Ecut)[e( ) - G(EY )] dE
Y

where E is the energy of the 7°or n, and E ut is an energy
cut of 38 GeV (below 38 GeV, trigger bias corrections would
be large). © is the standard mathematical function that is
zero for negative values of its argument and one for posi-
tive values. Since ue use€e a statistical method for extract-
ing the signal frcm the background, we need to make the
assumption that on the average E = '2; Ey' where'ig is the
average value of Feynman x for n's or 01 s contributing to

the particlular mass histcgram in question. Doing this we

get
gmax
= Y X T _
N (E ,xF) fEmln e e(EYxF hcut) dEY
Y Y

which gives us the number of tagged photons that contribute

to a given bin of E_, Xpe and Py-

Y

To cktain the detection efficiency for a given bin, we
wrote a Monte Carlc program which generates events using a
quark cascade nodel [ Seiden 76]}-. Multiple bremsstrahlung in
the tagging radiator is included for the generation of the
incoring photon. We keef only events with a 1° or n above
38 GeV and have all n's decay via the two photon mode. This

reduces the running time of the job comsiderably. The gen-

eration routine writes a separate tape, each containing
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10, 000 Monte Carlo events, for the 7° and n inclusives.

Another prcgram reads these tapes and tracks particles
to the forward detector. It simulates the behavior of elec-
tromagnetic showers in the detector using various functions
for the 1lateral and 1longitudinal develorment (including
fluctuations) for each detection element (X, Y, U, and V
planes) based on the data. The effect of hadrons is simu-
lated by giving a hadren which hits the detector a 50%
chance of converting into a photon having cgne-third of the
hadren's energy. The parametrized shower information is
used to generate fulse heights in the various counters,
including gain, attenuation, and pedestal corrections. This
information is then written out ontc another tape in a for-

mat which is very similar to that of real data tapes.

These Monte Carlc tapes are then analyzed by the same
routines which do the data. The number of reconstructed n's
or 1°'s is counted and compared to the number generated as a
function of tagged rhotcn energy, Feynman x, and transverse
momentum. This ratio gives the efficiency for each bin. The

efficiencies are discussed forther in the next chapter.
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Chafpter 5

Results

£.1. Results

Using the apalysis procedures described ia the previous
chapter, we obtained the =results given in this chaptera
Some additicnal cuts were placed cn the data, including mass
cuts and fiducial cuts, to decrease the backgrounds in the
nass and mass squared plots before fittiny them. These cuts
are susmarized in Tatle S~1. For the n inclusive crcss sec-
tions, we fit the mass histcgrams over the interval fron
«325 to .825 GeV/c2 in .01 GeV/c2 bins. The peaks are hbest
£it with a mass of .558 GeV/c2 and a width of .(32 GeV/cz.
The mass 1is systematically high by 2%, indicating a slight
overall error in the energy calibration. <The width (6%) is
consistent with our energy resclution, including effects due
to gair variaticns with tinse frcm counter to counter. For
the m° s the fits are dome in nmass squared over the interval
from .0065 to 0415 (GeVsc’)? in .001 (Gev/c’)? bins.  They
yield a mass squared c¢f .020 (GeV/cZ)2 with a width cf .0050
(Gev/cz)z. The feaks foxr the m° are non-Gaussian, yielding
poorer £its in general tbhan for the n. The 7° nass squared
is systematically high by 10% and its width large (20%) due
primarily to fluctuaticns ccring from the shower width algo-
rithe used to determine the mass squared and the parametri-

zaticn of these widths. There is also a larger systematic
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Table 5-1

0

Cuts on the n and m~ Data Samples

n

Tagged photon energy: 50 < Ey < 130 GeV
Require 2 or more reconstructed showers in event
For each shower: x2_ < 20 (single photon cut)
U/fu + v) < .1 (hadron cat)
inside box from 8.5 to 60 cm in each plane
(fiducial cut)
E > 8 GeV (energy cut)
For two shower object: E_> 38 GeV (energy cut)
M < p?2 < 1.0 (GeV/c?)2  (mass cut)

o]
m

Tagged photon energy: 50 < EY < 130 Gev

For each shower: U/7(0 + V) < .1 thadron cut)
inside box from 8.5 to 60 cm in each plane

(fiducial cut)
E;> 38 G§V {energy cut)2 )
L0003 < m Y < .05 (GeV/CcT) (nass cut)

or

Require 2 or more reccnstructed showers in event and
For each shower: Y¥2._ < 20 (single photon cut)
U/ﬁﬂ + V) < .1 (hadron cut)
inside box from 8.5 to 60 cm in each plane
{fiducial cut)
E > 8 GeV ({(energy cut)

For two shower object: E; > 38 GeV (enerqgy cut)
.003 < m? < .05 (GeV/c?)? (mass cut)
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. 0

uncertainty for the ™ than fcr tke n because the average
oy 0

values and widths of the mass squared peaks for the ™ vary

as a functicn of energy, but this wmas not taken into account

in tle fits.

The detection efifiiciencies for nN's and ﬂo's, based on
the Monte Carlo program, are given in Tables 5-2 throughk 5-
5. 1The average efficiency for detecting both n*'s and ﬂo's
is about 20%. 1The size cf the detector provides the major
cutoff in efficiency for transverse scopenta above 1.2 GeV/cC.
the beam hole fiducial cut makes the efficiency for detect-
ing pions low for pt belcw .3 GeV/c, whereas for n's, the
cpening angle of the decay .photons reduces the importance of
this eififect. The detection efficiency is gquite difiereant
for 7°'s and n's as a function cf their energy due to the
different opening angles of photons from ° and n decays.
For the no, the detection efficiency is lower for high
energqy m%'s because the showers ccalesce to such a degree
that it becomes difficult to separate them from single pho-
toné. Pcr n's the opposite 1is the case, since for low

energy n's, one or both of the decay photons will miss the

detector.

ke have plotted the 7° and n inclusive <cross sections
as a function of transverse ncmemtum, integrated over Feyn-
man 3 frop .35 to 1.C, for three tagged photon energy bins
and integrated over tagged photon energy from 50 to 130 GeV,

for three Peynman x bins {(Figures 5-1, 5-2a, b, ¢, 5~4, and
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5-5a, b, c). Also we have rlotted the Feynman x distribu-
tions, integrated over transverse momentum, for three energy
bins (Figures 5-3 and 5-6). For the N, the integral is over
all transverse wromenta, whereas for the ﬂo, a lower limit of
-3 GeV/c is used. 1These distrilkutions are given in tabular
form in Tables 5-2 to 5-%, where we have included the rela-
tive flux (the ratio of the number of photons which can con-
tribute to the bin toc the total number of photons), the

Monte Carlo efficiency, and +the number of events derived

from the fit,

The errors given in the tables and shown in the figures
correspond primarily to random errors from the fits, but
also include estimates of some of the systematic errors.
The major source of systematic errors in the fits comes from
over— or under—estimating the backgrcund under the mass or
mass squaréd reaks. For the 7° . the mass squared peaks
shift and widen with increasing energy due to effects from
the shower width algorithm for ccalesced pions. This major
source of systermatic errors is nct included in the cross
section. We are undertaking a further study of these
effects so that we can reduce the systematic errors from

this source.

We have calculated the n/no ratio averaged over all
tagged photon energies. The values of this ratic as a func-

tion of Ft and x_ are given in Table 5-6 and Figures 5-7 and

F
5—8-
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Table 5-2

Transverse Momentum Distributions for Etas

.35 < xp < <9 50 < B, < 70 Gev
p <p 2> Relative Mcnte Number ‘do
Linmbts (GeV,cf Flux carlo from dp?
Gel/c Efficiency Fit ub/ (GeV/c)2
«2™ .3 «062 «243 «w(68+,027 31+ 9 3.1z 1.54

«3- <5 - 160 -237 - 0U48%.C20 76+ 15 3J.44% 1.58
-5~ a7 351 .239 ~044%,015 43+ 15 1.39% .49
«7-1.0 -« 597 «2€5 .024+,016 12+ 6 .29% .25

435 < xp < .9 7¢ < E_ < 90 GeV
Y

0- .1 - 005 <265 « 273,057 37+ 19 4.22% 2.33
-1- 2 - 024 -265 «237%.041 100 21 4.38% 1.19
«2= 23 . 063 «265 289+, 043 81+ 35 175+ .80
«3- .5 - 157 - 2865 «223%2.C26 386+% 40 3.37+x .53
5= .7 350 «265 -~ 1854022 281+ 30 1.97+ .32
-7-1.0 -€43 -2€E5 -145+.021 171+ 20 <71 .14

«35 < Xp < .9 SC < E_ < 130 GeV
Y

0- .1 - 005 ~422 « 267+ 100 97+ 33 734t 3.72
1= .2 « 024 ~422 «268+.035 221t 51 4.99+ 1.30
2= .3 - 004 <422 299+, 028 358% 41 4.67+ .69
«3= .5 - 160 -HZZ -313+.016 672 64 2.61 .28
«5- a7 351 422 « 300077 741+100 2.01+ .31
-7-1.0 -661 -422 «-286%,C45 530+ 50 T1: .13

1.0-1.4 1.263 w422 - 168058 103+ 15 «12% .05
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Table 5-2 (continued)

.35 < Xp< .45 50 < E, < 130 GeV

Y
2 .
p <p+ > Belative Monte Number a0
Limigs (GeEI/C)Z Flux Carlo frcm dps? 2
Gel/c Efficiency Fit ub/ (GeV/c)

0- .1 -005 .368 - 182+ 159 58% 21 7.13% 6.75
Y <024 - 364 «118+. 094 99 31 6.37%* 5.48
«2= &3 «- 064 <365 - 188 . 060 142+ 26 3.41% 1.29
«3- .5 -« 161 -J€5 «1321.036 205+ 47 2.19+¢ .78
5= .7 348 -369 « 140+ 042 156+ 41 1.03% .42

e7=1.0 €31 «-376 «0368+.030 713+ 30 - .82 .74
<i45 < xF< b 50 < EY < 130 GeV

2 1= o2 -024 642 «181+030 114% 40 2.68% 1.05

e2= »3 .06l -639 -301+.045 160% 43 1.37+ .42

«3= .5 «160 «638 -210+.035 517+ 64 1.99+ .25

9= 7 « 351 -640C «196+.028 468+ 50 1.27+f .22

«7=1.0 «662 -646 «068 +. 027 246 % 35 .91+ .38
-6 <xF<.9 50<EY< 130 GeV

0- .1 - 004 «9E7 «2171 060 69+ 30 2.81+ 1,47
£1- .2 -024 -940 - 266 %025 96 =+ 30 .05+ .34
«2= &3 -063 -937 <235 023 162 + 30 122+ .25
<3~ .5 -159 930 «2334%015 427+ 5@ .01 .14

«5~ .7 «35¢ .928 -242 %016 435+ 59 -67% .08
«7-1.0 - 675 -928 «223 %023 401+ 3¢ .31 .04
1.0-1.4 1.279 -935 -1€6 £. 058 83 £30 .039+£.018
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Feynman x Distributions for Etas

XF
Limits

«55-.65
«65-.75
«75-.90

»45-.55
«55-.65
«65-275
«75-.90

-35-.45
«45-.55
-55-.65
«65=-.75
«75-.390

Table

all p¢ 50 < EY < 7C GeV
<xp> Relative Monte
Flux Carlc
Efficiency
«-607 « 133 «040t.018
«695 . 242 «Ci4+.019
817 «287 «029+.006
all Ft 70 y < 90 GeV
«505 « 194 «114+.021
«595 - 265 «254 4,032
-694 -« 265 «366+.084
-815 « 265 « 244 +.028
all By 90 <« Ey < 130 GeVv
401 U422 «161+.023
<495 «H22 « 2554042
«595 U422 -383+.038
<694 « 422 434 +.042
813 - 422 «313 +. 045

Number
fronm
Fit

60+ 20
71+ 16
55+ 15

205+ 40
386% 40
273+ 33
199+ 30

723 X100
777100
652 % 60
363+ 42
164 = 50

do
dx
ubF

9.27% 5.14
3.23%* 1.09
3.70% 1.29

7.62*% 2.03
4.73x .77
2.32%t .35
1.69% .32

8.75* 1.73
5.6+ 1.26
3.31% .45
l.64% .25
.69+ .22
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Table 5-4§

Iransverse Momentum Distributions for Neutral Picms

«35 < xp < .9 50 < EY < 70 Gev
p <p2 > Relative Mcnte Number do
tinfts (Gel,c)2 Flux carlo from ap.2
GceV/c Efficiency Fit ub/(d%V/c)Z

«5= .1 -367 .233 -(71£.031 266100 2. 12+ 1.23
7-1.0 -681 «242 -072+.027 328 74 lalb6t .52

35 < Xp < -9 70 < E_ < 90 Gev
.1- .2 .028  .265  .083*.055 300:200  14.4 £13.6
-2- .3 .063  .265  .134:.055 246% 54  4.39: 2.06
.3- <5  .160  .265  .305:t.055 1869:28€  4.57% 1.08
«5- .7 <357  .265  .306x.071 20482200  3.33t .84
.7-1.0  .680  .265  .229%.055 2206+300  2.26% .63
1.0-1.4  1.249  .265  .123:x.€58  394% 60 <41t .33
.35 < xp < .9 90 < E < 130 GeV
.2= .3 064 422  .167+.044 1347+355  12.1 % 4.53
-3- <5 .160  .422  .237:.026 5585538 11.0 * 1.61
.5- .7 .355  .422  .190:.048 5107:372  8.37+ 2.18
.7-1.0  .685  .422  .195:.047 4296399  3.24+ .84
1.0-1.4  1.278  .422  .072:.048  985:200 1.08t .75
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Taklie 5-4 ({(cocntinued)

«35 < Xp < 45 50<EY< 130 GeV

Fy <p,.2> BERelative Monte Number do
Limits (Ge%/c)2 Flux Carlo from dp2 2
GeV,/c Efficiency Fit uby (GEV/c)

«2= o3 - 064 -3€6 «177+.113 934 1254 9.13% 6.32
«3= .5 «161 «367 «191£.069 30072400 B.49x 3.27
«5- .7 - 354 .368 -265+.071 3125+900 4.22+ 1.76
«7-1.0 -673 <371 « 137039 22481225 2.74x 1,47

«45 < Xp < o6 50 < EY < 130 GeV
el= <2 « 029 «631 «091+.057 610200 11.2 * 7.84
2= .3 « 064 «-637 «129+.072 822271 6.32% 4.08
«3= &5 « 160 «-639 «373+.050 3592 +300 2.98% .48
5= o7 «356 <640 «315+ 057 3423+339 2.24 .46
e7=10 - 687 «~6U3 «349+.058 31291300 .87 &17
-6 <xF<.9 50<EY<130 GeV
«3= .5 -161 -928 «189 063 1188+293 133 .56
5= &7 « 358 <926 «162+.049 1037200 .92+ .32
«7-1.0 «693 -924 «201% 067 1455+300 48+ .20
1.0-1.4 1.314 -931 - 165+ (95 407 200 084 + .056
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Table 5-%

Feynman x Distributions for Neutral Pions

pt > <3 GeV/c 5C¢ < EY < 70 GevV
X <x > Relative Monte Number do
Limfis Flux Carlc from dx g
Efficiency Fit ub

«55~-.65 607 - 133 «-263+,099 302+ 83 2.73% 1.27
«65-.75 =696 - 243 -103+.039 400150 5.07% 2.29
«75-.90 -817 - 287 «034+.017 200+ £0 4.31% 2.40

pt > <3 GeV/c 70 < EY < 80 GevV
- 45-.55 -506 . 196 -245+.082 2678300 17.6 * 6.2
«55-.65 «596 « 265 «263+.088 2400+400 10.9 + 4.07
«65-.75 .693 - 265 «367+.075 800 +1.88 2.60t .81
«75-.90 -807 - 265 - 116 +.075 99+ 60 «69%f .55
pt > -3 GelV/c 90 < EY < 130 GeV
«-35=a 45 ~402 <367 -216+.058 86121800 34,4 * 9.8
«45-.55 «495 422 - 415,077 56781500 10.3 £ 2.10
«55-,65 «594 - 422 «274+,059 2000600 5.48* 2.03
«65-.75 .593 « 422 «270+.090 30002000 5.55% 2.49
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Table 5-6

n/ﬂo Ratio
Averaged Over Tagged Photcn Energy in the Range

50 < EY< 130 GeV

a) as a function of transverse momentum for .35 < xp < -9

B Limits <p2 > n/ n° Ratio
GeV/cC (Geg/c)z

«3- .5 - 16 .61 % .13
5= 7 -35 <39 + .09
-7-1.0 .63 .26 * .10

1«0-1a 4 1.22 .09 * .07

b) as a functicn of Feymman x fcr .3 < P < 1.4 GeV/c

0

xp Lipits <zp> n/m° Ratio
«35- .45 -4 .25 £ .09
45~ .55 5 <49 = 14
«55- .65 -6 .91 + .35
.65- .75 7 .54 + .17
<75~ .9 - 81 <41 + .25
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Figure 5-2a
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Figure 5-2b
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Figure 5-2c
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Figure 5-3
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Figure 5-4
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Figure 5-5a
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Figure 5-5c¢
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Figure 5-6
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Figure 5-7
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Figure 5-8
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5.2. Discussion

For the N we observe scaling in both the transverse
momentum and Teynman x distributions, as evidenced by the
overlap of these distributions for different energies in
Fiqures 5-1 and 5-3. For the ﬂo(Figures 5-4 and 5-6) the
data suggest scaling, although the evidence is not as clear
as for the n. This observation of scaling is in accord with
expectations from the general features of inclusive scatter-

ing discussed in Secticn 1.1.

The feature of limited transverse momentum suggests an
exponential falloff of the transverse momentum distribu-
tions. We observe this and have fit these distributions

with and exponential of the form

for different Feynman X bins. The results of these fits are
given in Table 5-7 and are also indicated by -the straight
lines in the figures. Tlkere does not appear to be any sys-
tematic increase or decrease in the slope parameter, b, but
one must note that the errors are large. If we average over
all Xpe We find a slope of 2.9 % .2 for the n and 2.5 * .3
for the n°. In 1Table 5-8, we compare these results with
those from similar fits to the transverse mcmentum distribu-
tions in high energy electroproduction of charged hadrons
[Loomis 791, and low energy fphotoproduction and electropro-

duction of neutral pions [Berger 73 and 77]. We find
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Table 5-7

Average Transverse Momentur of 7° and n Mesons

as a Functicn of Feynman x

Rased on Fits of the Fornm

2
ng = A e-bpt
dpt
(o]
m
Xp Range
L3545 L45-.6 .6-.9
A ubs(GeVsc)? 10.91 + 1.53 5.06 + 1.21 2.09 + 1.46
L (cevsc) 2 2.20 * 1.16 2.55 + .46 2.31 + .63
x%/NLOF .32 1.8/3 .32
<pt> GeV/c .58 « 55 - 60
<p, > (GeV/c)’ .45 .39 .43
n
xF Range
.35-.45 L45-.6 . .6-.9
A ub/(GeVsc) %  4.36 + 1.37 2.20 + 1.21 1.54 + 1.12
b (Gevsc) "2 3.64 & 1.31 1.41 + .66 2.47 &+ .25
x2/ 8D CF 1.0/4 3.2/3 5.0/5
<pt> GevV/cC <46 -75 «56
<pt2> (GeV/c) 2 .27 .71 Y
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Table 5-8

Ccmpariscn of Iransverse Mcmenta frcm
Different Experiments

Eased on Fits of the Fornm

2
= A e_bpt

do

2
dpt

k <p.,> <p,” >
GeVc) ~2 Gevyc (Get/c) 2

" This experiment:
50 < EY < 130 Gev
«3 € Xp € .9
n 0 < Pt < 1.4 GeV/c

0 .3 < Pt < 1.4 GeV/c

.52 ~34

o

§
8] O
I+ 1+
s .
W N

- 57 <41

[\
[

up --> uhix [Lcomis 79]
E = 150 GevV
. 3% Xp < .85
0 < Py < 1.8 GeV/c 2.6 «55 ~38

ep -—> eq°X [Berger 77]
4 < E < 7 Gev
.05 < p: < .8 GeV/c 4oy .42 .23

Yp -=> %% [ Berger 73]

< 1.4 GeV/c 3.5 47 .29
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general agreement with the results of these experiments; the
average transverse momentum is approximately .5 GeV/c in all

CasSesa

As previously mentioned, the Feymnman x distributions
exhibit scaling within the errors on the data pecints. To
compare the data with those ficm other experiments, we have
taken doydx for cur pion data, divided it by the photon-
proton total cross section, taken from [Caldwell 78], and
plotted the results in Fiqure 5-9 along with those from
[Loomis 79] and [Berger 77]J« Cur results follow the same
trend as the other data, but are systematically low by about
a factor of two. This could ke due to our systematic errors
in extracting the [ficn data. However, the fact that our
data has nearly thé same fallcff with increasing PFeynman x
as the other data is in accord with the quark cascade model
prediction that similar processes should yield similar Feyn-

man x distributions.

The average value of the n/no ratio taken over all our
data is .52 + .10. 1This is in good agreement with the value
of .55 + .07 measured in protcn-proton collisions at the
CERN ISR [Kourkcumelis 79]. We see no clear trend with

®ratio does appear to decrease with

Feynman x, but the n/n
increasing transverse mcrentum. This disagrees with the ISR
results, where the n/no ratio is constant over a p, range
from 3 to 11 GeV/c, and with expectations from quark cascade

models.
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Figure 5-9
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5.3~ Conclusicns

We have undertaken a study of inclusive photoproduction
of 7° and . N mesons at high energy. We have found general
agreement both with cther experiments and with predictions
of quark cascade models: we find scaling in the inclusive
distributions in both transverse mcmentum and Feynman X, an
exponential transverse mcmentum derendence, rough agreement
with others in the Feynman x distribution of pions, and an
n/wo ratio of apprcximately cne-half. What reméins for us
to dc is a further study of oir systematic errors for the
inclusive neutral pion data and an extensicn of both the n
and 7° inclusive cross secticns to higher transverse
pomenta. The data from this thesis, coupled with those of

further investigations, will enalkle us to get a clearer pic-

ture of the structure of matter.
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Aprendix A

DESIGN AND DESCRIETION OF FORWARD DETECTOR COMPONENTS

A<1. General Design Considerations

The purpose of the forward detector is to measure the
energy and position of electromagnetically showering parti-
cles emanating from the target. The various processes to be
studied-~-elastic scattering, inclusive neutral fion and eta
production, radiative neutral vector meson decays, inclusive
photcen production (particularly in the deeply inelastic
region) , and investigation of high~mass radiatively decaying
states--require a tremendous flexibility in terms of energy
range, multi-shower ambigqguity resclution, and position reso-
luticn. Furthermore, one would 1like the detectcr to be
large enough to simultaneously take data on as many of the

above-mentioned processes as possilklea

We realized that by separating the functions of energy
and positicn measurement, we could build a large detector
much cheaper than a combined function detector such as a
lead glass array [Breakstcne 74a]. We had also discussed
the somewhat more exctic fpossibility of building a liguid
argon shower detector, but decided it was better to stay
with a more conventicnal apprcach, particularly considering

the constraints on the resources of the labs at Santa Cruz.

For the total absorption function, size and cost
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constraints suggest the use cf shower counters using ultra-
violet transmitting acrylic plastic (rlexiglass) interleaved
Letween sheets of lead. There are several possibilities for
the position measuring device including magnetostrictive
wire chambers, multi-wire proportional chambers (MWPC's),
and several counter hodoscope schemes involving either plas-
tic scintillater or fplexiglass. We conducted a number of
teste in an electron beam at the Stanford Linear Accelerator
Center (SLAC) which indicated a counter hodoscope schene,
preferably using plastic scintillator, is superior to MWPC's
in both energy and pcsition resolution [ Breaukstone 74b]. In
addition the MWPC would have a more difficult time in
resolving multiple showers due to large derositions of
energy frcm dplta rays produced in the shower [Grillo 76].
Thus we designed a scintillator hodoscope consisting of two

sets of narrow counters at right angles to each cther.

We first had to determine where to place the hodoscope
in terms of depth of the shower. Fluctuations in the
conversion .point of the photon require the hodoscope to be
at least four radiation lengths (r.l.) into the shower for
tetter than a 98% chance of seeinqg the shower. In testing
prototypes at SLALU we found that although the best energy
resolution is obtained at shower wmax imum, the best [fosition
resoluticn is obtained slightly beyond that with only
51lightly decreased energy resclution. Since the depth of
shower maximum is o¢nly a logarithmic function of enerqgy

ranging from about 6 to 8 r.l. in the 10 to 100 GeV energy
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range, we decided to gplace the hodoscope after nine

quarter-inch ({1.13 r.l.) sheets of lead.

We decided to use seven plastic "fingers" for the front
section (U plane) and ten "fingers" for the back section {V
plane) of the total absorption counter with a gquarter-inch
sheet of lead preceding each strip. These numbers represent
a compromise between cost and light collection efficiency on
one hand and the desire to sample the shower fréquently on
the cther. One extra quarter—-inch sheet of lead is ©placed
in front of the entire array to reduce the shower leakage
out the back at the lesser cost of losing a little of the
pulse height at the front end. The total lead thickness is
4.5 inches or 20.34 radiation lengths. The 1lead distribu-
tion is shown in Figure A-1 which gives a cross-sectional

view of the hodoscope and total absorption counters.

Using tables of photon~initiated showers prepared by
Crawford and HMessel [Messel 70] and the scaling laws
expected to be true for showers, I have plotted in Figure
A-2 the number cf electrons for 10 and 100 GeV showers at a
given depth of the Shower in terms of radiation lengths of
lead. The 10 GeV curve is multiplied by a factor of 10.
The depths of the various counters are also shown. At the
point where the hodoscope is located, the pulse height is
sti 1l about 70% of the maximum for 10 GeV showers and over
90% of the maximum for 100 GeV showers, so the energy reso-

lution is only slightly worse than at shower maximunm. The
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Figure A-1
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Figure A-2

Shower Distribution Function
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amount of energy deposition expected is summarized in Table
A-1. Tor showers bhelow 100 GeV, 95% or more of the shower
enerqgy 1is deposited in the U and V planes. Above 100 GeV
fluctuations on the shower leakage out the back could be a

rajor source of degradation in the energy resolution.

A.2. Design, Testing, and Assembly of the Total Absorption

Counters

We conducted a series cof tests in an electron beam at
SLAC on prototype total absorption counters to better under-
stand the various design parameters and imprcve on them if
possible [Breakstone 75a Js Three major results were
obtained from this test:

1) The attenuation along the length of the counter
(approximately 70 cm) is about 30%.

2) The pulse height is prcportional to the beam energy and
the resolution proportional to the inverse square root
of the beam energy for the energy range available (4 to
12 GeV) . The only difficulty with this is that the
magnitude of the energy resclution, which when extrapo-
lated to 100 GeV would give o = 4%, is about twice what
we had hoped.

3) Investigation of the energy resolution problem revealed
that it 1is primarily due to low photoelectron statis-
tics at the photocathode.

These tests resulted in a two-pronged effort to optimize the

design of the counters. First I wrote a Monte Carlo program

[Breakstone 75c ] to generate photons randomly on the Cheren-

A . 0
kov cone for 'normally incident B = 1 particles (42 for

plexiglass with index of refraction 1.50) at a given point

on the surface of one of the strips, follow each photon to
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Table A-1
Expected Enerqgy Deposition in the

Total Absorption Counters

Percentage cf Total

10 GeV 100 Gev
Before U plane 2 1
In U plane 72 48
In V plane 25 47
After V plane 1 4
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see if it gets to the phototube and, if so, to see where it
hits. I also allow for the possibility of absorption of
photons with a somewhat conservatively estimated absorption
length of one meter. Photons hitting the walls at angles
less than the <critical angle (u2° for r[plexiglass) are
assumed to be lost. Most of the photons which start out
going towards the end of the counter away from the phototube
are lost. The major loss for thcse headed toward the photo-
tube occurs where the strips are bent and tapered to match
the counter to the phototube. The goal that became apparent
is tc reduce the bends as much as possible. Since the
thickness of the strips had to remain at one-half inch to
keep the amount of light generated from being reduced, the
distance between the strips was decreased from one-~half to
three-eighths of an inch to allow the bends on the outer

strips to be somewhat less severe.

An interesting result of the Monte Carlo is that each
strip tends to focus 1light on a different section of the
phototube. This focusing is particularly strong for ‘the
outer strips where the focusing region is less than double
the strip width. The most controversial result of the Monte
Carlc concerns the shape of the plexiglass block to which
the strips are glued. Traditionally it is tapered from a
square or rgctangular shape to a circular shape the size of
the phototube with the idea that the photons are funneled
onto the tube. The Monte Carlo showed that more photons are

lost by doing his than by putting the phototube directly
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onto the square or rectangular block, allowing those that

hit the corners to miss the photctube.

According to the Monte Carlo calculations, these
improvements +tripled the light collection efficiency of the
new design over the prototype. About 10% of the photons
generated at the center of the 18 cm x 72 cm active area of
the counter make it to the phototube for the new design.

Figure A-3 shows the final design for the U and V counters.

Concurrently with the Monte Carlo studies, we tested a
number of five-inch diameter photomultiplier tubes at Santa
Cruz using LED's and on the prototype counter at SLAC in an
electron beam [Breakstcne 75a and 75b]. We found that the
key criterion is the phototube's spectral response. For
Cherenkov 1light, the number of photons per unit wavelength
is inversely proportional to the wavelength, so the light is
peaked towards the ultraviclet. UVT plexiglass has a sharp
transmission cutoff at 300 nm. Thus we want the phototube
with the highest quantum efficiency near 300 nm. This calls
for a tuke with a bialkali or trialkali photocathode. He
found that the energy resclution of the prototype total
absorption counter at 8 GeV is 19% TFWHM with a trialkali
variant of the RCA 4522, whereas it is 32% FWHM for the
monoalkali Amperex XP10U40. This impressive difference
points out the value of matching phototube spectral response
to the spectrum of light generated. After testing a number

of different rhototubes, we decided to use the RCA 4525, a
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Figure A-3

Total Absorption Counters

UorV v U
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10-stage, bialkali tube, for its good performance at low

cost.

Finally there is the matter of designing a base for the
RCA 4525 tube. Since the counters have rates well below a
megahertz, we use a simple resistor chain £for the voltage
division with capacitors on the last five stages to keep the
voltage constant for large pulses.' We provided for two
dynode outputs tc allow daisy-chaining several tubes
together to serve as a trigger on showers produced in the
forward detector. The circuit diagram for this base is

given in Figure A-4.

The total absorption counters (16 U counters and 16 V
counters) were built by Nuclear Enterprises, Inc., in San
Carlos, California. In Santa Cruz we glued an LED fixture
and an americium—241 source onto each counter (see Appendix
C for more details). We then wrapped each finger of ‘the
counters with one layer cf .0005 inch thick aluminized mylar
followed by one layer of white paper approximately .0045
inch thick. This provides for optical isolation of the
fingyers and protection against the lead tearing the alumin-
jzed mylar when the counters and lead are assembled. The
outside face of the outer fingers and the region where the
counter tapers to the block are also wrapped with black
paper tape (.006 inch thick) and bIklack plastic tape (.01
inch thick) to protect the counter during handling. No

attempt was made to make the counters light +tight at this
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staqe.

We assembled the counters into modules at Termilab.
One module consists of four counters adjacent to each other
with lead in between the fingers forming an active area of
72 cm x 72 cm. The front and tack cover plates are one-
quarter inch thick aluminum sheets with holes drilled into
them to accomodate the LED fixtures and mounting bolts. The
side and end plates are made of sheet aluminum 1/32 inch
thick bent to fit over the cover plates. This leads to a
minimum separatiocm of 1/16 inch between gquadrants. The
sheet aluminum is taped to the cover plates with 10 mil
black plastic tape to make the entire module 1light tight.
To provide fcr electrostatic shielding, the phototubes are
wrapped with aluminum foil with a 20 MQ resistor connecting
it to the cathode pin on the tube socket. This is followed
ty a layer of mylar and kaptan tape for electrical insula-
tion. For magnetic shielding we use a shell of conetic
alloy (Perfection Mica #23P68X57) which also provides a
mechanical housing for the tulte which is held to the counter
with a spring loaded system. We use optical grease (Dow
Corning Q-2-3067) for the optical coupling of the phototube

to the counter.

A.3. Design, Testing, and Assembly of the Hodoscope

The hodoscope consists of two perpendicular planes of

long, thin strips running the length of the active area of
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the total absorption counters. Since the counters are
apprecximately 1.5 n long, we were gui;e concerned about the
attenuation properties of the material as well as the amount
of light produced in it. We tested three plastics: plexi-
glass, Pilot 425 (plexiglass doped with a wave shifter), and
scintillator. The ratic of 1light production is approxi-
mately 1 ; 1.5 : 10. The attenuation properties of all
three are about the same; each has approximately a factor of
two variation in pulse height over a length on the order of
one meter. HWe chose to use scihtillator of 25 mm thickness
for maximum light production. Tests at SLAC had shown that
a 3 c¢m width is sufficient to give a position resolution
better than 1 ¢cm. Tc provide for a hole in the array for
the unscattered beam to pass through, we made a set of
shortervstrips. We used a width of 2 cm primarily to give
us more flexibility in varying the size of the beam hole hy

varying the number of strips used in the center sections.

Tests were conducted at Santa Cruz on 1.5 inch diameter
phototubes to determine the relative merits of a hialkali
versus monoalkali photocathode. The bialkali tubes ({RCA
4517) produce a 50% larger pulse height than the monoalkali
{RCA 61Y9) tubes. Since its cost was only marginally nmore,
we chose the 4517 and its counterpart manufactured by

Amperex, the PM20 12B.

The phototube base was designed with the same low-rate

considerations as the one for the total absorption counters.
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The circuit diagram is. given in Figure A-5. We made special
bases with twc ancde outputs for counters to be used for the

muon and americium source mcnitors.

The scintillator (Rohaglas #1921) was purchased fronm
Rohm GMBH Chemische Fabrik in Darmstadt, Germany. There are
96 strips of size 158 cm x 3 cm x 2.5 cm and 16 strips of
size 92 c¢cm x 2 cm x 2.5 c¢cmn. The short strips are bent s>
the phototubes and bases can ke attached without interfer-
ence, while for the long strips no bending is necessary
because adjacent strips have their phototubes on opposite
ends of the array. Every strip is wrapped with one layer of
.0005 inch thick aluminized mylar with alternate strips
additionally wrapped with one layer of white paper .0045
inch thick. The long strips are mounted on 3/4 inch thick
plywood boards in groups of twenty-four to form an active
area of 72 cm x 158 cm. The strips are then covered by 1/8
inch thick masonite with grooves cut for the fiber optics of
the LED system (see Appendix C for more details on this),
follcwed by black paper tape {(.006 inch thick), and black
plastic tape {.01 inch thick) to make the entire urit 1light
tight. The short strips are similarly mounted ir groups of
four counters, providing an active area of 8 c¢cm x 75 cn.
One of the outer strips in each group of four was cut 8 cm
shorter than the others to provide extra clearance for the

phototubes without having to bend the strip additionally.

The mechanical coupling to tle phototube is provided by
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Figure A-5

RCA 4517 Base Circuit Diagram

SHV
High Voltage
Input
' 29.5-:0‘ V-zw Cathods (Pin 12)
Olp.f]. 2’(‘}%:5
3KV ]
.]; w Y . Dyl (Pin1)
15M$) 100K $
i72w 72w 1
» Dy 2 (Pin 1)
Neon 100k$2 ¢
Lamp vaw §
p——— Dy 3 (Pin 2)
00K ¢
2w 3
p—————— Dy 4 {Pin 10)
100K $) ¢
2w 3
f——— Dy5 (Pin 3)
100K ¢
2w 3
p————— Dy6 (Pin 9)
00K ¢
2w 3
{ Dy7 (Pin 4)
100KS) ¢ |.oonp,f
72w 3 IKV ,
- Dy 8 (Pin 8)
I0OKS) & 002yt
V2W 2 IKV
{ Dy 9 (Pin 5)
100k ¢ | 005uf
I72W ¢ 1KV
- Dy 10 (Pin 7)
ISOKS ¢ Ot
w3 l IKV
v JH
BNC G Anode (Pin 6)
Anode
Output 1k§)
172w

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 127 -

a threaded 1.5 inch diameter circular block of plexiglass
3/8 inch thick glued onto the end of the counter. The gpho-
totube has a polyvinyl chloride (PVC) collar glued to it and
is then screwed onto the block with optical grease {Dow
Corning (Q-2-3067) providing the optical coupling. The out-
side of the tubes are coated with a conducting paint (GC
Electronics #49-2 Television Tube Coat) connected to the
photocathode pin of the socket through a 10 MQ resistor for
elec trostatic shielding. They are electrically insulated
with mylar tape and magnetically shielded wusing <004 dinch

thick conetic foil (Advarnce Magnetics AD-MU #78) .

A.4. Overall Assembly

Before assembling the hodoscope and total absorption
counters together into a single unit, we had to decide how
to orient the various pieces with respect to each other.
There are three major parameters to deal with: the size of
the hole for the beam, the angle of the hodoscope with
respect to the U and V _planes, and whether the U and Vv
counters should be parallel or perpendicular to each other.
The major concerns are eas€ in mechanical mounting and in
reconstruction cf the position and energy of showers versus

multi-shower ambigqguity resolution.

The major factor in determining the hole size 1is the
size and divergence of the bean. By studying the rate

dependence of the U and V counters at a distance of 20 m
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from the hydrogen target as a function of horizcntal posi-
tion, we determined the horizontal width which encloses 90%
of the beam to be approximately 2.2 cm. This is roughly
verified by looking at the segmented wire ionization chamber
{SWIC) at 30 m frcm the target. The vertical width is some-~
what smaller, but also c¢n the order of 2 cm. Since the bean
steering and focusing as well as the physical size of the
radiator strongly affect this spot size, the beam aperature
must be much larger than this. We also want the hole as
small as possible to avoid 1losing particles from good
events., We determined empirically that a squafe hole 8 cm x
8 cm is adequate for our purposes. This leads to a minimunm
angle of 1.3 mr for a particle emanating from the target to
hit the detector if it is 30 m away. This corresponds to
|[t|] = -02 (GeV/c)2 for 100 GeV elastic photon-proton
scattering. This is wmuch smaller than the limit due to the

protcn stopping in the target.

To determine the effects of the orientations of the U
ani V counters and hodoscope, I wrote a Monte Carlo program
to simulate elastic scattering, quasi-elastic vector meson
production, and general tackground +type events (multi-
particle production) [Breakstone 77a). The first two pro-
grams are rather straight-forward since all the kinematical
properties of the initial and final states are determined by
two parameters which I choose to be the azimuthal angle ($),
chosen uniformly from 0 to 27, and the square of the four-

momentumn transfer {t), chosen according to a simple
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exponential distribution. The background events are gen-
erated using a scheme of quark-antiquark annihilation
invented by Abe Seiden [Seiden 76]. An exponential
transverse momentum spectrum is used which fits experimental
data well for transverse momenta below about 1 GeV/c, but

fits it rpocrly above that.

The first question we address is whether the U and V
counters should be parallel or perpendicular to each other.
For the parallel case, pairs of showers which hit the same U
counter also hit the same V counter and thus their indivi-
dual energies are not well determined. For the perpendicu-
lar configuration, if the pair hits the same U it need not
hit the same V and vice versa. Thus there are three dif-
ferent types of ambiguities of varying severity. The reso-
lution of these ambiguities depends on how well one can
assign an energy to a shower on the basis of the U or V
plane alcne. For the detector 30 m from the target, about
25% of the backgrcund events have at least one ambiguous
pair for the parallel case, whereas this is 37% for the per-
pendicular case, although of these only about one-third hit
koth the same U and V counter. These numbers are only
slightly dependent on the energy cut we place on showers.
It is interesting to note that most of the ambigquities are
caused by uncorrelated photons (i.e. photons not from the
same pion), especially in the perpendicular case. Since the
ability of the U and V counters to separately determine

shower energies is poor and the number of ambiguous events
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is not too large in the parallel case, we chose to go to the
parallel configuraticn. For ease in mounting and phototube
access, we put all the total absorption counters in a hor-

izontal position.

Finally I ran the Monte Carlo to determine whether or
not the hodoscope should be at an angle to the U and V
counters. The key point is that the pulse height informa-
tion helps tremendously to resolve ambiguous events. Assun-
ing that shower fluctuaticns cause an error in assigning an
energy to the shower using the hodoscope alone is
o= 100% s VE , we found that only 4% of the ambiguities
remain, independent of orientation of the hodoscope. Since
only this small number of ambiguities can be further reduced
by putting the hodoscope at an angle to the total absorption
counters and since doing this reduces +the overlap of the

two, we decided not to rotate the hodoscope.

Thus we arrived at the overall assembly as depicted in
Figures 2-10 and 2-11 in the main text. The cart on which
we mounted the detector can move horizontally transverse to
the beam as well as longitudinally along the beam direction,
giving us great flexibility in positioning the forward

detector.
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Appendix B

FORWARD DETECTOR CALIBRATION PROCEDURES AND RESULTS

Be.1. General Remarks

In order to reccnstruct showers, a calibration of the
forward detector with showers of known energy is required.
The calibration must provide a function to relate the pulse
height in the counter tc the shower energy and the error on
that function for both the total absorption counters and the
hodoscope. It must fprovide information concerning the
lateral and longitudinal spread of showers to determine how
to add pulse heights frcm adjacent counters, how to correct
for shower enerqgy losses at the edges of the detector, and
what ratio to use in adding the pulse heights of the U and Vv
counters as a functicn of energy. It must also give the
position and energy resclution of the detector as a whole
and, finally, it must provide an initial value for the rela-
tive gains and a «calibration of +the monitors for each
counter in the forward detector. Subsegquent gain tracking
as a function of time is provided by the monitoring systems

described in Appendix C.

B.2. Calibration Procedures

Two major calibration runs vere conducted in

September-October of 1977 and in May of 1978. Prior to the
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time of the first calibration, we had conducted two series
of tests on secticns c¢f the forward detector described in

[Breakstone 76e and 77b].

The procedures for each of the two sets of calibration
runs are virtually identical. The forward detector is at a
position approximately 30 meters downstream of the hydrogen
target. Immediately upstream of the recoil house is a bend-
ing magnet set on circular gymbals so that it can be
rotated. It has sufficient bending power to bend a 30 GeV
electron keam over +the entire forsard detector's active
area. The trigger used is a coincidence between the counter
denoted TFAKE in Figure 2-5 and a sum of the pulse heights
in the total absorption counters in anticoincidence with
various vetc counters to eliminate beam halo particles fron
the +trigger. Typically the collimators in the beam are set

to give a few thousand electrons per beam spill.

The calibration consiéts of a series of runs of about
500 to 1000 triggers, each one defined by a certain set of
conditions (magnet setting, forward detector.position, beam
energy, etc.). The majority of these runs consist of a
detailed scan of the detector with a 30 GeV electron beanm to
establish the relative gains of all the counters, the
attenuation functions, and edge effects. The typical gain
variations for the tctal abscrption counters are * 25% with
the error in determining the gain of about 2%. For the

hodoscope the gain variations are not much larger, about
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+ 40%, but the error in determining them is about 10%, due
primarily to the large fluctuations in pulse height in a
single strip. Still this is guite sufficient to keep sys-
tematic errors in deterwmining the fposition of the centroid

of a shower below 2 mm.

In addition to the scans with the 30 GeV electrcn bean,
we changed the beam energy tc various values ranging from 15
to 185 GeV for one position in the detector. This 1is
required to establish the energy-versus-pulse height curve,
the error in assigning shower energy from a given pulse
height, and to find the optiral ratio to add the U and V

counters together as a function of shower energye.

Finally we changed over to a tagged photon bheam to
establish the differences letween 1incident electrons and
photcns., One expects scme differences, particularly in the
hodoscope rpulse heights, since on the average the shower
develops further into the detectcr for incident photcns than

for incident electrons.

B.3. Analysis and Results

The previously described set of calibration runs esta-
blished all the performance parameters of the forward detec-
tor for single showers. In this section I will describe the
analysis of the calibration data, discussing the results as
they are presented. Further details may be found in [Break-

stone 77c and 78a, b, ¢, and d].
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B.3.1. Attenuaticn Functions and Gains

The first step is to establish +the attenuation func-
tions and relative gains for the total absorption and hodo-
scope counters so that pulse heights measured in one part of

the detector can be normalized to those in another part.

Using a set of runs comprising a horizontal scan, I
have plotted in Figure b-1 the pulse height as a function of
position along the length of typical U and V counters. Note
that the attenuation in the V counter is greater than in the
U counter, but for bcth there is little attenuation beyond
30 cn. The solid 1lines 1in the figure are fits to the
attenuation function as follows:

Tor the U counters:

4 2 -7

2 D% - 8.86 x 107/ D

f(D) = 1.2 - 1.1 x 10 “ D + 1.72 x 10

For the V counters:

3 42 -6

2p+1.18x 10° D% -9.0x10 %D

f£(D) = 1.71 - 5.1 x 10

"
-
[}

where the functions are ncrmalized so that £ (30 cm)

For the hodoscope the attenuation function is somewhat
more difficult to extract. The reason for this is that
there are systematic shifts in beam position and, hence, in
pulse height, when we mcve the cart or rotate the magnet to
cover a different section of the counter. A shift of only
one millimeter yields approximately a 10% change in pulse

height in the strip cocntaining the bulk of the shower
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energy. By matching the values of ' the pulse heights at the
forders of each cf these sections to normalize the rTesults
of each set of runs, one can arrive at the composite curve
shown in Figure B-2. The sclid line is a fit to the func~-

tion
f(D) = N (e_D/Lo + e_(ZL_D)/Lo)

where N is a normalizaticn chcsen such that f(L/2) = 1,

D is the distance from the point to the phototube,

1L is the length of the counter, and

Ly is the attenuaticn length. This curve is what one
would expect from a simple exronential absorption of photons
with perfect reflection off the end of the counter oprosite
the phototube. For the lcng strips, for which L = 158 cm,
the attenuation length which yields the best fit is L = 150
cm, whereas for the short strips in the center of the hodo-
scope array, for which L = 92 cm, L = 75 cm. This apparent
difference in attenuation length is due to the geometrical
loss of light due to the bending of the light pipes for the
short strips as opposed tc any real difference in the

absorption properties of the plastic.

The procedure for obtaining the relative gains cf the U
and V counters is very simple. The 30 GeV electron beanm is
directed at a point approximately in the center of the
active area of the counter. Using the known attenuation
function, the average pulse heights from each «counter are

corrected for the small differences in position of the beam
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Figure B-2
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relative to the counter. With U13 and V13 chosen as the
standard counters for which the gain is defined to be 1.00,
the relative gains of the other counters are given by the
ratic of the corrected average pulse height to that of U13
and V13. For the U counters the variation in the gains 1is

* 10% with an estimated error in determining the yains of
1%. For the V counters, the high voltages were not set
guite so carefully, so the gain variation is % 25% with an

estimated error of 2% on each gain.

For the hodoscope a two-pass proceaure is used to
estaklisk the gains. On the first pass the maximum average
pulse height taken over a set of runs that sweep across the
counter is determined.  This number is then simply divided
by fifty to obtain the gain. Fifty is chosen as the nominal
value a counter shculd have if a 30 GeV shower is centered
on it. On the second pass the first pass gains are used in
conjunction with the attenuation function to get a more
accurate estimate of the gain by summing the average pulse
-heights of all the strips hit and ad justing the gains of the
central three strips to get the sum to be a more o¢r less
constant value over a set ¢f runs which sweep across that
set of counters. Using this procedure I have established
relative gains for all the hodoscope counters which are good
to approximately 10%. 1The variation in the gains 4is about

* 40%.
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B.3.2. Lateral Shower Spread

Due to the gaps between the U plane and the hodoscope
and the V plane, there is a great deal of lateral spreading
of showers. Table B-l1a gives the pulse heigbts in adjacent
U and V counters as a 30 GeV electron beam is swept across
them. The shower is much wider in the V counters than in
the U counters as can be seen by comparing the ratios
012,011 versus V12/V11. For example, at 2 cm from the edge
of +the counters, U012 is 12% of U111, whereas V12 is almost
half of V11. This is to be expected since tlke shower has a
chance to spread laterally in the air gap between the U and
V planes. The percentage of the shower seen 1in adjacent
counters for the sum of U and V as a function of lateral

distance is given in Table B-1b and Figure B-3.

For the hodcscore the shower typically spreads over
nine strips (27 cm). The frcnt plane of the hodoscope has a
slightly greater shower spread than the plane behind it due
to absorption of scme of the soft component of the shower
which tends to go at a wider angle than the hard component.
I will discuss the width of showers in the hodoscope more

guantitatively in Secticn B.3.5.

B.3.3. Longitudinal Shower Development

As is well known, the shower maximum moves deeper into
the total absorption counters as the shaower energy

increases. We have reasured the pulse heights in the total
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Table E-1

Lateral Spread of Showers in the
Total Absorgpticn Counters

a) Pulse Heights

Distance Pulse Height Minus Pedestal
From Edge Corrected for Gain
{cm) (ADC channels)
U 012 V11 V12 Suam
9 114 0 36 3 153
6 113 1 34 5 153
4 1M 2 33 7 153
2 100 12 28 13 153
1 75 37 25 19 156
0 55 57 21 21 154
-1 34 78 17 25 154
-2 13 100 10 32 155
-4 3 110 6 37 156
-6 1 113 4 39 157

b) Percentage cf Shower seen by U + V

Distance g1t + V11 U12 + v12
From Edge ) %)
(cm)
9 98 2
6 96 4
4 Sy 6
2 84 16
1 64 36
0 49 51
-1 33 67
-2 15 85
-4 6 94
-6 4 96
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absorption counters as a function of energy for electrons
and tagged photcns. The fraction of the shower energy depo-
sition in the U and V counters and their ratio are given in
Table B-2 and Figure B-4. As one can see, there is a marked
difference between electron- and photon-initiated showers.
The depth of shower maximum is greater for photon-initiated
showers than for electron-initiated showers of the same
energy, which is indicated by the 1lesser U/V ratio for

photon-initiated showers.

To get a value for the energy of a particular shower,
one must, of course, add together the pulse heights from the
U and V counters. " Although the relative gains of the U and
V counters are not a function of shower energy, the ratio to
add the U and V together to get the minimum error in the
energy may be a functicn cf energy. We have measured this
effect and find that the ratio is only slowly varying with
energy from 1.00 at 15 Gev to .80 at 185 GeV with cnly a
weak effect on the width of the resulting pulse height dis-
triputions. 10 make subsequent shower reconstruction
easier, we ignore this effect and simply add the U and V

pulse heights together with a ratio of one for all energies.

Figure B-5 shows the raw pulse height distributions for
the U and V counters and ﬁor the sum (U + V)/2 taken on an
event-by-event basis. The individual distributions are
quite wide, but, since the U and V pulse heights are highly

correlated due to fluctuations in the 1longitudinal shower
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Table B-2

Fraction of Shower in U and V Counters
as a Function of Energy

a) Electron-Initiated Showers

Energy Fraction ¢f Pulse Height usv
{GeV) in U in Vv Ratio
15 .81 .19 4,25

30 -72 .28 2.57

60 .66 .34 1.95

90 .62 .38 1.62
135 «57 43 1.33
185 51 49 1.04

b) Photon-Initiated Showers

Energy Fraction of Pulse Height o/v
{(GeV) in 0 in Vv Ratio
56 «56 44 1.26
67 .55 .45 1.23
78 -54 -46 1.17
87 «53 - 47 1.13
91 .53 47 1.13
96 .52 48 1.08
39 ~52 -48 1.08
104 .51 ~ U9 1.04
1C9 <50 .50 1.00
113 - 48 .52 .93
117 44 .56 .79
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Figure B-4
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Figure B-5

Total Absorption Counter Pulse Height Distributions
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development, the resulting summed distributicn is quite narc-
row. The large fluctuations in the development of the
shower also yield very wide pulse height distributicns in

the hodoscore as discussed in Section B.3.5.

B.3.4. Energy Dependence and Resclution

Using the data from a set of runs where we varied the
electron beam energy from 15 to 185 GeV and a long run with
tagged photcns using a 135 GeV electron beam, we compiled
the data necessary to give the emnergy dependence and resolu-
tion for the total altsorption counters and hodoscope. These
results are displayed in Figures B-6 and B-7. The energy
used for the tagged photcn fpcints is the mean enerqgy of the

tagging channel.

As can be easily seen, the pulse height from the total
absorption counters (U + V) is a linear function of bean
energy with the electron and rhoton points lying on the same
curve. The line through the points is the fit

PH{E) = 6.01 (E - 3.0)
where E is nmeasured in GeV.

The Gaussian width (o) of the pulse height distribution
which represents the energyy resclution of the counters is
also shown. Here the curve is just meant to guide the eye
and does not represent a fit to any particular function. In

this set of measurements no attempt is made to separate out
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Figure B-6
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Figure B-7

Hodoscope Energy Response and Resolution
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Feam momentum width effects. This is expected to be sub-
stantial since the momentum tite is typically 1 to 2% and is
dependent on the beam energy. We did one special run with a
135 GeV electron beam with the ccllimators stopped down such
that the beam momentum spread was small with the resulting
0= 1.6%. With this as a measure of beam width effects, we
can parametrize the energy resclution of the total absorp-
tion counters as
o (E) = 18% / VE

where E is measured in GeV.

The same information is fplotted for one of thé hodo-
scope planes in Fiqure B-7. The pulse height plotted is the
sum cf tke pulse heights of nine adjacent strips. Again the
energy resronse 1is approximately 1linear, although at low
energies there is a significant deviation from linearity.
This 1is to be expected since the hodoscope is only sampling
at a fixed depth of the shower. Note that the photon~ and
electron-initiated showers lie cn different curves with the
photon data higher by about 12%. This agrees well with the
previously described results cn the U/V ratio for electron-

and photon-initiated showers.

The data for the energy resolution of one hodoscope
Flane is also shown with the curve o = 140% / VYE superim-
posed. The resoluticn is poor since the hodoscope samples
the shower only once and we have already seen that the long-

itudimnal fluctuations of the shower are large. Since the
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energy measured in one plane of the hodoscope is strongly
correlated to that measured in the other plane, even this
poor resclution allows us to solve certain multi-shower
ambiguity problems. This is discussed more thoroughly in

the nain text of this thesis.

B.3.5. Shower Width and Position Resolution

As was mentioned previously, showers are quite wide in
the hodoscope due tc the lateral spreading of the soft conm-
ponent. This is illustrated in Figyure B-8 where various
distributicns are shown for 30 and 135 GeV showers. Figure
B-8a shows a typical ©pulse height distribution for one
event. Note that the distribution is non-Gaussian with most
of the pulse height in the central three strips, especially
at the higher energy. Figure B-8b is a histogram of the sun
of the pulse heights of nine strips. The resulting mean and
widthk of these distributions give the results plotted in
Figure B~7. As a quantitative measure of the 1location and
width of the shower, we define the centroid, <x>, and mean

square width, < Ax2>, to be

¥ x. PH.
<X> = 1 1
X PHi
2 I (x. - <x> )2 PH,
<Ax> = 1 =
I PH.
i

The shower width, W, is defined as W = /<AX?>
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Figure B-8
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Figures B-8c¢ and B-8d are histograms of the quantities <x>

and W. The Saussian widths of these distributions define
the positicr resclution, Ocxs> ¢ and variation in shower
width, Oy ¢ respectively. Table B-3 lists these quantities

as a function of energy for electron-initiated showers in
the 15 to 185 GeV range. Note that the position resolution

is in the 2 to 3 mm range at the highest energies.
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Table B-3

Shower Width and Position Resolution
In the Hodoscope

Energy Shower Variation Position
(GeV) Width in Width Resolution
% (cm) (cnm) (cm)
15 4.66 1.06 1. 48
30 4.85 <55 .75
60 4.99 -35 .43
90 5.04 27 .32
135 5.14 .23 <26
185 5.21 .20 - 20
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. Appendix C

ON-LINE MONITORING SYSTEMS

C.1. General Requirements

Since a knowledge of the integrity and stability of the
experimental apparatus during the data taking is essential
to this experiment, we designed a number of monitoring sys-
tems to check the status of the various counters as the data
is being collected. The requirements of the various moni-
tors are that they must be reliable, stable, and allow for
redundancy. In addition the cverall system should be com-
pletely automated, tut still allow the flexibility to manu-
ally override the computer so that a particular monitor may
be looked at in greater detail at any ygiven time. For the
forward detector, the crucial quantity to monitor is the
variation <c¢f the —rulse height with time. For the total
absorption counters, we have an energy resolution of about
2% {Gaussian standard deviation) for 100 GeV showers. Thus
we require a kncwledge of the gain to better than 2% in
order to keep systermatic errors within this resolution. To
provide for this accuracy as well as the necessary redun-
dancy, we have three separate systems to monitor the pulse
height of the counters using light emitting diodes (LED's),
americium~-241 sources embedded in sodium iodide crystals,
and muons from the beam halo. For the hodoscope counters,

the requirements are not as severe since the pulse height
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information need not be known to this precision (0 = 10% is
sufficient), thus we have only a combined and somewhat less
redundant LED and americium scurce system. In the recoil
det ector, the drift chambers do not lend themselves to these
sorts of monitors; however, for the time-of-flight counters,
checks on the étability of the pulse height and the time
spectra are useful and can be performed with an LED systenm.
In addition we have a system to monitor all the high vol-
tagyes on the phototubes and drift chambers, the temperature
at variocus places in the hydrogen target, and the currents
on a couple of critical magnets (including the tagging mag-
nets) . This system, provided by Fermilalb, consists of a
high voltage distribution and ﬁonitoring box, multiplexer,
digital voltmeter, and CAMAC readout system. We refer to
this collection of units as the DVM systen. It is inter-
faced to the computer so that we can not only read out the
voltages on-line, but alsc write them onto magnetic tape for
further study. The DVM system includes an alarm which is
set off to notify the person on shift if any .values vary
from the nominal value by more than a predetermined toler-
ance. A further description of this system may be found in

[Brenner 77 ].

The bulk of the remainder of this appendix consists of
a description and summary of the performance of each of the

on-line monitoring systenms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 156 -

C.2. LED System for the Total Absorption Counters

As mentioned previously there are three monitoring sys-
tems for +the total absorption counters [ Breakstone 754].
The purpose of the LED system is to provide an accurate
short-term monitor which can be used to cross-calibrate the
counters and indicate gain variations that are due to rate
effects. It has the advantages over the other systems since
it can be turned cn and off easily, thus can be run at high
rates for short pericds of time while still collecting good
statistics; it can easily show ‘in-spill and out-of-spill
gain changes; it can easily be used to isolate a small set
of counters; and its light output can be varied to investi-
gate the linearity of the ADC's, possible phototube satura-
tion, or other effects which may be intensity dependent. It

has the limitations that its light output is temperature

dependent and that its long term stability is suspect.

Since the light output of showers is guite laryge and we
want to fan out cne LED to several counters using fiber
optics, we need a very bright LEL. We found that the OPCOA
ISL-38L-3 Ultra—~-High Intensity Illuminator is quite suit-
able. Since its peak light cutput is in the green part of
the spectrum, its spectral response matches that of photo-
tubes better than the more common red LED's. A number of
tests of this LED were made to check its suitability for use
as a monitor [ Breakstone 74c]. In particular in a two—ménth

test, we found its intensity to decrease systematically by
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about 4% per month [Breakstone 76b]. Day-to-day fluctua-
tions are on the 1% level. The temperature dependence is
quite large—--the intensity decreases with increasing tenm-
perature by about 0.5% / °c [Breakstone 76c]. These varia-
tions limit the LED to a short term (on the order of a few
days) monitor which will need periodic recalibraticn using
the cther mconitors which are more stable with time and tem-

perature variations.

The physical components of the LED system are illus-
trated in Figure C-1. The system is designed such that
LED's and fiber optics groups can easily be replaced in the
event of a malfunction. The LED is potted with a clear
epoxy resin into a metal (aluminum or brass) housing con-
plete with BNC connector soldered to the LED for ease of
electrical connection. The metal housing containing the LED
screws into a metal housing containing a group of eight
fiber optics bundles (DuPont Crofon #1410). A piece of
plexiglass in between the LED and the fiber optics is used
to diffuse the highly <collimated LED 1light. The fiber
optics is coupled to the counter with a PVC housing which
screws onto a plexiglass adapter glued to the light pipe of
the counter. It is purposely placed such that the light has
to go through all of the glue joints in the counter to reach
the phototube so that we have a check that the glue joints
are not deteriorating during the experiment. All optical
couplings use optical grease (Dow Corning Q-2-3067).

Neoprene tubing and black tape are used to achieve optical
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Figure C-1
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isolation from the external envircnment.

To rroduce the high intensity needed, we wuse a high
voltage pulser (Spencer-Kennedy Laboratories Model 503)
modified to allow the use of an external high voltage povwer
supply and a computer—-enable gate. We use coaxial relays to
switch the high voltage pulse to different LED's. The
addressing cf these units can be done either by computer via
a CAMKAC TTL output register or manually using a home-nade
unit which puts out TTL levels. The entire system was
tested for reliability at santa Cruz during the design stage

[ Breakstone 76a].

The electrical system used to control the LED's and to
produce the +trigger 1is conceptually simple, but somewhat
complicated in practice, as illustrated in Figure C-2. The
conputer chooses the switching matrices which route the
pulse to the various LED's via a CAMAC TTL output register.
The fpulser is enabled by a circuit which allows the computer
to turn it on with a NIM pulse from a CAMAC NIM output
register. It automatically shuts off with an adjustable
delay, usually around tuc seccnds. A small part of the
pulse is split off using a resistive splitter to provide the
total absorption counter LED trigger ({(denoted FLED in the
drawing) which is used as an input to the priority interrupt

to tell the data taking routine what kind of trigger it is.

The entire system worked very well during the ccurse of

the experiment. Over a six-mcnth period fluctuations in the
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Figure C-2a
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Figure C-2b
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pulse height are typically on the order of 10%. This 1is
illustrated in Figure C-6, where we have plotted the average
pulse height of each of the menitors for the total absorp-
tion ‘counters versus time. The point at t = 1 day is the
value from the calibration. The error bars include an esti-
mate of the systematic errors in the algorithm which calcu-
lates the mean value of the distribution. For the ameri-
cium, LED, and muon monitors the errors are 2, 1, and 10 ADC
counts, respectively. This ccmpletely dominates the random
errors (o s Y¥) on the calculation of each point. Over a
pericd of a few days the pulse heights for +the LED's are
constant to a few percent. None of the LED's failed during

the experiment.

C.3. Americium Sources for the Total Absorption Counters

The second system used in mcnitoring the total absorp-
tion counters employs an americium-241 source embedded in a

Am241 emits

thallium-activated sodium iodide crystal. The
an alpha particle of energy 5.64 MeV, which converts some of
its enerqgy into fhotcns in the visible part of the spectrum.
For sodium iodide approximately one photon is produced for
each 25 eV enerqgy loss. The large light output needed to be
comparable to high energy showers requires the use of sodium
iodide rather than plastic scintillator. Sodium iodide pro-
duces about four times as much light as plastic scintillator

for the same amount of energy loss. The sources were

manufactured by Isotope Procducts Laboratory in Burbank,
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California. Since they were a new product, each source was
tested in Santa Cruz for its suitability. We found that the
sources vary in pulse height Yty about a factor of two. The
widths of the spectra vary by a factor of two and are typi-

cally about 2% (Gaussian stancard deviation).

Since the primary purpose of the Am241 sources is to

monitor the gain changes <¢f the phototubes, we mount the
sources directly on the face of the tube. 1In order to allow
as much of the light from showers to get to the phototube as
possible, we‘require the sources to be physically small (1/4
inch diameter by 1/4 inch long). For the V counters we mill
a hole into the counter into which the source 1is potted,
while for the U counters the sources are glued into a small
plexiglass block which is in turn glued to the side of the
counter so that the source faces the phototube. The loca-
tion of the sources is illustrated in Figure A-3 in Appendix
A. Optical grease is used for the optical coupling of the

source to the phototube.

The logic for producing the americium source trigger
for the +total absorption counters is shown in Figure C-3.
The complexity of the system is due to wusing many of the
same units for a trigger on the total pulse height in the
total absorption counters. The dynode signals from all the
photctubes are fanned in and amplified downstairs to minim-
ize the numher of cables needed to go to the rest of the

logic upstairs in the counting roon. A factor—-of—-ten
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amplification is used since the typical pulse height from
the sources is only about 20 mV, below the discriminatotr's
minimum threshold. Since we do not want showers from real
events to contaminate the americium source spectra, we only
take americium triggers cut of the beam spill., Figure C-6a
shows the pulse height as a function of time for the ameri-

cium monitor con a typical total absorption counter.

C.4. Mucn Monitor

The final monitor of the pulse height stability of the
total absorption counters uses muons from the beam halo.
The advantage of using muons is that any pulse height varia-
tions which are seen nmust be due to the detection apparatus
as opposed to possible variations in the light level of the
LED's or americium  sources. The major problem with the
method is that the j(ulse height produced by a minimum~
ionizing particle passing through the +total absorption
counters is on the order of 200 times less than that of a
100 GeV shower. This requires the anode signals to bhe split
and one set to be amplified and run into a separate set of
ADC's. The amplification 1is a factor of 100 obtained by
putting in series two stages of commercial x10 amplifiers
(LRS 612). Also because of the large fluctuations in the
low number of photoelectrons produced at the photocathode of
the phototubes, the pulse height distributions are quite

wide, typically o = 40%.
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The muon trigger is formed by a coincidence of the muon
veto counters used in the tagging system and a set of hodo-
scope counters in each plane of the forward detector hodo-
scope as is illustrated in Fiqure C-4. This forms a set of
sixteen 3 cm x 3 cm regions with one region overlapping each
of the total absorpticn counters. The trigger logic con-
sists of a simple set of fanins and coincidence units shown

in Figure C~-5.

Due to the large width of the pulse height distribu-
tions, the muon monitor is somew hat cumbersome to use. Thus
the americium scurces provide the primary monitor of photo-
tube gain changes. In general when a change in average
pulse height occurs, the LED and americium mconitors track
together, indicating that the gain of the phototube has
changyed. In those cases the muon monitor is checked 1in
addition to see if it agrees with that hypothesis. This
generally does agree and provides an accurate monitor of
phototube gain changes in the total absorption counters. A
plot of the gain variaticn as a function of time for a typi-
cal phototube as determined by these monitors is shown in
Figure C-6d. The error on each point is estimated to be 2%,
due primarily to systematic errors in the calculation of the
averade value for the americium monitor. For most of the
counters the gain changes are less than 20% over the course
of the axperiment with the gain tracking of the monitors
good to a few percent. This is discussed further in Section

4e2.3. in the main text.
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Figure C-4

Location of Muon Counters in Hodoscope
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Figure C-6

Monitors For Total Absorption Counter vs. Time
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C.5. LED and Americium Source System for the Hodoscope

For the hodoscope the number of counters involved (112)
and the lower precision required allow the use of a combined
LED and americium-241 source system. For the outer set of
strips, there 1is one source for each eight counters with a
single LED fanned out to that set of eight counters using
fiber optics fsee Figure C-7). The inner strips are done
the same way but with sets of four counters rather than
eight. This sums tc a total of sixteen sources and sixteen
LED's. The same LED and LED-to-fiber optics coupling is
used here as on the total absorption counters. Since the
light levels in the hodoscope are much less than those in
the total absorption «counters, the amhericium sources are
embedded 1in a fplastic scintillator rather than sodium
iodide. The sources, also manufactured by Isotope Products
laboratories, are potted into a hole milled into the circu-
lar "cookie" which <connects the counter to the phototube
such that the source is directly on the face of +the tube.
Optical grease provides the optical coupling between the
source and the phototube. Unfortunately, due to the +timing
of testing of prototypes and the ordering of the hodoscope
and the sources, we found subsequently that the light levels
of the sources are too low by a factor of ten to provide a
good monitor, sc we had to split and amplify the signals
from those phototubes which have the sources on them using
commercial amplifiers (LRS 612). This yields a somewhat

broad distribution ( O = 40%) which results in many of the
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Figure C-7

b)
Fiber Optics
O
Am Source
(Fuit Scale)

E
[
.
[/
>
w
[12}
8
-
Q.
o
[ St |
Qo
=]
[T
©
c
o
(]
w
-
%]
Q.
o
(&}
724
O
©
o
I
—

a)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 172 -

same difficulties as the muon monitor for the total absorp-
tion counters. The trigger 1lcgic for each component of this
monitoring system is similar to those used for the total

absorption counters (see Fiqgures C-8 and C-2).

In general this monitoring system did not do as well as
that tor the total absorption counters as can be seen in
Figure C-9, where we plot versus time the americium and LED
monitors for one of the hodoscope counters which had both.
The scatter of roints for the americium monitor 1limits its
usefulness. The LED's also have larger systematic varia-
tions than for +those on the +total absorption counters.
Tracking between the twc monitors is not very good in addi-
tion. However, the monitors do indicate that the gains are
constant to the 10% level for the duration of the experi-

mente.

C.6. Time-of-Flight LED Systenm

For the recoil detector, the only on-line monitoring
system is an LED system designed to check the stability of
the time spectra of the TDC's and the pulse height spectra
of the ADC's for the time~of-flight counters. The major
problem in designing the system is that typically inexpen-
sive LED's have risetimes on the order of 50 ns, whereas we
hope to achieve a width of the TDC spectrum comparable to
the expected resolution of 300 ps. This requires the use of

4 very short (approximately 1 ns) pulse of quite high vol-
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Figure C-9
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tage (about 600 V) into a bright LED. For this reason we
use¢ the same LED as for the hodoscope and total absorption
‘counters, the OPCOA LSL-38L-3. Tests at Santa Cruz showed
the feasibility of this system and achieved a time resolu-
ﬁion of = 500 ps, but indicated that the light level of
the LED would be marginal, about equivalent to a minimum
ionizing particle rassing through the counter [ Breakstone

76d ]

Since we want to illuminate both tubes c¢n either end of
the counter with <c¢ne LED, we designed a mounting which
includes the fiber optics light quiding system shown in Fig-
ure C-10. The LED's are potted into the same kind of hous-
ing as used for the fcrward detector, however, a separate

LED is used for each countere.

The electrical switching system and trigger logic are
similar to that of the forward detector. The TOF start
counter's LED and one of four sets of four TOF counter LED's
are switched cn at one time. The pattern of LED's on is
such that all the TDC and ADC channels for the time-of-
£light system are tested for each pattern. Details on the
perfcrmance of this system during the experiment may be

found in [Grillo 80].
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Figure C-10
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Appendix D

DERIVATICN OF FORNMNULAS

I have used a number of equations relating showver
widths, particle separations, mass formulas, etc. in the
analysis of the data. In this appendix I go through the
derivaticns of these forrulas in some detail. I£ is of par-
ticular importance to note where approximations are used in
each case so that the validity of the formulas may be judged

properly.

D.1. Overlapping Hodcscope Clusters

Given two hodoscope clusters that are well separated in
one plane (e.g. the y plane), but overlap in the other plane
(e« g. the x plane), we know (i.e. have measured) the indivi-
dual energies, mear [positions, and widths in the y plane,

E r Y10 Yoo Gyl' Oy2' and the combined gquantities in

=
1y * "2y
the x plane %{, X, Ox' We want to know these guantities for
individual showers in the x plane, i.e. we want to know E2 .
El ¢ X1 X904 Oyqs and Oyp = To relate the unknown quantltles

to the known ones, we must assume that

1l
[xs]

E = E = E E = E

Ix 1y 1 2x 2y T 72

= 0

and Ox1 = Oy1 = 01 Iy y2 93

and use the following equaticns:
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( Elx * EZX = Ex

(2)  Eg, ’—(1 * By X, = E_ X
(3 Elx ;17 * EZX ;;7 - Ex ;7
4) oxz - x% - %

Equations (1) through (3) fcllow from the definitions of the
total energy and first and second monments, e.g. for the
first moment

_ X xiEix

z EiX

where the sum runs over the N hodoscope strips in which the
shower deposits energy. Equation (4) follows <from the
definition of the shower width squared

=2
z (Xi_x) ix

L E,
ix

Equations (1) through (#) can be used to derive a very use-

ful formula relating the shower widths as follows:

E o 2 = E_(x%-X%)
X X x "
= E x% - E X2
X X
LTI T7 1 2= 2, g2z 2
= Eix¥p *ExxXp - (Elx 1 P2E B X X Eg X))
2 2 — — 2 _2 — = 2 =2
B0, = B B Xy B By Xy B X T 2B By XX By X
2 T7T 2 2 7 2 e
= Ejp(x7-x07) + BEj (x,7-%,7) + Eg E ZX(X " 2XX)+X,")
2 2 2 2 2 2 . —— 2 —2
= E1xO1x * Bx02x * BpxBox (01x* X - 2X X %00, +X, ")
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B o % = By (B *E) )07 +E, (By +E, o7 +By B, (%) 2-2%,%,+%,7)
= ExElxoix + ExE2x°§x + Ele2x(§1'f2)2
Thus we get
) Exox2 - Elxoix * E2x0§x * Eliﬁ&& ()(1-562)2
x

which says that the cverall width squared of a sum of two
showers i1s simply the weighted sums of the individual widths
plus a term prororticnal to the square of the separation
between then. Note that in this derivation no assumptions

have been made concerning the shape of the shower.

Equaticns (2) and (5) can now be used to eliminate %
so that X, may be expressed in terms of the average position
and individual widths and energies of the constituernt
showers. The derivation follcws: (2) may be rewritten as

- Exx - Elxxl
xz =

EZx

Substituting into (5) gives

E,_E E.X-E.. X
z _ 2 2 1x72x .= _ 1x71, 2
B0 = E1xO1x*EoxOox* — (%1 E )
X 2x
E
= 1x = o =2
= ) fpE e (R (B By ) -Eyx)
2X X
E, E
= " b AXTX g5y 2
E, 1
X
(X.-X)% = Pox (E.o? - E,_ 0% - E,. %)
1 E. E X X 1x71x 2X°2x
1x"x
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Thus we get

2
E E E
5 o— — 2x 2 2x 2 2X 2 .1/2
{6) x, =x+ (g0, - &40 - g5.)
1 E1X X Ex 1x Elex 2x
Similarly for xz we get
2
E E E
— — 1x 2 Ix _2 1x 2 \1/2
7 = - (=== - === -
) xp = x - (g57 0 - g 9 E,.E O1x)

2X X X

One gets a minus sign instead of a plus sign for the square
)2

root term bhecause of the minus siqgn in the (x_, - ¥ term

1 2
in equation (5). This obviocusly must be the case since the
centers of the two showers rust lie ¢n opposite sides of the

mean center position.

D.2. Di-photon Mass

=
Given tvwc rhotons with U4-momentum vectors pq = (El,gﬂ

and fz = (Ez,gz), the invariant mass of the pair is

2 > 2
me, = (P * Py)
> 2 > > > 2
= Py *2p1°Py*P,
= 251‘52 since 512 = 522 =0 for photons

Thus we have

2
{8) mYY = 2E1E2(1-coseyy)

since EJ.EQ = plpzcos GYY
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and p = E for photons. Now the two' photons have ©fosition
vectors in the forward detector (with respect to the target)
of

r, = (x9,¥152) and T, = (X,,Y,,2)

vhere z is the distance from the target to the hodoscope.

Cose = ___3_1_'3__2—_
YY rer
2
) XXV 1Yp"2
2.2, 2.1/2 2.2 2,1/2
(X1+y1+Z ) / (X2+YZ+Z ) /

We can approximate this since the lateral dimensicns of the

detector are small conmpared to its distance to the target,

lee. x,y <K 2. Xty y X2+y2 x2+y2
coshO o (1+_l_§_7l_2)(1_ 1 21)(1— 2 22)
Yy z 22 22
2,.2,..2,.2
y " (1- X117 %",
~ » >
vA
1 2 2 2 2
— (1‘ 527[x1-2X1x2+x2 + yl 2y1Y2+Y2])

Therefore tc lowest crder in 1/z2

1 2 Y
cosp . = 1 - 527[(x1-x2) * ¥yl

Substituting this intc (B8) gives

E_E
: 2 _ Bifa o L2
{9 mYY = ZZ [(Xl xz)

+ (yyy,) 0

Now we can use equation (5) derived previously to get
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I 2[ g2 (o2 P12 Faa 2 P12 P2 s
My EE, E %1x” E Y2x y  E Y1y” E %2y

and arrive at

2, 2

1 2 ). 2

E 2 E
E_(le+01y

(10 m’ = Eo 05,0

At this point we have only had to assume that the energies
are the same in each rlane and in the total absorption

counters. If we use the parametrizations for le, 01y, etc.

we have
2 _ 2 _
O1x = 9xo(Ey) = @ * bEy
02 = 02 (E,) = c.+ dE etc
ly yo'1 1° )

What we want to do is to eliminate El and E, {since we don't
know them), so we find the average value of the gquantities
2 2

)

ly ZY
and use those. Since the energy spectrum of photons from a

B (0 ) and E (0

° decay is flat (i.e. dN/dE = comnst.)

E 2
é (a+c)E1 + (b+d)E1 dE1

=

2 2
<Ejlog,topy)>

2 3
[ T—(a+c) + =—(b+d)]

2
(atc) + 3—(b+)

[\ hes! to|

Similarly,

2

; F(atc) + F—(b+d)

2
<Bj(0px*0y)?

Thus (10) becomes on the average

2

" f?(o§+°§'[ca+c) + FE0ra)])

m
YY
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giving the final result:

2
2 _B“ .2, 2 2 2., _ 2.2
(11) mYY = ;2- [OX + Uy GXO(SE) Uyo(SE) ]

What this says is that on the average, if we use two—-thirds
of the energy for the width parametrization, we will get the
most accurate estimate of the invariant mass of the two pho-
ton system. Actually this is complicated a bit by the fact
that the parametrizations aren't simple linear expressions,
but have a slcpe which is itself energy dependent. However,
this effect is small when ccmpared to the other errors in
the calculation such as the error coming from the energy
resoluticn of the total absorption counters, so we 1ignore
the effect and Jjust use two-thirds of the total shower

energy for the parametrization of the widths.
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