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ABSTRACT

High energy behavior of the electromagnetic cascade shower
has been studied. The high energy showers were created by
electron and hadron beams with energies between 25 GeV and 150
GeV at PFermi National Accelerator Laboratory. The showers were
observed by a shower detector consisting of multi-layer of lead
plates and proportional chambers. The experimental results were
analyzed with special emphasis on the fluctuation problem of the

electromagnetic cascade shower.

A new type of proportional chamber for the shower detector
has been developed for the present experiment. Carbon mixed
plastic tubes with resistivity of about 3x103 Qcm  have Tbeen
molded with an extrusion method and used for the dc cathode of a
multi-wire proportional chamber (MWPC). The signal by gas
multiplication was picked up from strip and pad rf cathode set
outside the tube., The electromagnetic-'and the hadronic cascade
shower detectors, so called "calorimeters", were constructed with
these MWPC's 1interleaved with 1lead plates and iron plates,
respectively. These calorimeters provide detailed information on
the spatial development of the cascade shower. The measurement
of particle energy and the identification of electrons and

hadrons were done. A detailed study was made on performance of

the electromagnetic calorimeter.

By analyzing data obtained with the electromagnetic
calorimeter, we have studied high energy electromagnetic cascade
shower phenomena up to 100 GeV,. The correction function p(s)
which 1is to be multiplied to the average transition curve of the
electromagnetic cascade shower (shower curve) HA(t) derived by
Rossi under Approxima;ion A to reproduce the observed shower
curve was obtained for energies from 25 GeV to 100 GeV, where s
is the shower age. We compared our result with that obtained by
Muller for energies £ 15 GeV. The p(s) obtained from the
present experiment roughly agrees with Muller's one for sg<l but
disagrees for s>1. Muller used scintillator as the sensor of the
cascade shower, while we used the gas proportional chamber for
the present experiment. The dilsagreement seems to be caused by

the difference of the sensor of the cascade shower.

One of the central subjects of this thesls is the study of
the fluctuation of the electromagnetic cascade shower. For this
study, we use pulse height deviation of a chamber (§;), which is
defined event-by-event as the deviation of pulse height from the
average. Then, we calculate for an ensemble of events a matrix
called "correlation matrix", which represents the strength of the
correlation between pulse height deviations at two depths. The
formulation of the pulse height fluctuation is made in terms of
the correlation matrix with two assumptions. The formulation
leads to following consequences:

1) The distribution function of the pulse height deviation of a
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chamber placed at certaln depth of the cascade shower 1is
approximately obtained from the correlation matrix C.

2) The orthogonal matrix T which diagonalizes the correlation
matrix C transforms correlated pulse height deviation (éi) at
each plane of proportional chamber to uncorrelated one (gi).

3) With the knowledge of C-matrix, the total fluctuation (5i)
is separated into the fluctuation caused by the stochastic nature
of the shower development (6?) and the fluctuatlion originated
from characteristics of the detector (52).

4) The correlation matrix for the shower fluctuation (Cs) is
universal 1in the sense that it includes only shower fluctuation.
The C° obtained from the present experimental result agreed well,
after appropriate normalization, with that derived from liquid
argon calorimeter by other authors.

5) The correlation matrix for the shower fluctuation (Cs) is
.generalized to the continuous correlation function Cs(t,t'). In
the description of longitudinal shower development, the function
CS3t,t') is as fundamental as average shower curve, an analytiqal
expression (HA(t)) of which was obtained by Rossi. The HA(t)
gives the average number of shower electrons at a depth t, while
the ¢S(t,t') provides the information on the deviation of the

nunber of electrons from the average.

These points were <checked by analysis of the present

experimental results.

- iii -

As a result of the study of cascade shower fluctuation, a
method of particle didentification by the use of segmented
calorimetry is proposed. The pion rejection against electron is
greatly improved by this method. The goodness of the assumptions
made in the formulation is proved 1later by comparison of our

results with those by other authors.
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CHAPTER I

INTRODUCTION

This thesis came out from a continuing effort of prototyping
the end plug gas calorimeters for the CTollider Detector at
Fermilab (CDF). There are two motivations for this thesis study.
One is to find out the performance of the end plug
electromagnetic gas calorimeter, and the other is to investigate
the high energy electromagnetic cascade shower phenomena, with an

emphasis on fluctuation problem,

A. Calorimeter

Conceptually, a calorimeter is a block of matter, which
intercepts the primary particle and is of sufficient thickness to
cause it to interact and deposit all its energy inside the
detector volume 1in a subsequent cascade shower of increasingly
lower energy particles. Eventually most of the incident energy
is dissipated and appears finally in the form of heat. Some
fraction of the deposited energy goes into the production of a
more practical signal (e.g. scintillation light, Cherenkov light,
or ionization <charge) which 1is proportional to the initial
energy. In principle, the uncertainty in the energy measurement
is governed by statistical fluctuations in the shower

development, and the fractional resolution OE/E improves with

increasing energy E as 1/VE.

A-1. Calorimeter Capability

The first large-scale calorimetric detectors were used 1in
cosmic-ray studies [MU 67]. 1Interest in calorimeters grew in the
late 1960's and early 1970's in view of the coming machines
(CERN-ISR, Permi National Accelerator Laboratory, CERN-SPS) with
their greatly changed experimental environments, which made, for
exanmple, magnetic momentum analysis in large solid-angle

experiments increasingly difficult [AT 75].

At the outset it was noted that calorimeters offer many
other attractive <capabilities, aside from the energy response,
all of which have since been exploited in varying degrees:

1) They are sensitive to neutral as well as charged particles.

2) The size of the detector scales logarithmically with
particle energy E, whereas for magnetic spectrometers the size
scales with p, for a given relative momentum resolution Ap/p.

3) with segmented detectors, Information on the shower
development allows precise measurements of position and angle of
the incident particle.

4) The differences in response to electrons, muons, and hadrons
can be explolted for particle identification.

5) Their fast time-response allows operation at high particle
rates, and the patterns of energy deposition can be used for

real-time event selection.



We are now entering an era in which high-energy colliding
beam macﬁines may reveal a "new" physics of super-massive
particles [BA 82] in extremely rare and complex events. The
signatures of the new physics 1include the production of very
energetic leptons and the fragmentation of massive quarks. In
these experiments the traditional momentum analysis of a few
charged particles will be replaced by measurements of momentum

and energy flow among multiple jets of particles. Calorimeters

are uniquely suited to such tasks.

A-2. Classification of Electromagnetic Calorimeters

For practical electron-photon calorimetry, a detector must
efficiently convert photons and efficiently measure the total
ionization loss or track length of secondary electrons. One
choice 1s a dense (high-~Z) scintillator block like a Nal crystal,
measuring the total intensity of scinfillation light. A
lead~loaded transparent glass, so called lead-glass, measures the
weak Cherenkov light, emitted along electron tracks. A more
economical alternative 1s to sample the shower energy in regular
steps with sandwich-type detectors (sampling calorimeters).
These three detectors differ considerably in performance, cost,
and flexibility. The discussion here is mostly on the quality of

energy information (the energy resolution).

(1) NaI(T) Crystal

A Nal crystal has a high scintillation efficiency, 5 times
as large as that from a plastic scintillator at the wavelength
around 4000 Z, and a short radiation length (r.l.) of 2.6 c¢nm.
Since it 1is a continuously sampling device with low cut-off
energy, an excellent energy resolution was achieved:

Op/E = 0.85 (E (Gev)} ~1/4
for a crystal 41 cm in diameter and 61 cm in length (23.6 r.l,)
[HU 72]. This resolution corresponds to 1 ¥ FWHM at 10 GeV and

about 5 % even at 50 MeV.

(2) Lead-glass

The lead-glass 1s a transparent glass containing PbC (about
50 % 1in weight) and thus has a short radiation length (2.5 c¢m
typically). It emits and tramnsmits the Cherenkov 1light in
response to the passage of a fast (B > 0.6) charged particle, so
that the light output is proportional to the total track length
of shower electrons. Though much worse than Nal due to the much
lower light intensity and the higher cut~off energy, 1ts energy
resolution 1s a factor of 2 to 3 better than that obtained by
sampling calorimeters. The lead-glass 1s superior to Nal in
flexibility of size, cest, and speed of response. The energy

resolution of lead-glass satisfies the following formula:

9./E = (4 ~ 5)//E(GeV) 1

(3) Sampling Calorimeters
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The energy deposited in massive absorbers of a sampling
calorimeter is not only unmeasurable, but also fluctuate
statistically. Thus the energy resolution 1is limited by the
absorber thickness (i.e. the rate of sampling) and it will be
poorer than that of non-sampling devices we have discussed.
Having many choices in calorimeter construction, the performance
differ considerably from detector to detector as listed in Table
I-1. The energy resolution is parametrized as

GE/E = K/t (r.L.)/E (GeV] %

where K = 30 for gas sampling calorimeter [AT 8lal.

A-3., Gas Sampling Calorimeter

Gas ionization sampling calorimeters have become popular in
the 1last few years, MAC detector at SLAC [AN 78], CLEO at
Cornell [MU 81], and the neutrino experiment [BO 78] at CERN have
built detectors wusing proportional tubes - for sampling energy
produced by electromagnetic and hadroni; cascades. The usage of
proportional <counters in calorimetry 1is an old idea [MU 67].
Proportional chambers or arrays of proportional tubes are
sandwiched together generally with lead plates or iron plates to
sample a small fraction of the total energy through
electromagnetic cascades for electrons, positrons,and photons;,

and hadronic and electromagnetic cascades for hadrons.

Some of the reasons that make proportional drift tubes or
chambers attractive for calorimetry are summarized 1in the
following:

1) They are relatively insensitive to magnetic field as
compared to photomultiplier tubes 1n detecting Cherenkov or
scintillation light.

2) There 1is no Cherenkov 1light problem as occurs with
wave~length shifter bars collecting light from scintillators.

3) It is easler to bring signals out wusing wires and cables
than guiding light by light guides.

4) Projected detecter geometry (prejecting to target) can  be
conveniently provided by wusing cathode pads detecting induced
signals. This is like a "tower" structure following the energy
flow out of the target.

5) Transverse position of the électromagnetic cascade showers
can be determined to a O . of about 1 mm at 50 GeV [AT 81b].

6) A natural consequence of using wires, <cathode strips, and
pads 1s excellent unambiguous multi-shower resolution [GE 78] of
2-5 cm obtained depending on separation efficiency.

7) Gas lonization sampling calorimeters provide reasonably good
energy resolution. Some test results of electromagnetic
calorimeters and the references are given in Table I-1. In the
table the gas sampling and the plastic scintillator and liquid
argon devices are compared. The gas sampling calorimeter has
about factor 2 worse energy resolution than plastic scintillator

or 1liquid argon <calorimeters. But this difference becomes



unimportant at high energies.

8) Pulsé height calibration has been one of the difficulties of
scintillation calorimeter. TFor the gas ilonization calorimeters,
it was conveniently achieved to 1-2 % by the FPermilab experiment
[AT 81b] using the 22 KeV line of a few cdl09 gources positioned
on certain chambers. Those few wires monitored the gain
variations due to changes in atmospheric pressure, environments
temperature, and the gas compositions. This worked out very well
since these quantities change very slowly in time.

9) Cost of gas sampling calorimeter systems 1s reasonable since
the extruded aluminum or plastic drift-tube detectors are
inexpensively constructed, and wires are connected together in

depth resulting in a manageable number of readout channels.

A-4, End Plug Electromagnetic Gas Calorimeter for CDF

We have developed conductive plastic tube chamber as a
sampling medium of the end plug electromagnetic gas calorimeter

for CDF.

In the development of the recent high energy physics,
multi-wire proportional chambers which cover a large area of
sensitivity are often required. In collider experiment where
Jets 1in production processes or showers in calorimeters are most
common phenomena, a single event generally contains many
particles hitting a chamber. For such an event, one has to make

a pattern recognition of the energy deposit over the wide area of

the chamber. The situation has made the cathode readout of the

signal more useful and in many cases indispensable.

A scheme [BA 78] in which the high voltage is applied to a
tesistive cathode and the signal i1s plcked up by a metal cathode
outside the resistive catﬁode has several advantages:

1) Two functions of the cathode, i.e. dec field formation
and rf signal pickup, are separated into two physically
different parts of the detector. This makes handling of both the
high voltage and the signal simpler.

2) By the same reason as 1), the design of complicated patterns
for cathode is made easily. For example, segmentation of cathode
into cylindrical coordinate bins.

3) In case an anode wire is broken, the wire wusually contacts
with a resistive wall without causing any trouble to the other
tubes or to the high voltage power supply.

4) The tube structure of cathode 1in multi-wire chambers has
advantages 1in field configuration and mechanical strength over
the plane cathode <configuration. By extrusion of conductive
plastics, the tube structure can be obtalined less expensively
than by extrusion of metals, e.g. aluminum.

The properties of conductive plastic tube chamber are described

in Chapter II.

The Collider Detector at Fermilab (CDF) is now under
construction as a detector system with 47 coverage for 2 TeV pp

colliding beam experiment [DE 8l]. According to the coverage of
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the polar angle 6 , this detector is divided into three parts,
the central detector (10° < 8 < 170°), the forward detector (2°
< 8 < 10°) and the backward detector (170° < g < 178°). The
CDF end plug electromagnetic calorimeter is a component of the
CDF central detector and covers the polar angular range of 10° <
6 < 36° and 144° < 6 < 170° as shown in PFig.I-1l. As a
prototype for the CDF end plug electromagnetic calorimeter, a 30°
sector of the cylindrical calorimeter system has been constructed
in full size in radius as sketched in Fig.I-2. Each proportional
chamber consisted of a conductive plastic tube array sandwiched
with copper-clad G-10 panels. The G-10 panels were clad with
copper lamination which was etched to form pickup cathode of pad
shape or strip shape. Each pad or strip formed a tower projected
from the center of the dinteraction region. Not only the
structure of the electromagnetic calorimeter but also that of the
hadronic calorimeter which was the prototype for the CDF end plug

hadron calorimeter are described in Chapter III.

Test of these calorimeters was made at Fermilab M4 beam line
by using electron and hadron beams with energies up to 150 GeV.

In Chapter IV, beam test arrangement is described.

.One of the purposes of this thesis is to establish that the
energy resolution, the position resolution, the response
uniformity, and the 7m/e separation capability of the calorimeter
meet the desired characteristics of the CDF end plug

electromagnetic calorimeter. The desired values of the energy
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resolution, the position resolution, and the T7/e separation
capability are 29 % //E(GeV), 3 mm at 40 GeV, and less than 10-2,
respectively [DE 8l1]. The results show that a conductive plastic
chamber works for such a large gas sampling calorimeter. The
characteristics of the calorimeter at high energy up to 150 GeV
were found to be satisfactory. The analysis of calorimeter
performance and the results using electron and hadron beams with

energy range from 25 GeV to 150 GeV are given in Chapter V.

B. Electromagnetic Cascade Shower

The characteristic features of electromagnetic showers have
been 1investigated with a variety of experimental techniques by
using accelerator electron or photon beams at energies up to

several ten GeV,

B-1. Average Cascade Shower

The property of average cascade shower was studied with
following detectors: ionization chamber ([BL 50}, cloud chamber
[TH 641, bubble chamber [LE 631, spark chamber [so 73],
scintillation counter [MU 72] or probe [CR 67], photographic film
(Yu 70], and thermoluminescent dosimetry [NE 66]. On the other
hand, theoretical works have been extensively carried out by many
authors [RO 41], (NI 67] under the proper approximations (e.g.
Approximation A, B). In particular, the rapid progress of

computer and Monte Carlo techniques has made it possible to



calculate in great detail the cascade shower development in close
touch with the real conditions [ME 70], [FO 78], and the results
are widely applicable to the design of the calorimeter used in
high energy experiments. It is experimentally checked for 1low
energy cascade shower less than about 10 GeV that the shower
curve obtained by Rossi under Approximation A is roughly correct
if we <choose proper cut-off enefgy. But if we do more detail
comparison between Rossi's shower curve (Approximation A) and
experimental result, there are considerable discrepancies. These
discrepancies can be compensated by multipling the <correction
factor 0 to the number of shower electrons Il of Approximation A,
Muller [MU 72] obtained this correction factor p(s) as a function
of the shower age s for cascade energies equal to or less than 15
GeV, Recently, Mitsui [MI 8l] obtained p(s) function by
compiling various authors' experiﬁental results including his own

for about the same energies as those of Muller.

In this thesis, the p(s) function was obtained for thigher
energies up to 100 GeV by wusing a gas ilonization sampling

calorimeter,

B-2. Cascade Shower Fluctuation

One of the main subjects in this thesis 1is study of the
electromagnetic shower fluctuation. There has been almost no
experimental study made on this subject with enough statistics

for energies above 50 GeV. No convincing theory for the shower

fluctuation phenotena has yet been proposed. Actually there were
two articles which described about study of shower fluctuation.
Bushnin et al. [BU 73] studied about the correlation in the
lateral shower fluctuation in lead at the depth of 4 cm for 32
GeV electrons. Cerri et al. [CE 77) obtained the “correlation
matrix" of longitudinal shower fluctuation in stainless steel for

25 GeV electrons.

The correlation matrix 1is derived in this thesis for
electromagnetic cascade shower with energies up to 100 GeV by
using a gas lonization sampling calorimeter. The formulation of
the longitudinal shower fluctuation is made in terms of the
correlation matrix. In the formulation, the <correlation matrix
is separated into two matrices. One is the correlation matrix CS
for shower fluctuation 5? which -is caused by the stochastic
nature of the shower development and the other is the one CD for
detector fluctuation 62 which is originated from characteristics
of the detector. The parametrization of the correlation matrix
CS for shower fluctuation 4is made by the use of the two

dimensional Fourier series fit.

A result of shower fluctuation study was applied to w/e
separation. A new dethod which uses the correlation matrix was
developed and used for the n/e separation. This method made
remarkable improvement of the m/e separation performance of the
calorimeter, which cannot be obtained by the conventional method

used in high energy experiment. Recently, Engelmann et al. used



basically the same method as ours for their n/e separation
analysis [EN 83]. They developed their method independently of

ours.

High energy cascade shower analysis outlined here and 1its

results are described in Chapter VI,

In Chapter VII, we make the discussion of results. Finally,

we conclude this paper in Chapter VIII.
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CHAPTER II

CONDUCTIVE PLASTIC TUBE CHAMBER

We summarize in this <chapter the property of conductive
plastic tube chamber. TFor the details, the reader is referred to

References [HA 83a] and [KO 82].
A, Conductive Plastic Tube

A-1. Fabrication of Conductive Plastic Tube

We have developed, in cooperation with industry [CO], a
method to extrude a plastic material mixed with carbon grains to
tube in order to use it for MWPé's. The substratum plastics we
have tried are. high-impact polystyrene, ACS (polymer blend of
acryl nitril-chlorinated polystyrene-styrene), and ABS. The silze
of the «carbon rains 1is of ‘the order of 3 x 10-8m (30
milli-microns) in diameter. The cross section of the extruded
tube is shown in Fig.II-1. The size and th;ckness of the wall
were determined by considering several competing factors (e.g.
granurality of the detector, dead space fraction, and mechanical
strength). The tube size used for the prototype CDF end plug
electromagnetic gas calorimeter was 7 mm high, 10 mm wide in the

inner dimension, and 0.8 mm thilck.



A-2, Resistivity of the Plastics

The resistivity of the plastic wall of the tube was measured
on strips cut from the tube (F1g.II-2), The measurement of
Teslstivity was made along the length of the strip. In the
measurement, i1t was difficult to control the contact resistance
of the sample with a metal lead wire. To achlieve a good contact
between them, the best way we have found is to put a conductive
paint "“GRAPHIT 33" on the surface of the conductive plastic strip
and attach there a copper tape connected with the lead wire

(Fig.1I-3).

The samples of conductive tubes we have produced had a
volume resistivity of 20 v 5000 Qcm. The measured samples are
strips with a thickness of 0.8 mm, hence, in terms of plane

resistivity, the range of resistivity is 200 ~ 50,000 Q/square,

A-3. Radiation Resistance of the Conductive Plastic

The strength against radiatlion 1s an important property Tor
materials to be wused in a particle detector. Two kinds of
samples of the conductive plastics, a) 6 kQ/sq with polystyrene
and b) 200 £/sq with ABS, have been exposed to the dose of 108R,
107R and 106R of CoéOY rays. Converting the exposure dose to
the absorbed dose by assuming a conversion coefficient of 0,95

rad/R, the absorbed doses are 9.5 x 107 rad, 9.5 x 106 rad and

5
9.5 x 10 rad, respectively. PFor the type a) tube, the decrease

- 15 -

of resistivity to 1.7 KQ/sq was observed on a sample irradiated
with 108 R of Yy rays. All other samples showed no change in the

resistivity.

In comparison, teflon tubes and epoxy glue wused to attach
the wire holder at the end of the resistive tube were badly

8
damaged by the exposure to 10 R of the Y radiation.

A-4. Quality Control in the Production Line

The resistivity of the tube depends on the carbon
concentration in carbon-plastic mixture, the extrusion speed, and
the temperature of the varlous parts of the oven. Ajusting these
conditions, the uniformity of the resistivity along the length of
the tube was controlled to the level of * 10 %. It was observed
that the wuniformity of the resistivity around the circumference
of the tube <c¢ross sectlon was rather difficult to control,

fluctuating about * 20 %.

B. Characteristics of a Proportional Counter made with

Conductive Plastic Tube

In this section we .describe about the proportional mode
operation of conductive plastic tube counter [HA 83a]. For the
limited streamer mode operation, the reader 1s referred to

Reference [HA 83b].
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B-1. Structure of Single Tube Counter

A Single tube proportiomnal counter was made by using an
extruded tube as dc cathode and a gold plated tungsten wire of
35 um or 50 um in diameter as anode. The structure is shown in
Fig.II-4(a). Each end plug made of plastic by an injection mold
method has a V-shape hole to set the anode wire in position, a
copper tube with 1 mm inner diameter to solder the anode wire
and an external lead wire, and another copper tube with 1.5 nmm

inner diameter for gas tube connection.

An rf cathode to pick up signals was made of aluminized
mylar with the mylar surface attached to the tube (Fig.II-4(b)).
The aluminum surface has a strip pattern typically with 1 cm
width orthogonal to the wire direction to measure the signal

distribution along the wire.

B-2. Anode and Cathode Strip Signals

In proportional counters, the ion drift causes current on
the anode and the cathode. If the anode or the cathode is
grounded through a resistance, the induced current causes the
voltage difference across the resistance, which is observed as a

signal of the counter.

The conductive plastic cathode has a dual electric
characteristic. At low frequency it works as a conductor: it

forms the dc field which causes the electron avalanche and

determines the lon drift, collects ions and drains them into the
ground. At high frequency, it works as an insulator: it simply
transmits electric lines of force or the displacement current
originated from the ion charge to the pickup electrode to feed
the conduction currents into the pickup cathode. If a pickup
cathode with strip electrodes 1s set orthogonal to the wire, the
induced <charge distribution parallel to the anode wire can be
observed on strips. Fig.II-5 shows typlcal observed signals on

the anode and cathode with a gas of argon-isobutane mixture.

B-3. Induced Signal Spread

For the actual conductive plastic which has a finite
conductivity, the ion drift causes the conduction current which
flows through the conductive plastic. This causes the broadening
of the spatial distribution of the cathode induced signal. If on
the other hand, the resistivity 1s too high, the charge of the
collected 1ions will pile up on the surface of the plastic, and

may cause the high-voltage break down.

In order to find out the optimized resistivity, we prepared
proportional counters made of <cathode tubes with different
resistivity. A typilcal example of the signal destribution on
cathode strips for a single event is shown in Fig.II-6. The
destribution around the peak can be fitted with a Gaussian
function to a good approximation. The width of the distribution

depends on the resistivity of the tube wall, and the relation 1s



shown in Pig.II-7., The figure shows that the resistivity above

30 kQ2/sq gives practically well localized signals.

B-4., The Gain Uniformity along the Tube

The gain uniformity of aﬁode signal along the tube was
measured for one meter long conductive plastic tube counter with
50 um diameter wire. Fig. TII-8 shows the peak channel number of
pulse theight analizer for Fess 5.9 ReV Y source with respect to
the measured position. The gain uniformity OG/G obtained for the

tube size of 7 mm high and 10 mm wide in the inner dimension was

2.8 %.

B-5. The Gain Stability against Tube Bend

Before making actual chambef with conductive plastic tubes,
we have to know the effect of tube bend on the gain of chamber.
For this purpose, we have measured the pulse height change of
anode signal due to the bend of the tube. The one meter long
tube was placed on the flat table and tightly attached to ‘the
table on Dboth ends. Small mylar sheets (250 -um thicknesé) were
inserted between the tube and the table at the center of the tube

as the spacers to make tube bend.

The total thickness of spacers corresponded to the
displacement of the wire (50 um diameter) from the center of the

tube whose size was 7 mm high and 10 mm wide in the inner
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dimension. Fig., II-9 shows the pulse height of the anode signal
with respect to the displacement of the wire. In this figure,
the solid curve was drawn with the next formula which was
obtained by the least squares fit.

4G/G = 22.4(d/D)3'0

where d

Wire displacement
D = Half gap width (3.5 nm)

The 250 pym wire displacement gives us the 1 % gain change.

B-6. The Edge Effect on the Gain

The electric field around the wire at the tube end 1is
relatively weak due to the leak of electric lines of forth to
outside of the tube. The gain of gas multiplication drops
significantly at the tube end. The property of the gain
degradation was measured for the proportional counter made with

conductive plastic tube,. The Fess

5.9 KeV Y source and 6 nm
thick 1 mm wide Pb slit as the «collimator were used for the
measurement. The pulse height of anode signal versus the

distance from the tube end is shown in Fig.II-10. The gain drop

begins at the position 1.5 cm apart from the tube end.

C. Multi-wire Proportional Chamber with Conductive Plastic

Cathode
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By putting many proportional tubes in parallel on a plane, a
multi-wire proportional chamber can be formed. The signals on
the chamber can be read out from cathode planes attached to the
plane via insulator. The proportional chamber we have developed
for the CDF end plug electromagnetic gas calorimeter at Fermilad

has this type of structure.

One of the important characterlistics of such chambers is the
spread of the slignal induced on the ctathode plane. To study the
spread we built a chamber with 15 tubes 1n parallel. The
electrical contact between walls of adjacent tubes was poor, and
the contact resistance was much higher than the tube resistance.
The same ends of tubes were connected together to the ground. A
parallel strips read out cathode which was made of aluminized
mylar was set with the strip direction at an angle 6 with the
anode direction (Fig.II-11(a)). Namely, the signal distribdbution

from wire to wire 1s measured at 6 = 90° , and the distribution

along the wire 1s measured at 6 = 0°, The observed spread of
the signal 1s shown in Fig.II-11(b). The difference in the
charge spread along the two directilons, 6 = 0° and 90°, 1is

probably due to the <charge diffuslion going along the tube

direction.
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CHAPTER III

SHOWER DETECTOR CONFIGULATIONS

In this thesls work, We have used two calorimeters. One was
the electromagnetic calorimeter for detection of the
elctromagnetic cascade shower, while the other was the hadron
calorimeter for detectlon of the hadronlc cascade shower. The

conflgulatlions of these detectors are as follows.

A, Electromagnetic Calorimeter

The electromagnetlic calorimeter consisted of 38 layers of
proportional chamber planes Interleaved with 3 mm thick
calcium-loaded lead plates. The total thickness was 22.5
radiation lengths 1Including the cover plate. Each proportlonal
chamber had a structure of the <conductive plastic tube array
sandwiched with copper-clad €¢-10 panels. An array of 54
conductive plastic tubes were glued side by side to cover a 30°
sector of a G-10 panel with pickup electrodes printed on the
Inner surface, and then another similar board was glued on the

top as shown in Fig.III-I.

Each tube cell was 7 mm high and 10 mm wide 1n the 1inner
dimension. The tube wall was 0.8 mm thick, had plane resistivity

of about 30 KQ /sq, made of polystyrene loaded with fine grain



carbon powder [HA 83a,C0]. The structure of a porportional tube
was sketched in Fig.III-2. Anode wires were gold-plated tungsten

with 50 um diameter.

The radial dimension and the patterns of the G-10 panels
were similar to those of the final module which is used in the
CDF experiment. The three kinds of patterns, pads, 6-strips,
and ¢-strips (see Fig.1T1I-3(a)-(c)) were used. Each pad covered
an area of 5° in azimuthal angle (¢ ), and of 0.1 in
pseudo-rapidity ( n) for the n range from 1.6 to 2.3, and of 0.05
in n for the n range from 1.15 to 1.6, Each B6-strip covered
an area of 0.02 in n and 30° in ¢ . Each ¢ -strip covered an
area of the N range from 1.15 to 1.60 and of 1° in ¢ or an area
of the N range from 1.60 to 2.30 and of 1° in ¢ . The pad G-10
panels were placed on one side of every chamber layer. The
6 -strip and ¢ -strip panels were placed on the other side of the
sixth through the twenty-fifth chamber layers. They were
interleaved with each other. On the other side of the remaining
chamber layers were G-10 boards clad with copper lamination which

was electrically grounded.

All pads and strips were connected by strip lines to <card
edge connectors at the outer circumferences of the G-10 panels,
The pads in the same tower were connected together directly by
flat cables into three longitudinal segments. The first, second,
and third segments had thickness of 2.8, 11.3, and 7.3 radiation

length, respectively. The 8- and ¢ -strips were connected
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together into two longitudinal segments. The configuration of
pickup cathode panels is listed in Table III-1. Every anode wire
in the same chamber layer was connected to a bus 1line through
individual 100 @ resistor, and further connected to a high
voltage bus line through 100 RQ zresistor. The same point was
branched to a read-out signal cable through a blocking capacitor

of 0.01 uWPF.

B. Hadron Calorimeter

The hadron calorimeter [HAD] had a structure essentially
identical to the electromagnetic calorimeter. It consisted of 20
layers of proportional chamber planes interleaved with 5.1 cm
thick 1iron plates, total thickness of which is 5.9 absorption
lengths. Each proportional chamber had a structure of a
conductive plastic tube array sandwiched between two 30° sector
copper-clad G-10 panels. Each tube cell was 9 mm high and 14 nnm
wide 1in the inner dimensions. The tube wall was 0.8 mm thick,
had a plane resistivity of about 100 K Q/sq Pad patterns were
printed on the inner surface of G-10 panels forming the same
projective tower geometry as the electromagnetic calorimeter pad
towers. Each pad covered an area of 5° in azimuthal angle ( ¢),
and of 0.l in pseudo-rapidity (n ) for the n range from 1.2 to
2.4, Pad G-10 panels were placed on one side of every chamber
layer. On the other side of the chamber layers, there were G-10

boards c¢lad with copper lamination grounded electrically., All
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pads in the same tower in the hadron calorimeter were connected
in depth. Anode wires were gold-plated tungsten of 50 um
diameter. Every anode wire in the same chamber layer was
connected together, and further connected to a high voltage bus
line through 100 KQ resister. A 0.025 uF capacltor was used as
a blocking capacitor to read the signal from chamber plane. The
hadron calorimeter was placed immediately behind the
electromagnetic calorimeter. The pad towers were aligned to

those of the electromagnetic calorimeter.

The photograph of this combined set-up 1s shown in

Flg.III-4,
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CHAPTER IV

BEAM TEST

A. Beam Line

Tests of calorimeters and study of cascade shower were
carried out at the TFermilab M4 beam line (Pig.IV-1). We have

used electron and negative charged hadron beams.

A pure electron beam with energy up to 150 GeV was produced
by converting photons in a lead plate. Without any further
electron selection, the hadron contamination was estimated to Dbe
less than 1 %, based on the distribution of the total collected

charge for 25, 50, 75, 100, 125 and 150 GeV electrons (Fig.IV-2).

The hadron beam was composed of mostly pilons and kaons.
About 90 % of pilons and less than 10 % of kaons were estimated to
exist in the hadron beam [GR 81]. The electron contamination in
the hadron beam of energles above 35 GeV was 243 %. Por the
sake of hadron rejection study, the contamination was reduced
further by inserting a 5.1 cm thick lead brick upstream. Since
pions are the dominant component of the hadron beam, hereafter we

call it as plon beam.

Particle momenta were measured event-by-event with a series
of magnets and the multi-wire proportional chamber system with 1

mm wlire spacing, located upstream and downstream of the magnets,



The momentum resolution was typically 0.46 % at 150 GeV., The
beam size was defined as 3 cm x 3 cm by three trigger counters
(S1, S2 and S3) and a large veto counter with a hole at the
center (VETO). PFlux of the beam defined by these counters was
typically about 500 per pulse for electrons with a spill time of

1 sec and a repetition rate of 12 seconds.

B. Signal Read Out of Calorimeters

The calorimeter modules were both mounted on a table, which
could be rotated horizontally around a pivot point that simulated
the center of the interaction region in the CDF experiment. The
electromagnetic calorimeter module could be rotated verticaily
around the axis that simulated the colliding beam axis. Thus the
beam could be injected straight 1into any selected pad tower
reproducing the polar angle for hadron calorimeter and both the
polar and the azimuthal angle for electromagnetic calorimeter

(see Fig.l1I11-4).

Signals from anode wires, cathode pads and strips of both
calorimeters were all fed directly into LeCreoy 2285A 15-bit ADC
modules through individual 280-nsec long RG58C/U coaxial cables.
Since the signals from the pads and strips were positive, they

were inverted by small ferrite core transformers.

The calorimeter modules were operated with a gas mixture of

argon 49.3 %, ethane 49.3 %, and ethylalcohol 1.4 % at the
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atmospheric pressure.

C. Fast Electronics Systenm

Block diagram of the fast electronics is shown in
Fig.Iv-3. Standard NIM modules were used for the most part of
the fast electronics. The electron and hadron beams were defined
by the following trigger configuration called A trigger:

A = S1.52-53-(V1 + VZ)-RMV , .
where RMV is called "Before-pile-up" which kills
S1:82-83 (VI + VZ) trigger for 50 us after any of 83, V1, or V2
signals arrived to it. In order to measure the pedestal of ADC
2285A during two beam spills, a trigger (B trigger)

B = PULSER-BGS
was used, where the BG5 is the gate which opens at 5 sec later
for 1 sec after the end of the beam spill. Adding these two
trigger configurations, the special trigger called A' trigger was
set up. The A' trigger was used in order to obtain more accurate

pedestal value of ADC by measuring it during a beam spill.

D. Data Taking

One of the most important parts 1in the high energy
experiment is a data acquisition system. A block diagram for the
data acquisition system is shown in Fig.IV-4., The experiment was
on-line to a PDPL1/34 computer of the Digital Equipment

Corporation (DEC). On the PDP1l1/34, we had . 128 K words core
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memories, a floating point hardware, a TU-10 magnetic tape drive,
a Versatec line printer, two Tektronix storage scopes, a 10O M
words RLO2 floating head disk, an interrupt processing module
"Bison Box", and a branch driver interface. We have used a
standard CAMAC system in data taking. As an interface between
the PDP1l1/34 and the CAMAC, Jorway 4ll branch driver was used.
The branch driver interface was a funnel of the data into the
computer. Through the branch highway cable, the branch driver
drove two Al type standard crate controllers which control slave
modules in each crate. We have used a module called "Bison Box"
in data taking. The Bison Box had some important capabilities.
One of them was to accent the interrupt signal and demand CPU to
handle the interrupt. Another capability was to transmit the
trigger-kill-signal to the fast electronics so that no more
interrupt was accepted before the data processing was completed,
The on-line program was written with data acquisition as 1its
primary task. The computer handled the interrupt and transferred
data from the LeCroy 2280 System Processor to data buffers by a
direct memory access (DMA) transfer, The 64 data buffers (1
buffer was assigned to 1000 1l6-bit words) were prepared for the
data acquisition. After the data buffers were filled up, the
data were backed up into 800 bpi magnetic tape for the off-line
analysis. The on-line program also provided analysis
capabilities and various monitoring. The program monitored the
efficiencies of MWPC's and pedestals of ADC's. The user could

interact with the computer to have various services performed.

- 29 -

We could define histograms and display them on storage scopes
during data taking. The MT format in data taking is shown in
Table IV-1. The data length of the ADC was fixed, but that of
MWPC's was vartable depending on the hit multiplicity of
chambers. The average data length was about 350 words per event
for A trigger. On the data taking speed, it took a few uwmsec to
obtain data for one event, so that the computer could handle

around maximum 150 event triggers per burst.
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CHAPTER V

SHOWER DETECTOR PERFORMANCE

The off-line data analysis was performed using CYBER 175
computers of the Control Data Corporation (CDC) at Fermilab. In
this Chapter, the performance of the prototype end plug
electromagnetic (EM) gas calorimeter is studied. TFor the m/e
separation capability, the information of the prototype end plug

hadron gas calorimeter is added in the analysis.

A. General Response

In the early stage of the beam test, the general
characteristics of the <calorimeter were studied. The signal
shapes from pad towers and anode wires were observed across 50
termination. The rise time of the signals was about 60 nsec as
shown in Fig.V-1(a),(b). Assuming the drift velocity of 50
mm/Usec with the present cell size, this rise time is consistent
with the average transit time of the secondary electrons which
are created uniformly in each tube cell by the electromagnetic
shower and drift to the anode wire. The fall time of pad signals
was typically about 400 nsec. The ADC gate width was set to 4

M sec so that the signal tail is well contained in the gate.
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The londitudinal shower profiles for 25, 50, 75, 100 and 150
GeV electrons at n = 1.474 (8 = 25.8°) are shown in Fig.V-2.
These profiles were obtained after adjusting a gain of each
chamber in the off-line analysis, assuming that the average
longitudinal profile of a fixed energy shower 1s a smooth
function of depth in the unit of radiation length. The gain
adjustment for an individual chamber was found to be within

+ 10 %.

In order to determine the optimum high voltage, the charge
from anodes, pads, and strips was measured while varying the high
voltage from 1.7 kV to 2.1 kV. Logarithmic plots of the total
charge against the high wvoltage for 100 GeV electrons at n =
1.474 are shown in Fig.V-3. The logarithm of the total charge
increase linearly with the high voltage and shows a break at 1.95
kV. The total charge from anode increases with the high wvoltage

by a factor 2.4 per 100 V, and is 4.8 pc/GeV at 1.85 kV.

B. Linearity and Energy Resolution

The plots of the total charge versus electron energy at the
high voltages of 1.80, 1.85, 1.90, and 1.95 kV are shown in
Fig.V-4(a),(b). We observe the gradual deviation from 1linear
dependence of the total charge beyond a certain value. The total
charge where the saturation starts is almost the same at all high
voltages. At high wvoltage of 1.80 kV and 1.85 kV, the total

charge increases linearly with the electron energy up to 125 GeV
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and shows saturation of 2 % at 150 GeV. Such a saturation was
also found to depend upon a depth of the calorimeter. The charge
from each layer for 100 GeV electrons at a certain high voltage
1s plotted agalinst that at another high voltage, together with
the layer numbers, in PFig.V-5(a),(b). The charge at 1.85 kV
increases linearly with that at 1.75 kV (Fig.vV-5(a)). On the
other hand, the charge at 2.10 kV does not increase linearly with
that at 1.85 kV, but shows a galn saturation (Fig.V-5(b)). The
saturation 1s clearer in the front layers than in the back
layers. It is because the lateral shower 1s narrower and so the
charge density 1s higher 1n the front layers than in the back

layers.

Energy resolution is plotted agalnst the high voltage for 50
GeV and 100 GeV electrons in Fig.V-6. It shows that the
resolution is minimum around the high voltage of 1.95 kV which
colncides the ©break polnt seen in the logarithmic plot of the
total charge against the high voltage (Fig.Vv-3). This 1s
consistent with the idea that at the end of the proportional mode
reglon the Landau tall is suppressed without saturating the mailn

peak of energy loss (AE) of shower electrons [AT 83].

Taking the above condition into account, +the optimum high
voltage was determined to be 1.85 kV where the clear saturatlon
was not seen up to 150 GeV. The energy resolution at 1.85 kV was
24 % / vVE(GeV), as shown in Fig.V-7. The energy resolutions were

found to be the same for the pad signal and the anode signal.
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Since the unit sihpling thickness t 1s 0.627 radiation length at

n = 1.474, the energy resolution we obtalned is equivalent to

30 % Ve(r.l.)/E(GeV).

C. Lateral Shower Profile and Positlion Resolution

Using the pad and strip signals, the lateral shower profile
was observed. Typlcal shower profiles for 100 GeV electrons and
100 GeV pions are shown d4in Fig.V-8(a),(b), respectlively. The

shower centroilid X was calculated event—by-event as follows:

X = );lxiAi/)iAi , (5-1)
where Aj 1s the charge from a pad or a strip whose center 1is
located at _Xi- It was compared with the hit polnt measured by
the beam multi-wire proportional chambers. The r.m.s. deviation
(position resolution) thus calculated 1s plotted against the
electron energy in Fig.V-9 for each pad and strlp segment. In
the <figure, the X axls 1s a horizontal axls which is along the
radius at a fixed azimuthal angle. The second pad segment glves
the ©best resolutlon, 1.5 mm or better for electrons of energy
equal to or greater than 50 GeV, This good spatial resolution
wlll be quite useful 1n rejecting neutral background in the real

experlimental situation.

The second moment J, , which was also calculated

event-by-event, 1s deflned as follows:
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1/2

= __2 -
Iy {i(xi X) Ai/FAi} (5-2)

i
The dependence of the second moment on the energy of electron is
shown in PFig.v-10. This information can be wused for Tm/e

discrimination.

D. Uniformity

One of the main objectives of the <calorimeter performance
study was to confirm uniformness of the pad response independent
of the pad size and the inherent capacitance. PFig.V-11 shows the
ratio of the total charge from pads to that from anode wires over
various positions along the radius at a fixed azimuthal angle as
obtained with 50 GeV electron beam. Disregarding the fall off at
both ends, the ratio is uniform within a maximum deviation. of
3 %. The fall off in the large N region arose because
signals from pads covering the n range between 2.2 and 2.3 were
not read out, while the fall off in the small n region arose
because the edge part of the effective region of the anode wire
was not covered by the pad. The dependence of the total anode
charge on the impact position of the incident particle is also
shown in Fig.V-12. It was found to be unifo%m with the maximum
deviation of * 2 %, desregarding the fall off at both ends where

the shower leaked out.

The energy resolution was also uniform over the same range
as shown 1in Fig.V-13. The average value was 24 % / VE(GeV) for

both anode and pad for the pseudo-rapidity range of 1.3l < p <
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E. T7/e Separation

One of the important roles of calorimetry 1is the particle
identification. Pion Tejection against electron signal was
studied using a negatively charged hadron beam (mostly pionmns) [HA
84 ]. The algorithm for obtaining the pion rejection factor is to
count the fraction of pion events which fall inside the region of
electrons in the distributions of the following measured
quantities:

1) The total energy deposit in EM calorimeter (EEM).

2) The ratio of the energy deposit in the first pad segment to
the total energy deposit in EM calorimeter (Rl)’

3) The ratio of the energy deposit in the third pad segment to
the total energy deposit in EM calorimeter (R3).

4) The lateral shower spread at the second pad segment (02),
where g, 1s the standard deviation obtained by the Gaussian fit
to lateral distribution of the shower on the pads.

5) The ratio of the total energy deposit in the EM calorimeter

to the sum of energy deposit in EM and hadron calorimeters (REM)'

REM was defined by

~ C EEM .
Rem = (5-3)
c EEM + EH f
where EH is the total energy deposit in hadron calorimeter and C

is a constant.
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A cut was applied to accept the particles inside a certain
boundary dependent upon electron energy (Ee) in each distribution
of above variables. For example, the Rgy cut was adjusted to
retain 96 % electrons. The formulation about 7/e separation is

described in Appendix A.

Analysis of 71/e separation was made by wusing various
combinations of these five cuts. Figs.V-14(a),(b) show the
EEM&RS cuts. The ratio of the energy deposit in the third pad
segment to total energy deposit in the EM calorimeter (R3) is
ploéted against the total energy deposit (EEM) in
Figs.V-14(a),(b), for 25, 50, and 100 Gev electrons and 100 GeV
pions, respectively. In the figures the boundaries for
containing 95 % electrons are shown by broken lines. By this
cut, the pion rejection factor is 1 x 10-2 or 1less for any
electron energy. Because the exact amount of electron
contamination is unknown, we consider the obtained rejection

factors as the upper limits of the real pion rejection factors.

In order to study a situation in which momentum measurement
in front of the calorimeters is poor, as in the case of the lower
angular region of the CDF end plug, we compared the
characteristics of electron signals at various energies, with
those of the hadrons of the same or higher energies. We obtained
the rejection factor of pions with the energy (E;) equal to or
greater than the electron energy (E. ),varying the electron

energy. The study was made for electrons with energies (E, ) of
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25, 50, 75, 100, 125, and '150 Gev and pions with energies (Eq )
of 75, 100, 125, and 150 GeV. We incorporated the observed EEM
in the analysis because the probability for pions to deposit a
part of their energy into the EM calorimeter with an amount right

around the observed value of Egy is fairly small.

Figs.V~15(a)~(c) show typical trends of pion rejection
against the electron retention efficiency (electron acceptance).
In these figures, the Egy cut has accepted the particles whose
Egy were within * 20p ~ around E. except for the case only Epy

cut was used. dere is the standard deviation of the total

GEe
energy deposit distribution in the EM calorimeter for electrons
with the energy of E, . The rejection factor obtained here has
to be considered as the probability that pions fake electron
signals by depositing their energies, in the EM calorimeter, in
the particular energy region (EetZOEe) which is taken somewhat
arbitrarily. When the pion energy (Ep ) is equal to the electron
energy (Ee ), the pion rejection factor does not depend much on
the type of the cut and is 17 2x10‘3 for 150 GeV electrons and
pions at the electron retention efficiency of 85 %. For
different energy combination of electrons and pions, the pilon
rejection factor becomes progressively better as we increase the
number of cuts as shown in Fig.V-15(c). There is a possibility
that the dependence of the pion rejection factor on the energy
combination of electrons and pions is due to the electron

contanination in the pion beam.



Figs.V-16(a),(b) show the plon rejection vs. the ratio of
electron energy to pion energy (E. /E; ). The cut on EEM was
made to accept the particles whose EEM were within * 2.5 oEe

around E,. . As shown in Fig.V-16(a), the pion rejection factor
of 5x10~3 or better for the electron retention efficiency of 85
% was obtained by the cut EEM&RI&R3&°2' This was the best result
of the pion rejection with only EM calorimeter information. 1f,
in addition, the hadron calorimeter information (REM) was used,
the plon rejection TFfactor was greatly improved as shown 1in
Fig.V-16(b). It was less than 2x10'4 except for the case of
Ee =Ey . We have used about 5%x103 pion events in this analysis,
"and not a single event was left after the cut. The pion
rejection factor for Eo =E; 1s better than 251073 at the sanme
electron retention efficiency. As mentioned before, the reéson
for no improvement of pion rejection for the case of E, =Ej

might be due to the electron contamination in the pion beam.
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CHAPTER VI

HIGH ENERGY ELECTROMAGNETIC CASCADE SHOWER

The average and fluctuation properties of the high energy
electromagnetic cascade shower were studied for electron
incidence by the use of the prototype end plug EM gas
calorimeter. The result of the shower fluctuation study was

applied to the 7n/e separation.

A. Average Shower Curve

We compare the observed average shower curve with the
theoretical transition curve which was calculated by Rossi under
Approximation A [RO 41]. In this approximation, the number of
shower electrons HA(EO,E*,t) is obtained for electron incidence
as a function of incident energy E,, radiator thickness t in
radiation 1length, and the cut-off energy E* (kinetic energy) as

follows:

N, (E,, E*, t) = Gisj i (EA) e
A ° ]
/TN " (s)E + (1/s%) /2 s E ,

(6-1)
where s is called the "aée parameter" and is related to thickness

t as

1 E 1
= — ——— —2 - = 2
t Al'(s)[ﬂn“‘ s] (6-2)

The detailed description about these equations 1s made in
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Appendix B.

The number of shower electrons was measured for electron
incidence in the present experiment with proportional chambers in
the electromagnetic calorimeter at various depths. The gain of
chambers was calibrated by the energy loss of a non-interacting
(no hadronic interaction) pion in the calorimeter. Because the
total nuclear absorption length of the calorimeter 1is
approximately unity, about 35 % of hadron events has no nauclear
interaction in the calorimeter. From the Gaussian fit of the
pulse height distribution for these events, we could make gain
calibration of each chamber with the accuracy of cG/G =12 % in
average. The detailed procedure of the gain calibration 1is
described in Appendix C. The number of electrons of the
electromagnetic cascade shower in each chamber was obtained fronm
its pulse height. The pulse height was normalized by the average

pulse height of non-interacting pions of 75 GeV,

The observed average shower curve and calculated shower
curve under Approximation A with various cut-off energies for
incidence of 75 GeV electrons are shown 1in  Figs.VI-1l(a)-(c).
Since the chambers of plane No. 1, 26, 27, and 29 were not
working, we renumbered plane numbers from No. 2 "~ 38 to No. 1l n
37. The horizontal axes of Figs.VI-1l(a)-(c) are drawn with these
new plane numbers. The correspondence between the plane number
and the depth 1in radiation length is tabulated in Table VI-1.

Following points were taken into account for the -evaluation of
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radiation length at chamber positions:

1) Vessel wall {1.27 cm thick Fe plate) and holder plate
(2.54 cm thick Al plate) of the calorimeter were included in the
calculation as Front material.

2) Chamber materials between two lead sheets were included.

3) The data of electromagnetic shower were taken with incident
angle © of 73.7° to the calorimeter surface. The thickness of
the calorimeter was multiplied by a factor of 1/sin® = 1.042.

As shown in Figs.VI-1(a)-(c), discrepancies between the measured
shower curve and the calculated one depend on the cut-off energy

E* assumed in the calculation,.

As Muller did [MU 72], we define the correction function
p(Eo,Ew,s) for our shower curve obtained by a gas calorimeter as

Pm(E,, t)

E,, E*, ©) (6-3)

P(E,, E*, s)
HA ,

where P, and HA are the measured and calculated shower curves,
respectively. The D(EO,E*,S) is a function of the incident
energy E , the cut-off energy E* wused in the shower curve
calculation wunder Approximation A, and the age parameter s.
Figs.VI-2(a)-(c) show s-dependence of P(E,,E¥,s) at a incident
energy E_ = 75 GeV for cut-off energiles B = 3, 7.4, and 20 MeV.
The result of Muller for 15 GeV incident electrons 1is also
plotted in these figures. As he mentioned in his paper, his

result showed no energy dependence of p(E,,E*,s) in the energy

reglon from 2 GeV to 15 GeV. Our result roughly agrees with that
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of Muller for s< 1.

The p(Eo,E*,s) function is plotted with respect to s for
incident energies from 25 GeV to 100 GeV at a cut-off energy
E¥ = 3 Mev in Fig.VI-3. Muller's result for E, = 15 GeV and the
line obtained by the fit of our result are also shown in the
figure. Our result was parametrized by the use of least squares

fit method as

p(Eo,E¥,s) = 1.58 — 1.92s + 0.73s° . (6-4)

2
The reduced X~ for this fit was 0.7. Since our result as well as
Muller's shows no significant energy dependence within the

uncertainty of chamber gain, all points were used for the fit.

B. Longitudinal Shower Fluctuation

B-1. General Property of EM Shower Fluctuation Observed by a
Gas Calorimeter
The property of the EM shower fluctuation <can be observed

through following quantities.

(1) Event-by-event Shower Curve

Event-by-event shower curves and the average shower curve
are plotted in Figs.VI-4(a)-(d) for electrons of energies from 25
GeV to 100 GeV, From these figures we make following

observations:
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1) The ratio of the pulse height fluctuation to the average
pulse height ©becomes small as the incident energy of electron
increases. This is because the 1increase of number of shower
electrons with incident energy makes statistical fluctuation
small. This 1is the reason why the energy resolution becomnes
better as the incident energy increases.

2) If a shower develops more (less) rapidly than the average at
the early stage, the shower decreases more (less) rapidly than

the average at the later stage.

(2) Pulse Height Distribution in Each Chamber

Figs.VI-5(a) to VI-8(f) show pulse héight distributions of
individual chambers (plane VNo. 1, 5, 11, 21, 29, and 37) for
electrons of energles from 25 GeV to 100 GeV. The distribution
is ficted Vith a (symmetric) Gaussian curve. We observe
following points from thesé figures:

1) Pulse height (PH) distribution at the early part of the
shower (plane No. 1) shows asymmetry and has high energy tail.

2) PH distribution near the shower maximum (plane No. 11) 1is
symmetric and can be fitted well with a Gaussian curve.

3) PH distribution at the later part of the shower (plane

No. 29, 37) shows asymmetry and has high energy tail.

The symmetry or asymmetry is a combined effect of the shower
development 1tself and the others (e.g. the Landau fluctuation

in lonization process in the detector)., This will be discussed
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again in section B-4.

(3) Standard Deviation of Chamber Pulse Height

The mean pulse height of a chamber (<pi>), the standard
deviation of the pulse height of a chamber (oi), and the ratio of
the standard deviation to the mean pulse height (oi/<pi>) are
shown for electrons of energies from 25 GeV to 100 GeV in
Figs.VI-9 to VI-11. These figures show that 0;/<pi> takes the
minimum value not at, but just behind the shower maximum. This
phenomenon is somewhat strange. One may expect the mnminimum at
the shower maximum, since the statistical error of number of
shower electrons becomes minimum at the shower maximum. There is
rather strange behavior of o; in its 1 dependence. The 0; seems
to have two peaks instead of one around the shower maximum at
high energies above 100 GeV. We will discuss these properties

later.

B-2. Classification of Fluctuations in the EM Gas Calorimeter

Following fluctuations are known for gas calorimeter signal.

(1) Sampling Fluctuation

The cascade shower terminates with finite number of
generated electrons. The main reason of the termination is the

energy loss of shower electron by ionizing material in
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calorimeter. Thé statistical (fractional) fluctuation in the
total number of generated shower electrons can be called as
"intrinsic shower fluctuation". When we use sampling calorimeter
like our gas calorimeter, we count the number of shower electrons
through finite sampling. Since we observe a part of the total
number of generated shower electrons, the (fractional)
fluctuation 1in the number of shower electrons observed with a
sampling calorimeter 1is larger than the intrinsic shower
fluctuation and is <called as “sampling fluctuation". The
sampling fluctuation is caused by the stochastic nature of the

shower development.

(2) Track Length Fluctuation

The wide spread angles of the secondary electrons correspond
to large fluctuations 1in track length of shower electrons.
Fischer [FI 78] obtained by his Monte Carlo <calculation the
angular distribution of shower electrons as shown in
Figs.VI-12(a),(b) for the "standard calorimeter”. According to
Fischer's definition, the "standard calorimeter"” is the detector
made of lead-proportional chamber sandwich with 48 samples in a
total depth of 16 radiation lengths, i.e. a sampling thickness

is 1/3 radiation lengths. Fig.VI-12(a) shows a strong forward

peak along the shower axis (angle 8 = 0°). However, there is a

considerable spread in the angle; and about 12 % of all

electrons are back scattered into the sampling gap. For low
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energy electrons, E < 3 MeV, the peak at 6 = 0° vanlishes and a
cos26 -distribution is approached (Fig.VI-12(b)). This was

expected [LE 63] from multiple scattering arguments.

(3) Landau Fluctuation

This 1s the fluctuation in the lonization energy loss of a
charged particle in thin absorber. Landau treated this problem

‘and found the solution called Landau distribution [LA 441].

(4) Noise in Read Out Electronics

The noise in various parts of the read out electronics can

affect the calorimeter signal.

The energy resolution of the ™"standard calorimeter”™ as a
function of the incident energy i1s shown in Fig.VI-13, The
fluctuation due to the nolse 1In read out electronics 1s neglected
in the figure. The figure shows the energy resolution as given
by the different effects mentioned above. The lowest curve
corresponds to the fluctuation in the number oé shower electrons
(sampling fluctuation) only. The two curves labeled "Track
Length™ and "Landau" build up the effective resolution from this
optimum, The total resolution follows an approximate 1//E
dependence. The predicted resolution for the corresponding

liquid argon calorimeter is also indicated. The resolution as a
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function of sampling thickness ¢t (always for a constant total
depth of 16 radiation lengths) is given in Fig.VI-14 for 1 GeV
incident energy.

B-3. Correlation Matrix; Definition and Properties

(1) Definition of Correlation Matrix

We will use the correlation matTix as a tool to 1investigate
the fluctuation of the shower. At first, we define the pulse
height deviation éik from the mean value of the i-th chamber for

the k-th event as follows:

Sk T Pik =Py T <Ry (6-5)

where

p‘k pulse height of the i-th chamber for the k-th event,
1

N = total number of events,

¢ > means an average over total number of events.

Then, the correlation matrix C is defined as

]
=

57§ LOuk bk T by (6-6)

where C. = the i-th row j-th column element of the <correlation
1]

matrix,

By definition, the diagonal and off-diagonal elements of

correlation matrix are the variance and covariance of the pulse
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height fluctuation of chambers, respectively.

(2) Unnormalized Correlation Matrix

Tables.VI-2(a)-(d) show correlation matrix elements for
electrons of energies from 25 GeV to 100 GeV. Figs.VI-15(a)-(d)
show j-dependence of correlation matrix element Cij for electrons
of energles from 25 GeV to 100 GeV. The diagonal elements Ciy
are shown d1in Pig.VI-16 for various energies of electroms.
Figs.VI-17(a)-(d) show correlation matrix elements as
three-dimensional plots. The following provperties of the
fluctuation or correlation matrix for the gas calorimeter are
pointed out by investigation of these figures:

1) A plane has positive correlation to the planes near by and
has negative correlation to the planes far off.

2) The number of nodes of the curve Cij vs, j is one or two.
If plane number i which 1is fixed for Cij is around shower
maximum, the number of nodes 1s two. Other cases have only one
node.

3) The Cii glves a discontinuous point in the Ci' vs. J curve.

J

4) The sum of C,; over j is nearly equal to zero.

3

(3) Normalized Correlation Matrix

The normalization of the correlation matrix € is made as

follows:

y, .z —i1 (6-7)

where (CN)ij is the 1i-th row Jj-th column element of the

normalized correlatlon matrix.

By definition, the diagonal element of normalized
correlation matrix (CN)ij is unity. As we know from
Eqs.(6-5)-(6-7), the normalized correlation matrix element 1is
independent of the uncertalnty of the <chamber gain. Figs.
VI-18(a)—(d) show normalized correlation matrix elements (CN)ij's
with respect to the plane number j for electrons of energies from

25 GeV to 100 GeV,

The discreteness of the diagonal elements 1in the normalized
correlation matrix elements is clear agaln. Note that there 1is

no strong energy dependence of the normalized correlation matrix.

B-4, Formulation of Fluctuations in the EM Gas Calorimeter

In order to understand the general property of fluctuatilons
including special feature of shower fluctuation 1n the gas
calorimeter, a formulation about fluctuations will be made 1in
this section. The fluctuation for each event is gilven by a
vector & each component 61 of which represents the pulse helght
deviation from the average of the corresponding chamber. Then,
we define the distribution function F(§) of the pulse heilght
deviation § for global fluctuation [Formulation (l)]. 1In the

definition of F(§), we assume a quadratic form on the power of
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exponential, wusing a symmetric matrix A. By diagonalization of
matrix A, we obtain a distridbution function E(g) of an
independent (uncorrelated) pulse height deviation é [Formulation
(3)]. The matrix A 1is related to correlation matrix C as

A =172¢71

[Formulation (4)]. Therefore, we can obtain matrix A
from C. The global fluctuation of pulse height is separated into
the fluctuation of cascade shower process and the fluctuation
originated from <characteristics of the detector [Formulation

(6)]. Then, we make two assumptions about the property of these

two kinds of fluctuation. Under these assumptions, we define new

B . - D
correlation matrices C° and C corresponding to the shower and
detector {induced fluctuations, respectively. The special

relation between total pulse height variance 0% and matrices C,
€%, and ¢? is found [Formulation (7)]. Finally, we ﬁake
generalization of correlation matrix €¢° to correlation function
CS(EQ,Eg,t,t'), where Eo, Eg are the incident energy of electron
and the cut-off energy of detector, respectively; and t, t' are
two different depths of absorber [Formulation (8)]. ?he
generalization 1is d{important, since the correlation matrix CS of
the shower induced fluctuation is a fundamental quantity of the

cascade shower process.

(1) Definition of a Distribution Function F(§) of the Global

PH Deviation §

- 51 -

The number of shower electrons is fairly large for high
energy cascade shower (typically, ~» 700 electrons at shower
maximum for a 100 GeV incident electron). Therefore, the pulse
height distribution for a chamber in the gas calorimeter is
symmetric for high energy incident electrons, except for those of
chambers positioned at very early or late stage of the shower.
This is illustrated in TFigs.VI-5(a) to VI-8(f). Thus we
approximate the pulse height distribution for a chamber with a
Gaussian function.

Under this approximation, we can define a distribution function

P(§) of PH deviation as

T
F (8 =ge 548 (6-8)
where
= - (6-9)
8, =k - B>
8
§=0 5 (6-10)
(Sn s

K = a normalization constant

’

A =n x n symmetric matrix (Aij = Aji)-

The number of chamber plAnes (n) is 37 for our gas calorimeter.
A symmetric matrix A 1is introduced to take into account the
correlation among pulse heights of chambers. If the matrix A |is
diagonal, the pulse height of each chamber is independent from

others, while the non-vanishing non-diagonal elements of A give
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- 2 L c c.C
the correlation between pulse heights of chambers. - xe Aii?i 261j$i GjAji - ; i=iAjk5j8k
2
(2) Estimation of (a) Pulse Height(s) of (a) Chamber(s) from -a;87 - b.&; - ¢y
= Ke
Pulse Heights of Other Chambers 2
bi b. 2
o AT P
As an application of the distribution function F(§) defined = K e X e i ,
by Eq.(6-8), we will derive a formula to estimate the pulse where
height(s) of (an) unmeasured chamber(s) from those of measured a. = a
i ii
chambers. This would be practically useful if it is necessary to
- c
estimate the most probable pulse heights of dead chambers. bi - ij~6jAji
Fi
Ci El T -Ajké;éi
1) A case 1in which there 1s only one chamber whose pulse height J . k%1 J .

needs to be estimated from those of all other chambers,

If we define
Assume we know, for a given event, pulse height deviations

2
b?
(dj = 63) from the mean values for all chambers except for the E_i - c.
a, i
- i
i-th chamber. The distribution function of the PH deviation di F Ke
fi(di) for the i-th chamber is obtained as follows:
62 = L
i~ 2a,
1 ’

£.(6,) = [F(8)] = =€
i 8 = &;

j X 1 (6-11)
£,(8;) is finally expressed as
T
= (ke 8R4 o
S s i 2ai
- 2
62 - 26, % &ia - I AL 66, (6 =q, e 295 (6-12)
= K e j=i Joxxi TR ¢
Sj-Gj
¥l

Thus the distribution function for the 1-th chamber fi(di) is
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Gaussian. The mean <§;> and standard deviation 9, of the PH

deviation Si are

b; jgiAijé§
A P (6-13)
o = 2= = L (6-14
Yo g !

The most probable PH deviation of the i-th camber 6?p is obtained

as a function of PH deviations of other chambers dj's (J%1) as

L A 5.
a’;‘P P8, = - %Ll (6-15)
ii

11) A case in which there are some chambers whose pulse heights

need to be estimated from those of all other chambers .

Assume we do not know, for a gilven event, pulse height
deviations 5ki's from the mean values of the ki(i=1Nm)—th
chambers. The most probable values of pulse height deviations of
the kj;j-th chambers Sgg's are calculated by making derivatives of

F(§) for Ski's as follows:

F(8 -5T
SE0) - _ g &6 A8 2 4Ty
38 36
ki ki
-6A6 2 2 5.
=-Ke [a § + 26 L a, :8. %+ z a..s.96,
aski Kok kg kij*ki X33 1,3ek, 19003
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-8TA%

= - 2K e 8 + I a

(a . 6. _
kiki ki j% N kij D (6-16)
We regulire 3E(8) 0
- sy
i
Then
-1 T
& = : a, .6.
ki oAy g %k k303
i1
-1 u k _17
= {t“%a,_ .5.+ZL7a_  .6.] (6-17)
a o k;373 . X.3°3
kyky kg 2 i :

where LY means sum over chambers with unknown pulse heights,

Zk means sum over chambers with known pulse heights.

k
1f we define b = L a, .6
ki 5 ki] i,
u
a § + £~ a_ .8§. = =-Db
kRO R e, X3 ki,
% a .§.=-b (6-18)
5 X337 LI
In Eq.(6-18), 1 runs from 1 to m. Then we obtain 1linear

equations of m unknown quantities. The most probable values of
the pulse height deviations SQP'S are thus obtained as the
1

solutions for the linear equations:
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mp mp o, ... mp ., ... mp _ _
K.k ‘Skl kS, * ak.k.eki + *ay g Sy 5.

where i = 1 ~ m. (6-19)

If we define matrix A and vectors 657, b_ as
u

mp
-- 8 b
a a
k
klkl klkm [ 1 kl
. : : mp _ ) _
Au._ . : s éu = , bu: ! )
m
e ka bk
L m 1 mm n m

the solutions are given by

mo -
soF = Aulbu ) (6-20)

(3) Diagonalization of the Matrix A and a Distribution Function

f(g) of an Independent PH Deviation 5

As we saw in section B-3, the pulse height fluctuation of a
chamber 1s correlated to those of the other chambers, From the
correlated fluctuations, we can derive uncorrelated independent

fluctuations by diagonalizing the symmetric matrix A:

T

8°A8 = 8°TT (TATT)TS

= 503

(6-21)
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where T = an orthogonal transformation matrix,
§ = Tsg, (6-22)
- dl. 0
D = TAT™ = . (6-23)
0 d

Namely, the independent PH deviation é was obtained by the use of
the orthogonal matrix T. The deviation 8§ is actually derived

from our experimental result 1n section B-5-(1).

The diagonalization of matrix A gilves us a distribution

function f(g) of the independent PH deviation & from the

distribution function F(&) as follows:

-2
- Ldgd;
F(8) = Ke * 5
5%
1
- ;2&2
1 R %y
N n/2n ~
(27) na.
i=11
52
- 1
~2
2a’
= I l~ e 1
i /chi
= ?fi(si) (6-24)
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= F (&) (6-23)
where K = —————l————— (6-26)
= . -
2n®? 15
i=11
1
4, = — (6-27)
17552
1
52
_ i
- - 1 26
£.(6.) = — e (6-28
Tt 270 )

We could rewrite the n-dimensional distribution function F(§) of
the dependent PH deviation &§ as a product of one-dimensional

distribution functions Ei(éi)'s of the independent PH deviations

(4) Relation between the Matrix A and Correlation Matrix C

In order to use the distribution functions F(§) and %(é), we
need to know the matrix A. The matrix A is used to represent the
correlation between pulse height fluctuations of two chambers.
Here we introduce the correlation matrix €. The element Cij of

the correlation matrix is defined by using F(§) as

Cij2f[ F(816;6,d8 /[ [ F(5)d8 (6-29)

’
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n
where d§ = T d§

The relation between the matrix A and the correlation matrix C is
obtained from the formula (6-29). In order to calculate the

formula (6-29), we make transformation of cordinate from § to §

as follows:

o
o
(-9
o

.3
= =
36l Gn
das = ds
36, 36
= —
28, 3%
= |det T7|d3
= |det T|d& |, (6-30)
T-.

where §=T¢§ ,

- n_
d8 = g ds
i=1 %
Then - e 52
S « 2 -
[--f{TFeras = ([ "xe 27 et 1148
o n =d g2 n _
=f--f"®x(ne ®2yjdet T| 1 43,
1=1 j=1 1
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J-- j_mp(a)sidjds

Therefore ,

YN
K |det T| n .. as ]
e=1 2
n o
|det T| m /E_— (6~-31)
p=1v¥"p ,
2
P n -d151 n
-/ R(Te Lzt 81 2 tkjék]
T =1 m=1
n -
|det T| T &,
=1
n - -dlgf“ - .
|det T| L tml K3 nl[j_me 5.8,45,)
mr
-dLEf -
|det 'r|>:tml m][gn J ds,)
~2
-d &
- mmz2 .5
x [__e 848,

t (m, JLJL LB
Idet le oi m] sam dl 7 d3

m
n T n tmitmj'
K fjget Tl g7 T =5 (6-32)
2=1 2 m=1 m .

n tmitm'

I -7~——l
m=1 S

1 T ,1
S Lt ()t .

2 m m dm mj
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=‘% (TTD'lT)ij X
From Eq, (6-23),
C = % tTp 1y
= % (TaT") "ip
= % a"l (6-33)

The matrix A is written by the correlation matrix C as

=1 .-
A=sCc™ (6-34)

(5) Diagonalization of Correlation Matrix C

From the relation between the matrix A and the correlation
matrix C, we can derive relations between the eigenvalues and
eigenvectors of the matrix A and those of the correlation matrix
G as follows:

From formulae (6-23) and (6-34),

D =21pclyt
2
=1 T, -1 (6-35)
5 (TCT™) ’
where T is the orthogonal matrix which makes A diagonal.
Then
1
. (2:1l 0
~ =1 '
TCT™ = 32 = - (6—-36)
1
o PE
n
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We define a diagonal matrix A as

=
"
"
[T
o

(6-37)

Therefore,

7cT! = AL (6-38)
This means the orthogonal matrix T which makes the matrix A
diagonal also makes the <correlation matrix C diagonal. The
correlation matrix C has the same eigemvectors as those of the
matrix A, The eigenvalues of the matrix C are related to those

of the matrix A as

U (6-39)
i 2di ,
where Xi's and di's are eigenvalues of the matrix C and A,
respectively.

Properties of eigenvalues and eigenvectors of correlation matrix

and independent fluctuations are shown in section B-5-(1).

(6) Separation of Global Fluctuation into Shower Fluctuation

and Detector Fluctuation

As we discussed in section B-2, the pulse height fluctuation
of a chamber 1in the EM gas calorimeter is mainly composed of
sampling fluctuation, track length fluctuation, Landau
fluctuation and the fluctuation caused by the noise of read out
electronics., Since the sampling fluctuation 1is caused by the

stochastic mnature of cascade shower development, hereafter we
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call this fluctuation as the "shower fluctuation". Other three
kinds of fluctuation are all caused by the characteristics of the
detector. If we use plastic scintillator or liquid argon instead
of gas for the detection of cascade shower electrons, the track
length fluctuation and the Landau FTluctuation are substantially
reduced [FI 78]. We will define the "detector fluctuation" as
the sum of the track length fluctuation, the Landau fluctuation,
and the fluctuation caused by the electronic noise. Hence, the
global fluctuation of the pulse height of a chamber in the EM gas
calorimeter is composed of the shower fluctuation and the

detector fluctuation.

The global PH deviation &; of the i-th chamber is written as

_ .S D
§; =6, +6&; (6=40)
where 6? and :6? stand for the shower and the detector

fluctuations, riespectively.
The i,j-th element of correlation matrix C which is defined for

the global fluctuation is now expressed as

.S D s D
C.lj _f<(0i + di)(dj + dj)>
¢ s .S D_.s s D DD
= .0 + T8L> + K8TEL> + K880 . 6-41)
<6io]> fGléj 616J 6163 (

Here we make two assumptions:
Assumption 1. The detector fluctuation is independent of the
shower fluctuation.

Assumption 2. The detector fluctuation of each chamber is
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independent of those of other chambers,
From the Assumption 1, the cross terms between the detector
fluctuatlion and the shower fluctuatlion are zeros:
%> =0 5> =0 (6-42)
ivj , i%j .
From the Assumption 2, the fourth term of Eq.(6-41) becomes

D_D D D .2
<éi5.> - <515j>6ij,

J (6-43)
where Sij is the Kronecker §.
Then
€y = <856> + <51i’5§> 5y (6-44)
We introduce two new correlation matrices here. One 1is the

correlatlon matrix of shower fluctuation C3 and the other 1s the
correlation matrix of detector fluctuation CD. They are defined

as follows:

s _ s_.s -
cij 2 <8563 ' (6-45)
D _  D.D_ -~

Cij z <6i6j> 6ij . (6-46)

The correlation matrix of global fluctuation C 1s written as the
sum of the correlatlion matrix of shower fluctuation C° and the

correlation matrix of detector fluctuation CD.

T (6-47)

It is to be noted that the correlation matrix €0 1s a diagonal

matrix, while the matrix €% 1s not dilagonal. The above

formulation 1s visualized in Fig.VI-19. The figure shows a

dlagonal element cii 1s discrete from off-diagonal elements,
D

reflecting the vanishing off-dlagonal elements of C As
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mentioned 1in section B-3 in this Chapter, the discreteness of a
diagonal element was actually observed for our correlation
matrices C (see F1g.VI-15(a)-(d)). Thus the above formulatlon is
D

conslistent with our experimental result. Properties of c® and ¢

are studied in section B-5-(2) in this Chapter.

The normalizatlion of the correlation matrix C° 1is made as
follows:

s

%), = —=2 (6-48)

N71j ~ ] B}
G

where (C°) 1s the 1-th row Jj-th <column element of the

s
Nij
normallized correlation matrix of shower fluctuation.
X s X R
Since C as well as € is a symmetric matrix, it is

s
diagonalized by an orthogonal matrix T which is different from

T.
13¢5 (25)T = A% = . (6-49)

s
where Xi's are elgenvalues of the matrix c®.
The orthogonal matrix TS transforms a dependent PH deviation ss

caused by the shower fluctuatlon to an independent PH deviatilon

§°:
= %% . (6-50)

s
The eigenvalues and eigenvectors of C are obtalned 1n section
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B-5-(3) in this Chapter.

(7) Relation between the Total PH Fluctuation and Shower

and Detector Fluctuations

In qualifying the calorimeter performance, one of the most

important quantities 1is the energy resolution OE/<E>, where <E>

and o, are the mean and the standard deviation of the total pulse

E
height E of the calorimeter, Tespectively. We now discuss the
relation between the total PH fluctuation and shower and detector
fluctuations. First, we obtain the relation between g and
correlation matrix of global fluctuation C as follows:

oé = [ ZF(8) (E- <z>)2d5/1--j_:F(s)d5 (6-51)

= [ [ Tr8) (zs %6/ [ Zr(8)ds
i

Jo-J @ zss5a8/0 [ TFis)ds
1]

t[--]"r6)6,6.a8/[--[ “F(8)ds
i7" L3 -

LC.. . -
i3 ij | (6-52)

Thus the total PH variance 0; is written as the sum of elements
of the correlation matrix C. It 1is also described with

quantities of the shower and detector fluctuations:
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From Eqs.(6-46) and (6-47),

oZ = EC.. + IC,. (6-53)

S

£ f--f ”Fs(as)éisjdss/J--.L:Fs(ﬁs)dﬁ
ij o

2
e =D,k D D
+If-] FD(GD)ég as®/f-- [ _F(s )48
i -0

=f--§ TF% %) ) as%/f- - [ TF% (5%)a8°

) (6-54)

where F5(§°5) and FD(sD) are the distribution functions of PH

Sy and detector (&D)

deviations caused by the shower (8
fluctuations, respectively; 0; and Og are standard deviations of
the total PH fluctuations caused by the shower and detector

fluctuations, respectively; the fluctuations are represented by

vectors
3 63
& = . SD _ E
o 6
and other variables are as
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as% = 1 ass as® = 7 ag®
i=] 1, i=1 1
s _ ..s
6g = U6; |
1
5,2 _ s
(g% = rcf, (6-55)
ij
©2)2 = 10?2 - 5D, (6-56)
E i i i ii o,

Eq.(6-54) means that the total PH variance 0; of global
fluctuation 1s written as the sum of the total PH variances,
542

(OE) and (02)2, of the shower and detector fluctuations,

respectively.

The formula (6-55) is modified to another form by the use of
independent PH deviation Ss as follows:

From Eq.(6-50),

s, 2 ® S , &5, ,.S,.S .S f® .S .S s -
@ = £ f--f F(6%6763a8 /] TF% %) as (6-57)
= z[ f )():c )(zc °) jdet T°|a5°
/[--J.TF%(3%) |det 1%]a3®
- iﬁlm sites [ [OF° igidgs/ﬁ-f_:'és(ES)dSS
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= ~s,2
= IIF ) (55 c&/j[?(é)da
1]L Ll £3
~s5,2
= X tlltlj(dl) , (6-58)
ije
n ~
where d&° = T d6%
i=1 »
ES(BS) = Fs((TS)T§S)= Fs(ss) ,
~5 .=g e~
[--[F%6%)6563a8%/f --[F7(8%)as® = <67 43>
0 for ¢3m
= (352 for g=m , (6-59)
2 2
85 = standard deviation of the 2£-th independent PH

deviation of shower fluctuation gi

If we define

- S
s, = Et“i ’ (6-60)

we finally obtain a formula for c;’

2

~5 _ 2.s _
101) = islkl (6-61)

By definition, Sy is the sum of components of the eigenvector
which corresponds to the eigenvalue AE. Eq.(6-61) means that the
5.2

total PH variance (c Y of the shower fluctuation is written as a

quadratic sum of the product of SZ and the standard deviation SZ

of the %-th independent PH deviation 6;



From Eqs.(6-54), (6-56), and (6-61), the total PH varilance

2
0. 1s written as

E
2 ~s,2 D, 2
= o + o (6-62
oE E(S2 1) E( l) )
= 7a2,S D, 2
{SLAE + {(Gi) . (6-63)

(8) Generalization of Correlation Matrix of Shower Fluctuation

¢® to Correlation Function CS(EO,E*,t,t’)

If Assumptions ! and 2 made in Formulation (6) are correct,
the correlation matrix of shower fluctuation C° is a fundamental
quantity which describes the fluctuation process of the EM
cascade shower. It i1s not affected by the fluctuation due to the
characteristics of the detector (detector Efluctuation). Hence,
it 1s valuable to generalize the correlation matrix €% to the
correlation "Ffunction" C5°(t,t'). The generalization of C° {is
made as follows. Since the correlation matrix element Cij for

shower fluctuation is defined by

c3

by F oS ortstieletas®/ S [ Trt 6% a8t (6-64)

the correlation function Cs(t,t') is obtained by the following

substitutions:
&2 _— s%(t)
53 _— 65(t")
as® = ;mass —_— I 46 (t")
it e
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F7(87) _ F7(67)

Then the correlation function Cs(t,t') is written as

cSit ) = j--f_:Fs(ss)as(t)as(t')g“désn")

/f"f FS5 (6% 465 (¢ (6=65)
. £ .
If the dependences on the incident energy E, and the cut-off

energy of detector Eg are 1included to ¢5(t,t'), the formula

(6-65) is modified to

CS(E,,Ef.t,t")

[ ] (R, EE65)6%(E, B t) 67 (E, BN, b )

x T d8%(Eq,E5 t")/ - [ TFS(E,,ES, 6)1 d65(E, ,EX, t")
t t" .

(6-66)

The parametrization of the correlation function of shower
fluctuation CS(E,,Ej,t,t') is made 1in section B-5-(5) in this

Chapter.
The correlation matrices C, CN, and C; are also generalized
x *
to the <correlation functions C(EQ,E&,t,t'), CN(EO,Ed,t,t'), and

C;(Eo,Eg,t,t'), respectively:

11

C(Eq,ES e, t') = [+ [IF(Eq,B],6)8(Eo,EG,£)6(Eo,Bqut")

>

g”ds<E°,E§,t">/I--L:F<Eo,E§,6>g"d5<Eo,E§,€5

(6-67)
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C(E,,Ef,t,t')

Cy(Eo,Eg,t,t") = (6-68)

Je(Ee,E5,t,E)C(E,,E5,t",t")

>

< . C%(Eo,Ef.t,t")
Cy(Eo Eg,tot’) = (6-69)
[cS(E,,E%.t,t)C3(E, ,Ef,t',t") |

B-5. Experimental Results in terms of the Formulation

In terms of the formulation in section B-4, the following
experimental rTesults were obtained for high energy EM cascade

shower observed by the EM gas calorimeter.

(1) Diagonalization of Correlation Matrix C and Independent

Fluctuation

Eigenvalues and eigenvectors of the <correlation matrix of
global fluctuation C were obtained from the observed shower
developments for incident electrons of-energles from 25 GeV to
100 GeV, Tables VI-3(a)-(d) show numerical values of eigenvalues
and corresponding eigenvectors of correlation matrix C. 1In these
tables, the eigenvalues are numbered from the largest to the
smallest. Therefore, the first eigenvalue 1is the largest.
Fig.VI-20 shows eligenvalues Ai's with respect to their‘number i
for 75 GeV electrons. Since /7; = ai’ the largest independent

fluctuation 1s about 2 times larger than the second one, where Ei

is a standard deviation of independent PH deviation Si'
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The components of eigenvectors xi's are shown for 75 GeV
electrons 1in TFigs.VI-21(a)-(f). We observe the followings from
these figures:

1) Components of the first elgenvector X, versus the chamber
plane number j show the shape similar to a sinusoidal curve.

2) There is a trend that the number of nodes of the curve
(xi(J) vs. j) 1increases as the corresponding elgenvalue becomes

small.

The dependent fluctuation of chamber pulse height is
demonstrated in Pigs.VI-22(a)-(d). The figures show
two-dimensional scatter plots of dependent PH deviations
(6i vs. 6j) for 75 GeV electrons. Points in the figures show
ellipse-like distributions. The principal axes of the ellipse
are not parallel to <coordinate axes. This means there 1is a
non-vanishing correlation between §; and 6j- Two-dimensional
scatter plots of independent PH deviations (gi vs. gj) for 75 GeV
electrons are shown in Figs.VI-23(a)-(d). The figures show no

correlation between §; and §;. These properties are the same for
i J

other energies (25, 50, and 100 GeV),

(2) Correlation Matrices of Shower Fluctuation (C%) and

Detector Fluctuation (CD)

According to Assumptions 1 and 2 in Formulation (6) in
section B-4, we have obtained ¢S and CD from our data. The
diagonal element cS. was obtained by the interpolation

11
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(2 =1 5 36) and extrapolation (i=1, 37) of off-diagonal elements

C:i's (i%j). The diagonal elements C?i's were obtained by
Eq.(6-47).
Tables VI-4 and VI-5 show numerical values of C:i and C?i

for energies from 25 GeV Eo 100 GeV, respectively. They are also
shown in figures (Cji in Fig.VI-24, C?i in Fig.VI-25). From
these figures, we observe the followings:

1) The curve C:i vs. 1 has clear two .peaks (Fig.VI-24). This

is not the case for the curve C?i vs., 1 (Fig.VI-25).

2) The curve C?; vs. 1 has a shape similar to the shower curve.
Figs.VI-26(a)-(d) show normalized correlation matrix

Sy 's with respect to j for emergies from 25 GeV to

1 [
elements ( N i

100 GeV.

(3) Diagonalization of C°

Eigenvalues and eigenvectors of the «correlation matrix of
shower fluctuation C° were obtained for energies from 25 GeV'to
100 GeV, Eigenvalues and corresoponding eigenvectors are
tabulated in Tables VI-6(a)-(d). Eigenvalues were numbered by
the same manner as used in section B-5-(1). The same figures as
obtained for C were'also derived for CS. Eigenvalue A: vs. 1 1is
shown for 75 GeV electrons in Fig.VI-27, Elements of eigenvector

xj(J) are plotted against the element number b in

Figs.VI-28(a)-(f). The general properties of the eigenvalues and
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S
elgenvectors of C are almost the same as those of C. To be

mentioned here is a trend of the curves xi(J) vs. j (i=1v6)., For
the correlation matrix of global fluctuation C, there is a trend
that the number of nodes of the curve xi(J) vs. J 1increases as
corresponding eigenvalue becomes small. This trend is clearer
for the correlation matrix of shower fluctuation ¢5. The number

of nodes for ¢° increases more systematically than that for C.

(4) Standard Deviation OF of the Total PH Fluctuation and
D

Its Relation to G° and C

By using Eqs.(6-52), (6-55), and (6-56), we have obtained
standard deviations OE, OE, and OE from our experimental result.
Fig.VIi-29 shows energy resolutions OE/<E>, OE/<E>, and Og/<E>
with respect to I/VEZ, where E, is an incident energy. With the
expected relation 0. /<E> = K//E. (K = 24.7%0.5 x(ce)?) for the
energy resolution of calorimeter, we found that the relations
0;/<E> = k8//E, and Og/<E> = KD//EZ were approximately satisfied,

1 1
where K° = 10.1%1.1 %(GeV)? and kD = 22.8%0.1 %(GeV)?, TFig.VI-30

shows energy dependence of O/ OE.

s

The standard deviation OE of shower fluctuation is obtained
not only from Eq.(é-SS) but also from Eq.(6-61). By
diagonalization of Cs and the use of Eq.(6-60), we obtained S2

and A:. The SQ vs. & is shown in Fig.VI-31 for 75 GeV electrons.

2
Figs.VI-32(a)-(d) show S A: vs. 2 for electrons of energies from

3
25 GeV to 100 GeV,.
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(5) Parametrization of Correlation Function Cs(Eg,Eg,t,t‘)

In section B-4, we have generalized the <correlation matrix
of shower fluctuation C° to a continuous function CS(EO,Eﬁ,t,t')
which was called as the correlation function. The
parametrization of the correlation function will be made in this
section. In order to observe the global structure of C5, we
present the three-dimensional plots of c® (Figs.VI-33(a)-(d)).
These figures suggest us to use the two-dimensional Fourier
series to parametrize CS(EO,Eﬁ,t,t‘). Since it is not favorable
to use too many parameters, we limit the Fourier series to the

second order. Hence the CS(EO,Eﬁ,t,t') is expanded as
1 ]' *
C®(E,,E§.t.t') = § a,, (E, ,Eq)
JEj)cos{nm(2t-L-L)/(L-2)}
+ b (E, ,Eg)sin{nm(2t-2-L)/(L-1)}
3¢

JEq)cos (nw(2t'~2-L) /(L-L}}

LEg)sin(nm(2t'-2-L) /(L-2)} |

2
+ T [amn(En,Eﬁ)cos(mw(Zt—Z—L)/(L—l)}cos{nw(Zt'—l-L)/(L—LH
n

+ b (E, ,Ed) sin{mm(2t-2-L)/(L-2)} cos{nm(2t' =4 -L) / (L-1))

+ cmn(Eﬂ,Eﬁ)cos(mn{Zt-l—L)/(L-l)}sin(nv(Zt'-l-L)/(L-LU

* .
+ dmn(Eo,Ed)51n{mﬂ{2t—1-L)/(L—l)}sin(nw(Zt'—L-L)/(L—L)}]

(6-70)

where

2 = te - ac/2 = 1.92 r.L.

L =1z + at/2 = 23.69 r.tL. ,

At = sampling thickness of an unit layer in
radiation length,
tf, t2 are thicknesses at the first and the
last chambers in radiation length, respectively.
The Fourier series is orthonormal in the interval [&, L]J. The
formula (6-70) has 25 <coefficients. Since the correlation

function CS(EO,Eg,t,t') is symmetric for the exchange of t and t'

as
S ) 1 = S e f
c (E,,Eq,t,t') = CT(E, ,E5,t",t) , (6-71)
there are relations between coefficients:
dan aam
on . “nm , (6-72)
= d
mn nm
Thus the real number of coefficients reduces to 15. By

considering these 15 coefficients as parameters, we made a least
squares fit of the correlation matrix elements Cij to the

two-dimensional second order Fourier series.

The reproduced correlation matrices with optimized values of
parameters are shown 1n Figs.VI-34(a)-(d) as three-dimensional
plots for energies from 25 GeV fo 100 GeV. We see the global

structure of the correlation function was reproduced by the
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formula (6-70). The reduced X2 of fitting 1is typically 0.98 for
25 GeV, The cross sections of these three-dimensional plots are
shown for 75 GeV electrons with original matrix elements in
Figs.V1-35(a)-(h) for off-diagonal elements (Cij vs. J) and
Pig.VI-36 for diagonal elements (Cisi vs. 1). The optimized
values of parameters are tabulated 4in Table VI-7 for various
energlies. The parameters show almost the linear dependence of

energy (Figs.VI-37(a)-(d)).

C. Application of Study of Longitudinal Shower Fluctuation

to T/e Separatiocn

C-1, Method of m/e Separation

As an application of study of the longitudinal shower
fluctuation, we ©propose a new mnethod of T/e separation (see
Chapter I-B-2). We assume a case 1in which we have only an
electromagnetic calorimeter. The conventional method as shown in
Chapter V-E uses the following variables for 7/e separation:

1) The total energy deposit in the calorimeter (E).

2) The ratio of the energy deposit in the front segment or rear
segment of the calorimeter to the total energy deposit in the
calorimeter. 1In Chapter V-E, we used ratilos Rl (for front
segment) and R, (for rear segment).

3) The lateral shower spread. The wvariable o was used in

2
Chapter V-E.
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Instead of uslng the variables Rl and R3, here we use the

information of longitudinal shower development more effectively.
2

In the present method, we use the variable X defined
event-by-event as
- T T.T T ~T = ~2
x* 5846 = (6T )(TAT )(T8) =§ D& = Ld §; (6-73)
i ,
where A = i C-l
2 ’
dl 0
D = TAT® = ’
0 d
n—- t)
§=1Ts ,
— _ e
9y Pi P>
P, = pulse hight of the i-th chamber for electrons
or pions,

<pi> = average pulse height of electrons at the i-th
chamber.
The matrix A is calculated from correlation matrix C which 1is

obtained for electron events.

Namely, the method is as follows,. First, we assume the
average PH of electrons <p§> for a single event. Then we obtain
dependent PH deviation di by subtracting <p§> from the pulse
height p_l of a chamber. We transform di by transformation matrix

T in order to obtain independent PH deviation Si' The di is a
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variable independent of the correlated fluctuation of chamber PH.
Therefore, 1f we make cut on gi instead of Gi , Wwe can 1i1nclude
more electrons 1in the cut region. 3But the same 1s not true for
plons, since we use <p§> and C which are obtained for electrons.
The Si obtained from a pion event is mot independent; and Igil
1s far bigger than that for electron. Therefore, we can make
2

more rejection of plon by using cut of gi instead of Gi. The X

cut makes Si cut for all 1 values in one time.

This 1is not the case for R1 and R3. The R1 and R, are based
on the dependent pulse height deviationmns Gi’ therefore they are
the dependent varlables on the correlated fluctuation of the
electron shower in chamber PH. Hence, the Rl’ R3 cuts are
affected by the correlated fluctuation of chamber PH.

For the actual 7/e separation analysis, the I1nformation of
the total pulse height E was added to the Xz. In order to

include it, we have defined a new X-square X2 as follows:

G
2 s k2, 42 6-74
XG = X° 4+ XE ) ( )
2
2 _ (E—<E®)
where XE H -—?fe—)z— (6=-75)
(0E
<E€> = mean of the total pulse height for electrons,
OE = standard deviatilon of the total pulse height for

electrons,

E = the total pulse height for electrons or pilons.
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C-2. T7/e Separation with a New Method

Figs.VI-38(a),(b) show the first independent PH devlation 51
which <corresponds to the largest elgenvalue obtained from the
formulae shown 1in section C-1 1in this Chapter for 50 GeV
electrons and 100 GeV pions, respectively. As described in
section C-1, the 51 for pion is calculated by the use of the mean
pulse heights of chambers for 50 GeV electrons instead of using
those for 100 GeV pions. In these figures, we observe the 51
distribution of pions is wider than that of electrons. If we
make a cut as shown in the figures, the pion rejection is 11.5 %
with electron retention efficiency of 91.6 %. We repeat this
kind of rejection for various independent PH deviatiomns when we
use X? or Xé. The same distributions are shown for 2nd
independent fluctuation in Figs.VI-39(a),(b). Figs.VI-40(a), (b)
show Xé distribution for electrons of 50 GeV and pions of 100
GeV, respectively. These figures show good separation of
electrons from pions. With the <cut shown in the figures, we
obtaln pion rejection of less than 2 x 10—4 with electron
retention efficiency of 99.2 %. Same distributions are shown for

100 GeV electrons and pions in Figs.VI-41(a),(b), respectively.

Pion rejection factor vs. the electron retention efficiency

2
for XG cut are shown 1in Figs.VI-42(a)-(c) for various energy
2
combinations of electrons and pilons. The XG cut 1s very
effective for the case E = 50 GeV and Ej; = 100 GeV. No

e

improvement of the pion rejection, compared with conventional
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cuts (see Chapter V-E), was obtained for the case Ee = En' This

is shown more clearly in Fig.VI-43(a),(b) which ehow the pion
rejection factor as a function of the ratio of electron energy to
pion energy (Ee/En) with the electron retention efficiencies of

85 % and 98 %, respectively. The Xé cut is very effective except

2
for the case Ee = En’ By using the XG

than factor 10 better pion rejection (<2x10_4) than the

cut, we have obtained more

conventional cut (E&Rl&R3 cut) shown in PFig.VI-43(c). As we
mentioned 1in Chapter V-E, the reason of no improvement vf pion
rejection for the case Ee = E, might be due to the electron

contamination in pion beamn.

CHAPTER VII
DISCUSSION OF RESULTS

A. Calorimeter Performance

A prototype module of the end plug EM gas calorimeter for
CDF has been constructed and its performances have been measured.
Energy resolution, pulse height linearity, position resolution,
response uniformity, and m/e separation capability are all found

to be quite satisfactory.

The energy resolution of 30ve(r.L.)/E(GeV) % 1is equivalent
to the world average for gas calorimeters as shown in Table I-1.
This energy resolution <corresponds to 1.7 % for 200 GeV
electrons. Since the end plug is in a small angular region, the
decay electron from W or Z bosons often has such energy at 6=15°.
The energy Tesolution of 1.7 % is fairly close to the level of
systematic error. Since the end plug EM gas calorimeter is a
large system, 1t is not easy to keep the systematic error below
1.7 %. We need various monitoring systems, e.g. gas pressure,
gas composition, temperature, and high voltage monitors. The
gain calibration using éd109 sources and non-interacting (no
hadronic interaction) hadrons and muons will be made. By the use
of all these monitoring and calibration systems, we expect wWe can
keep the systematic error below 1 % level. In this sense, the

intrinsic energy resolution of 24 %/v/E (1.7 % for E = 200 GeV) is
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fairly good for high energy electrons. The detailed discussion
about the energy resolution of EM gas calorimeter according to
the newly obtained formulae in chapter VI-B will be made in

section C of this Chapter.

The position resolution is important to know the 1mpact
point of a photon or an electron on the calorimeter. The overlap
of an energetic m° and a charged hadron constitutes a background
for an electron, e.g. the decay electron from W or Z bosons.
Therefore the measurement of the impact point of a photon is
important to Teject such background. Since tracking chamber has
poor momentum resolution in the end plug region, the E/p cut
which require E/p * 1 1is not effective, where E is the energy
observed by the calorimeter, and P is the momentum measured by
the tracking chamber. For our calorimeter, we have obtained the
position resolution of 1.5 mm for 50 GeV electrons. For the
background of #° and a charged hadron, we observe the energy
deposit of two photons and one hadron. L We expect about the same
position resolution for two photons from @° as that for an
electron, since the signal of two photons should be very similar
to that of an electron. But we need to take into account the
effect of an interacting hadron. About 65 % of hadrons has
hadronic interaction in the calorimeter. The position resolution
should be obtained with the effect of an interacting hadron for

the study of this background problem.

The discussion about 7m/e separation performance will be made

in section C in this Chapter.

About the end plug EM gas calorimeter, one thing we have not
studied 1is the effect of the magnetic field. Since the end plug
EM gas calorimeter is in the 15 KG solenoidal field, there will
be a possible problem for proportional chamber caused by the
magnetic field. One problem is the curving of the electron or
ion tracks in the <chamber due to V x B Lorentz force. It
potentially causes inefficiency and lengthening of dirft time.
But according to the Monte Carlo study of AMY [AM 83], the
magnetic field reduces the fluctuations caused by wide angle
electrons. They have obtained energy resolution of

G/E ~ 15 3/VE ,
for the magnetic field of 30 KG with 4 mm Pb sampling. In their
case, proportional tubes are parallel to the magnetic field,
while in our case tubes are perpendicular to the field. We need
more study about the effect of the magnetic field on gain of a

chamber in the future,

B. Average Shower Curve
As shown in Fig.VI-3, the <correction function O(EO,E*,S)
obtained by our calorimeter with cut-off energy E* = 3 MeV shows

a rough agreement with low energy data obtained by Muller for

s < 1. For s > 1, however, our o(Eo,Eﬁ,s) is systematically

lower than Muller's. He obtained the data by using plastic



scintillators instead of chambers. Mitsui [MI 81] derived the

P(E E*,s) from the shower curve obtained by many authors with

o?
various shower detectors, including the result of Muller and his
own, as shown in Fig.VII-l. The figure shows that Mitsui’'s
D(EO,E*,S) is the same as ours for s < 1. The property of
D(EO,E*,s) is similar for various detectors in this s Tegion.
But for s > 1, there are discrepancies among results. Since the
shower curve observed by various detectors is dependent on the
detector, the p(Ec,E*,s) function depends on the detector. Omne
reason for thils is the difference of the cut-off energy of
detectors Eg. But it seems to be 1impossible to explain
consistently the p(EQ,E*,s) of wvarious detectors for s > 1,

including our data, by the difference of the cut-off energy Ez

alone.

The D(Eo,E*,s) derived from our gas calorimeter 1is well
fitted to formula (6-4) for energies from 25 GeV to 100 GeV. It
has no dependence on incident energy E, in this region.
Therefore, we expect the actual shower curve at energy higher
than 100 GeV can also be represénted by the shower curve
HA(EO,E*,C) obtained by Rossi and the <correction function

D(EQ,E*,S) derived here.
C. Longitudinal Shower Fluctuation

C-1. Validity of the Assumptions 1l and 2
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As we discus;ed in Chapter VI-B-4, the global fluctuation
can be separated into two fluctuations; one 1s the shower
fluctuation and the other is the detector fluctuation. The
shower fluctuation is defined as the fluctuation of the cascade
shower development and makes sampling fluctuation in a sampling
calorimeter. On the other hand, the detector fluctuation is
defined as the sum of the track length fluctuation, the ZLandau
fluctuation, and the fluctuation due to the noise of the read out
electronics. 1In our case, the noise of the read out electronics
was negligibly small . compared with other fluctuations, judging

from the pedestal distributions of ADC's.

We made following two assumptions in Chapter VI-B-4:
Assumption 1. The detector fluctuation is independent of the
shower fluctuation.
<5j5?> -0 for any i, J . (7-1)
Assumption 2. The detector fluctuation of each chamber is

independent of those of other chambers.

Ia)

<6P6P> - <6P6,>6.4 (7-2)
i ] i ij .

[N -

In order to check the validity of the above assumptions, we

made following studies:

1) Comparison between él, C; of our gas calorimeter and CN. of
a liquid argon calorimeter by Cerri et al. [CE 77].
2) Comparison of Og» oE, and og with the result of Fischer's
Monte Carlo [FI 78].
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(1) Comparison with the Result of a Liquid Argon Calorimeter

For the liquid argon calorimeter of Cerri et al., the
fluctuation due to the noise of the read out electronics is very
small compared with the global fluctuation [CE 77]. Therefore we
neglect the fluctuation caused by the noise in the detector
fluctuation for their result as well as ours. And it is pointed
out by many authors [FI 78,IW 80] that thé liquid argon
calorimeter has very small track length and Landau fluctuations
(detector fluctuation) compared with the gas calorimeter (see

Pigs.VI-13 and VI-1l4).

Figs.VII-2(a)-(h) show the elements of the normalized
correlation matrix of global fluctuation CN obtained by a liquid
argon calorimeter by Cerri et al., together with those obtained
by our gas calorimeter for 25 GeV electrons. The elements of the
normalized correlation matrix of shower fluctuation C; obtained
by our gas calorimeter for the same energy electrons are also
shown in these figures. We observe the discreteness of the
diagonal elements of the matrix CN for our gas calorimeter, but
not for the liquid argon calorimeter. This means that (1) the
discreteness of the diagonal elements of the correlation matrix C
is due to the detector fluctuation (track length and Landau
fluctuations). These figures also show that the normalized
correlation matrix CN of the liquid argon calorimeter agrees well
with the normalized correlation matrix of shower fluctuation C;

of our gas calorimeter. This means that (2) the detector
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fluctuation has no correlation between chambers, and also (3) the
detector fluctuation has no correlation to the shower
fluctuation. The statements (1), (2), and (3) are equivalent to
the Assumptions 1 and 2. Thus, the —correctness of the

Assumptions 1 and 2 was proved.

s D
(2) 92, 9F, and 9F Compared with the Result of Fischer's Monte

Carlo

Fischer has studied by a Monte Carlo method on the pulse
height fluctuation of the gas <calorimeter, and estimated the
sampling, track length, and Landau fluctuations [FI 78].
According to his Monte Carlo [FI 78], the energy resolution
(OE/<E>) of the gas calorimeter is determined by about 40 % of
shower fluctuation and 60 % of detector fluctuation for incident
energy of 1 GeV and sampling thickness of 0.58 radiation length
which is the same thickness as that of our calorimeter. In other
words, the global fluctuation is about 2.5 times larger than the
shower fluctuation (OE /OE 2.5). This is shown in his figure
(Fig.VI-14). By this fact we can check our Assumptions 1 and 2.

The Assumptions 1 and 2 lead to the Eq.(6-54):

2 _ 5,2 D 2
gg = (cE) + (GE) ) (6-54)
D
As shown in Fig.vVI-29, Og, OE, and og satisfy the relations:
0g/<E> = K//E, , (7-3)
N S
TE/<E> = R //E, , (7-4)
D
op/<E> = K2 //E (7-5)
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We expect, as a good assumption, these formulae are satisfied for
the energy region not only from 25 GeV to 100 GeV but also down
to 1 GeV. Then, we compare our result on (OE/OE) shown in
Fig.VI-30 with the result of Fischer (OE/OZ ~2.5). PFig.VIi-30
shows that our result is in good agreement with that of PFischer,

Again the goodness of the Assumptions 1 and 2 was demonstrated.
C-2. Property of Shower Fluctuation

(1) Function CS(EO,Eg,t,t')

As shown in Figs.VI-33(a) to VI-36, the correlation matrix
of shower fluctuation c® is successfully fitted to
two-dimensional 2nd order Fourier series. The curve Cii vs.. 1
shows two peaks, where a hollow place between them is immediately
behind the shower maximum (see Fig.vVIi-9, Fig.Vi-24, and
Fig.VI-36). This is the reason why the curve o, vs. i seems to
have two peaks at higher -energies (> 100 GeV) and the curve
oi/<pi> vs. i takes minimum immediately behind the shower
maximum as mentioned in Chapter VIi-B-1 (see Fig.VIi-10,
Fig.VI-11). The two peaks of oi vs. 1 and the minimum of Oi/<pi>
vs. 1 just behind the shower maximum are caused by the property
of shower fluctuation. Why does the shower fluctuation take the
minimum value (the hollow place of Cii vs. 1) immediately behiind
the shower maximum rather than exactly at the shower maximum?

For the present, we do not know the reason. But we know the fact
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that the T"center of gravity" of the average shower curve is
slightly behind the shower maximum, since the average showver
curve 1is steeper in front part than in back part (see Fig.VI-9).
The minimum of the shower fluctuation corresponds to the center
of gravity of the average shower curve. We need more study on

this problem.

(2) Energy Resolution OE/<E> in Terms of Independent Shower

Fluctuation

From Eq.(6-50), the dependent PH deviation &s of shower

fluctuation is written as follows:

55 = (TS)TC;S
-1
6y
= DT =T
n -~
GS
n
s s
f11 fa1
: = . - TTs
= 85 + -+ : 55 = z(x3)"s (7-6)
ts 1 ts n 2 A X,
L 1n] ["an ]
S
where %y
5 = - (7-7)
s
x s
n

s
X

L
The dependent PH deviation sS i3 written by the linear

s
the 2-th eigenvector corresponds to eigenvalue AZ'

[
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T .
combination of elgenvectors (xz ) . The 6; is the &-th
coefficlent of the 1linear combination. As we mentioned in

Chapter VI-B-4, the eigenvalue Xz 1s the varilance of the
independent PH deviation gz . Therefore, the Az defines the
average welght of the elgenvector x; in the linear combination
which makes the dependent PH deviation 58. Fig.VI-27 shows that,
in the average, the first mode fluctuatlion (the first elgenvector
XT, Fig.Vi-28(a)) is about 2 times larger than the second mode

fluctuation (the 2nd eilgenvector x>

5 Fig.VIi-28(b)) in the

dependent PH deviatiom &S.

In Chapter VI-B-4, we obtained the following relation for
shower fluctuation:

D =rsy@Ept - ESEA] (6-61)
The varlance (OE)2 of the total PH fluctuation caused by shower
fluctuation 1s the sum of S;A; over %=1 to 37. The S2AS 1s
plotted against & in Figs.VI-32(a)-(d). These figures show which
independent fluctuations mainly determine the energy resolution
0;/<E>. There seems to be no systematic bhehavior in these
figures. The systematics might be swept by the uncertainty of

the chamber gain.

C-3. Distribution Function of PH Deviatilon

~ 93 -

The distribution function F(§) of the PH deviation & for
global fluctuation is an important function for the gas
calorimeter, because 1t describes fluctuations 1in the gas
calorimeter. As shown in PFigs.VI-5(a) to VI-8(f), for high
energy cascade shower, the pulse height distribution of each
chamber is approximately Gaussian due to enough electron
statistics, except for the chambers at very early part and very
late part of the shower.

Therefore, formula (6-8)

P(8) = x o= 5 A8 (6-8)
is a good approximation for the fluctuation of high energy
cascade shower observed by the gas calorimeter. In Eq.(6-8), A

is the symmetric matrix derived from correlation matrix C by

_ 1 -1
A = 3 C . (6-34)
Since F(§) includes detector fluctuation, it 1is a function

dependent on the detector.

The distribution function F°(§°) of the PH deviation &° for
shower fluctuation 1s a fundamental function for high energy
cascade shower. By the same reason as for the case of F(§), the

FS(&%) is approximately described as

FS(6%) = ke (671 7A%8° (7-8)
where A% = % (cs)_l , (7-9)
K' = a constant.
The n-dimensional function FS(g°) is generalized to the



"infinite" dimensional function (functional) FS(EQ,Eﬁ,GS) defined
for the incident energy E,, the cut-off energy of detector E:,
and the PH deviation GS(EO,Eg,t) which is a function of E,, E¥,
and the arbitrary thickness t in radiation length. For high
energy cascade shower, the FS(EO,Ei,ss) is approximately

described by the formula:

F*(Eo,Eg,8%) = K"exp{~[[ A% (Eo,E),t",t")85(Ra, EX, £ ")

(7-10)

x 65(E,,E5,t"yde dt"}

where K" = a constant.

The function AS(EO,Ei,t',t") is derived from the correlation
function of shower fluctuation CS(EO,Eﬁ,t',t") as
1 s~

AS(E,,E¥,tt") = 2 ¢

1 .
> (Eq E5.t'.t"), (7-11)

where

-Cs_l £ ., .5 5 .

j' {Eq Ed,t' ,t")C7(Eq Ei, t",t )dt" = §(t'-t) , (7-12)

§(t'-t) is the § function.

Since the functional FS(EQ,Ei,GS) is defined for the shower
fluctuation instead of the global fluctuation, it is expected to
be fairly independent of the detector. The ’ normalized
correlation magéx CN obtained by a 1liquid argon calorimeter
agrees well with the normalized correlation matrix of shower
fluctuation C; obtained by our gas calorimeter., This fact shows

the detector independence of the correlation function

¢®(E.,Ef,t',t") and the distribution functional FS(E_,EX,6%).
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In Chapter VI-B-5, we obtalned the function C°(E,,E},t',t")
as the two-dimensional 2nd order Fourier series. The
CS(EO,Eg,t',t") is a very important function in order to derive

. .S
the distribution functional FS(EO,EQ,G ).

C-4. New Method of m/e Separation

As described in Chapter VI-C, the 7/e separation was

remarkably improved for the case of E, < E; in comparison with
2

the conventional method by the use of the variable Xé defined by

Eqs.(6-73), (6-74), and (6-75):

T T.T T ~T =~ ~2
X2 2 848 = (8 T )(TAT )(T§) = & D& = 1d 3° (6-73)
i 1 1 N
2 e 2
Xg = (E - <%)%/2(0%)? ’ (6-75)
2 _ 2 2
Xo = X"+ xg (6-74)
The method using X2 is to request, for the electron

G
identification, the fluctuations being such as expected to the

electron "eigen-fluctuations"” when transformed by the
diagonalization matrix T. If the particle 1is a pilon, the
fluctuations thus transformed are way off from the -eigenvalues
for the electrons (see Chapter VI-C), hence the particle can be
rejected. This method. can be used by any other sampling
calorimeters by making PH deviations éi's of the i-th chamber and
correlation matrix C as foilows:

5. = - <p®
b Py <pi>

C.. = O
13 <51<S]>
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There are two possible reasons against improvement of the

n/e separation for Ee = E;y by any methods (see Chapters V-E,

VI-C):

(1) Intrinsic limit of py/e separation performance of the

calorimeter

Since incident hadron beams are mostly negative charged
pions, the charge exchange interaction at very early part of the
calorimeter can be one reason of this limit. The probability of
the charge exchange interaction of negative charged pion with
front part of our calorimeter is calculated in Appendix D and 1is
about order 2 smaller (Vv 10_5) compared with 7/e separation
factor (n 10_3). Therefore, the charge exchange interaction 1is
not the reason of limiting the 7/e separation performance of our

calorimeter.

(2) Electron contamination in hadron bean

The electron contamination is a more plausible reason. But
unfortunately it is very difficult, in the present experiment, to
estimate electron contamination quantitatively in the hadron bean

of Fermilab M4 beam line.
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CHAPTER VIII

CONCLUSIONS

A gas sampling electromagnetic cascade shower detector
(calorimeter) was constructed using the chambers with newly
developed <conductive plastic tubes as sampling media. Its
performance as the calorimeter was measured. The behavior of the
electromagnetic cascade shower was studied by this detector. The

experimental results are summarized as follows.

A. Detector Performance

A prototype of the 30° sector of the full-size end plug
electromagnetic gas calorimeter for CDF has been built and its
characteristics have been studied at energies from 25 GeV to 150
GeV., We obtained the following results as the performance of
this calorimeter:

(1) The energy resolution at the optimized high voltage of 1.85
kV was 30 /t(r.l.)/E(GeV) %.

(2) The spatial resolution calculated from the second pad
segment was found to be 1.5 mm or better for electrons with
energy equal to or greater than 50 GeV.

(3) The total charge from both pad and anode was uniform within
the maximum deviation of *3 %.

(4) By the use of the conventional method, the pion rejection

- 98 -



factor at any plon energies from 75 GeV to 150 GeV was 5 x 10"3
or less with the electron retention efficiency of 85 % in the
electron energy range from 25 GeV to 150 GeV. This was improved
by using the information from hadron calorimeter or by applying

the special method discussed in Chapter VI-C.

These characteristics meet the design specifications for
CDF. Technically, it was demonstrated that the proportional
chamber with conductive plastic tubes operates stably as the

sampling medium for a high energy electromagnetic calorimeter.

B. High Energy Cascade Shower

The high energy electromagnetic cascade shower was observed
by ‘the use of a gas calorimeter. 1Its average and fluctuation
properties have been studied for electron incidence at energies
from 25 GeV to 100 GeV. The results were as follows:

(1) The average transition curve (shower curve) of the
electromagnetic cascade shower was measured with a system of
proportional chambers as sensitive media and 1lead plates .as
radiators. The <correction function p(Ec,E*,s) for the shower
curve HA(EQ,E*,t) calculated by Rossi under Approximation A was
obtained for electron of energies from 25 GeV to 100 GeV. The
function p(Eo,E*,s) is independent of incident energy in this
region within the uncertainty of chamber gain. It was

parametrized as

o(E, E*,s) = 1.58 - 1.92s + 0.73s°
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with a cut-off enetgy E¥ = 3 MeV.

(2) The formulation of the electromagnetic cascade shower

fluctuation observed by a sampling calorimeter has been made in

terms of the correlation matrix. In this formulation, the global

fluctuation was separated into the shower fluctuation (sampling

fluctuation) and the detector fluctuation (track le

fluctuation, ZLandau fluctuation, and the fluctuation cause

ngth

d by

the noise of read out electronics). For the case that the noise

is negligibly small, the following assumptioms about
properties of the shower and detector fluctuations are cor
within the experimental error:
i) The detector fluctuation is independent of the shower
fluctuation.
1i) The detector fluctuation of each chamber is independe
of those of other chambers.

This is mathematically expressed as follows:

S
Cc = C.. +
L] 1] Cl] ,
where 61 = Si + 6? ,

L.o= <6.6.>
L] 1] s

cs. = 5555
1] 1] s
D DD 2%

CcY. = -
i3 <6i63>61j :

D
6?, and Gi are the pulse height deviations of the
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chamber due to global, shower, and detector fluctuations,
respectively; gij is the Kronecker §.

(3) The correlation function CS(EO,Ez,t,t') defined as the
generalization of the correlation matrix of shower fluctuation C°
is a basic quantity of the cascade shower. 1Its independence fron
detector was shown by the comparison of our results with those of
a liquid argon calorimeter. The distribution functional of pulse
height deviation FS(EO,E:,SS) which gives the probability of the

fluctuation of shower development 1s approximately derived from

3#*

d,t,t') for high energy cascade

the correlation function CS(EQ,E
shower, The experimental formula of the <correlation function
E ,t,t') was - represented by a two-dimensional 2nd order
Fourier series (formula (6-70)) for the electromagnetic cascade
shower at energles from 25 GeV to 100 GeV.

(4) The correlation matrix C is important for application. By
a special method utilizing the correlation matrix C, we obtained
more than factor 10 better mu/e sepération (<2x10_4) than that by
the conventional method, when the electron energy E, is less than
the plon energy E;. For the case of E.=E., the possibility of

the electron contamination in the hadron beam prohibited a

crucial test.
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APPENDIX A

FORMULATION ABOUT THE 7/e SEPARATION

A-1. Event Distribution 1n the Five-Dimensional Space

As shown in Fig.A-1, the

coanventional method (see Chapter

/e

separation analysls using

V-E) is ©Dbased on the five

varlables El' Eq, E3, dp, and EH whose meanings are as follows:

E. = observed energy deposit of the i-th segment of EM

1

calorimeter,

Gy = observed lateral spread of cascade shower at the

second pad segment,

EH = observed energy deposit 1n hadron calorimeter.

Each event has certaln values

these five varlables.

Therefore, an event 1s a point in the five-dimensional space S

defined by variables El' EZ' E3, Gy, and EH‘ We define event

distribution functions

nW(El,Ez,E3,02,EH;EW) in space

respectively (see Fig.A-2),.

energy of electrons and pions,

The

e(El,Ez,E3,02,EH;Ee) and

for electrons and plous,

Ee and Ep are the incident

respectively. TFor the actual n/e

separation analysls, we have used varilables EEM’ Rl’ R3, Iy, and

Rpy defined as follows:

E =E,  +E, +E

EM 1 2 3
R =

LT E /R,

R = '

3 T Ey/Bpy
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CE

Ry = = (a~-4
= e A-
M~ CEg, *Ey )

where C is a constant.
The five-dimensional space S' is defined by variables E R

EM® 1
R4, 03 , and Rgy. We define event distribution functions
ne'(EEM,Rl,R3, Oy,RgM3E,) and ny'(Egy,Ri,Rq,0,,RpysEr) in  space
S' for electrons and pions, respectively (see Fig.A-3). The

total number of events in space S' 1is calculated for electrons,
1.3 et : E,)
,R Ul .
“§°t<£e) = I,fnfnfof.ne'(ntm' Ry Ry Ty Rpw' Te

x dEp, AR AR 4d0 ARy, (A-5)
and for pions,

t « 1 1 e} .
NWOt(Eﬂ) = qu,fofof,"n'(EEM’ Ry+ Rys Oy Rpyd Ep)

X dEEMdR 1dR3da ZdREM . (A-6)

A-2. Definition of Electron Retention Efficiency and w/e

Separation Factor

We assume volume D in space S' as shown in Fig.A-3, The
number of elctrons in volume D for energy E. is calculated as
N (B, D) = IIIIID ng' (Epy Ryr Ryr Ty Rpyi EQ)
X dEEMdalddedzdREM . (A-7)
The electron retention efficiency E_ f¢(E,, D) is defined as the
probability for electron of energy E, to be inside of the volume
D:
Ne(Ee'D)
E (Egr D) 2 =5 —— (A-8)

eff tot
Ne (Ee)
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The number of pions in volume D for energy E; is calculated as
v (e, 0 =[fff] Cne By Ry Ry 9g Rgys B
x dEEMdedRBdUZdREM . (a-9)
The 7/e separation factor (pion rejection factor) ?sep(Eﬂ’ D) 1is
defined as the probability for pion of energy E; to be inside of
the volume D:

N_(E ,D)

Psep (Exs D)

(A=-10)
NZTF (Eq)

Since the electron retention efficiency Eeff is a function of Ee

and D, the volume D is a function of E., and Eogg. Then,

Psep(En‘ b} = Psep(En” Eer Eegs) (A-11)
Therefore, the Psep(E;, Ee, Egoef) is the probability that the
pion of energy Ej falls into the volume D for which the electron

of energy Ee has the retention efficiency of Eeff- For mw/e

separation analysis of Chapter V-E, the volume D was defined as

follows:
St con ¢ R
%) ¢ Ry g RYFE) (A=12)
d;in(Ee) 9 s d;ax(Ee)
Rg;n(Ee) § REM = R;;x(Ee)
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APPENDIX B

ANALYTIC EXPRESSION OF THE AVERAGE TRANSITION CURVE OF

ELECTROMAGNETIC CASCADE SHOWER

The following approximations are used in Rossi's
Approximation A [RO 41,NI 67]:

1) The energy dependence of interaction <cross sections of
shower electron and photon 1is neglected by the use of the
asymptotic forms.

2) Collision processes of electron are neglected.

3) Compton scattering is neglected.

4) The finite production angle is neglected.

In this approximation the following parametric equation 1is
obtained for the number of shower electrons HA(Eo, E*, t) of
energies larger than the cut-off energy ) (kinetic energy) at a

depth t in radiation length, for a primary energy E,:
Xl(s)t
s

0)S o

m

- H(s) 1
N (E,,E*,t) = T = {
A /2n[1l(s;t + (1/52)11/2 s

(o]

(B-1)
Here the "age parameter™ s is a quantity which increases with
increasing absorber thickness t and which is unity at the shower
maximum. It is related to E,, E*, and t as follows:

- 1 E 1
t = - - —_ -
Xl'(s)[lnE‘ 5l (B-2)
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The functions H(s) and A1(s) and 1ts derivatives Ai(s), xx(s) are

calculated from the following equations:

e + xl(s>

H(s) = p e (B-3)
i) = - LRI W] L L ags) - w1 ? s dmsicsn Y2 g
Ayts) = — LB Bl o1 vas) - w2 s asisicis} M2, (a5
A(s) = 1.36%“1(54—1)! - m - 0.075 (B-6)
B(s) = 212y - worrirery) | (B-7)
o iy e

e = 0.773 (B-9)
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APPENDIX C

GAIN CALIBRATION OF CHAMBERS USING GAUSSIAN FIT

For the study of detector performance as shown in Chapter V,
it 1is mot mnecessary to know the number of shower electrons. The
charge was used as the unit of the calorimeter output. After the
calibration TFactor of ADC was multiplied to chamber output, the
relative gain of each chamber was adjusted by assuming that, 1in
average, the longitudinal shower profile is a smooth function of
depth in the unit of radiation length. After these adjustment

the shower curve became as shown in Fig.Vv-2.

For the study of cascade shower behavior, we need to know
the absolute number of shower electrons in each chamber. Since
electromagnetic calorimeter has the total 1length of about one
absorption length, the 35 % of plon events has no hadronic
interaction in the calorimeter., The galn calibration of chambers
was made by the measurement of energy losses of these pilons. The
average pulse height of 75 GeV non-interacting (no hadronic
interaction) pions is measured and consldered as it is equivalent
to that of a single shower electron. The procedure of gain

calibration of chambers is as follows.

As the initial gain of the chamber, we have used the same

galn as that used for the analysis of detector performance. The
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non-interacting pion events were selected by the use of a cut on
the total pulse height distribution of plons (A trigger events).
The pedestal measurement was made by using A' trigger events (see
Chapter 1IV-C). The A' trigger gave us more accurate pedestal
than the B trigger, since it measured pedestal during a bean
splll 1instead of measuring pedestal during two beam spills (B
trigger). Because of the scheme of A' trigger, it 1ncluded the
events which had a part of the pion signal. Therefore we made a
cut on the total pulse height distribution not only for A trigger
events but also for A' trigger events. The total pulse helght
distribution with a cut line is shown in Figs.C-1(a),(b) for A’

and A triggers, respectively.

Since the nolse of each chamber was fairly large compared
with a non-interacting pion signal, the pulse height distribution
was Gaussian instead of Landau distribution. Therefore we made
Gaussian fit not only for the pedestal (A' trigger) distribution
but also for the pulse height (A trlgger) distribution of
non-interacting plons. Figs.C-2(a)-(d) show pedestal
distributions with fitted Gausslandistribution for chamber plane
No. 1, 12, 24, and 37. Since the chambers of plane No. 1, 26,
27, and 29 were not working, we renumbered plane numbers from No.
2 v 38 to No, 1 "~ 37. The same distributions of non-interacting
pion pulse height are shown 1n Figs.C-3(a)-(d) for same chambers.
The fit region 1n the distribution was from -3.00 to +3.00 for

each chamber, where the 0 is the standard deviation of the fitted

- 108 -



Gaussian distribution.

The real mean pulse height of non-interacting pions was
obtained by the subtraction of the mean of fitted Gaussian
distribution for pedestal from that for the pulse height of
non-interacting pilons. The result 1s tabulated in Table C-1.
The average uncertainty of the real mean pulse height of
non-interacting pions over all working chambers was 12 %. For
the absolute gain, the pulse height linearity and energy
resolution of the calorimeter are almost the same as those for
the gain used for the analysis of detector performance. Energy
resolutions derived with the absolute gain and the gain used for
the analysis of detector performance were 25.2 %/V/E and

24.6 %//E, respectively.
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APPENDIX D

CALCULATION OF THE PROBABILITY OF CHARGE EXCHANGE INTERACTION

The probability of charge exchange interaction of negative

charged pion with front part of our calorimeter is calculated as

follows. The total cross section of the interaction

-

+Pp =+ T° + 1

is estimated from lower energy data (momentum of incident pion =

5 GeV/c Vv 20 GeV/c) to be about 4 udb for 75 GeV/c pion incidence

[BR 72]. Interaction probability P is calculated by

P =0, x L xp x Ny/a (D-1)
where 0, = cross sectlon for the target material having
atomic weight A,
2 = length of target material ,
p = density of target material,
N, = Avogadro number ,
A = atomic welight of target material .
We assume followings as the front part material of our

calorimeter (see Table III-1):

Vessel wall Fe 1.27 cm
Holder plate Al 2.54 cnm
The lst and 2nd lead plates Pb 0.6 cm

By taking into account the nuclear dependence of <cross section,
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the probability P is calculated as follows:

P=4x 10‘3Ox 6.02 x 10°° x {(26)2
+ U3, 27,0 x 2.54 x 2.70

2/3
+ (82) / / 207.2 x 0.6 x 11.35}

-5
= 0.9 x 10 .
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3, 55.8 x 1.27 x 7.87
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I-1

ITI-1

IvV-1

VI-1

VI-2

VI-3

VI-4

VI-5

VI-6

VI-7

C-1

TABLE CAPTIONS

Resolution of sampling calorimeters. Fig.

Confliguration of chambers in the electromagnetic Fig.
gas calorimeter. All 38 chambers have pad patterns
on one side. Chambers No. 6 through No. 25 have
strips on the other side, 6 - strips on even-
numbered chambers and ¢ - strips on odd-numbered
chambers.

Fig.

Fig.
Data tape format.
Correspondence between chamber plane number and Fig.
the depth in radiation length.

Correlation matrix elements Cj;'s of the
electromagnetic cascade shower for energies of Fi
a) 25 GeV, b) 50 GeV, c) 75 GeV, and d) 100 GeV. g.
Eigenvalues and corresponding eligenvectors of the
correlation matrix C for energies of a) 25 GeV,
b) 50 GeV, c) 75 GeV, and d) 100 GeV,

Diagonal elements of the correlation matix of
shower fluctuation CS for energies from 25 GeV Fi
to 100 GeV. §-
Diagonal elements of the correlation matix of

detector fluctuation CD for energles from 25 GeV

to 100 GeV. ’

Eigenvalues and corresponding eigenvectors of the

correlation matrix of shower fluctuation C% for

energles of a) 25 GeV, b) 50 GeV, c) 75 GeV, and

d) 100 GeV,

Optimized coefficlent values [in unit of Fig.
(No. of electrons)z] of the fit of correlation
matrix C® to the two dimensional 2nd order Fouriler
series.

Non-interacting (no hadronic interaction) pion
pulse height obtained by the Gaussian fit for each
chamber.

Fig.
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II-1

II-2

II-3

II-4

II-5

II-6

II-7

FIGURE CAPTIONS

Elevation view of the CDF central detector.

Layout of the prototype module for the CDF end plug
electromagnetic gas calorimeter.

Structure and dimensions of the extruded conductive
plastic tube.

Cutting of wall sheets of the conductive plastic
tube for resistivity measurements.

Connection of a lead wire to the conductive plastic
tube. A conductive glue "GRAPIT 33" gives a good
contact between the copper tape and the conductive
plastic.

(a) Structure and elements of a proportional counter
made of conductive plastic cathode. Wire setting

in the tube is determined by V-shaped holes in the
end caps. (b) Cathode and anode connections used
for the present measurements. The cathode strips
are 1 cm wide and the anode wire is 30 ym or 50 pym
in diameter.

Typical (a) anode and (b) cathode signals observed
with a transient digitizer (10 nsec step) connected
to the output of the amplifier. The original
signals are inverted by the amplifier. The wire
diameter is 30 um, and the applied high voltage is
2.2 kV, The gas is 80 % Ar and 20 % isobutane
mixture with a flow rate of 100 cc/minute. The
amplifier gain is about 10. The anode and each
strip of cathode are connected with 1 k2 resistor
to the ground.

Typical pulse height distridbution of a single event
on cathode strips read out with a voltage sensitive
ADC, LeCroy 2259A. The Gaussian fit for the
distribution gives a FWHM of 3.6 cm and a precision
of the centroid of 150 um.

Spread of cathode 1induced signal along the anode
wire vs. resistivity of the tube. The spread ¢ is
defined by the standard deviation in the Gaussian
fitting, and the error indicates the fluctuation
in 0 for about ten events,
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Pig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

I1-8

I1-9

II1-10

I1I-11

III-1

I11-2

III-3

III-4

IV-2

IV-3
IV-4

V-1

Gain uniformity of anode signal along the tube.

Pulse height change of anode signal caused by the
bend of the tube.

Pulse height of anode signal with respect to the
distance from the tube end (edge effect on the
pulse height).

(a) Setting of cathode strips for the measurement
of two-dimensional distribution of the cathode
signal. The distributions of the cathode signal
parallel and perpendicular to the anode are
observed at 8 = 0° and 8 = 90°, respectively.

(b) Angular dependence of the half maximum point

of the cathode signal picked up with parallel

strips.

Structure of a proportional chamber. The conductive
plastic tubes array was sandwiched with copper-clad
G-10 panels.

Structure of the proportional tubes which were used
in the electromagnetic gas calorimeter.

Patterns and dimensions of pick-up electrodes; (a)
pad, (b) 6 -strip, and (c) ¢é-strip.

Photograph of combined set up of the electromagnetic
and hadron gas calorimeters.

Layout of Fermilab M4 ‘beam line. Scintillation
counters S1, S2, S3 and VETO defined a passage of

a particle. Multiwire proportional chambers, H1-HS
and V1-V3, together with string of magnets were used
for the measurement of beam particle momenta.

The total charge distribution for 25, 50, 75, 100,
125 and 150 GeV electrons. A peak around O pC shows
hadron contamination.

Block diagram of the fast electronics.

Block diagram of the data acquisition system.
Signals from a pad tower in the second segment and
an anode of the 12-th chamber in the following time
scales; (a) 50 nsec/div. and (b) 200 nsec/div.

Longitudinal shower profiles of 25, S0, 75, 100 and
150 GeV electrons at n = 1.474,
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

V-4

V-5

v-7

V-8

V-9

V-10

V-15

Logarithmic plots of the total charge versus the
high voltage for 100 GeV electrons at n = 1.474,

Plots of the total charge as a function of electron
energy at the high voltages of 1.80, 1.85, 1.90, and
1.95 kV; (a) for pad and (b) for anode.

(a) Plots of the charge from each chamber plane at
1.85 kV versus that at 1.75 kV for 100 GeV electrons.
(b)Plots of the charge at 2.10 kV versus that at 1.85
kV for 100 GeV electrons. The numbers by the data
points show individual chamber plane numbers.

Energy resolution dependence upon the high voltage
for 50 GeV and 100 GeV electrons.

Energy resolutlon as a function of electron energy

at the high voltage of 1.85 kV. The energy resolution
for_anode and pad are 23.5 % / /E(GeV) and 24.2 %

/ VE(GeV), respectively.

Typical lateral shower profiles in the first, second,
and third pad segments; (a) for 100 GeV electrons and
(b) for 100 GeV pions.

Position resolution as a function of electron energy
for pad segments and strip segments,

The second moment as a function of electron energy
for pad segments. The error bar shows not the error
of the mean but the standard deviation of the
distribution of the second moment.

Ratio of the total charge from pads to that from
anodes as a function of pseudo-rapidity n for 50 GeV
electrons.

The total charge from anodes as a function of n for
50 GeV electrons.

Energy resolution as a function of n for 50 GeV
electrons.

The ratio of energy deposit in the third pad segment
to the total energy deposit (R3) with respect to the
total energy deposit (Egy). The boundaries for
containing 95 % electrons were shown 1in broken lines;
(a) for 25, 50, and 100 GeV electrons and (b) for 100
GeV pions.

Pion rejection factor versus the electron retention
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Fig. V-16

Pig. VI-1

Fig. VI-2

Fig. VI-3

Fig. VI-4

Fig. VI-5

Fig. VI-6

Fig. VI-7

Fig. VI-8

Fig. VI-9

efficlency for various kinds of cuts; (a) for Ep =
75 GeV and Ee = 75 GeV, (b) for Eq = 150 GeV and

E, = 150 GeV, and (c) for Egf = 150 GeV and Ee¢ =75
GeV,

Pion rejection factor versus the ratlio of electron
energy to pion energy (E¢/Eg) with the electron
retention efficiency of 85 %; (a) for the cut (Epy
8R 18R 380 7) using only EM calorimeter and (b) for
the cut (EgM&R1&R3&09&Rgy) using both EM and hadron
calorimeters.

Observed average shower curve Pj(E,,t) and the
calculated shower curve Ti(E_,E¥,t) under
Approximation A with cut-off energles E¥ of (a) 3
MeV, (b) 7.4 MeV, and (c) 20 MeV for incident energy
E, = 75 GeV.

Shower curve correction function p(E,,E¥*,s)
dependence upon the shower age s for incident
energy E, = 75 GeV with cut-off energles E* of (a)
3 MeV, (b) 7.4 MeV, and (c¢) 20 MeV.

Shower curve correction function p(Eo,E*,s) with
respect to the shower age s for incident energies
E., of 25, 50, 75, and 100 GeV [present], and 15 GeV
[MU 72], with cut-off energy E* = 3 MeV,

Event-by-event shower curves and the average shower
curve for electrons of energies of (a) 25 GeV, (Db)
50 GeV, (c¢) 75 GeV, and (d) 100 GeV.

Pulse height distribution of individual chambers
(plane No. 1, 5, 11, 21, 29, and 37) for 25 GeV
electrons.

Pulse height distribution of individual chambers
(plane No. 1, 5, 11, 21, 29, and 37) for 50 GeV
electrons.

Pulse height distribution of individual chambers
(plane No. 1, 5, 11, 21, 29, and 37) for 75 GeV
electrons.

Pulse height distribution of individual chambers
(plane No. 1, 5, 11, 21, 29, and 37) for 100 GeV
electrons.

Average shower curves of 25, 50, 75, and 100 GeV
electrons.

- 119 -

Fig. VI-10
Fig. VI-11
Fig. VI-12
Fig. VI-13
TFig. VI-14
Fig. VI-15
Fig. VI-16
Fig. VI-17
Fig. VI-18
Fig. VI-19
Fig. VI-20
Fig. VI-21
Fig. VI-22
Fig. VI-23
Fig. VI-24

Standard deviations of chamber pulse height for 25,
50, 75, and 100 GeV electrons.

Ratios of the standard deviation to the average of
pulse height of chambers for 25, 50, 75, and 100
GeV electrons.

(a) Angular distribution of shower electrons.
(b) Same for electron energles below 3 MeV.

Energy resolution of the "standard calorimeter” as a
function of incident energy. The contributions from
sampling, track length, and Landau fluctuations are
indicated.

Energy resolution as a function of plate thickness
for 1 GeV incident energy. .

Correlation matrix element Ci' with respect to j for
electrons of energies (a) 25 éeV, (k) 50 GeV, (c) 75
GeV, and (d) 100 GeV.

Diagonal element Cj; of correlation matrix with
respect to 1 for 25, 50, 75, and 100 GeV electrons.

Three-dimensional plot of correlation matrix
elements Cj:i's for electrons of energies (a) 25 GeV,
(b) 50 GeV, (c) 75 GeV, and (d) 100 GeV.

Normalized correlation matrix element (Cy)ij with
respect to j for electrons of energles (a) 25 GeV,
(b) 50 GeV, (c) 75 GeV, and (d) 100 GeV.

Rslation between definitions of matrices C, Cs, and
C

Eigenvalues Ai's of correlation matix C.

Elements of elgenvectors x. (1=1v6) of correlation
matrix C,. N

Two-dimensional distribution of dependent PH
deviations (di, dj) for 75 GeV electrons.

Two-dimensiopal distribution of independent PH
deviations (51, dj)_for 75 GeV electrons.

Diagonal element C?. of the correlation matrix of

shower fluctuation'with respect to 1 for 25, 50,
75, and 100 GeV electrons,
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Fig. VI-25 Diagonal element C?i of the correlation matrix of plons.
detector fluctuation with respect to i for 25, 50,

75, and 100 GeV electrons. Fig. VI-39 Distribution of the 2nd independent PH deviation
8§25 (a) for 50 GeV electrons and (b) for 100 GeV
Fig. VI-26 Normalized correlation matrix element of shower pions.
fluctuation (Cﬁ)i' with respect to } for electrons
of energies (a) 25 GeV, (b) 50 GeV, (c) 75 GeV, and Fig. VI-40 Xé distribution; (a) for 50 GeV electrons and (b)
(d) 100 Gev. for 100 GeV pions, where the was calculated by
the use of the average shower curve of 50 GeV
Fig. VI-27 Eigenvalues A?'s of the correlation matrix of shower electrons.

fluctuation CS,
Fig. vI-a4l Xé distribution; (a) for 100 GeV electrons and
Fig. VI-28 Elements of eigenvectors xf (1=176) of the (b) for 100 GeV pions, where the X§ was calculated
correlation matrix of shower fluctuatiom CS. by the use of the average shower curve of 100 GeV
electrons.
Fig. VI-29 Epergy resolution dependence upon the 1//E, for global
(0g/<E>), shower (0E/<E>), and detector (UE/<E>) Fig. VI-42 Pion rejection factor versus the electron retention

fluctuations, where Eo is the incident energy. efficiency for Xg cut; (a) for Ep = 75 GeV and
Ee = 75 GeV, (b) for E; = 100 GeV and E, = 100 GeV,

Fig. VI-30 OE/OE plotted as a function of incident energy E.. and (c¢) for Eg = 100 GeV and Er = 30 GeV,

Fig. VI-31 Sy with respect to & for 75 GeV electrons. Fig. VI-43 Pion rejection factor versus the ratio of electron
energy to plon energy (E./Ep); (a) for Xé cut with
Fig. VI-32 S%AE with respect to & for (a) 25 GeV, (b) 50 GeV, the electron retention efficiency of 85 %, (b) for
(c) 75 GeV, and (d) 100 GeV electrons. X4 cut with the electrom retention efficiency of
9% %, and (c) for E&R;&R3 cut with the electron
Fig. VI-33 Three-dimensional plot of the correlation matrix retention efficiency of 385 %.
elements C$j's of shower fluctuation for (a) 25 GeV,
(b) 50 GeV, (c) 75 GeV, and (d) 100 GeV electrons. Fig. VII-1 Shower curve correction factors p(s) estimated by
Mitsui from the results obtained by many authors

including him for lead radiator [MI 81]. Data points
are as follows:

(1) cloud chamber [TH 64,BE 64)] ¢ : 1 GeV, W : 0.5
GeV, e : 0.99 GeV, »d : 0.53 GeV; (2) bubble chamber
[LE 63] @ : 0.37 GeV, ® : 0.19 GeV; (3) scintillation
counter [JA 70,MU 72,ME 75] @ : 15 GeV, + : 10 GeV,

Fig. VI-34 Three-dimensional plot of the reproduced correlation
matrix elements C§;'s of shower fluctuation for (a)
25 GeV, (b) 50 GeV, (c) 75 GeV, and (d) 100 GeV
electrons.

Fig. VI-35 Comparison of the correlation matrix element of

shower fluctuation ij (error bars) with the fitted X : 2 GeV, X 6 GeV, ® : 4 GeV, x : 3 GeV, A : 2

function of Fourier series (solid line) for 75 GeV GeV, O : 1.5 GeV, ® : 1 GeV, @ : 0.5 GeV, & 7.65

electrons. GaV, O: 5 GeV, & : 3 GeV, © : 1.75 GeV, ¥ 1 GeV;
(4) proportional chamber [MI 81] & : 9 GeV, © 0.6

Fig. VI-36 Comparison of the diagonal element CS. (error bars) GeV.

of the correlation matrix of shower %iuctuation
with the fitted function of Fourier series (solid
line) for 75 GeV electrons.

Fig. VII-2 Normalized correlation function Cy(t,t') plotted as
a function of t' for the results obtained by a
liquid argon calorimeter [CE 77] and a gas
calorimeter [present.]. The normalized correlation
function of shower fluctuation CJ(t,t') was also
plotted for the result obtained by a gas calorimeter
[present].

Fig. VI-37 Optimized coefficient value of the two-dimensinnal
2nd order Fourier series as a function of incident
energy.

Fig. VI-38 Distribution of the first independent PH deviation

815 (a) for 50 GeV electrons and (b) for 100 GeV Fig. A-1 Output variables of the electromagnetic and hadron
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calorimeters. They were used for the m/e separation. Table I-1 Resolution of Sampling Calorimeters.

Fig. A-2 " Electron and pion distributions in the five-

dimensional space S defined by the variables E;, Ejp,
E3, Oy, and Ej. Detector Resolution Energy Absorber Ref
o [*3 E
type —_—_ = .
Fig. A-3 Electron and pion distributions in the five- YP x> ¢ /E S X /:_ Range Thickness
dimensional space S' defined by the variables Egy, s Gevl/z] [Z(GeV/r.lJl/Z] (GeV] [r.2.]
R}, R3, 02, and Rgym.
Fig. C-1 The total pulse height distribution of the EM gas 8 27 2.5~ 11| Fe 0.085 { [WI 74]
calorimeter for 75 GeV plons; (a) for A' trigger and c
(b) for A trigger. g 8 15 0.75 ~ 4 | Pb 0.27 | [FA 78]
RS
<
Fig. C-2 Pedestal distribution (pulse heighr distributions 9.5 15 0.125 ~ 4 | Pb 0.39 (HI 76]
for A' trigger events) of chamber with fitted 3
Ganssian distribution for plane No. 1, 12, 24, and 2 7 29 20 ~ 40 ) Fe 0.057 } [CE 77]
37. ol
I} 9.5 33 3 ~ 13| Fe 0.085 | [BA 79]
Fig. C-3 Pulse height distribution of chamber for non- - ;
interacting (no hadronic interaction) pions with 11 i .
fitted Gaussian distribution for plane No. 1, 12, 13 .1 2.4l Pb 0.75 [ST 78]
24, and 37. 5 :
I ,ré 18.3 14 3 ~ 50| Pb 1.68 [KN 75]
bt
+ -~
ﬁ ~ 25 16 0.2 ~ 15 {Pb 2.5 [MU 72]
— +
A 5 25 33 15 ~ 40 | Fe 0.57 [BU 74]
Q
@ 13 22 5 ~ 10 | Pb 0.36 (Lo 791
17 24 0.5 ~ 15 | Pb 0.50 (AN 78]
}]
g 40 32 0.5 ~ 15 { Fe 1.53 [AN 78]
= . :
% 17 35 0.5 ~ 3.2{Pb 0.23 [dU 81]
g 24 29 10 ~ 46 | Pb 0.68 [AT 81b]
O
17 30 0.5 ~ 12 I pPb 0.32 [BU 78]
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Table III-1

Configuration of Chambers in the Electromagnetic Gas Calorimeter.

Vessel Wall

Fe 1/2

Holder plate Al 1

Chamber
No.

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25)
26
27
28
29
30
31
32
33
34
35
36
37

Pad
Segment-I
2.82 rad 1.

Pad

> Segment-IIX
11.29 rad l.

Pad
Segment-IIL
7.34 rad 1.

38

in. 0.722 rad 1.
in. 0.286 rad 1.

8-strip
8-strip
8-strip
6-strip

8-strip

 B-strip

8-strip
6-strip
6-strip

6~-strip

No.

No.

No.

No.

No.

No.

No.

No.

No.

No. 10/

1) 8-strip
} Segment-I

6| 8-strip
r Segment-II

8
9

$-strip
¢ ~-strip
¢~strip
¢-strip
¢-strip
d-strip
d-strip
¢-strip
¢-strip

¢~-strip

No. 1}
No. 2

No. 9

No.1Q

¢-strip
Segment-I

¢-strip
Segment I

Table IV-1

Data Tape Format.

lst Word No. of bytes of this event
2nd " Trigger type
3rd " Run No.
4th " Event No.
S5th " No use
6th " 16 ch coincidence resister
7th ~ 22nd " No use
23xd " Word count for ADC 2285A/15 data
24th i Controll word for ADC 2285A/15 data

25th ~ 336th

ADC 2285A/15 data (312 words)

337th

Word count for PWC data

338th

Controll word for PWC data

339th ~ 346th

Variable length PWC data
(typically 8 words)

347th

Controll word for PWC data




for 25 GeV.

1]

Correlation Matrix elements C. .

Table VI-2(a)

At

Table VI-1

Correspondence between Chamber Plane Number and

the Depth in Radiation Length.
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for 50 GeV.
1]

Correlation Matrix elements C .

Table VI-2(b)

25 GeV
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for 75 GeV.
1]

Correlation Matrix elements C_ .

Table VI-2(c)

50 GeV
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for 100 GeV,.

1

d

Correlation Matrix elements C_

Table VI-2(d)

75 GeV

21

’ oo se e vos .o oo o “on cuw ve e .o
MOW  ONM OO0 0O~ g NIO o FO0  No® monN  OoD orery $OUY e Nt NS MM AN
it o0-0 Bl "N O XD of-ry Llatd N~ + O - - Ll At N o L X d oo [=T=17 oo rrrg
00O ~4O Bon MO NI OFA A OO0 o weey @M Qie o~} mmy oM ON® oo
Ny MM (e ] ~ae oo N oonN Ll ated o L) F N Ne - | 11— Ny men <+ m D aal

) " [} [ ] [N ] [} Tt i " (U 1 ] ] ]

oo e e ve s o cow .o .o ve TR .o o ve R .o .. v . oo cen
COF M NG 0 0 NN @ M OO oco ®Nm  owmel dINMm oM BrtO DO D
CMO onm Mem ONO  NEO FOO NG M i D0 OCQ OMP  OND  Deet MO oo DN
+O© N N0 AR e ARD R0 M M Mo SO NMD w OonNn MO NAO DI N
~ M OF N ©ON NN BN O w0 Mt N 1 e mN B = B e}

t 1 1 L ] ) t [} L] i " 1 ' ' ' 1

o e ve oo oo e “ae . o .o “ew ve s XK oo oo .s e .o oo n e v ea
el ©OM DN ST 4OO0 O ®m  Nown N 400 ONY C@O Mol Mo NOMm PEO 0E O
e ~mo ONN 000 Ot N0 A oo MM sned ROF el o~ nom e MM O
QO MM OON 0@ N0 Of= IO CO0 o TMO A~ o +~0  mnem SN O
L] OMed N AN NIGM BN N N N Mt ) [ N s T Y Y

i (AN " -l Il ~ " [ ti [N ' ] ] ' .,

W eee $eee sBe e esme S BEE S ese BeEL ss e e 64 s ses SeEs S ens Sess eees SEes s rue sese
HRM© O 0N SNDE DOHIN SN FOMN $INOM  NING O NINMAL ONB OO0 N0 O mM—00 000Mm OEND O —inik
NONM $DOM DO M W-MN OCmMOR OIS NMMO OO0 NINMEO COMD OROHd NOMN W0 M ~rnd 00N eihO Do
e O ON AREM OO COMY NOET mMOP NOOT MO ~NaN ™~ NN =M ON | e OONM ANt P s
Nl oMMl oNN | NNM) oM NINM| N DN OGN ot ] e | ] e +m DDed M M

' [ [N] | -~ ~y [} [ L] [ [} 1 1 1 t 1 1

S e s 4e 064 s e s s Ese & 8 S Veve e ee Sues e ee s eems s 868 s se e ®us s ees v see Sees ssas
OOEN O GO M OO NN ETNEM HOMO O VD@D OMING NG DOF QOFN 0D 0 ONFD® NedDIn T O0 Panm
HDLO RND® DI FNTO DedND QNG T RO MOME DONO @ IMT NOMY Orcdn AHNOM NOT M- QDR N 0N
MP A OHCN ©OND S o Qoo $ o NONE MMME MMOE M OM INOMN DD NNt | D or AN B0t IO N
Ted) Ml CaNi MIM] NIM) AST] OOMT oM D, o 4] P R R ) oy T R Y O Y )

[ (i [R) i i =1 (M) ) [l V | ' \ i ' ) |

S4c s s0 48 604 e eeBs S E8E 84 ss se e s es saes Belew ee ss Tess sese s asw eese sess sees
NG mF OO N M OO00M FNMD e IO PN O 00 DOm0 MONM MO—E SN DN @@ 4 Omid 0 0 AOM o
ity N0 NOD MENN O 00 DO ROING FONT CWNME MO Fed 0 ONT— OMN ¢ ONMA D =0 NONDO  $NON
O NN HONIA DNO RO®D O 00 ¢ ¥ 0 NODO FNTO NOAT [ OEN NOIN ©NN | NNHH ©NON O ON IDS—m
Meded | O | ONMY Omr| oM | oRNE]l O~m) Nim] ® o my e Tl I LU I I N T N R R e L]

i [ ~ i () [ 1 i ] ' ' ] ] [} I 1 1

S eu s ssee s ese sess Se *e 8% 246 s o4 e a0 se Swas S Sis se s e s ess Bess sees sees eeew

NNy FOX 0O OQ00 NOTD OMMI FOINE DD MR N R FMos G0N FNOD  WMOoMg OGNC ®DMed Moem
MODVO ONMY OO BOME FNLFD AT N 00D ORNHN *TMM NN+ ~MO0 NOIM ~ANCM NAmD OO MO DM Ot
MDE N NN U0 ORI OO M ED NN RO SO oM ortaan NODMm NN ~ON | e e INOON Mo A N M
@i ] NN Om ] e | 0N DD ] T N ) Nl TN A N Meted My @ N ™o
' () (] " i t 1 1 ] t 1 1 ) 1 ' ' 1
®e% s ssus sees saes TEee se e ® e seee GEee e Ges s geey ® se s se es e we Seee sutae

MIOO NEON A MmNO OQMIN  mOrdd HQM— NN MOT~ ODO0 DOND FTINOT HMNM METrQ OO0~ PN~ MORN  ONC©
NONYT Mg M ANDA NOC O ONND CONT AMAN My O OMN~ ©MO R~ MeOe DONG My N0 00 Moo
VMEM NI L0 MRNMO e NP & 0 ORVEO NIDING MAIND MhTs ©OIN TOF |} COFr= o~ ~m ONKT &3
NERl PN M M) e e e M) NN M ey LN K P B T B ) e NN NN AN

' ' t it [ 1 1 i1 1 t _ ' ] ] ] 1

e te s s eee sees eeep seve « 89 s 0 e esee e e s sese +EE S PG e eee seus sees See s eao
MOOM ~NIAN MM O RIS ~OM 4000 OMN N0 Dt H0O N rid O DI FAN0 OVULM SNOO NCO S
Pedod [0 NN OO OO ORI HF O MO MEC O ~OME OO0 DN MNON —mye O MM MOND FINON O eih o
OM@T OBV~ MATO OANN ~HOM MO g At QU OMO ~O M NN G m TO~1 O N ONDT DO M0 1
N M M O SN MO MO O T Tt O P el IN ) et - NN e e

) ! " (] [ i1 11 () () ' 1 1 ] i L] i

48P e ee e es UGG SIS E G E e 4 SEE e s Ve s eses ® wse $ 94S eess weaes eee s S as se e
GOMM —AMEO NOMC F00CO $40N Orily SOMO VDO NNCE CRhON NOMN CRIDID OOLO0 MNO FTIngh NONT O &
NOMM OENM N0 T ed MODM AN O 0{Ned QOO OFMD T4 T FODO MedD T FONM ST A g N AN O M et
=AM OO0 O i OMNG O M0 GO0 OMMg ©eiD O NOO N  OFC NINE TONYT FN®DI OMO®M OO O0DM GvOD
vt ] AN NS e AN O WDt el O P ome it ey 1=t 1 bty oy —_ea ey ) e

' ' it [ ] i1 [ i i ~ i) I [ 1 " 1
- - w o ~ ® o o - ~ L - " o ~ © o
= - —- — —- - — - ~ —

e s o .o e se e con s O aoa s .o e e e . .0 se vee
ONNE MO D G 0O MO O NoMm PO @O A MO~ O O N DMy 0N
SO ORE N SN RN M NOM =N MOM N0 00N ONN e - AanN N
oNf NGS8 o~ MM OMO AR IO PO O odM TR Do e N et Nt
o [N YR e ot ———t - - ~ [} [} 1 ¥ L} ] 4
) 1 1 1 ) ) 1 ) 1
ce o oo .o ce 0 s o cae .o oo .o .o .o os e so . o oa sae .o
D M NelE eem QDN OOt DN MO~ AN A N NG oD * 00 ~H00 HMOO
oW 90 PO®D +ON OMD 000 T OO OWO  NEO e ©00 N0 0 00 O MO
OO0 @F seD AN Ol R @O MOD AR MM Onm IRIN i Mot Thdt N
LAl N LY Nt o~ - — - - 1 ] [} 1 ) ) 1
1 ' i 1 ] 1 1 [ [

“o e o “ue can oo .o oo oo .o RS oo oo X XK soe
©ri @O OMmA OMO MR MIN NOY  NON OMA GoN  AINE MO DM © 4 OD owun
DOO NIl OO oM NN MO® M8 0OMm NAM O MM MOC ewvm B8N0 nea ©8N
MO MO OMO e SOW DN ORO B8O MER OMmeE ONM ONN ey R . I I N
Mgt N Npdred N N LY ] — - - ] 1 ' ' ] 1
1 [} 1 1 1 ) 1 1 1 [

o8 e8 $9 40 sewse Sees w86 SREs EeEs B EPE e SesE SEac SF Ee SRS S see saee eaee
MANFIN ONOS MEOM COOC NAME N0 NMI SN0 NEON CAMet CNAOM ONrid OINCE © MAC NNDO 0 BON
Moy MO MmN ©maly o eI NINON D0 INOM® DNIND FO=0 O F Ovie NOMNE INFMD
DON ONO- ONrimt : - BIPrt NI O NM OHM BN N MmN e
Mgt Nt Neted Nt o~ LY — - - ] ) 1 1 1 ] )

1 [ i ' B | ' ' ) ' '

4608 2004 S08F Be8e aTes FUTE GEEP S e NP es NEBE $Oes S0 ee e ® se0 svat eave
MONM JS0M DOND MO IO MNMSE COND INRND ONOY FHOY FODO JOFOD M~ DM PNOD MO
MMI0C DODO NOMHD REND ONTD O CONG ®O O NN MMVO NORE DN INFOO OMNO 0 O Neirie
ONErd ODrb] PORIE PPt HON O~ OO FAINH wANOr Oeife Pt N MmN N N = N
et N o N e N N — = - ' 1 1 1 1 ) 1
| | t i ' 1 1 | '

8964 s 4y P IEE PP B EE TEE 4eed Sees P48 4Bes BSEs BETE e s ss0 w08 e sean
TROE Ion Ofso wodo ONNe NFON OFOr! $ImMmO ONCIN ONO MO0 81300 OONIN O A0 nhFrel FNCO
POFN ANM4 COOT ONINM TN ~iNMrd mHOMO NMNT RO MNCM OO MNP0 BFNDG MmO INFO8 O NMy
ONBN NEMN NEMN OMAN ©NSN OrON & O N B & B I Pr DIF 1M N MINAS N -

L] LY. ) N - N - - o - ~ 1 ] [ 1 ] 1 1 1
) [] [) 1 1 1 ) 1

SEY SSEY sete wawe seed Sese vene veeE M N Gt drmed Ay NlES Aass

NS O s 3 NONH MPOC DNNM OSSO SODN Orimin I O PN NS O D@ MM
W.JRQ lun.ﬁ "&b“ %0“" .051& OCONE OrioMm M= PO DRME CFNN HMOH RO SIS SO0 fJOFIN
ONON N TN N =N EmMa RN e CNON, ©NON %171 A e P N et N At ~N ey vttt ) -

J.l ‘ﬂl l-.z ‘m.-l |_._|. .ﬂ_l 11~ [N 1 [} (M) [N [ 1 [ 1

ees s o0 a4 sese SE0e ates 29BE 9. GG e ease P es SEEE S G eV 2EES 3 ceb e aeey
OO DAFIN DS FNDO MOCE wMl et $ONO NOAING HEMo INRON NoSM MDD ~Weoin O ON0n DOM@  ANT o
OO0 OO OO O FMe OON NI COME M0 D ~NMen RO DY COed INANE O ety IO N0
MnAm 800M OOwm oMM RO~ %503 AN DDA S ORI NMTrl BNt NN NN s (] (R
.ﬂ_l [N l.._l T (RS (2 [N [N [ [N [ (] [} (] | |

4988 Se ey PCTE e EE % es SE e $eee sese GG Ee §CeE FEEE SO LE BOEE e see eeed BN
rOWNe QDOE OONAN MMAO Ol OO MOIE BNOM Ohem NN MheDd ONOM OOFIN O mMeEd OOMO GOk
FANND MR NN OEEO RO AN INOM O BN RO Mo OO0 “OTN M i+ OO0 s 0ona
AMOE DM ONDE OOy NOTM OONN INDHM FO0M MOMNA NN NEPN M@t SN = A ) A 1 —ted
—.— [ [l (Rl ==t 11 11~ ) [N] () L] 11 11l (] ] ]

O ) ) 1 I

© e % e ssee ssse vess seee ee6s S eee eSS ee Ses e eVee EPEE e Sese o ees sevO Seew
NP OO Pt mid OMei;r MNOO WHOM  IDN DOt IO n@DNe ONIGN O ON OIS~ O N0 ORI0  BOW
CMNIN ~DAd DNEM INMPNG OFO0 MANNM SNOA FODE OON~ FOID MO~ 00D MMy O 00O NOYO MmME—m
%305 e DD TOME MANGE MNOE NSOT ANRM NOOM M HOMN 1 OMe 1N | Mt et e

e —~—t Y [Rals] 1y 1 [ Rnd " — 1= () () 1 ) ) ) )

1 t t i ' ) i 1 1

~ © - " 0 ~ © o o - ~ L) + n 3 ~

~ o~ ~ ~ ~ ~ ~ LY La) bl - Ll . - - ™



of the

1

~

Table VI-3(a)

and Corresponding Eigenvectors x.

i
qurelation Matrix C for 25 GeV.

Eigenvalues A,

100 GeV
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Table VI-3(b)
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and Corresponding Eigenvectors x.
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Correlation Matrix C for 50 GeV.
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Correlation Matrix C for 75 GeV.
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