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AB S TR ACT 

THE CALIBRATION, RESPONSE, AND ENERGY RESOLUTION OF A 

SEGMENTED, SAMPLING HADRON CALORIMETER BETWEEN 

10 AND 130 GEV/C 

Kenneth Arthur Johns 

A large acceptance sampling calorimeter with wave¬ 

length shifter readout for studying high p^ hadronic 

interactions has been assembled at Fermilab. The calo¬ 

rimeter consists of a 132 segment tower structure of 

S-8.5 radiation lengths of lead followed by 6-8 absorp¬ 

tion lengths of iron. A procedure to balance the res¬ 

ponses of all 528 calorimeter modules using muons steered 

by a computer controlled rotating dipole is described. 

Results on the resolution, linearity, and uniformity of 

the calorimeter obtained with electrons and hadrons in 

the momentum range 10-130 GeV/c are presented. For iron 

sampling thicknesses of 1.3cm, 1.9cm, and 2.8cm the had¬ 

ron energy resolution is found to be 0.76 , 0.82 , 0.91 / SE 

respectively, while the electron energy resolution obtain¬ 

ed is 0.27, 0.35, and 0.37/./E. 
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INTRODUCTION 

CHAPTER 1 

The tools of a high energy experimentalist are ac¬ 

celerators, particle detectors, and electronics systems 

used in signal processing. Indeed, progress in elementa¬ 

ry particle physics has often been intimately connected 

to developments and improvements in the above technolo¬ 

gies. Much of our knowledge about elementary particles 

and their constituents has been gained as a result of a 

greater ability not only to detect and localize particles 

in space, but also to measure their four momenta and 

quantum numbers as well. 

As an aside we mention it is not so much that new 

concepts have been added to the "basics" of particle de¬ 

tection (i.e. ionization and excitation of atoms, Ceren¬ 

kov and transition radiation, etc.); rather, it is the 

increase in sophistication with which those fundamentals 

1 2 are applied ’ and which state of the art electronics and 

computers have made possible that has spurred progress in 

the field. Increases in the size and complexity of de¬ 

tector systems (witness the UA1 and UA2 experiments at 

the SPS collider) and in the speed and versatility of 

data acquistion required by the physics and the accelera¬ 

tor energy will continue in the coming decade as machines 

such as the Tevatron and LEP come online. 
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It is at these higher energies where, because of 

their many attractive capabilities, calorimeters have 

played and will continue to play in the future an integ¬ 

ral (perhaps dominant) role in high energy physics exper¬ 

iments . Calorimeters are simply blocks of matter of suf¬ 

ficient mass to absorb all the energy of an incident par¬ 

ticle. Most of the absorbed energy is converted into 

heat (hence the origin of the name), however a small 

fraction of it will be converted in some way (scintilla¬ 

tion light, ionization charge, etc.) into an electrical 

pulse which, assuming linearity, will be proportional to 

the incident energy. 

Calorimeters have many strengths as particle 

detectors^ : 

(1) The accuracy in the energy measurement improves 

with increasing energy as 1/SE 

(2) The energy of all particles (except v's ), both 

charged and neutral, can be measured thus making measure¬ 

ments of the energy flow of particle clusters or jets 

possible. 

(3) The depth of the detector required to contain 

hadronic cascades scales only logarithmically with energy 

in contrast to the size increases required of magnetic 

spectrometers which go as ./p. 

(4) Large solid angles can be covered with relative 
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eas e. 

(5) Segmented calorimeters allow precise position 

measurements; particle separations in a jet or of decay 

products can be achieved down to distances of lXg for 

electromagnetic showers and lx for hadronic showers. 

(6) Differences in calorimeter response to hadrons, 

electrons, and muons allow particle identification. In 

tandemn with additional measurements of momentum or 

charge, protons, deuterons, neutrons, K®^'s, and their 

antiparticles can be tagged with some degree of efficien¬ 

cy. Neutrinos can be identified by missing momentum 

measurements and finely segmented electromagnetic calo¬ 

rimeters can identify some resonances by determining the 

invariant mass of their decay products. 

(7) The instantaneous response of the calorimeter 

allows triggers to be defined by patterns of energy depo¬ 

sition which in turn can trigger other detectors. High 

beam rates can also be taken. 

The drawbacks of calorimeters are their large masses 

and (by physics necessity) their large number of associ¬ 

ated readout channels. In addition, for some particle 

reactions the position and energy resolution are too 

poor. 

4 
Since their introduction in cosmic ray experiments , 

calorimeters have found wide application in neutrino 
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physics, proton decay, beam dump experiments, e+e~ 

physics, and hadronic physics. In particular, several 

5-11 groups including ours have employed calorimeters to 

extensively study high transverse momentum hadronic in¬ 

teractions. Although somewhat unexpected results have 

been observed, the QCD picture of jets as resulting from 

the hard scatter of partons confined within the hadrons 

and their subsequent fragmentation into hadrons seems to 

12 13 be confirmed ’ . The capability of triggering on and 

distinguishing jets becomes more valuable with the appro¬ 

aching higher energies because of the expected hadronic 

decays of toponium and the W+,W~ into jets. Calorimeters 

are also expected to play important roles in continued 

jet studies where now gluon interactions may be observed, 

Centaro event searches, new high mass vector meson 

searches, and in ultrarelativis tic heavy ion collisions. 

Their integral part in the future physics programs at the 

SPS collider, Tevatron, and LEP have resulted in recent 

reviews on state of the art calorimetry and should be 

consulted for further elucidation^. 

The energy resolution <r/E is limited in a hadron ca¬ 

lorimeter by statistical fluctuations in the nuclear 

processes associated with the development of a hadronic 

cascade. The dominant contribution to the energy resolu¬ 

tion of hadrons is the large event to event fluctuations 
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in the undetected signal (roughly 30% of the total 

energy) due to binding energy losses, the invisibility of 

neutrons to the scintillator, poor sampling of protons 

and photons of a few MeV, and saturation effects of nu¬ 

clear fragments. Another important factor limiting calo¬ 

rimeter performance is the different response of the ca¬ 

lorimeter to electromagnetic and hadronic cascades. 

For sampling calorimeters, fluctuations in the de¬ 

tected ionization loss of the shower particles also con¬ 

tribute significantly to the width of the energy distri¬ 

bution for hadrons and dominate the energy resolution for 

electrons. Other effects whose fluctuations can worsen 

the energy resolution of hadrons include lateral and 

longitudinal leakage of ionizing particles, albedo, satu¬ 

ration of scintillator response to heavily ionizing par¬ 

ticles, amplifier noise, photon statistics, and nonuni¬ 

formities in response across the sections of the calorim¬ 

eter. Fabjan et al.^ have measured the contributions of 

some of these effects and found them to be small compared 

to the contributions from shower and sampling fluctua¬ 

tions . 

The uniformity of response of the calorimeter is 

especially demanded in the study of large transverse mom¬ 

entum hadronic phenomena. Because of the steeply falling 

p,p spectra of high p,p interactions, the observed event 
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cross section, <r(Eo^s), is not the true physics cross 

section, cr{E. ), but rather the result of the convolu- 
t L UC 

tion of the energy response of the calorimeter, 

R(E©bs i^true ^ * with the true p^, cross section: 

<r(E . ) = fR(E . ,E. )<r(E. )dE. obs ' -i ' obs’ true' ' true' true 
7. 

>-w‘ '/W s «P - ) 
and where 

ft** 
<r = c-Æ. and E , = mE. 

true obs true 

For a true cross section or(E ^ ) which falls off exponen¬ 

tially with p^, for example, the above has consequence 

that a measured E ^ (or PTobs ) will have most probably 

originated from particles whose E^rue < E ^ thus inflat¬ 

ing the cross section. The experimenter measures °"(E ^ ) 

and the calorimeter resolution, R(E^g »E^rue ), and must 

then extract the true cross section, ^{E^ ), by unfold¬ 

ing. In practice, one method of accomplishing this is by 

searching for a scale m above such that 

°"^true )R(E bs ’^true ^ e^^ective calorimeter resolu¬ 

tion is centered about E. for each E . bin. true ODS 

A further difficulty in exacting cross sections is 

the difference in response of the calorimeter to hadrons 

and 's, though the usual solution to the problem is to 

employ an electromagnetic section in front of the hadron¬ 

ic part of the calorimeter and to weight the different 
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sections accordingly. Unfolding the true p^, distribution 

from the energy resolution is made increasingly difficult 

if the detector has poor energy resolution or gives a 

non-Gaussian response (extended high energy tail) to ha¬ 

drons as a result of errors in the calibration which bal¬ 

ances the responses of different sections of the 

17 18 calorimeter ’ 

This thesis reports on the design and performance of 

an iron/ scintillator total absorption segmented calorim¬ 

eter for use as a high transverse energy trigger for 

E-609 at Fermilab. The energy resolution and response of 

the calorimeter have been measured for hadron momenta 

between 10 and 130 GeV/c and for electron momenta between 

10 and 45 GeV/c. The linearity and uniformity of the ca¬ 

lorimeter were also investigated. 

In Chapter 2 we describe the calorimeter and optical 

readout system in detail. The apparatus used in the muon 

balancing procedure and hadron/ electron calibration is 

also described. A description of the trigger logic and 

associated electronics is included at the end of the 

chapter. 

The procedure for balancing the responses of all ca¬ 

lorimeter modules with muons is described in Chapter 3. 

The ionization loss of charged particles and the transi¬ 

tion effect is discussed in relation to the muon 
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calibration. The software employed in the computer 

control of the rotating beam steering magnet and automat¬ 

ic procedure to adjust PM HVs 1 to their balanced setting 

is documented. Analysis and results of the muon calibra¬ 

tion are given and a parameter list of gain corrections 

compiled. 

Hadrons , electrons, and muons are separated through 

cuts on the shower development of beam particles in 

Chapter 4. Results on the energy resolution for hadrons 

and electrons are presented. Results on the linearity 

and uniformity of response of the calorimeter are also 

given. For documentation purposes, a few brief results 

on the hadron and electron shower profile in the calorim¬ 

eter close the chapter. 

Finally in the last chapter this work is summarized 

and future directions of effort indicated. 



CHAPTER 2 

EXPERIMENTAL SETUP 

2.1 DESCRIPTION OF THE CALORIMETER 

The hadron calorimeter described here is part of the 

E-609 detector system located in the M6E beam line at the 

Fermi National Accelerator Laboratory. The experimental 

apparatus (Figure 2.1) consists of a wall of muon veto 

counters, 12 planes of drift chambers (including 3 delay 

line chambers), 3 proportional wire chambers, a spectrom¬ 

eter magnet with a small transverse momentum kick, and 

the segmented, sampling calorimeter. The calorimeter 

provides full azimuthal coverage over 8 steradians at 400 

GeV/c. In addition, some fraction of the high transverse 

energy data was taken with an imaging Cerenkov counter 

which allowed the measurement of several secondary parti¬ 

cle velocities simultaneously. The goals of E-609 in¬ 

clude a general study of high transverse momentum events 

and quantitative measurements of the parton-parton 

scattering cross sections. 

The complete calorimeter is shown in Figures 2.2 and 

2.3. It consists of 528 individual modules stacked to¬ 

gether to form 132 longitudinal segments or towers. Each 

segment has 4 layers of modules and all segments point at 
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Figure 2.1. Top view of the E-609 detector system. 

VETO 

TOP VIEW OF E-609 APPARATUS 
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Figure 2.2. Front 
center-of-mass angles 

view of the calorimeter array with 
shown at P. = 400 GeV/c. beam ' 

FRONT VIEW OF CALORIMETER ARRAY AT 400 GeV/c 
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Figure 2.3. Segmented representation of the calorimeter 
array shown with the rotating dipole calibration magnet. 

SEGMENTED REPRESENTATION OF CALORIMETER ARRAY 
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the hydrogen target. Within a given segment, modules in 

successive layers grow in cross sectional area so as to 

subtend roughly equivalent solid angles at the target. 

This telescoping tower structure minimizes the amount of 

energy the longitudinal development of the cascade shower 

spills into adjacent segments. Each half layer of mo¬ 

dules are stacked in a light-tight aluminum box (Figure 

2.4) which provides modularity as well as electromagnetic 

shielding. In addition, each half layer of modules is 

slightly staggered off the beam line so as to prevent 

layer to layer alignment of the modules edges. 

Each module (Figure 2.5) in the calorimeter array is 

of sampling construction with alternating layers of pas¬ 

sive absorber and scintillator. The "electromagnetic" 

front layer (called A Prime) of the calorimeter is assem¬ 

bled using modules of 5-8.5 radiation lengths of 

lead/scintillator sandwich. The remaining three layers 

(called A, B, and C) form the "hadronic" section of the 

calorimeter and consist of modules with iron/scintillator 

sampling giving a total (all layers) of 6.0-8.0 absorp¬ 

tion lengths. 

We employ modules of 5 types which differ in sam¬ 

pling frequency, material and thickness of absorber, and 

scintillator choice. The detailed composition of the 

different module types is listed in Table 2.1. 
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Figure 2.4. A stacked half layer of calorimeter modules, 
or supermodule (SM). 
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Figure 2.5. Representation of the 14 gap iron calorime¬ 
ter module contruction. 

ALUM. END PLATE 

SKINS 
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Table 2.1. Calorimeter module types, composition, and 
interaction lengths. 
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Transverse and longitudinal dimensions of modules in suc¬ 

cessive layers are listed in Table 2.2. 

If we imagine the modules in the calorimeter to form 

8 concentric rings, then the 5 types of modules are dis¬ 

tributed as follows : 

AP Layer Rings 1,2,3 5 Gap 

Rings 4,5,6,7,8 3 Gap 

A,B,C Layers Rings 1,2,3 14 Gap 

Rings 4,5 16 Gap 

Rings 6,7,8 20 Gap 

The various sampling thicknesses reflect the fact that at 

increasing CM angles a particle or cluster of particles 

which satisfy a high transverse momentum trigger will 

have decreasingly less energy. Typical particle energies 

in the outer rings may be only 5-10 GeV. As we wish the 

energy resolution to be uniform over the whole calorime¬ 

ter at the trigger level, we must therefore decrease the 

sampling thickness as we go out in CM angle. 

All modules are assembled by aligning thin steel 

skins over dowels in the metal plates and then securing 

the skins by tightening screws in tapped holes in the 

plates . Each metal plate has 6 dowel pins, 2 each on the 

2 side edges, and 2 on the bottom edge, which allow it to 
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Table 2.2. Calorimeter module sizes. 

MODULE 

TYPE 

AP 
LAYER 

A 
LAVER 

B 

LAYER 
C 

LAYER 

5 GAP, 14- GAP 10.16 x 10.16 
x 8.8 cm 

10.16* 10.16 
x 4*9.4 cm 

11.43 x H.43 
x 49.4 cm 

13.55 x 13.55 
x 49.4 cm 

3 GAP, 16 GAR 15.24- * 15.24 
x 6.48cm 

15.24 x 15.2.4 
x 49.3cm 

1715 x 17.15 
x 49.3cm 

20.32 * 20.32 
x 49.3cm 

3 GAP, 20 GAP 20.32 * 20.52 
x 6.48 cm 

20.32 *£0.32. 
* 51.0cm 

20.32 * 2.0.32. 
x 51.0 cm 

20.32 x 20.32 
x 5L0cm 

TABLE 2.2 CALORIMETER MODULE SIEES 
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be precisely aligned within a module. This assembly pro¬ 

cedure produces modules which are very sturdy, square, 

and free from bows or twists. 

The modules comprising rings 1 and 2 have S gap Pb 

sampling in the AP layer and 14 gap sampling in the ha¬ 

dronic layers but are of different design than described 

above. Figure 2.6 shows an example of modules know to us 

as 2 x 4 's. The sizes of the 2 x 4's were somewhat 

complicated; in addition to the increasing layer to 

layer transverse dimensions affording the tower struc¬ 

ture, there weré three types of 2 x 4 's differing primar¬ 

ily in scintillator widths and heights within the roughly 

10.2cm x 10.2cm module in which two 2 x 4's were bound. 

Passive absorber thicknesses and scintillator thicknesses 

and types were the same as listed in Table 2.1. 

A segmented calorimeter constructed of 3 gap, 16 

gap, and 20 gap type modules, though of much smaller ac¬ 

ceptance than the present one, has been previously used 

successfully in the investigation of high transverse en- 

19 
ergy hadronic interactions (E-395 ) . Also, the perfor¬ 

mance of an array of 87 14 gap modules has been previous- 

20 
ly measured in the M5 test beam at Fermilab . In both 

instances, the responses of these modules to hadrons and 

electrons were found to be spatially uniform everywhere 
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Figure 2.6. Type "2x4" calorimeter modules. 
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in the calorimeter and linear with energy. The layered 

character of the calorimeters provided good distinction 

between hadronic and electromagnetic showers. The calo¬ 

rimeter employed in E-395 provided adequate energy reso¬ 

lution at the trigger level with no extended high energy 

tail of the pulse height distributions thus permitting 

the true p^, cross sections to be unfolded from energy re¬ 

solution effects. 

2.2 DESCRIPTION OF THE LIGHT COLLECTION SYSTEM 

Because of the steeply falling cross section of high 

p^, events, the collection of output signals from the ca¬ 

lorimeter, whether ions or light, must be uniform every¬ 

where. This means the calorimeter must have no "hot 

spots" and should have a minimum of lateral and longitu¬ 

dinal dead spaces. "Hot spots" are especially disaster- 

ous since any effect which can cause low p^ events to 

fake high p^ events will grossly inflate the measured 

cross section and make deconvolution of the true cross 

section from the energy resolution of the calorimeter 

quite difficult. Hence we need a detector with a large, 

sensitive area, yet one which is highly compact and al¬ 

lows efficient and uniform signal collection by the small 

photocathode area. These demands are met by employing 

light gathering techniques using radiance amplification 
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21 22 23 24 by fluorescent radiation converters'* ’ 1 * By 

staging a series of suitably chosen fluorescent materials 

it is possible for the radiance at a detector to exceed 

25 that of the source . Scintillation collection using 

fluorescent wavelength shifter bars (VSB) was experimen- 

2 6 tally investigated first by Keil and subsequently de- 

21 veloped by Selove et al. 

Detailed measurements on various materials for the 

21 scintillator and WSB were made by Selove et al. Materi¬ 

als were selected so as to satisfy the following demands: 

(1) Uniform response across the area of scintillator 

and along the length of VSB. 

(2) Absence of "hot spots" on straight through tra¬ 

jectories of particles passing through the WSB. 

(3) Well matched emission and absorption frequency 

spectra of the scintillator-WSB- photocathode system. 

(4) Adequate light output so as not to worsen signi¬ 

ficantly the intrinsic energy resolution of the calorime¬ 

ter due to photoelectron statistics. 

(5) Minimal self absorption effects of the scintil¬ 

lator of WSB. 

(6) Economic aspects. 

For scintillator material, Roehm 1922 and 2003 were 
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chosen. Roehm 1922 is acrylic (PMMA) with 1% napthalene 

while Roehm 2003 is half acrylic and half PVT (polyvinyl- 

toluene) with 3% napthalene. Both types use PBD as the 

primary phosphor and POPOP as a secondary phosphor. Wav¬ 

elength shifter bars were made of BBQ-doped acrylic 

(0.02% by weight). 

Light from charged particles passing through either 

of two triangles of scintillator is collected along the 

45 degree diagonal by the 3 mm thick BBQ wavelength 

27 
shifter bar (Figure 2.7). As described by Keil , the 

triangular geometry is more desirable than rectangular 

geometry because of superior uniformity and greater light 

yield. Light output is further increased by placing 

Alzac reflectors on the faces and edges of all scintilla¬ 

tor pieces . A portion of the light which is re-emitted 

isotropically by the fluorescing BBQ is carried by total 

internal reflection the length of the WSB where it is re¬ 

flected through 90 degrees by a polished 45 degree cut in 

the acrylic light guide (Figure 2.8). From here light is 

carried by total internal reflection to the photocathode. 

All modules are truncated along one edge to provide space 

for the light guides. To prevent layer to layer align¬ 

ment of these truncations, modules in successive layers 

are given different rotations about their longitudinal 

axis . 
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Figure 2.7. Scintillator-BBQ bar-light pipe optical sys¬ 
tem . 

ALZAC 

REFLECTOR 
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Figure 2.8. BBQ wavelength shifter bars. 

_l tr 
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Yellow filters (Rohm and Haas Plexiglas 2306) are 

cemented between the light guides and BBQ converter bars 

and also at the tip of the acrylic mixer (Figure 2.8). 

Such filters are opaque to much of the Cerenkov light 

which can be produced in the light pipes and wavelength 

shifter bars and also serve to reduce the self-absorption 

effects in the BBQ. To minimize further nonuniformities, 

all light guides are balanced to give equal transmission 

by applying small amounts of black absorber to the 45 de¬ 

gree cut in the light guide. 

The photomultiplier tube employed (EMI S/N 9837B) is 

a ten stage tube with bi-alkali photocathode. This 5 cm 

tube is of anti-Cerenkov design and was built by EMI 

specifically for calorimetry application. Cerenkov light 

from charged particles passing through the glass envelope 

of normal end window tubes can produce tens or even hun¬ 

dreds of photoelectrons depending on the direction 

2 8 
incidence . Hence showers occurring near the PM will 

produce severe "hot spots" in the calorimeter. As menti¬ 

oned above, effects which allow low p^, events to mask 

themselves with a higher p^, will produce a measured 

spectrum much larger than the true one. Using an E-609 

design, EMI has surmounted this problem by depositing the 

photocathode on a thin (20-40 microns) mica substrate lo- 

2 8 
cated 1 or 2mm away from the end window . Cerenkov 
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light produced in the 2-3 mm thick end window will then 

be trapped by total internal reflection and unable to 

reach the photocathode. Although there is some decrease 

in tube efficiency with this design, the average signal 

produced for both edge on and normally incident particles 

2 8 is on the order of one photoelectron . 

PM gain stability was monitored daily with an auto¬ 

matic LED calibration system which took ADC data using 

pulsed LED's glued to each module 's light guide approxi¬ 

mately 6.3cm from the PM. Subsequently the number of 

photoelectrons per ADC channel was calculated online for 

each module from its pulse height distribution, compared 

with values from previous runs, and saved on disk files. 

Type Monsanto V552 LED's were employed because their 

emission spectra was approximately that of the BBQ (green 

light with wavelength = 490 nm). Further details on the 

LED calibration electronics, software, and calorimeter 

performance may be found in reference 29. 

Roughly speaking, the mutant 2x4 modules were con¬ 

structed by aligning thin steel skins over dowels in 

three sides of the 10.2cm x 8.5cm Pb or Fe plates and 

securing them by tightening screws into tapped holes in 

the plates as above. Four approximately 2.5cm x 8.5cm 

rectangular pieces of scintillator were inserted into the 

slots between the plates of passive absorber and 
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enveloped by Alzac reflector in such a way so as to 

optically decouple two of the pieces from the other two 

(thus forming two distinct 2" x 4" modules within a 4" x 

4" module). Light was collected separately from each 2 x 

4 module along the 90 degree boundary between the two 

rectangular scintillator pieces of each module by 3mm BBQ 

WSB. The acrylic light guides which carried light by 

total internal reflection to the photocathode rested on 

the top surface of each 2x4 module. Steel bars running 

the length of the module and of height 1.7cm were placed 

between the two light guides and on either side of them 

and then secured by screwing them to some of the Pb or Fe 

plates. Finally a last steel skin was secured to these 

bars in order to protect the light guides. The various 

types of 2 x 4 modules differed not only in the scintil¬ 

lator and passive absorber widths and heights of the 

packaged 10.2cm x 10.2cm modules but also in the scintil¬ 

lator widths of each 2x4 bound in a packaged module. 

2.3 LAYOUT OF THE APPARATUS 

The complete layout of the apparatus used in cali¬ 

bration is shown in Figure 2.9. Beam could be steered to 

any point in the calorimeter by means of a rotating di¬ 

pole magnet located directly downstream of the last set 

of benders in the M6E beam line and approximately 40.6m 
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Figure 2. }. Top view of the E-609 calibration apparatus 
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from the face of the calorimeter. A standard EPB dipole 

was mounted in two circular rollover collars permitting a 

0 rotation of 200 degrees. Each collar rested on two 

flanged wheels. The shaft through one of the wheels was 

driven by a 1/4 hp reversible electric motor (Reliance 

No. C56-H-3818 ) using a double reduction speed reducer 

of 3600:1 (Winsmith No. 5 MCTD ). Rotation of the EPB 

dipole was recorded by a Litton No. B1C11-07P10 shift 

encoder with a position resolution of 0.63 degrees/count. 

Straight through minimum ionizing muons were used to 

balance the response per GeV of energy deposited of each 

calorimeter module. A muon beam was produced by sliding 

an iron muon filter along rails into the incident beam. 

This filter was 30.5cm x 30.5cm x 304.8cm (in extent and 

was located directly downstream of the rotating EPB. 

The incident beam was defined by three counters lo¬ 

cated directly upstream of the rotating steering magnet. 

Their sizes are listed in Table 2.3. All scintillators 

were NE Pilot B plastic and all employed 5.08cm diameter 

Amperex 56AUP phototubes. 
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COUNTER DIMENSION 

B1 1/2" X 1/2" X 1/8" 

B2 1" X 1" X 1/8" 

B3 4" X 5" X 1/8" 

Table 2.3 Beam Counter Sizes 

A remotely controlled movable frame system used to 

transport four muon trigger scintillator counters over 

the full area of the of the calorimeter was located ap¬ 

proximately 30.5cm upstream of the calorimeter. Con¬ 

struction followed a frame (vertical motion) within a 

frame (horizontal motion) within a frame (stationary) de¬ 

sign. Individual frames were constructed of 7.6cm A1 

channel with dimensions: 

A Frame 

B Frame 

C Frame 

MOTION 

stationary 

horizontal travel 

vertical travel 

PHYSICAL DIMENSION 

3.1m x 4.3m 

0.6m x 2.6m 

45cm x 61cm 

The x-y travel limits of the frames were set to allow the 

center of the mucal trigger scintillators to reach the 

center of the outermost modules in the C layer (giving a 

total x travel of 2.7m and a total y travel of 1.9m). 
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The frames were chain driven by l/8hp variable speed 

Bodine 589 geared motors and moved with a speed of ap¬ 

proximately 7.6cm/s. Postion was monitored by two closed 

circuit TV cameras which viewed the x and y scales at¬ 

tached to the frames. Both the control panel directing 

motor power, speed, and direction and the TV monitors 

were located in the experimenter 's Portakamp directly 

above the MAC beam line control terminal. This movable 

frame system was built by W. Mueller and V. Kononenko 

of the University of Pennsylvania. 

Each of the four muon trigger counters (referred to 

as mucal counters} were clamped securely to an A1 

U-channel which was then bolted to the C frame. This 

system allowed easy removal and insertion of the counters 

without resurveying. Counter sizes were 2.54cm, 5.08cm, 

7.62cm, and 10.16cm square by .95cm. All counters used 

NE102 scintillator coupled via acrylic light guides to 

5.08cm diameter RCA 8575 phototubes with custom built 

bases. 

2.4 LOGIC AND ELECTRONICS 

A block di'agram of the calorimeter calibration elec¬ 

tronics tracing signals from a single segment is shown to 

the left of the break in Figure 2.10. 

Signals from the calorimeter PM*s were first fed 
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Figure 2.10. Block diagram of the calibration and data 
acquistion electronics. 
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through low noise dual gain "calibration" amplifiers (re¬ 

ferred to as calamps). For straight through muons above 

5 GeV/c the most probable energy loss in an individual 

module ranges from 53 MeV in the gap Pb modules to 540 

Mev in the 14 gap steel modules. However, the leading 

particles in a jet and the hadrons/electrons used in cal¬ 

ibration will deposit some tens of GeV per module. 

Hence to allow measurements of both hadron/electron 

and muon pulse heights, a dual gain amplifier was em¬ 

ployed. The low gain of the calamps was approximately 

xlO while the high gain was precisely a factor of 20 

higher. The gain of the calamps (high/low) could be re¬ 

motely controlled by the experimenter by sending a -6V/0V 

signal to a relay in the calamp amplifier via its NIM 

crate power supply. These calamps were designed by 

T.Droege of Fermilab. 

The calamp output signals were next transmitted 

through twinax cables to the summing/weighting modules. 

The function of these modules was to perform a weighted 

sum of the analog signals of the four calorimeter modules 

(AP, A, B and C) comprising each segment or tower. Each 

summing/weighting module received as input pulse heights 

from twelve calorimeter PM's (defining three segments). 

After 200ns internal delay, signals from the individual 

calorimeter modules were output directly (gain=l) from 
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the backs of the summing/ weighting modules to LeCroy 

2285a ADC's. The LeCroy 2285a ADC system utilizes charge 

integrating hybrid ADC 's with 12 bit ADC resolution and a 

sensitivity of O.lOpC per count. In addition, AP module 

pulse heights amplified x20 were also sent to the ADC's. 

On the front panel of the summing/weighting modules, 

six of the output signals for each of three segments were 

used as spares; four outputs were the gain=l analog sig¬ 

nals of the modules in a given segment and two were 

identically the AP module pulse heights amplified x20. 

Such spares allowed the measurement and monitoring of in¬ 

dividual PM's without the interruption of data acquisi¬ 

tion. Two additional outputs for each of the three seg¬ 

ments summed the analog signals from a given segment 

using the algorithm 

V(segment ) = {f(.5(2AP) +A )+ B + C} x 3 

where AP, A, B, and C are simply the pulse heights from 

the modules comprising one segment. The PM's of the AP 

modules were balanced at twice the gain of the A, B, and 

C modules; hence the factor of 1/2. The coefficient f 

was used as online compensation for the differences in 

calorimeter response to electromagnetic and hadronic 

showers. Nearly all of the energy of an electromagnetic 

shower is well sampled whereas a large fraction of the 

energy of a hadronic shower is missed due to the loss of 
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nuclear binding energy, no sampling of neutrons, poor 

sampling of slow protons and photons, saturation effects 

of heavily ionizing nuclear fragments, and the leakage of 

neutrons and neutrinos. Thus a factor of 1 for f would 

bias high p^, triggers towards those events with a large 

electromagnetic component. For most of the running we 

used a weighting factor of f=0.8. 

All data was acquired under the FNAL standard data 

acquistion and analysis program, Multi^, as operated 

under the DEC RT-11 V0004 Operating System and was writ¬ 

ten to 6250 BPI tape. The LRS 2285a ADC's were readout 

by a Parallel Branch Driver/Camac system on a PDP-11/45 

Unibus. The interface between the PDP-11 and the Camac 

dataway employed was the Jorway Corp. JY411 Branch 

Driver. The JY411 Branch Driver allows the PDP-11 to ac¬ 

cess up to 7 Camac crates on a parallel branch highway 

and also exploits the extended memory of the PDP-11/45. 

Data acquisition under the Multi system is based on 

the Bison Box Interrupt and Gate Control Unit^* which is 

interfaced to the Unibus through a DEC DR11C general in¬ 

terface card. The Bison Box provides PDP-11 interrupts 

and control of experimenter's fast trigger gate electron¬ 

ics. The Bison Box supports 2 independent interrupts 

(called A and B) generated by fast logic corresponding to 

two event triggers, which, in the example of E-609 were a 
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spill on calibration or high pT trigger and a spill off 

trigger. Upon receipt of Bison Box interrupts A or B, 

CPU control is transferred to a user defined location in 

the PDP-11 whereupon lists of Camac operations to be per¬ 

formed are executed. In addition, pending interrupts 

turn on an inhibit gate thus preventing the trigger logic 

from generating further master triggers. 

Figure 2.11 is a simplified diagram of the calibra¬ 

tion logic. The incident beam was defined by a 3-fold 

coincidence of the B123 beam counters directly upstream 

of the rotating magnet. The complement of the logic 

level of a toggle switch was fanned in with the discrimi¬ 

nated signal from the smallest counter, B1, thus allowing 

the B1 signal to be removed or included in the beam coin¬ 

cidence by remote control (i.e. without altering the ca¬ 

bling). 

An identical toggling scheme was used to remotely 

control which of the mucal scintillators, Ml, M2, and M3, 

were to be put in coincidence with mucal counter M4. Let 

T be the logic level of a given toggle. The signal MOR 

was generated by the 3-fold coincidence of T(M1)+M1, 

T(M2)+M2, and T(M3)+M3; we observe then that switching 

any toggle up includes its associated mucal counter in 

the coincidence requirement. 

The MUCAL trigger was formed by the 4-fold 
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Figure 2.11. Calorimeter calibration logic* 
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coincidence BEAM:M4:T(M4):MOR where as above BEAM = 

B3:B2:(T(B1 )+Bl ). The MUCAL signal was subsequently 

fanned out to the pretrigger gate coincidence unit and, 

after some delay, to the master gate coincidence unit. 

The pretrigger gate fired upon a 3-fold coincidence 

of the MUCAL signal, RUN gate, and SPILL gate. The SPILL 

gate signaled beam on and was generated by a external 

signal from the MCR synchronized with the main ring 

cycle. Two signals (levels) from the output register of 

the Bison Box indicated whether the data acquisition sub- 

sytem within Multi was "running" or not and were used as 

the start and stop input pulses to the RUN gate genera¬ 

tor . 

The purpose of the pretrigger in calibration mode 

was to generate the 110ns wide ADC gate and to generate a 

fast logic clear to the ADC's in the absence of a master 

trigger. In calibration mode the latter did not occur 

since a master trigger gate was formed for each pre¬ 

trigger gate. 

In the high p^, data mode, the MUCAL signal input to 

the pretrigger gate ws replaced by the signal formed by 

the 3-fold coincidence (BEAM:PILE):GLOBAL:T(GLOBAL ) where 

the BEAM condition now required additional beam counter 

coincidences and the PILE signal rejected beam pileup. 

In addition, the BEAM:PILE signal was vetoed by muons 
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detected in any of the counters comprising the 

approximately 2.1m by 3.7m wall of muon counters lodged 

between the iron shielding directly upstream of the li¬ 

quid hydrogen target (see Figure 2.1). The global signal 

input to the pretrigger gate served to reject the low p^, 

events dominating the pp cross section by requiring the 

total E,^ deposit in the calorimeter exceed some threshold 

E,p( roughly 3-4 GeV at Pbearo
=400 GeV/c). The master gate 

trigger in the high p^, data mode was subsequently formed 

by the 2-fold coincidence of the pretrigger gate and any 

one signal level of the 200 triggers defined by the 

trigger matrix or special "2 high" and multiplicity 

triggers exceeding its associated E^ threshold. 

In the acquisition of high p^ data a fast logic 

clear to the ADC's (as well as to TDC 's, PWC readout, and 

latches ) is clearly needed for those events which satisfy 

the pretrigger requirements but fail to exceed any of the 

200 or so trigger E.^ thresholds. After generation of 

pretrigger gate and/or a master trigger gate, further 

gates are inhibited by 7us and lOus respectively to allow 

time for the ADC analog front ends to settle and scaler 

and output shift registers to clear once a clear gate has 

been input to the LRS 2280 System Processor. Additional 

pretrigger and master gates are also inhibited via the 

Computer Busy signal output from the Bison Box. 
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Although a detailed description of the logic used to 

trigger on high p,j, events is beyond the scope of this 

work, a brief description is provided here. The full 

block diagram in Figure 2.10 shows the electronics for a 

single segment used in taking high p,p data. Signals pro¬ 

portional to the transverse energy deposited in the seg¬ 

ments were formed by attenuating via programmable attenu¬ 

ators the 132 segment summed pulse heights from the 

summing/weighting modules by an amount 

a& = t o - IO *>vv\ © 
vo (.o *>\v\© 

where © equals the lab angle of the center of the segment 

with respect to the hydrogen target and Qmax is the lab 

angle of the outermost segment. One set of the 132 

transverse energy signals are linearly summed to form a 

signal proportional to the total deposited in the ca¬ 

lorimeter. This global E^, signal was required to be gre¬ 

ater than some adjustable threshold and in coincidence 

with beam and computer live time conditions became the 

pretrigger gate. As discussed above, besides providing a 

fast clear for those events which failed to deposit some 

minimum E^, value in the calorimeter, the pretrigger was 

employed to gate the ADC's, PWC's , and latches. 

The other set of 132 transverse energy signals from 

the sine theta attenuators were input to the trigger 
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matrix. The trigger matrix was a fast cross point 

32 matrix which simultaneously formed 200 different analog 

sums (trigger conditions) from the 132 segment E^, pulse 

heights . Most of these trigger condition were geometri¬ 

cal and summed the transverse energy in particular re¬ 

gions of the calorimeter; these regions could be as 

small as one segment (e.g. .06sr single particle 

triggers) or as large as the entire calorimeter (single 

arm or global triggers). 

Upon leaving the trigger matrix, the 200 different 

trigger analog signals were amplified x2 and subsequently 

attenuated by computer controlled attenuators by an am¬ 

ount proportional to the desired p^, threshold associated 

with each trigger. Output signals from the attenua¬ 

tors were next fed to LRS ECL 4416 discriminators which 

determined which triggers had exceeded their p^, thres¬ 

holds . Both ECL outputs from the 4416 discriminators 

were employed. One set of output signals was sent to LRS 

ECL 4448 coincidence registers where all 200 discriminat¬ 

ed trigger signals were OR'ed. This OR'ed trigger matrix 

signal was subsequently fanned-in with the discriminated 

signals of the other special triggers (e.g. "two high" 

and multiplicity triggers). The master fan-in output 

signal in coincidence with the pretrigger gate thus 

formed the master gate (event trigger! ) which was input 
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to the Interrupt A port on the Bison Box. The other set 

of outputs from the 4416 discriminators were fed to LRS 

ECL 4432 latching scalers which were readout upon receipt 

of a master gate thus recording which of the 200 or so 

triggers had exceeded their thresholds in that event. 
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CHAPTER 3 

MUON CALIBRATION 

3.1 DISCUSSION 

Instrumental effects such as the nonuniform response 

of different sections of the calorimeter, hot spots, 

noise pickup, and saturation of logic electronics will 

worsen the energy resolution of the calorimeter. Hence 

an accurate and stable intercalibration of all modules is 

essential. To limit these instrumental fluctuations, all 

528 modules were balanced with minimum ionizing muons by 

adjusting individual module PM gains so as to give aver¬ 

age pulse heights equal to some calculated response 

(called the muon balance point). This calculated signal 

level was determined by the average dE/dx energy loss for 

straight through muons, by the saturation limit of the 

PM-calamp-summing/weighting module system, and by the re¬ 

quirement that all modules should saturate the ADC at ap¬ 

proximately the same pulse height per GeV of transverse 

energy deposited. 

To calculate muon balance points (in units of net 

ADC channels ) we first specified the full scale energy 

per module. The net full scale of the 12 bit charge in¬ 

tegrating LRS 2285a ADC's was taken to be 3600 counts 
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(0.10 pC/count). Full scale energy was determined by the 

demand that no module in the hadronic section of the ca¬ 

lorimeter (A, B, and C layers) saturate the ADC's below 

transverse energy of roughly 8 GeV/c. Also, by requiring 

that each calamp channel should limit simultaneously with 

the summed output of the summing/weighting module and 

with the ADC, at the same input signal level, desirable 

signal levels were assured for all the triggering elec¬ 

tronics . 

In addition, by choosing a number of full scale en¬ 

ergies as a function of calorimeter module CM scattering 

angle e and by keeping the full scale energy as small as 

possible, noise pickup effects were lessened. The full 

scale energy defined for the various theta regions of the 

calorimeter is shown in Fig.3.1. The number of grada¬ 

tions was somewhat arbitrary and chosen for convenience 

in analysis . 

Having defined the full scale energy, we next calcu¬ 

lated the ionization loss dE/dx of muons traversing the 

various types of calorimeter modules. Charged particles 

passing through matter will lose energy as a result of 

collisions with atomic electrons. The theoretical ex¬ 

pression for the rate of energy loss for particles heav¬ 

ier than electrons of velocity beta and charge z is given 
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Figure 3.1. Front view of the calorimeter array at 400 
GeV/c showing ADC full scale energies. 
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P1- 5 ' ° 

3 . 
where n is the number of electrons per cm in the stop¬ 

ping material, pQ is the density, I is the mean excita¬ 

tion potential of the atoms of the material , <5 is the 

density effect correction, and U is the so called shell 

correction term reflecting the nonparticipation of the 

2 
inner shell electrons at low velocities (v<Vg = e / h). 

The above formula is called the restricted ionization 

loss, for it includes only those distant collisions which 

result in the ejection of an electron of kinetic energy 

smaller than some predetermined value . (For example, 

in nuclear emulsions one is concerned with energy 

transfers to delta rays which stop a given distance from 

the track of the incident particle.) 

For very close collisions we may consider the atomic 

electrons as free particles. Conservation of energy and 

momentum to the collision of a charged particle and a 

free electron gives the maximum energy transfer 

where M, p, and E are the mass, momentum, and energy of 

W 
"WV^* 4 * "2. 'WVe. £ 

3. *1. 

2 
the incident particle. For M>>me and p<<M /me, (3.2) be- 
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The cross section for a spin 1/2 incident particle of 

total energy E and velocity g to produce a recoil elec¬ 

tron of kinetic energy is given by Bhabha^ as 

— L\- f'îü* ^ 
^ K\A* 

Hence the energy loss for close collisions with energy 

transfer greater than Wg is found by 

-ASM . s. <>w, ^ G VAJ^VU ■> VM. VS 
v*i, 

2Û. 2.*WC. VAü **A* a-»- \ 

C7T _p J 
if WA << W . The average energy ionization loss for 0 max 3 

all energy transfers is obtained by adding (3.1) and 

(3.5) to give 

-WE . r . ( 
Ço Aï ' L \ 

Because of the statistical nature of the collision 

process , for high energy particles in a thin absorber 

there will be appreciable fluctuations in ionization 

loss. The probability distribution of energy losses is 

not given by a Gaussian in this case but rather follows 

37 the Landau distribution . As first calculated by 

3 3 Landau , this distribution shows a rapid rise on the 

side of low energy losses, and a long tail on the side of 

high energy losses due to hard collisions with very large 
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energy transfers. The expression for the most probable 

energy loss, e___K, is found by replacing V by 
proD max 

(in (3.6) to obtain 

e 
X~W VNC^^ 

where t is given in g/cm^ and A is a constant defined 

2 
below. This expression is valid for W >> Kttjf . 

max 

For ,£>.96 the relativistic rise of dE/dx due to the 

2 
1/(1—^ ) broadening of the collision region is canceled 

by the density effect. Although the maximum inpact par¬ 

ameter increases as gamma, the dielectric polariza¬ 

tion of the atoms close to the trajectory of the incident 

particle will result in a decrease of the electric field 

35 acting on electrons at large distances. Sternheimer 

has calculated the density effect for many substances and 

has derived a general expression for the density effect 

35 correction 

■* 4.(s,0S1.X -v C X > x\ 

. O 

where X=log^Q(,tf8) and XO, XI, a, m, and C are constants 

which depend on the substance. 



50 

Neither the restricted energy loss (l/pndE/dx )u nor u wQ 

the most probable energy loss, e ^ > includes contribu¬ 

tions from close collisions and hence will be constant 

(Fermi plateau) at sufficiently high incident beta (see 

the logarithms in (3.1) and (3.8) and the asymptotic ex¬ 

pression for the density effect). The average energy 

loss however will increase without bound as ln(W ) due 
IJIâX 

to the inclusion of close collisions. 

Sternheimer^ has rewritten the three energy loss 

equations as 

_^_de = [8 ^‘vc> 

» JL^V = o.(.Vb * v \A ^ 

-- ^\_o> V o.w\-* aK«ftv\wU^V(i*--S-V ^ 

2 
where Wrt and W are in MeV, t is in g/cm , and & is 0 max ’ ’ 

given in (3.9). 

The constants defined in the above expressions and 

the parameters used for calculation of the density effect 

for the relevant substances in the calorimeter are listed 

in Table 3.1. For comparison, the average energy loss, 

most probable energy loss for muons above 1 GeV/c, and 

the restricted energy loss for muons greater than 10 

GeV/c (where we have taken = 3 * eprob at 40 GeV/c) 
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Table 3.1 Constants defined in the energy loss expres¬ 
sions of equations 3.10-3.12. 
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are shown in Figure 3.2. Table 3.2 shows the minimum en¬ 

ergy loss (incident ^=.96), average dE/dx, restricted 

dE/dx, and eprob ^or tyPes of modules for 80 GeV/c 

muons. 

For a given module type and full scale energy the 

muon balance point is calculated according to 

balance pt.[ADC channels] = (dE/dX)m^n[GeV] x 

full scale counts/GeV x 20(calamp gain) x 1.47 x 

2(AP modules only) 

Because of its small number of absorption lengths, AP mo¬ 

dules are run at twice the gain of modules in the A, B, 

and C layers. The factor of 1.47 is a correction for 

transition effects. 

18 19 
Both in our previous work ' and in similar meas- 

22 39-41 urements * made by other groups, a common observa¬ 

tion is that when using an energy scale calibrated on the 

basis of the average energy loss for muons, the average 

energy deposited by electrons is significantly lower than 

naively expected. This is presumably due to transition 

effects occuring at the lead/scintillator and 

iron/scintillator interfaces of the calorimeter. Past 

measurements made by our group found the average electron 

pulse height to be 1.47 times less as calibrated against 

the average muon pulse height. (This is in agreement 

with the 20-30% reduction in calorimeter signal observed 
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Figure 3.2. Average energy loss, restricted energy loss 
with WQ=1.3GeV, and the most probable energy loss for 
muons traversing one type 16 gap (1.9cm sampling) iron 
calorimeter module. 

*P/3P 
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Table 3.2. Minimum, average, restricted, and most prob¬ 
able ionization losses for 87 GeV/c muons traversing the 
various module types. 

Gaps 20 16 14 5 3 

Energy 1 o5«> in MeV 

Minimum 366 417 524 75 48 

Most probable 380 452 545 02> 53 

Average 510 574 710 120 1 

Restricted 458 SIS 645 104 67 
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by other groups with different geometries and absorbers ) 

This past work revealed that muon calibration according 

to (3.13) gave the correct absolute energy scale to with¬ 

in 5% when the appropriate unfolding of the true steeply 

falling p,j, cross section of high p^, events from the calo¬ 

rimeter resolution was carried out. 

The transition effect is a peculiar feature of the 

development of electromagnetic showers in detectors con¬ 

sisting of layers of different atomic numbers Z (and thus 

different critical energies=550 MeV/Z). At the more ad¬ 

vanced stages of electromagnetic cascades a rapid change 

in the electron flux near the interface of disimilar ab- 

42-44 sorbers (e.g., Pb-scintillator ) will be observed 

Significant effects in both numbers and energy spectra of 

electrons have been predicted for detector layer 

thicknesses as thin as 0.01 radiation lengths, X^. 

This sharp reduction in the electron flux (and 

therefore detected ionization energy loss ) as the shower 

propagates between materials of different atomic numbers 

Z is clearly seen in Figure 3.3 which shows shower curves 

in absorbers produced by a bremsstrahlung beam with 

^*max=(>®® MeV. Kol 'chuzhkin et al^^ have plotted "the 

electron flux (as measured by X-ray film exposure) as a 

function of radiation length for Pb, Cu, and alternating 

layers of Pb and 5mm thick Cu. We make the following 
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Figure 3.3 Cascade curves in a multilayer absorber for 
E = 600 MeV. Curves shown are for 1 )Pb ; 2)Cu; 
S'îîâyered absorber..with 5mm thick Cu absorbers . From 
Kol 'chuzhkin et al. 

Cascade curves in a mu Iti layer absorber- "for 
E = GOO MeV. l) Pb; 2)Cu; 3 layered 

absorber with copper layers = 5 mm thick. 
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observations : 

1) The most pronounced decrease in the electron flux 

is found in the region of the shower maximum. 

2) In the region of the shower maximum and beyond, 

the electron flux begins to fall off in the Pb at dis¬ 

tances of roughly 1 XO before (in front of) the interface 

more quickly than the cascade decay rate for a homogene¬ 

ous Pb absorber. 

3) As the shower passes through a Pb-Cu interface 

the number of electrons decreases rapidly at distances 

approximately 0.1 Xg to the right of the interface, drops 

much more slowly beyond this region, and finally begins 

to increase slightly as the Cu-Pb interface is appro¬ 

ached . 

4) As the cascade propagates through a Cu-Pb inter¬ 

face the electron flux intensifies rapidly (somewhat res¬ 

toring itself), reaches a maximum, and then begins to 

fall off at a rate approximately equal to that for a hom¬ 

ogeneous lead absorber. 

Electromagnetic showers develop primarily through 

bremsstrahlung and pair production. Electrons lose ener¬ 

gy by radiation according to^ 

~%l 

for TAeC7- ° 4C ^ 3 
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S o A* 
for 

- - = KJ ç L \v\ C\fc”i £**')*’ T’a"1 
A * 

VJ *>*> vi,^-yAtç> % ■3-vÇ 

where here E is the electron 's kinetic energy and U its 

total energy. For Z large and electron energies >> 20 

MeV we may rewrite (3.15) as 

where XQ is called the radiation length and may be ap- 

for pair production is set by Xp=9/7Xg. 

The multiplication process continues until the elec¬ 

tron energy losses per collision length due to ionization 

and excitation of atoms (proportional to Zp^/A) becomes 

approximately equal to the bremsstrahiung losses (propor- 

2 
tional to Z p^E/A). The energy at which these two losses 

are approximately equal is called the critical energy 

E^=550 HeV/Z. We remark also that if we set Wg = 5 MeV and 

recall beta=l for electron energies greater than Wg then 

the collision losses in a shower can be considered con¬ 

stant, and we can equivalently define the critical energy 

EQ as the ionization loss per radiation length of elec¬ 

trons of energy Ec. Photons of energy h <«>=EC are ab¬ 

sorbed by the competing processes of Compton scattering 

_V_ A3 ^ 

So ^ 

A* 

o 

2 -2 proximated by Xg=180A/Z in gem . Similarly the scale 

(proportional to Zp^/AE) production and pair 
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2 
(proportional to Z p^/A). Crudely speaking, in the 

region of the shower maximum the average energy of the 

electrons, positrons, and photons is that of the critical 

45 energy and their number is roughly l/6(Eg/E^,) 

44 The results of Kol 'chuzhkin et al . may thus be 

explained by considering the critical energies of Pb (7.2 

MeV) and Cu (18.7 MeV) and by recalling that the E^/Xg is 

the minimum collision loss for electrons. As the cascade 

develops through the Pb-Cu interface, the low energy 

electrons will experience far greater ionization losses 

per radiation length in the Cu owing to its higher criti¬ 

cal energy. Hence the sharp drop is electron flux at 

distances less than .IXQ exists because of the decelera¬ 

tion of the many low energy electrons. At the same time 

at energies greater than the critical energies of both 

materials the materialization rate per radiation length 

of photons and electrons will remain unchanged as the 

shower develops across the Pb-Cu or Cu-Pb boundaries. In 

the region of the shower maximum where the average parti¬ 

cle energy is roughly E^, the replenishment rate of elec¬ 

trons from pair production will be greatly diminished in 

Cu due to greater Compton scattering cross section (rela¬ 

tive to the pair production cross section) and hence the 

more pronounced the effect in this region. 

As the shower proceeds from the higher critical 
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energy material to the lower one (Cu-Pb interface), the 

increase in electron flux and partial shower restoration 

can be explained by reversing the above arguments. That 

is, in Pb, radiation and pair production processes become 

more important than ionization losses and Compton 

scattering. The presence of an interface is felt at dis¬ 

tances before the interface (points 2 and 3 above) since 

the decreased flux of electrons in Cu at distances as 

small as 0.01 XQ obviously implies a corresponding reduc¬ 

tion in the number of back scattered electrons. Similar 

arguments apply to the slight increase in electon flux 

felt in Cu before the Cu-Pb interface. 

This sizable decrease in electron flux (and conse¬ 

quently light signal) accounts for the reduction in elec¬ 

tromagnetic shower energy deposition seen by sampling ca¬ 

lorimeters. In fact, the fall off shown in Figure 3.3 is 

likely greater with the Pb-scintillator and the 

Fe-scintillator sampling due to the larger ratio of crit¬ 

ical energies (12.1 and 4.2). There are, in addition, 

two other phenomena which cause a depressed response of 

15 sampling calorimeters to electomagnetic showers 

(1) The total track length per radiation length of 

the shower, T/XQ, where T is in units of XQ and defined 

as the sum of all charged particle track lengths in the 

shower, is proportional to E/E^. Therefore with the 
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Pb-scintillator or the Fe-scintillator sampling, the 

overall track length (proportional to the excitation and 

ionization losses ) will decrease because of the increase 

of the average critical energy of the calorimeter. 

(2) Electron and positron trajectories in Pb and Fe 

will be relatively longer than in the low Z scintillator 

due to multiple scattering. This increase in electron 

path length causes disproportionate energy losses in the 

high Z passive absorbers. The relative contributions of 

fluctuations in the transition effect and the above two 

processes to the energy resolution of the calorimeter is 

not quantitatively understood. 

3.2 MUON CALIBRATION PROCEDURE AND SOFTWARE 

In order to steer muons through the centers of the 

528 calorimeter modules with the rotating dipole magnet, 

azimuthal angle phi and a set of currents IfP^ ) were 

calculated for each module. All module centers were 

first measured with respect to their respective supermcd- 

ules (SM) faces parallel to the beam line and and to the 

transporter on which the SM rested. "Absolute" coordi¬ 

nates of module centers with respect to the beam line and 

beam height, and hence their azimuthal angles, were cal¬ 

culated after corrections for shims placed under the SM, 
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SM offsets from the beam line, and SM tilt off the 

vertical (X=0 ) plane. 

Bending angles theta with respect to the rotating 

magnet center for the midpoints of all modules were also 

calcuulated from these absolute coordinates. The integ¬ 

rated bending lengths for all modules and a number of in¬ 

cident momenta were calculated using 

JBy(0)dz = sin(e) Pbeam 1313.22 3.17 

Current settings for the steering magnet were then deter¬ 

mined by approximating previous measurements of /Bydz as 

a function of magnet current by four linear regions. 

Crude particle trajectories through the magnet were also 

calculated and appropriate reductions made in the effec¬ 

tive lengths if it was determined that the beam would 

stray outside the uniform field region of the dipole 

(X= +/ — 3.8cm). The maximum beam momentum which could be 

steered to the midpoint of the outermost modules in the C 

layer was approximately 42.5 GeV/c. 

Most of the beam line devices (magnets, collimators, 

etc.) including the rotating steering magnet were con¬ 

trolled or read out via Camac modules interfaced to the 

Lockheed MAC-16 beam line computer. Control and status 

of these devices, e.g. the ability to set the current 

and angle of rotation of the steering magnet, was provid¬ 

ed by remote consoles in the experimenter 's portakamp 
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linked to the MAC-16. Magnet current was regulated using 

the FNAL Camac module #159. Position read out of the 

shaft encoder and activation of the relays associated 

with the power and direction of the reversible Reliance 

motor driving the collar rotation was performed by the 

FNAL Camac module #044. 

A few notes illustrative of the E-609 operating en¬ 

vironment are appropriate here. The E-609 software was 

developed by building upon the Fermilab standard data ac- 

30 quisition and analysis program, Multi , as operated 

under DEC RT-11. As E-609 utilized many unique pieces of 

computer controlled electronics both in data acquisition 

and in calibration and monitoring of the calorimeter, a 

great deal of additional software needed to be implement¬ 

ed within the Multi framework. Examples of this special¬ 

ized hardware are the Camac interfaced LRS HV4032 HV sys¬ 

tem, the LED monitoring system, the puiser calibration 

system, and computer controlled attenuators. A detailed 

description of these systems has been presented 

29 previously. Much of the additional software was intro¬ 

duced to the existing Multi program in the form of com- 

46 mand processors using prescribed guidelines . That is, 

code was written in such a manner as to associate func¬ 

tions performed on HV supplies, relays, attenuators, etc. 

with individual Multi commands. 
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To allow automated control of some hardware opera¬ 

tions and to bring order to the thousands of electronics 

channels and addresses, disk files were created mapping 

each module's segment to the addresses of all associated 

channels as well as to other relevant information about 

each channel or the segment itself. One such disk file 

provided for each module its segment, layer, HV mainframe 

and channel number, current, initial, and maximum HV set¬ 

tings, ADC channel number, centering x and y positions 

for the mucal telescope, puiser calibration relay ad¬ 

dresses, and muon balance point. Another such disk file 

contained for each module the appropriate azimuth angle 

and current setting for a number of incident beam momenta 

of the rotating steering magnet. Some degree of automa¬ 

tion was thus obtained by allowing software routines to 

access this vast amount of information merely by specifi¬ 

cation of a segment number. 

Two examples of the type of control procedure des¬ 

cribed above are the processors used to direct the cur¬ 

rent setting and rotation of the rotating steering magnet 

from the experimenter's PDP-11. Communication was first 

established between the PDP-11 and the MAC-16 beam line 

computer. By employing 2 FNAL #038 buffered memory CAMAC 

modules, one plugged into each computer 's CAMAC crate 

system and physically interconnected by two data and two 
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contol lines, data transfers were permitted between the 

two computer systems. Commands, responses, and data were 

exchanged between the two computer systems in strings of 

ASCII code. Command processors were written which sent 

appropriate commands to the MAC-16 via the #038 modules 

thus extending control and value readback to the 

experimenter's PDP-11. Depending upon the arguments en¬ 

tered with the Multi commands, semi-automatic control of 

the magnet whereby current and rotation angle values were 

defaulted to their disk file values was made possible. 

Other options included the ability to display all rele¬ 

vant information for the targeted module at the terminal 

or line printer, and the ability to modify the existing 

data file if necessary without exiting from the Multi 

program. A similar processor written by B.T. Yost of 

the University of Pennsylvania provided computer control 

of the PM HV system which consisted of a string of LRS 

HV4032 supplies with LRS 2172 CAMAC interface. Both the 

HV and magnet control processors formed the foundation of 

the automatic HV balancing procedure described below. 

Both the large number of modules needing to be cali¬ 

brated and the lack of infinite beam time forced us to 

develop a muon balancing procedure as time efficient as 

possible. One first needed to establish a correspondence 

between the calorimeter modules ' coordinates with respect 
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to the beam line and beam height and the coordinate 

scales which measured the position of the center of the 

muon scintillators transported via the mucal frame system 

in front of the calorimeter. This was accomplished by 

using 44 GeV/c muons to make a careful horizontal and 

vertical scan of a few key modules in the calorimeter. 

Defining the beam with the 2.54cm square mucal scintilla¬ 

tor (M1:M4:BEAM) one could quite readily find the edges 

of the scanned module by plotting the net average pulse 

height (pedastals subracted) as a function of the mucal 

scintillator position. Module edges were taken to be 

that x or y mucal' scintillator coordinate where the net 

average pulse height fell to one half its maximum value. 

In this way the center of calorimeter modules could be 

located to within approximately .6 cm in a matter of mi¬ 

nutes . 

To prevent miscalibration of a module because of en¬ 

ergy losses through the truncation of the module, module 

centers were taken to be the physical centers displaced 

S2 * 1.25 cm away collinear with the trucation and physi¬ 

cal center. Once the centers of a few well chosen mod'- 

ules were found, knowledge of the coordinates with res¬ 

pect to beam line and beam height allowed calculation of 

mucal scintillator coordinates for all other modules. 

One found while locating module edges that multiple 
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Coulomb scattering within the 300cm long muon filter gave 

rise to a beam of size 2.5cm x 2.5cm FVHM at the calorim- 

12 eter face. Typical beam fluxes for 1 x 10 on the MW 

target were approximately 100/spill with the 2.54cm 

square mucal scintillator. 

The procedure followed in balancing the response of 

all modules with muons is listed below. All steps save 

the first were executed by the computer. Input to the 

magnet control processors and the automatic HV adjusting 

processor were simply the layer and segment of the target 

module and the incident beam momentum. The program obta¬ 

ined all other necessary information by opening and read¬ 

ing the data disk files described above. 

(1) The mucal scintillators were centered (including 

offset) from the Portakamp by remote control of the mov¬ 

able frame system. The beam was then defined by 

MN:M4:BEAM where the size of the defining mucal scintil¬ 

lator (equal to N x 2.54cm square for N = 1,2,3) was cho¬ 

sen according to module size. 

(2) The rotating steering magnet was rotated to the 

correct azimuthal angle and the correct current for the 

incident beam momentum was set. 

(3) With the PM HV at 400V, 100 spill off (Bison Box 

interrupt B ) triggers were taken to calculate the mean 

and standard deviation of ADC pedastal which were 
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subsequently stored. 

(4) As an initial setting, the PM HV was set to the 

20 pA/lumen value. 

(5) The program (Multi) took approximately 50 muon 

triggers and calculated the average net pulse height ( pe- 

dastals subracted) over the range zero channels to three 

times the muon balance point (in channels). 

(6) If while accumulating ADC data, the gross pulse 

height of the target module was found to be greater than 

4000 channels , the PM HV was immediately lowered and an 

error message displayed on the terminal. 

(7a) If the average net pulse height of the target 

module was within 3% of the muon balance point, the pro¬ 

gram executed step (8) below. 

(7b) If the average pulse height was more than 3% 

away from the muon balance point, the PM HV was raised or 

lowered by an amount 

and steps (5 ) —(7 ) were repeated. 

(7c) If the calculated HV for the next try was great¬ 

er than the 50pA/lumen vaulue for the PM, or if the 

total number of trys in the loop (5 ) —(7 ) was greater than 

15, the procedure was halted and appropriate error mes¬ 

sages returned. 
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(8) When the average net pulse height was adjusted 

within 3% of the muon balance point, an additional 300 

events at the corresponding HV setting were taken as a 

check. The net pulse height mean and standard deviation 

were recalculated and displayed along with the final 

(correct) HV setting. 

3.3 ANALYSIS AND RESULTS 

In this way, the responses of all 528 calorimeter 

modules were properly balanced. Muons of three momenta, 

44, 87, and 129 GeV/c were used in the calibration proce¬ 

dure where, crudely speaking, inner rings 1 and 2 were 

balanced at the highest momentum, rings 3, 4, and 5 were 

balanced at 87 GeV/c, and the outermost rings 6, 7, and 8 

were balanced at 44 GeV/c. As the mucal scintillator 

coordinates and the steering magnet current and rotation 

angle settings were nearly identical for all modules in a 

given segment, one segment of the calorimeter could be 

calibrated at the rate of 5-7 minutes/ module. 

Approximately 1000 muon triggers (Ml or M2:M4:BEAM 

with the muon filter in the beam) were taken at the 

center of all modules in the AP, A, and B layers of rings 

3, 4, and 5 and written to 6250 BPI magnetic tape. Here 

the 2.54cm square mucal scintillator was defining in ring 
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3 while the 5.08cm mucal scintillator was defining in 

rings 4 and 5. One run sufficed to check the muon cali¬ 

bration of both the AP and A modules of each segment be¬ 

cause of their nearly identical centers. Eighty-seven 

GeV/c muons were used for all runs. One run for one C 

layer module in the first ring was also recorded. In ad¬ 

dition, two runs were taken for one module in ring 5 at 

44 GeV/c in order to investigate possible differences in 

module response arising from calibration with disimilar 

beam momenta. 

Typical pulse height spectra for AP layer lead mo¬ 

dules and A, B, or C layer iron modules traversed by 87 

GeV/c muons are shown in Figs. 3.4a and b. The small 

peak on the low side of the A module pulse height distri¬ 

bution corresponds to ADC pedastals. Such pedastals most 

likely arise from low energy hadronic shower fragments 

escaping the downstream end of the muon filter, possibly 

decaying, and then triggering the mucal scintillators but 

stopping in the last mucal scintillator or the first 

layer of lead absorber in the calorimeter. On the aver¬ 

age, 3.5% of all muon triggered events were pedastals in¬ 

dependent of module position and with a width charac¬ 

teristic of high gain pedastals (i.e. standard deviation 

= 25 ADC channels). The clear separation of pedastal and 

PM pulse height shown in Fig. 3.4b was found for nearly 
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Figure 3.4a. Typical pulse height distribution for AP 
layer lead modules traversed by 87 GeV/c muons. 
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Figure 3.4b. Typical pulse height distribution for A 
layer iron modules traversed by 87 GeV/c muons. 
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all modules in the A and B layers . However for the AP 

modules, those fraction of events recorded as ADC pedas- 

tals were buried in the true muon signal as indicated by 

the arrow in Fig. 3.4a. The long tails in both distri¬ 

butions on the side of high energy losses were due to 

Landau fluctuations as well as to hadron contamination of 

the beam. 

For all modules whose response to muons was written 

to magnetic tape, the net averge pulse height (in ADC 

channels ) and standard deviation was calculated and com¬ 

pared to the desired muon balance point. In this way the 

accuracy of the automatic HV balancing program could be 

examined and any systematic errors introduced from the 

calibration procedure described above could be studied. 

In addition, a parameter list of gain corrections, (com¬ 

pensation for the fact that the response to muons of some 

modules was appreciably different than the muon balance 

point after calibration) was prepared for use in the ana¬ 

lysis of the hadron/electron calibration data and the 

high p^, triggered data. 

The raw ADC data per event had first their pedastal 

mean subtracted and the resulting net channel counts cor¬ 

rected for the nonlinear integration of their respective 

ADC. Deviations from linearity arise from the shape of 

the PM output pulse at the ADC input (i.e. the pulse 
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height signals possess some degree of overshoot) and 

differences in the fall time of the trailing edge of the 

ADC gate from ADC to ADC. Measurements of the ADC nonli¬ 

nearity were made by sending a puiser signal similar in 

shape to the actual calorimeter signal into each of the 

528 calamp channels which in turn served as input to the 

ADC's . Data were taken using 14 different attentuation 

settings at the ADC input over the range 0-47 dB. A six 

parameter fit of the form 

dB/20 = 2an(log10ym)
n = log10(«yc) 3.19 

where y and y are the measured and corrected (linear- 

ized) ADC responses was subsequently applied to the data. 

The parameter oc which determined the 1-1 correspondence 

between the dB settings and corrected ADC values was cal¬ 

culated by recalling that at the muon balance point 

ym=yc. The fit parameters were then compiled into a data 

file for later use in calibration and high p^, data ana¬ 

lyses . 

The energy deposited in each module was calculated 

using the Gev per counts defined by each module *s full 

scale energy and scaled down by a factor of 20 acknowl¬ 

edging the gain of the calamps. A pedastal cut was made 

on each channel (module pulse height) requiring the raw 

(gross) ADC count to be greater than four times sigma 

above the mean pedastal for that channel, where sigma is 
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the standard deviation of the high gain pedastal 

distribution for that channel. Pedastal means and stan¬ 

dard deviations for all modules were calculated from high 

gain pedastal runs taken prior to the muon runs. 

Here we note some terminology for present and later 

use. Although the telescoping tower structure of the ca¬ 

lorimeter segments does not point at the rotating magnet, 

we shall refer in most cases to any module in that seg¬ 

ment which contains the true module (AP/A pair or B mo¬ 

dule) on which the beam is centered as a target module. 

The average depth for 95% longitudinal containment 

of an electromagnetic shower in a material of atomic 

number Z is given in radiation lengths ,XQ, as^ 

L(.95) [XQ] = Tmax + 0.08Z + 9.6 3.20 

where T is the average depth of the shower maximum mdx 

also in X.. T may be approximated by^ 
v UidX 

Tmax * ln(E'Ecl - “ 3'21 

where is the critical energy of the absorber, E the 

energy of the incident particle, and alpha=l and .5 for 

electrons and photons respectively. Tmax and L(.95) for 

20 GeV/c electrons in lead and iron are listed in Table 

3.3. The average radius for 95% radial containment is 

3 -2 approximated by 14A/Z(gcm ) and is also listed in Table 

3.3. The number of radiation lengths in the AP and A la¬ 

yers of the calorimeter ranges from 19.5 to 31.0 hence 
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any electromagntic shower will be well contained within 

these layers. Therefore the sura of any quantity (.e.g. 

the energy of a module or subset of modules) over the AP 

and A layers is referred to as an electromagnetic sum. 

ABSORBER T L( .95) R( .95 ) max 

Fe 5.8 17.5 2.2 

Pb 6.9 23.0 5.5 

Table 3.3 Average depth of the shower maximum and 95% 
longitudinal containment and the average radius for 95% 
radial containment for 20 GeV electrons in Fe and Pb. 
Units are all Xg. 

Electrons were tagged in the software through cuts 

made on the electromagnetic sum of the energy deposited 

in the target module plus all adjacent modules. If the 

electromagnetic ratio, equal to the electromagnetic sum 

divided by the energy sum of target plus adjacent modules 

in all four layers, was greater than 0.95, the event was 

cut and not summed in the pulse height averaging. Events 

in which muons did not pass straight through the module 

on which the beam was centered were removed by requiring 

sum the energy deposited in all adjacent modules to the 

target module be less than 20 MeV. The above cuts re¬ 

moved approximately 9% of all events. 

For those events surviving cuts, pedastal means were 
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re-added to the net ADC data of the target modules after 

nonlinearity corrections. For A or B layer target mod* 

ules the net average pulse height (X . in ADC channels) 
fl W V 

was calculated after making by eye one cut to remove the 

pedastal signal from the true muon signal and choosing 

another cut on the side of high energy losses of X ^ + 

(3 x XP . ). Here XPnet had been previously calculated 

with a looser high side cut to remove hadron contamina¬ 

tion. Typical cuts and X . (arrow) are indicated in 

Figure 3.4b. 

The cut of + (3 x Xne^ ) on large pulse heights 

was somewhat arbitrary but consistantly employed in both 

the automatic HV balancing program and offline analysis. 

Possibly superior results in calibration could have been 

obtained by using the peak position of the pulse height 

distribution since above 5 GeV/c the most probable energy 

loss is constant and independent of large energy loss 

tails or the number of hidden pedastals in the muon sig¬ 

nal (e.g., as with the AP modules [Figure 3.4a]). 

However, an accurate determination of the most prob¬ 

able pulse height could not be made as time constraints 

did not allow sufficient statistics to be acquired, and 

no speedy peak-finding algorithm could be found for on¬ 

line use. In addition, because of the small number of 

photoelectrons produced in the AP modules, photoelectron 
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statistics become important enough so as to shift the 

peak postion for purely Landau statistics downward by 

10-20%. The average pulse height with no large pulse 

height cuts could not be accurately used due to hadron con¬ 

tamination in the beam. 

Using identical loose cuts on the side of large 

pulse heights for A/B and AP target modules, the frac¬ 

tional width (standard deviation/mean) of AP modules is 

approximately 0.65 whereas the fractional width of the A 

and B target modules is approximately 0.40. After the HV 

for each PM had been adjusted by muon calibration, the 

gain stability of each PM (in terms of photoelectrons per 

ADC channel) was monitored daily with LEDs '. Using a re¬ 

presentative sample of the large body of LED data (i.e.v 

neglecting any long term PM gain drifts ) and the proper 

muon balance point for each module, we find the mean 

number of photoelectrons produced per sampling (gap) to 

be roughly 1.08 +/-.06 for minimum ionizing muons. Here 

we have averaged over both types of scintillator, acrylic 

and aromatic. 

For straight through muons, modules in the hadronic 

section of the calorimeter will yield 15-20 photoelec¬ 

trons on the average whereas the AP modules give only 3-5 

on the average. The larger fractional width found in the 

AP modules ' pulse height spectrum is thus a consequence 
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of the increasing importance of the fluctuations in the 

number of photelectrons produced since their mean number 

is small. As we wish to compare all modules as equally 

as possible, we compensate for the increased width due to 

the Poisson statistics of small numbers of photoelectrons 

by enlarging the 3 x Xne^ cut above pedastals by a factor 

equal to the ratio of the average fractional widths of AP 

and A/B modules (=1.6). 

As no clear pedastal cut can be made on the AP mod¬ 

ules, we first calculate X ^ f°r pulse heights 

(true signal plus pedastal) less than 5 x Xnet above the 

mean pedastal. The>true X .of the signal is then given 
.net 

by 
*\\ 

^ net 

we\ "3.VL 

V ~ 

where we have assumed the fraction of pedastals in the AP 

signal, fpe{j* to be equal to the fraction of pedastals so 

clearly observed in the A pulse height spectrum. 

The results given as X^'^/muon balance point for all 

module types and full scale energies on tape are listed 

in Table 3.4 where in averaging Xftet we have excluded mod¬ 

ules whose was not within 25% of the proper muon 

balance point. The percent error in the determination of 
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the average mean pulse height, X was calculated as 

where the sum i is over all modules of identical sam¬ 

plings and full scale energy. The uncertainty in X 1 

in the individual runs was approximately 2.1% for AP mo¬ 

dules and 1.4% for A and B modules. On the average, the 

automatic HV adjustment procedure seems to have systemat¬ 

ically balanced all modules to roughly 7% above the de¬ 

sired balance point. This may be accounted for by noting 

the online balancing program subracted merely pedastal 

means , hence allowing some fraction of the pedastal dis¬ 

tribution to be included in the net pulse height average. 

The gain of the PM would thus be adjusted too high be¬ 

cause the net channel average would appear deflated. 

Applying this reasoning to the AP modules, however, 

leads us to expect these modules to be balanced at too 

low a gain when in fact they are not. As the pedastal 

signal is buried within the true pulse height signal, su- 

braction of the pedastal mean in the automatic program 

would produce an inflated net pulse height average, and 

therefore result in an appropriate decrease in PM gain. 

Also the effect of increasing the 3 x X . cut to 5 x 

X . is to raise X . by roughly 2% which cannot account net net J ■* 

for the average observed X^^/muon balance point ratio of 
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1.07 for the AP modules. 

In any case, what is truly important is proper the 

intercalibration of all calorimeter modules. From Table 

3.4 we find that the mean values of the X 7/muon balance net 

point for all module types and full scale energies agree 

within the errors which reflect the spread of the meas¬ 

ured about the average. Within a given module type 

and full scale energy, examination of the ratio X ./X 

for each module shows that the responses of 85% of all 

modules are balanced to within 15% of the mean measured 

balance point Xne^ using the automatic HV adjustment pro¬ 

cedure. The ratio of X ./muon balance point for the 

lone 2x4 type module on tape (C layer of segment 9) was 

consistant with the results of the preceeding paragraphs. 

No straight forward explanation as to why 15% of the 

modules were balanced to mean net pulse heights, XRet, 

more than 15% away from Xne^ (roughly equal to 1.07 x 

calculated muon balance point). Analysis of those runs 

on tape corresponding to grossly misbalanced modules 

showed neither an excessive number of pedastals compared 

to the mean (=3.5% of all events) nor significantly more 

energy deposited in adjacent modules compared to balanced 

module runs. 

Although 15% of the modules misbalanced by factors 
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greater than 15% seems excessive, consider the following. 

First, it is important to recall that the physical quan¬ 

tity measured by the experiment is the total p,p of a jet 

pair or an event. Let us assume that no gain correction 

factors are available, but that we know all modules were 

balanced in such a way that the distribution of measured 

response/desired response is given by a Gaussian distri¬ 

bution with fractional width sigma/mean =10% (i.e. near¬ 

ly all modules would have ratios of X ./muon balance 

point in the range .4 to 1.6). Now a 20 GeV/c hadron 

will deposit at least 1 GeV in 2.5 modules on the average 

while a 20 Gev/c «°* will deposit at least 1 GeV of energy 

in 2 modules. Hence the uncertainty in the energy depos¬ 

ited by a 20 GeV/c hadron or n° due to nonuniform module 

responses dispersed in the calorimeter according to the 

distribution above is roughly sigma/mean=6% for hadrons 

and 7% for n°s. 

The calorimeter resolution due to sampling fluctua¬ 

tions (dominating the electron resolution) and nuclear 

fluctuations (event to event fluctuations due to effects 

associated with the break-up of the iron nuclei by the 

hadronic cascade dominating the hadron resolution) is ap¬ 

proximately sigma/mean=18% for 20 GeV/c hadrons and 8% 

for 20 GeV/c electrons. Hence we see that even with our 

poorly balanced hypothetical calorimeter. the 
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contribution to the energy uncertainty from 

nonuniformities in module responses as distributed above 

will only equal those associated with the intrinsic elec¬ 

tron energy resolution and will be dominated by those as¬ 

sociated with the intrinsic hadron energy resolution of 

the calorimeter. Furthermore, recalling the charged mul¬ 

tiplicity of high transverse momentum events to be rough¬ 

ly 15 to 20, we estimate the uncertainty in the measured 

transverse energy due to nonuniformities in calorimeter 

response to be only one or two percent. 

Vhat would be disasterous, however, would be system¬ 

atically nonuniform sections of the calorimeter or very 

grossly misbalanced modules (hotspots). Because of the 

steeply falling p^, distribution of high p^, hadronic in¬ 

teractions , any effect which allows low p^ particles to 

mask themselves with a higher p^, will be readily picked 

up by the calorimeter trigger thus greatly distorting the 

measured cross section. Effects such as the two listed 

above can produce an extended tail on the high energy 

side of the Gaussian resolution function, thus making de- 

convolution of the true cross section from the calorime¬ 

ter response function difficult at best. 

Recall that the muon balance points were calculated 

using (dE/dx) . . (which corresponds to the energy de- 

posited by muons of momentum=375 MeV/c). The question is 
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raised then that since beam momenta of 44, 87, and 129 

GeV/c were used in the muon calibration, of what magni¬ 

tude error, if nonzero, does the relativistic rise of the 

average energy loss introduce into (1) the absolute ener¬ 

gy scale set by the muon balance points and (2) the rela¬ 

tive balance between modules whose PM HV was set using 

different beam momenta. 

Regarding (2), we note from Figure 3.2 that the re¬ 

lativistic rise of the average energy loss between 40 

GeV/c and 130 GeV/c is only 4%. Furthermore, the 3 x 

Xnej. cut above pedastal used in the balancing procedure 

effectively excludes contributions from very close colli¬ 

sions , thus allowing use of the restricted energy loss 

formula. If we choose in (3.1) to be equal to three 

times the most probable energy loss at 40 GeV/c (=1.3 

GeV) we find from Figure 3.2 that the restricted energy 

loss above 20 GeV/c is constant and hence no error in ba¬ 

lancing the responses of modules using various beam mo¬ 

menta above 20 GeV/c is expected. This is confirmed by 

comparing the response of modules in one segment at both 

44 GeV/c and 87 GeV/c employing the 3 x X . cut in de- 

termination of Results are presented in Table 3.5 

and show no difference in X„ . outside of statistical er- 
net 

rors . Between the time the 87 GeV/c runs and 44 GeV/c 

runs (numbering 2) were written to tape, it was noticed 
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Table 3.5, Desired ADC balance point (in ADC channels) 
and the measured pulse height means for 44 and 87 GeV/c 
muons. 

Module 6a 1 P+. + 40 6eV/c 
x net 

+ BO Ge V/c 
x net* 

8S A' no 10-2..4i 6.6 103.1 ± 3.1 

A 432 444.4 ±0.2 386.^ i 1.1 

e> 432. 4°\0.<ô ± 8.6 47^.^ ±5.^ 
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that module 85A was rather misbalanced and the automatic 

HV adjustment program was rerun, thus accounting for the 

discrepancy in the A module. 

Regarding (1), we note for 16 gap modules the energy 

deposited by muons of momenta greater than 20 GeV/c as 

calculated using the restricted energy loss formula is 

greater than (dE/dx) by 1.3. Since the factor of 
minimum 

1.47 for transition effects is consistant with that found 

by other groups for other calorimeters with different ge¬ 

ometries and materials, one might anticipate that the 

electron calibration (and thus the absolute energy scale) 

computed using an energy scale based on (dE/dx) . . 

will be a factor of 1.3 lower than expected. This is 

indeed the case and will be seen in the results of the 

next chapter. Also, preliminary Monte Carlo studies 

which fold an artificial jet cross section dN/dp^, of 

exp(-3p^,) into the unweighted calorimeter resolution show 

[p^,( true )-p^,(observed ) ]/p^( true ) to be approximately .25. 

Although establishing an observed energy scale which 

is close to the true one is convenient for quick publica¬ 

tion, it is by no means essential to the data taking pro¬ 

cess. In all calorimeter experiments measuring high p^, 

phenomena, final corrections to the overall energy ( p^, ) 

scale must be made anyway to include convolution of the 
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calorimeter resolution with the steeply falling p,p 

spectrum, compensation for hadron/n° pulse height differ¬ 

ences, adjustments for PM gain drift, etc. 

Unfortunately the muon calibration could not be re¬ 

done at a later time for it was necessary to remove the 

rotating magnet from the beam line to take high p^ data. 

Calibration systems employing LED *s glued to each PM 

light guide and a puiser which generated a signal similar 

to the output pulse of the calorimeter were used to con¬ 

stantly monitor calorimeter performance. The LED cali¬ 

bration system permitted automatic and simultaneous moni¬ 

toring of all phototube gains and associated electronics 

and was exercised at least once per day. The puiser cal¬ 

ibration system allowed individual channels in the 

triggering electronics to be checked by switching 

mercury-wetted relays under computer control between the 

phototube and puiser. A detailed description of these 

two monitoring systems and the results on the stability 

of the response of the calorimeter may be found 

29 elsewhere 

Finally, gain corrections for all calorimeter mod¬ 

ules nullifying module to module differences in their 

balanced response to muons were written to disk file for 

use in subsequent hadron/electron and high p^, analyses. 

For those modules whose pulse height spectra were written 
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to tape (AP, A, and B layers of rings 3, 4, and 5) the 

correction factors were simply X^^/muon balance point; 

i.e., the ratio of the measured mean balance point to the 

calculated one. Using the fact that 85% of the modules 

were balanced within 15% of the measured averaged (over 

all modules of identical samplings and full scale ener¬ 

gies ) mean pulse height by the automatic HV balancing 

program, the following procedure was employed in deriving 

corrections for the remaining modules. 

(1) The mean correction factors for each type 

(number of gaps) of module were calculated from those mod¬ 

ules on tape. 

(2) The mean for the 20 gap modules was taken to be 

that for the 16 gap modules. 

(3) Corrections for the remaining modules were set 
i 

equal to the mean associated with that type of module. 

(4) A 200 GeV/c run containing 5000 low E^, threshold 

global (full calorimeter) triggers was analyzed and hit 

maps showing the number of times the E^ deposited in each 

module exceeded 0.1 GeV/c were produced. Groups of geo¬ 

metrically symmetric modules were examined and modules 

within a group classified as normal, warm, hot, or cold 

pendant on the total number of hits. 

(5) Normal modules retained their gain correction 

factor from (3) while hot, warm, and cold modules had 



90 

their gain factors boosted by .25, boosted by .10, and 

decreased by .10 respectively. The estimated errors in 

module uniformity and quoted as the standard deviations 

of the Xne^/muon balance point distributions are 2% for 

those modules on tape and 5% for the remainder. 



CHAPTER 4 

RESULTS 

4.1 ANALYSIS 

As mentioned previously, the distribution of high 

transverse momentum interactions as measured by the calo¬ 

rimeter is not the true physics cross section but rather 

a result of the true p^ distribution convoluted by the 

energy resolution function of the calorimeter. Because 

of the steeply falling p,j, spectrum, a measured p,j, deposit 

in the calorimeter, p,j,( observed ), will have most likely 

originated from particles whose p^, ( true )<p.p( observed ). 

That is, triggering on high p^ jets or events are biased 

towards the high energy tail of the resolution function. 

The difference between p,p(true) and p^,( observed ) is 

further heightened due to the pulse height difference 

between hadrons and n°s, i.e., an unweighted calorimeter 

response preferentially selects those events with a large 

electromagnetic component. Hence , to unfold the true p^, 

distribution from the calorimeter resolution, an accurate 

knowledge of the calorimeter réponse to hadrons and elec¬ 

trons over the energy range of interest is essential .- 

The energy resolution is subsequently determined by fit¬ 

ting hadron and electron pulse height spectra with a 

Gaussian function. Although the granularity of our 
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calorimeter is too coarse and the number of independent 

readout sections too small to study in quantitative deta¬ 

il the spatial distribution of hadronic and electromag¬ 

netic showers or the relative magnitudes of the contribu¬ 

tions from the various fluctuating mechanisms to the en¬ 

ergy resolution, we may at least confirm qualitatively 

some of the above calorimetric features observed by other 

47,48 groups ’ 

Approximately 3000 triggers (Ml/M2:M4:BEAM) were 

taken at the center of some small subset of segments re¬ 

presentative of various .segment samplings in rings 3-8 

and written to magnetic tape. Data were taken at 9.6, 

21.0, 44.2, 87.2, and 129.0 GeV/c with the positive sec¬ 

ondary beam of the M6E line. The maximum momentum uncer¬ 

tainty Ap/p was approximately 2%. No Cerenkov counters 

were used in particle labeling, hence electron (or «° ) 

identification was based on offline shower development 

analysis. The fraction of electrons in the beam decreases 

from roughly 70% at 9.6 GeV/c to 5% at 44.2 GeV/c 

and less than a percent at 129.0 GeV/c. An additional 

set of 9.6 GeV/c runs were taken with a 10 X Pb electron o 

filter used to increase the fraction of hadrons in the 

beam. To investigate uniformity of response across the 

face of the calorimeter and to study sharing of the 

shower energy between modules, a horizontal scan across 
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rings 2-5 was made with the 21 GeV/c hadron/electron 

beam. This latter information is important both in de¬ 

veloping crude shower Monte Carlos for the calorimeter 

and in developing efficient pattern recognition algor¬ 

ithms needed to study the internal properties of jets 

{multiplicity without tracking, internal k^, of the jet, 

etc. ). 

The pedestal mean for each ADC was subtracted from 

the raw ADC data per event and a cut requiring the re¬ 

sulting net pulse height to be greater than four times 

the standard deviation of the low gain pedestal distribu¬ 

tion of the corresponding ADC was made. After the net 

channel counts were corrected for the nonlinearity of the 

ADC's, the energy in each module was calculated using the 

GeV per counts defined by each module 's full scale energy 

and adjusted for variations in PM gain due to errors in 

the muon calibration using the gain factors determined in 

the previous chapter. 

Figures 4.1 and 4.2 show the total pulse height 

spectrum (full calorimeter energy sum) targeted on seg¬ 

ment 110 (segment type 3 gap AP, 20 gap A,B,C layers) and 

the electromagnetic energy sum (AP plus A layers ) distri¬ 

bution for a 21 GeV/c beam run without software tagging. 

Separate peaks corresponding to hadrons, electrons, and 

muons are visible in Figure 4.1 while Figure 4.2 
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Figure 4.2. Total (all layers) pulse height distribution 
without software tagging for a 21 GeV/c beam run targeted 
on segment 110. 
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accentuates the electron pulse height spectrum. Pulse 

height distributions for other energies are similar, 

differing only in the relative number of hadrons for 

electrons . For convenience a front view of the calorime¬ 

ter with relevant segments numbered is presented in Fig. 

4.3. 

The electromagnetic pulse height spectrum is plotted 

versus the total pulse height spectrum in Figure 4.4 for 

a 21 GeV/c beam run. Three distinct regions correspond¬ 

ing to hadrons, electrons, and muons are visible. In all 

runs, muons were efficiently tagged by utilizing cuts on 

this histogram limiting the electromagnetic energy depo¬ 

sition to be less than 2.1 GeV and the total energy depo¬ 

sition to be less than 4.5 GeV. 

Separation of hadrons from electrons is based on the 

differences in spatial development between hadronic and 

electromagnetic showers. From the last chapter we recall 

the depth for 95% longitudinal containment for 21 GeV/c 

electrons is approximately 17.5XQ in Fe and 23.OXg in Pb. 

The radius for 95% radial containment is governed by the 

Moliere length 

R(.95) = 2R^ = 14 A/Z gcm-^ 4.1 

Thus the radius for 95% containment is approximately 

2.2XQ in Fe and 5.5Xg in Pb. As an aside, we remark that 

the lateral growth of an electromagnetic shower is due to 
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Figure 4.3. Front view of 
GeV/c with segments relevant 

the calorimeter array at 400 
to the text numbered. 

FRONT VIEW OF CALORIMETER ARRAY AT 400 GeV/c 
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Figure 4.4. Electromagnetic pulse height sum versus the 
total pulse height sum without software tagging for a 21 
GeV/c beam run targeted on segment 110. 
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the multiple scattering of the shower electrons and (par¬ 

ticularly at small depths) the propagation of minimum at¬ 

tenuation photons rather than angular deflections pro¬ 

duced by Bremsstrahlung or pair production. Therefore, 

if centered on the target segment, electrons will ,on the 

average, deposit 95% of their energy in the AP and A mod' 

ules of that segment. 

The complexity of hadronic showers does not lend it¬ 

self to any simplified analytical description of develop¬ 

ment. Indeed, fluctuations in the spectrum of strongly 

produced secondary and nuclear effects associated with 

the disruption or excitation of the Fe nuclei dominate 

the energy resolution of the calorimeter. Roughly 25% of 

the hadron energy is not or is poorly sampled, with the 

fluctuations in this missing energy being quite large. 

Empirically, however, the average depth for 95% longitu¬ 

dinal containment is given in absorption lengths as^ 

0 15 
L ocU> = T + 4E * 4.2 .95' ' max 

where E is in GeV and the position of the shower maximum, 

T , finds expression as^ 
III aX 

T (X ) = 0.61nE -0.2 4.3 max 

For the incident beam momenta of interest, values of 

L and T (as measured from the calorimeter face) are .95 max 

listed in Table 4.1. A small fraction of hadrons 

(between approximately 5 and 11%) will not even interact 
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until reaching the B layer. For incident hadron energies 

less than 20 Gev our calorimeter (6-8\) will be just 

large enough, on the average, to contain 90-95% of the 

cascade energy. Fabjan et al.^ have found no increase 

in the fractional width of the energy distribution for 10 

GeV protons beyond calorimeter lengths of 5.5i. Thus we 

might expect the contribution to the energy resolution 

from fluctuations in shower leakage to be negligible for 

energies less than say 20 GeV. 

p 
Beam T max L( .95 ) 

10 1.2 6.8 

20 1.6 7.9 

40 2.0 9.0 

80 2.4 10 .2 

130 2.7 11 .0 

Table 4.1 Average depth of the shower maximum and for 95% 
longitudinal containment for the momenta of interest. 
Units are given in k. 

On the average, the radius for 95% lateral contain¬ 

ment is equal to one absorption length. Hence on the 

average we expect 95% of the hadronic shower energy to be 

found in the target plus all adjacent segments. A word 

of caution in using these estimates is that the event to 

event fluctuations about these mean dimensions are quite 



101 

large. 

We define the electromagnetic (em) ratio of the tar¬ 

get segment plus all neighboring segments as the pulse 

height (energy) sum over the target plus neighboring mod¬ 

ules on the AP and A layers divided by the total pulse 

height (energy) sum over the calorimeter. Figure 4.5 

plots this ratio as a function of the pulse height (ener¬ 

gy) summed over the calorimeter for a 21 GeV/c beam cen¬ 

tered on segment 110 in ring 6 as above. The clearly de¬ 

fined region of high density corresponds, of course, to 

electrons; indeed, cuts were employed on these em ratio 

versus total pulse' height plots to identify electrons in 

all runs. A typical cut is shown in Figure 4.5 and for 

nearly all runs at all energies, electrons were tagged by 

requiring the electromagnetic ratio >.92-.95. 

If we recall that A layer modules in all except the 

innermost rings are truncated in one corner to provide 

space for the light guide, it is easily seen that in some 

instances a large fraction of the electromagnetic cascade 

might reach the B layer via the truncation. To account 

for the n°/hadron pulse height difference, the scales of 

energy per ADC channel for the B and C layers are typi¬ 

cally weighted offline by roughly 1.25 relative to the 

electromagnetic sections of the AP and A layers. Of 

course, this method is somewhat flawed since hadrons (on 
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Figure 4.5. Electromagnetic ratio of target plus adja¬ 
cent segments as a function of the total pulse height sum 
for a 21 GeV/c beam run targeted on segment 110. 
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the average) will deposit half of their energy in the A 

layer and showers of particles produced with separation 

e<d/z, where d is the shower diameter and z the distance 

of the calorimeter from the target, will intermingle. 

This procedure has however previously yielded an energy 

scale accurate to less than 10%. It is clear that if a 

large fraction of the electromagnetic cascade manages to 

deposit itself in the B layer, both an offline error in 

the energy deposited (overestimation of the em energy) 

and an online bias toward n°s (recall the 

weighting/summing module attenuates the signals in the A 

and AP by a factor of .8) will result. 

To minimize the above effects caused by electromag¬ 

netic shower leakage into the B layer, Pb "shadows" whose 

2 
shapes (roughly 6.5cm ) and locations were determined by 

geometrical considerations were fastened to the fronts 

and backs of the AP modules. Shadow thicknesses were 

3.4XQ and 1.2-1.7Xg for the front and rear shadows res¬ 

pectively. The front shadows served to commence sooner 

those em showers with leakage potential thus causing a 

larger fraction of their energy to be deposited in the AP 

layer. The overall effect of Pb shadows is to lessen the 

shower energy deposited by incident electrons directed 

towards the A layer truncations by 20-25% thus offsetting 

the 1.25 weighting factor given the B layer. 
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Figure 4.6 presents the AP ratio (the pulse height 

sum of the target plus adjacent modules in the AP layer 

divided by the total pulse height sum) plotted as a func¬ 

tion of the total pulse height sum for a 21 GeV/c beam 

centered on segment 110 as above. Electrons are visible 

as a clearly defined region of high density and a less 

distinct region (corresponding to those events which did 

not interact in the AP layer). AP ratio versus total 

pulse height distributions for those runs whose target 

segment 's AP layer consisted of a 5 gap Pb module were 

similar save for the larger fraction of energy (50-80% as 

opposed to 10-55%) deposited in the 5 gap layer. 

In Figure 4.7 the AP ratio plotted against the total 

pulse height sum for the calorimeter is shown for a 21 

GeV/c beam centered on segment 87 (see Figure 4.3) which 

consisted of a 3 gap Pb AP module followed by two Fe 16 

gap and one 20 gap modules. In this run two distinct re¬ 

gions of high density corresponding to electrons are 

observed; one in which the AP ratio varies between .15 

and .55 about a mean total energy of 15.5 GeV and the 

other in which the AP ratio varies between .57 and .84 

about a mean energy of 11.5 GeV. The pulse height spec¬ 

trum for electrons for this run showed two separate over¬ 

lapping peaks. The larger fraction of energy deposited 

in the AP layer accompanied by a 25% reduction in pulse 
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Figure 4,6. AP ratio of target plus adjacent segments as 
a function of the total pulse height sum for a 21 GeV/c 
beam run targeted on segment 110. 
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Figure 4.7, AP ratio of target plus adjacent segments as 
a function of the total pulse height sum for a 21 GeV/c 
beam run targeted on segment 87. 
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height signal suggest the pulse height distribution about 

the smaller mean arises from electromagnetic showers 

passing through the Pb shadows. 

This effect is apparently not as drastic when 

triggering on high events since the area occupied by 

the Pb shadows is only a small fraction of that of the 

calorimeter face. Since the tower structure does not 

point at the rotating steering magnet, it is just a coin¬ 

cidence that by steering the beam to the approximate 

center of a segment one or both of the Pb shadows are in¬ 

tersected. Therefore, the pulse heights of electrons 

whose subsequent cascade passes through the Pb shadow 

(resulting in a sampling in which a larger fraction of 

the energy is passively absorbed) should not be included 

in the pulse height distribution from which the energy 

resolution is determined nor in calculations of the mean 

energy deposited in modules, segments, etc. Thus a cut 

on the AP ratio for those events tagged as electrons by 

the electromagnetic ratio cut was made excluding from 

further analysis those electrons whose showers cascaded 

through the shadows. 

For those runs in which the beam was centered on a 

segment containing a 3 gap Pb module in the AP layer, 

showers passing through the shadows were typically visi¬ 

ble in the AP ratio versus total energy histogram as a 
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dense region with an AP ratio window of typically 60-80%. 

For target segments with 5 gap AP modules the region was 

observed between AP ratios of 80-92%. These numbers are 

approximately energy independent between 9.6 and 44.2 

GeV/c. All cuts (both on the electromagnetic and AP ra¬ 

tios were made by eye and for the AP ratio cut the lower 

limit of the shadow electron region was used as the maxi¬ 

mum AP ratio allowed for true electrons (roughly .6 for 3 

gap AP layer and .8 for 5 gap AP layer target modules). 

Note that for most of the runs on tape the fraction of 

shadow electrons was small to zero; yet for a few target 

segments nearly the total sample of electrons showered 

through the shadow thus making the determination of the 

energy resolution for electrons in that region of the ca¬ 

lorimeter impossible. 

Those events not tagged as muons, electrons, or sha¬ 

dow electrons were taken to be hadrons. Figure 4.8 shows 

the electromagnetic ratio for the full calorimeter (pulse 

height sum of the AP and A layers divided by the pulse 

height sum over all layers) for 21 GeV/c hadrons steered 

to the center of segment 110. The spike at em ratio=l is 

a measure of the inefficiency (roughly 2-5%) of the elec¬ 

tron cut chosen. This inefficiency results in electron 

contamination of the hadron pulse height spectrum of mag¬ 

nitude roughly=2% at 9.6 GeV/c and 6% at 21.0 GeV/c. 
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Figure 4.8. Electromagnetic ratio (AP + A pulse height 
sum/total pulse height sum for all layers) for 21 GeV/c 
hadrons targeted on segment 110. 
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Recall electrons were identified by the requirement 

that the electromagnetic ratio of the target plus neigh¬ 

boring segments be greater than typically 92-95%. The 

spike at full calorimeter em ratio=l must therefore cor¬ 

respond to a small fraction (approximately 5%) of elec¬ 

trons which deposit 5-8% of their energy in the electro¬ 

magnetic layers but outside the region of the target plus 

neighboring modules in the AP and A layers. This is 

somewhat suprising at first but reinforces the point that 

the expressions for the radius of 95% lateral containment 

and the depths of the shower maximum and 95% longitudinal 

containment are only true on the average and are subject 

to large fluctuations even in the instance of electromag¬ 

netic cascades. 

The pulse height spectrum for a 21 GeV/c beam cen¬ 

tered on segment 110 as above and the pulse height specta 

for 21 GeV/c hadrons and electrons tagged by the shower 

profile cuts are shown in Figures 4.9a-c. The distribu¬ 

tions of the electron and hadron pulse heights are well 

fitted by Gaussian functions. Strictly speaking, the 

pulse height distributions are not given by a Gaussian 

function since the tails of the pulse height spectra go 

to zero at some definite cut-off rather than extending to 

infinity. 
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Figure 4.9a. 
cuts for a 21 

Pulse height distribution without software 
GeV/c beam run targeted on segment 110. 
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Figure 4.9b. Pulse height distribution for hadrons after 
software tagging from a 21 GeV/c beam run targeted on 
segment 110. 
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Figure 4.9c. 
after software 
on segment 110 
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The slightly longish tail of the electron response 

(Figure 4.9c) on the side of small energy losses is due 

to the bremsstrahlung of electrons in the .15Xg of air 

between the rotating magnet and the calorimeter. 

At beam momenta greater than 21 GeV/c the hadron 

pulse height spectrum becomes somewhat asymmetric, broad¬ 

ening on the side of small energy losses and developing 

an extended low energy tail. This effect is. visible in 

Figures 4.10a and 4.11a where we have plotted the hadron 

pulse height spectra for a 44.2 GeV/c and 87.2 GeV/c beam 

centered on segment 110 as above. Averaged over all 

types of segment samplings, the fraction of events in the 

low energy tail increases from approximately .02% at 21 

GeV/c to roughly .73% at 44.2 GeV/c and 1.10% at 87.2 and 

129.0 GeV/c. (Here we have arbitrarily defined the tails 

of the distribution to be those events which fall outside 

three times the standard deviation of the distribution.) 

The slight departure from a Gaussian distribution is due 

to the longitudinal energy leakage of hadronic cascades, 

the fraction of which increases logarithmically with en¬ 

ergy. 

Of critical importance is the existance or absence 

of an extended tail on the side of large energy losses on 

the hadron pulse height spectrum. Such high energy tails 

may arise from segment to segment nonuniformities or hot 
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Figure 4.10a 
drons from a 
110 . 

Pulse height distribution for 
low intensity beam run targeted 

44 GeV/c ha- 
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Figure 4.10b. Pulse height distribution for 44 GeV/c ha¬ 
drons from a high intensity beam run targeted on segment 
110 . 
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Figure 4.11a 
drons from a 
110 . 
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Figure 4.11b 
drons from a 
110. 

Pulse height distribution for 87 GeV/c ha- 
high intensity beam run targeted on segment 
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spots within individual modules. As previously menti¬ 

oned, the existance of high energy tails in the energy 

resolution will severely distort the effective calorime¬ 

ter resolution, (for fixed p^, ( observed ) equal to the pro¬ 

duct of the energy resolution function and the true pT 

cross section), thus making deconvolution quite diffi- 

cul t. 

No evidence of an extended high energy tail is visi¬ 

ble in the hadron pulse height distributions of Figures 

4.9c, 4.10a, and 4.11a where we have indicated the 

abscissa coordinates 3ir and 4<r above the peak mean. No 

high energy tails were observed in any of the low inten¬ 

sity runs ((Bl:B2:B3) <10K ) for all segment types (4) and 

representative locations over the calorimeter face 

(roughly 19 at all energies except 129 GeV/c ) logged to 

magnetic tape. The mean fraction of events 3 standard 

deviations above the mean peak of the pulse height dis¬ 

tribution was approximately 0.4%. 

Lengthy tails were found on the pulse height spectra 

of those runs taken at high intensity ((B1:B2:B3) = 

100K). These tails are shown in the pulse height distri¬ 

bution comparison of Figures 4.10a and b and Figures 

4.11a and b where identical running conditions save the 

beam intensity prevailed. For high intensity runs, the 

mean factor of events in the high energy tail increases 
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to approximately 1.2%. Such extended tails are most 

probably due to accidentals since neither the pileup veto 

nor any dE/dx counters were implemented at the time of 

calibration. These tails are observed only in those runs 

taken with high intensity and in some instances show a 

faint enhancement at twice the peak mean. In addition, 

from a detailed examination of the energy deposited in 

each module for those events in the high energy tail of a 

21 GeV/c high intensity run one could quite readily dis¬ 

cern two electrons or one hadron and one electron in the 

shower profile some fraction of the time. Furthermore 

the increase in the fraction of events in the tails is 

consistant with that expected from a crude estimate of 

the accidental rate: 

accidental fraction = 1/2 x beam rate x event gate 

width = 0.5%. (Actually the accidental beam rate was 

probably much higher owing to exceedingly poor beam 

structure. ) 

For each run the energy resolution was determined by 

fitting a Gaussian only over some range of the electron 

and pulse height spectra (typically ,say, from 20% of the 

number of events in the peak bin on the side of small en¬ 

ergy losses to 10% of the number in the peak bin on the 

side of large energy losses). The fit then does not de¬ 

pend on the details of any low energy tails from leakage 
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(hadrons) or radiation (electrons) nor on the high energy 

tails resuting from beam pileup. It is also seen then 

that the fit determining the energy resolution will not 

be affected by the small fraction of contaminating elec¬ 

trons present in the hadron pulse height due to overly 

tight electron cuts. The reduced x^ of the fits were 

typically less than 1 with approximately 85% of the re- 

2 
duced X *s from the runs used being less than 1.2. 

4.2 ENERGY RESOLUTION 

The calorimeter is effectively comprised of four 

types of segments differing primarily in sampling 

thickness : 

TYPE COMPOSITION LOCATION SAMPLING 
THICKNESS 

1 3 gap AP, 20A, 20B, 20C Rings 6,7,8 12.7mm 

2 3 gap AP, 16A, 16B, 20C Ring 5 18.8mm 

3 3 gap AP, 16A, 16B, 16C Ring 4 18.8mm 

4 5 gap AP, 14A, 14B, 14C Rings 1,2,3 28.4mm 

where the 20A, etc. refer to the number of samplings in 

that layer A negligible difference between s egment 

types 2 and 3 is expected; however, because of the age 
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difference of the modules embodying the two rings we have 

used such a delimitation. 

The energy resolution R defined as ar/EpeaJt as obta¬ 

ined from the Gaussian fits discussed above for hadrons 

and electrons is plotted for the four segment types in 

Figures 4.12a-d. The resolution R for each segment type 

at each energy was determined by averaging the resolu¬ 

tions of runs (typically 6-8) in which the beam was cen¬ 

tered on segments (typically 4) of a given type. The 

error bars in Figs. 4.12a-d reflect the standard devia¬ 

tion of the resolutions from individual runs about the 

mean resolution and were approximately 3-4%. The error 

in the energy resolution for individual runs was approxi¬ 

mately 2-3% above 21 GeV/c and 4-6% at 9.6 GeV/c. 

In a few instances the resolution from runs taken at 

the same energy with the beam steered to the center of 

the same segment but measured at different times (e.g. 

say within a week) fluctuated by 10-20%. It should be 

noted that in these cases both the mean and the standard 

deviation of the pulse height distributions fluctuated 

from tape (time tl) to tape (time t2) and that detailed 

analyses of these runs showed nothing extraordinary (e.g. 

2 
all fits had good X , no unusual tails, etc.). Although 

such variations were observed for only two target seg¬ 

ments, systematic errors of magnitude 10-20% are 
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Figure 4.12a. Electron and hadron energy resolution, 
<r/E . , for the hadron calorimeter using type 1 target 
segments (12.7mm sampling). The fitted curves to the 
data are described in the text. 
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Figure 
cr/E ,, 1 peak’ 
s egments 
data are 

4.12b. Electron and hadron energy resolution, 
for the hadron calorimeter using type 2 target 
(18.8mm sampling). The fitted curves to the 

described in the text. 
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Figure 4.12c. Electron and hadron energy resolution, 
<r/Epeak* ^or hadron calorimeter using type 3 target 
segments (18.8mm sampling). The fitted curves to the 
data are described in the text. 
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Figure 4.12d. Electron and hadron energy resolution, 
<r/E . , for the hadron calorimeter using type 4 target 
segments (28.4mm sampling). The fitted curves to the 
data are described in the text. 
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nevertheless indicated. The exact sources of this sys¬ 

tematic error are unknown but most probably arise from 

fluctuations (temperature dependent?) in the active ele¬ 

ments of the calibration electronics. Fluctuations in 

the PM gain, calamp gain, or ADC response are all possi¬ 

ble sources of large systematic errors. 

Statistical fluctuations in the sampling process 

dominate the energy resolution for electromagnetic 

showers in a sampling calorimeter. The contribution to 

the energy resolution from the intrinsic shower fluctua¬ 

tions (event to event to event variations in the net 

charged particle track length of the cascade) is calcu¬ 

lated to be** 

aVEpeak = 0.005/«/E [GeV] 4.4 

whereas fluctuations in number and energy of the sampled 

3 
electrons and positrons contribute 

«r/Epeak = 0.04yAE/E 4.5 

where AE is the ionization loss in one sampling layer. 

Other effects which may limit the electron energy resolu¬ 

tion include noise (e.g. amplifier noise or photon 

statistics ) and nonuniformities in the response of the 

calorimeter. 

The energy resolution of electrons was fit as a 

function of beam momentum to the parameterization R = 

C/./P_ and the resulting curves are fully drawn in ' Beam 3 J 



128 

Figures 4.12a-d. The electron resolution point at 44.2 

GeV/c for type 1 segments was determined from three con¬ 

secutive runs with the beam centered on the same target 

segment. Unfortunately, that target segment proved to be 

one of the two exhibiting the systematic variations in 

peak mean and standard deviation discussed above. For 

that reason the point was excluded from the fit. 

The constant C from the form of the fit is listed in 

Table 4.2 for all types os segments along with the calcu¬ 

lated contribution from sampling fluctuations. 

SEGMENT TYPE RSP 
fit8 

Ryp 
sampling 

RSP 
8 s tat.,o 

3AP,20A,20B,20C .273+.002 .172 .21 

3AP.16A.16B,20C .349+.013 .199 .29 

3AP,16A,16B,16C .355+.Oil .199 .29 

5AP ,20A,20B,20C .374+.010 .225 .30 

Table 4.2 The observered energy resolution, the calculat¬ 
ed sampling contribution, and the calculated contribution 
from photon statistics and other sources 

The sampling fluctuation R«/Pg was calculated by taking AE 

as the most probable energy loss per sampling cell; 

using AE equal to the average ionization loss per sam¬ 

pling gives values of RvFg approximately 10% higher. 

As expected on the basis of segment sampling, type 1 
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segments give roughly 30% better energy resolution for 

electrons than type 4 segments and the energy resolution 

for segment types 2 and 3 agree within errors . For all 

segment types the observed electron energy resolution is 

greater than that predicted solely from sampling fluctua¬ 

tions thus indicating the existance of equally important 

effects limiting the calorimeter resolution. The contri¬ 

bution of photon statistics, intrinsic shower fluctua¬ 

tions , and other unknown sources of fluctuations is also 

listed in Table 4.2 where we have assumed 

<r/E (8 stat. .shower ,other ) = C2/*/Pg 4,6 

and recalled the total energy resolution to be the sum in 

quadratures of the resolutions due to individual effects. 

The observed electron energy resolution is approximately 

20 25% higher than found in previous measurements 

The greatest contributions to the hadron energy re¬ 

solution are fluctuations in the nuclear processes asso¬ 

ciated with the breakup of the iron nuclei and the corre¬ 

lated fluctuations in missing energy due mainly to bind¬ 

ing energy losses. 

A small fraction of the secondaries produced in p-A 

collisions are n® 's which will efficiently deposit 25-45% 

of the total energy in the form of em showers. The 

number of 's has been observed to increase as lnE^. 

The fraction of 's influences the energy resolution due 
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to the different response of the calorimeter to hadronic 

and em cascades. The fraction of n*^ 's produced is mostly 

determined by the first inelastic reaction hence the 

fluctuations in their number are large. 

The dominant contribution to the hadron energy reso¬ 

lution in calorimeters comes from large event to event 

fluctuations in the fraction of undetected energy (rough¬ 

ly 30% of the total energy). This invisible energy is 

mostly attributed to binding energy losses however the 

nonexistant sampling of neutrons, the poor sampling of 

few MeV protons and photons from nuclear deexcitation, 

and saturation effects of the heavy nuclear fragments are 

all also important. Experimental measurements^ and 

47-50 Monte Carlos have shown that phenomena associated 

with these nuclear fluctuations are all correlated and it 

is this fact which forms the underlying principal of U 

calorimeters in which neutron amplification by fission is 

used to compensate in a correlated way for fluctuations 

in the undetected energy of the cascade. 

Fluctuations in the nuclear processes in hadronic 

cascades contribute to the energy resolution as 

<r^Epeak(shower )= O.S/^B. 4.7 

As as aside, the intrinsic shower fluctuations contribu¬ 

tion in a fine sampling U/Cu- scintillator calorimeter 

41 has been measured by Botner et al. to be only 0.2/./E. 
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Sampling fluctuations in hadronic and em showers 

have been measured by Fabjan et al.^ by comparing the 

charge deposited on two electrically independent sets of 

1.5mm iron plates immersed in liquid argon thus in effect 

making two different measurements on one event. They 

found that for a given sampling ionization loss, sampling 

fluctuations for hadrons were greater than twice those 

for electrons however provided only a small part of the 

full width of the hadron energy distribution compared to 

shower fluctuations. The sampling fluctuations contribu¬ 

tion may be approximated by 

«r/Epeâjt ( s ampling ) = .09./AE/E. 4.8 

Other mechanisms whose fluctuations limit the calo¬ 

rimeter resolution for hadrons include lateral and longi¬ 

tudinal leakage, albedo effect, PM gain drift, amplifier 

noise, and nonuniformities arising from muon calibration 

errors. 

The hadron energy resolution <r/Epeajç is plotted for 

the segment types in Figurés 4.12a-d. As with the elec¬ 

tron resolutions, the errors shown are the standard devi¬ 

ations of the mean resolutions which were calculated by 

averaging over the resolutions from individual runs (dif¬ 

ferent target segments of the same type). For type 1 

segments, only target segments 110-112, 122, and 123 were 

used in determination of the mean resolution. The 
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remaining target segments in rings 6-8 suffered from 

lateral leakage and hence had worse resolutions as dis¬ 

cussed below. (It is interesting to note that beacause 

of the steeply falling p^, distribution, triggering on 

high p,j, jets or events is biased against those events 

with lateral or longitudinal leakage.) 

Fits of the form 

«v** ‘ 
are drawn as dashed curves in Figures 4.12a-d. The va¬ 

lues of the constants and C for all segment types are 

listed in Table 4.3 along with expected contribution from 

sampling fluctuations calculated using the most probable 

energy loss per sampling cell . The sampling fluctuation 

contributions calculated on the basis of the average ion¬ 

ization loss per sampling cell are roughly 10% larger. 

2 
As can be seen from the dashed curves, the reduced x of 

the fits will be rather enormous. The constants C are in 

excellent agreement with those found from previous meas- 

20 urements on type 1 and type 4 segments 

Since the observed contribution to the width of the 

hadron energy distribution not attributable to shower 

fluctuations is roughly 45% larger than calculated from 

simply sampling fluctuations, we conclude the existance 

of another source of fluctuations which worsen the energy 
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SEGMENT TYPE C1 C Ryp_ B sam 

3AP,20A,20B ,20C .571 + .010 .759+.013 .392 

3AP,16A,16B,20C .647+.019 .818+.024 .468 

3AP,16A,16B,16C .651 + .011 .821 + .014 .468 

5AP,14A,14B,14C .810+.018 .906+.020 .562 

Table 4.3 The constants C. and C for the fit 

• C Uikî* c&v 'IT'& 
and the calculated contribution from sampling 
tions . 

fluctua- 

resolution. Comparison of the fit of the above form to 

the observed resolution shows the contribution of this 

mechanism increases with energy and therefore was identi¬ 

fied as the contribution arising from the effects of 

shower noncontainment. 

That the effect of longitudinal losses becomes im¬ 

portant is seen by recalling that the total number of ab¬ 

sorption lengths of the four segment types ranges from 

6-8* but that the average depth for 95% shower contain¬ 

ment for hadrons of P_ >40 GeV/c is >9x. Also, flue- 

tuations in the longitudinal development of a hadronic 

cascade are large. 

A leakage fraction of greater than just a few per¬ 

cent is indicated by the increasing amount of low energy 

tail on the pulse height distributions with increasing 

beam momenta as shown in Figs. 4.10a and 4.11a. The 



134 

CHARM collaboration using a marble (2=13 ) fine grained 

calorimeter has measured the effects of lateral and long¬ 

itudinal noncontainment on the energy resolution and 

(1) longitudinal losses worsened the energy resolu¬ 

tion much more than the lateral ones 

(2) for fractional longitudinal leakage f between 2% 

and 20%, each 5% step in f resulted in a roughly 25% de¬ 

gradation in the energy resolution <rjE. 

With the above in mind, we have fit the hadron reso¬ 

lution data as a function of beam momenta for all segment 

types with the parameterization 

where now the last term reflects the effect of noncon¬ 

tainment. The constants C2 and along with the calcu¬ 

lated contribution from sampling fluctuations are listed 

in Table 4.4. 

target segments is clearly still large but a factor of 

three lower than for a fit using the form 4.9. 

The observed (fit) contribution to the energy reso¬ 

f ound 
40 

2 
Reduced X for the fits of segment types 2 

2 
are all < 10 while the reduced x of the 3AP 

3, and 4 

20A ,B ,C 

lution from sampling fluctuations agrees with the calcu¬ 

lated contribution for type 1 target segments , is 
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SEGMENT TYPE C2 c3 R-*B s am 

3AP,20A,20B,20C .397+.014 .025+.001 .392 

3AP ,16A,16B,20C .535+.038 .024+.003 .468 

3AP.16A.16B,16C .503+.009 .023+.001 .468 

5AP , 14A , 14B , 14C .708+.026 .023 + .002 .562 

Table 4.4 Values of the constants C2, , for the fit 

' (.Wï ' (1?^ ' ^ ^ 
and the calculated contribution from sampling fluctua¬ 
tions . 

approximately 11% larger than calculated for type 2 and 3 

target segments, and is 25% larger for type 4 segments* 

The contribution to the energy spread from fluctuations 

in shower noncontainment is identical for all segment 

types. Differences in the the effects of shower leakage 

between the various segment types could be washed out 

since we recall 95% of the shower energy is contained 

within a cylinder of radius lx and fluctuations in the 

lateral development are large. Thus a hadronic shower 

will develop over at least two and possibly more segment 

types, 

22 After Botner et al. , the hadron energy resolution 

data were also fit using the parameterization 

£ C, 

>«AVS* 
4r.U 
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_ i / ? 
where the first term reflects the E dependence from 

intrinsic shower and sampling fluctuations and the second 

reflects the effect of energy leakage. Results of the 

fit are shown as fully drawn curves in Figs. 4.12a-d. 

The constants Cg and Cg along with the total calcu¬ 

lated contribution from shower and sampling fluctuations 

are listed in Table 4.5. 

SEGMENT TYPE Cç C& R./PB 

showeri-sampling 
3AP , 20A,20B ,20C .0070+.0002 .595+.006 .635 

3AP,16A,16B,20C .0063+.0009 .685+.023 .684 

3AP,16A,16B,16C .0060+.0003 .664+.009 .684 

5AP,14A,14B,14C .0050+.0008 .869+.028 .752 

Table 4.5 Values of the constants C_ and C, for the fit 

f* * ^ * C.-Ç Vj9 

and the calculated total contribution from shower and 
sampling fluctuations 

2 
The reduced x of the fits are approximately 30% 

2 
better than the reduced x of the fits with the function 

4.10. The observed contributions from sampling and 

shower fluctuations agrees within 5% of the calculated 

values for segment types 1, 2, and 3 and is within 15% of 

the expected value for segment type 4. The term reflect¬ 

ing the cascade noncontainment shows a slight dependence 
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outside of errors on the number of absorption lengths of 

the different segment types. 

The electron energy resolution for those segments 

bordering the calorimeter showed no degradation for elec¬ 

tron momenta < 21 GeV/c. At 44.2 GeV/c, however, the ef¬ 

fect of lateral noncontainment was to diminish the mean 

pulse height by 35% while leaving unaffected the width of 

the distribution. The effect of lateral energy leakage 

on the hadron energy resolution is a 10% worsening of the 

resolution at 9.6 GeV/c increasing to an 180% deteriora¬ 

tion in the resolution at 44.2 GeV/c. The latter results 

from a 30% decrease in the mean hadron pulse height and a 

96% increase in the pulse height spectrum width. 

Much of the world hadron calorimeter resolution data 

23 as compiled by Eckardt et al. is presented in Figure 

4.13a. The hadron energy resolution for all sampling 

thicknesses as plotted on the same scale as the world 

data is shown in Figure 4.13b. Agreement with the world 

data is found. 

4.3 LINEARITY 

The mean pulse height response of the calorimeter to 

hadrons and electrons as a function of beam momentum is 

plotted in Figures 4.14a-d for the four types of seg¬ 

ments . The mean pulse height for hadrons for type 4 tar¬ 

get segments at 64.5 GeV/c is the measured peak mean at 
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Figure 4.13a. World energy resolution ^ta for hadron 
calorimeters as compiled by Eckardt et al. 
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Figure 4.13b. On the same scale as Fig. 4.13a, the 
E-609 hadron calorimeter energy resolution data for all 
sampling thicknesses. 
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Figure 4.14a. Mean pulse height response of the calorim¬ 
eter to hadrons and electrons as a function of incident 
momentum for type 1 target segments {12.7mm sampling). 
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Figure 4.14b. Mean 
eter to hadrons and 
momentum for type 2 

pulse height response of the 
electrons as a function of 
target segments (18.8mm samp 
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Figure 4.14c. Mean 
eter to hadrons and 
momentum for type 3 

pulse height response of 
electrons as a function 
target segments (18.8mm 

the calorim- 
of incident 

sampling). 
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Figure 4.14d. Mean pulse height response of the calorim¬ 
eter to hadrons and electrons as a function of incident 
momentum for type 4 target segments (28.4mm sampling). 
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129.0 GeV/c divided by 2. As above, the errors are the 

standard deviations of the average peak means which were 

calculated by averaging over the mean pulse heights from 

individual runs (different target segments of the. same 

type). Within errors, the calorimeter response to both 

hadrons and electrons is linear. The electron and hadron 

calibrations are given by m x P« where the constants m 

for both particle species and all segment types are enu¬ 

merated in Table 4.6. The resulting fits are shown as 

fully drawn lines in Figs. 4.14a-d. The electron and 

hadron response agree well between segment types 1, 2, 

and 3 while the type 4 segments show a 7% reduction in 

hadron response and a 9% reduction in electron response. 

The uncertainty in the mean pulse height for electrons is 

larger at the higher beam momentum since electron iden¬ 

tification is based upon software cuts in the shower pro¬ 

file and the number of beam particles passing these cuts 

is rather small (1-2% at 87.2 GeV/c and less than 1/2% at 

129.0 GeV/c. 

Expanded views of Figures 4.14a-d are shown in Fig¬ 

ures 4.15a,b where the mean pulse height response to 

electrons and hadrons for all types of segments divided 

by the incident beam momentum is plotted as a function of 

beam momentum. Confirming our above observations, the 

calorimeter response for segment types 1, 2, and 3 is 
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Figure 4.15a. Expanded view of Figures 4.14a-d. 
electron pulse height mean divided by the incident 
momentum is shown as a function of the incident beam 
entum for all target segment types. 
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Figure 4.15b. Expanded view of Figures 4.14a-d. The ha¬ 
dron pulse height mean divided by the incident beam mom¬ 
entum is shown as a function of the incident beam momen¬ 
tum for all target segment types. 
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SEGMENT TYPE melectrons mhadrons 

3AP,20A,20B,20C .80 .60 

3AP,16A,16B ,20C .75 .60 

3AP,16A,16B,16C .77 .61 

5AP,14A,14B , 14C .70 .56 

TABLE 4.6 
all types 

Values of E 
of segment 

/ p 
electron' Beam 
sampling. 

and E. , /Pn hadron' Beam 
for 

seen to be linear save for the 87.2 GeV/c point for ha¬ 

drons for type 1 segments which sampled only one calorim¬ 

eter location in rings 6, 7, and 8; and one whose res¬ 

ponse was unstable at that. The response to both hadrons 

and electrons of the 5AP, 14A,B,C target segments is ob¬ 

served to be nonlinear outside statistical errors. This 

effect is not understood, however it most likely arises 

from unknown systematic errors rather than being attri¬ 

butable to any physics or instrumental effect. 

The well known observation that roughly 1/3 of the 

total energy of a hadronic shower is not seen by the ca¬ 

lorimeter is verified in Figure 4.16 where the pulse 

height signal ratio of hadrons to electrons is plotted as a 

function of the incident beam momentum. Averaged over 

all energies, the signal ratio of hadrons/electrons for 

segment types 1, 2, and 3 agree within errors. On the 

average, the ratio of detected pulse height means for 
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Figure 4.16. The pulse height ratio of hadrons to elec¬ 
trons as a function of the incident beam momentum for all 
target segment types. 
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hadrons to electrons is .77^.03 for segment types 1, 2, 

and 3 and .82*.01 for type 4 target segments. The larger 

hadron/electron ratio of the 5 gap AP, 14 gap A,B,C tar¬ 

get segments is presumably due to increased transition 

effect losses arising from the additional Pb-scintillator 

s am pli ngs in the type 4 target segments which were ig¬ 

nored in the calculation of the muon balance points for 

these modules. 

No energy dependence was found in the difference 

between electron and hadron energy deposit. Various 

47-49 Monte Carlo calculations have predicted an increase 

with energy in the observed hadron/electron signal ratio 

due to the increasing contribution of energy deposited 

via electromagnetic showers to the total observed energy 

for hadrons at higher energies. This has in fact been 

confirmed by results from several groups with comparable 

calorimeters^ ; for example, Abramowicz et al.^ have 

found using a segmented Fe-scintillator sampling calorim¬ 

eter (2.5cm Fe sampling thickness) that 10 GeV electrons 

deposit 30% more visible energy than 10 GeV hadrons while 

at 140 GeV the difference in observed deposit decreases 

to 10-15%. We believe this effect is washed out in the 

present runs due to systematic uncertainties in the elec¬ 

tron energy at the higher beam momenta. 
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4.4 UNIFORMITY 

As we have stressed numerous times, because of the 

steeply falling cross section with pT of high pT events, 

nonuniformities and hotspots can allow true low p^, parti¬ 

cles or events to fake a higher p^ thus producing a 

grossly inflated measured pT spectrum. This effect is 

magnified for electromagnetic showers which deposit ener¬ 

gy only in a very localized region. In order to investi¬ 

gate the uniformity of response across the face of the 

calorimeter, a horizontal scan in one inch steps was made 

across segments 111, 86, 60, 40, and 22 (see Figure 4.3) 

with a 21 GeV/c beam. In order that information on the 

sharing of electromagnetic and hadronic shower energy 

between modules could also be extracted from these run, 

as the beam was steered across the boundary of one seg¬ 

ment to the next, it was lowered in the y direction some¬ 

what to permit the scan to take place across the center 

of the segments. Hadrons and electrons were tagged as 

above. 

Figures 4.17a,b show the fraction of energy deposit¬ 

ed in the scanned segments for electrons and hadrons as a 

function of the 2.54cm mucal counter center. The segment 

edges could be readily found from either scan by comput¬ 

ing the coordinate at which the fraction of energy in ad¬ 

jacent segments fell to one half the peak fraction for 
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Figure 4.17a. The fraction of electron energy deposited 
in a given segment plotted as a function of the horizon¬ 
tal mucal scintillator position. 
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Figure 4.17b. The fraction of hadron energy deposited in 
a given segment plotted as a function of the horizontal 
mucal scintillator position. 
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each segment. The edges found from both scans agree 

within 2%. 

Determination of the position resolution of single 

hadrons by calculating the standard deviation of the en¬ 

ergy weighted sum of the the module positions X = 

EX^E^/EE^ where X^ is the x coordinate of the center of 

module i was not carried out. Instead, Amendolia et 

51 al. have estimated the position resolution by <r = 

1.Oexp(1.2s/X) where s is the horizontal segmentation. 

Applying this estimation to 14 gap modules finds crx = 

2.2cm while for 20 gap modules gives 4.2cm. The scan 

between segments 40* and 22 was done at two y values 8/10" 

apart hence the redundancy in points in that region. 

Figure 4.18 plots the mean pulse height of the calo¬ 

rimeter for hadrons and electrons for the horizontal scan 

in one inch steps made across segments 111, 86, 60, 40, 

and 22. The abscissa shows the "absolute" coordinates 

with respect to the beam line. Module edges as found 

above by comparison of the pulse heights of adjacent seg¬ 

ments in the vicinity of the beam are represented by ar¬ 

rows . We add that the steel skins employed to lend rigi¬ 

dity and sturdiness to the calorimeter modules introduced 

approximately .16 cm dead space between neighboring mod*- 

ules. 
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Figure 4.18. Uniformity of the mean pulse height distri¬ 
butions for a horizontal scan of 21 GeV/c electrons and 
hadrons. The solid squares refer to the electron mean 
pulse height to avoid confusion. 
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At mucal x coordinates < 12.2", the average electron 

pulse heights are represented by solid squares to avoid 

confusion with the hadron data points. As above, the 

sometimes set of two data points seen between modules 40 

and 22 are from two runs taken at the same x coordinate 

by with different y coordinates separated by 8/10" . 

Across segments 111, 86, 60 (beam line coordinates 

30.2"-12.7" ) the calorimeter response to electrons is un¬ 

iform to + /-3% except at the segment boundaries. The 

pulse height mean for electrons is depressed by roughly 

6% at the boundary between segments 111 and 86, while a 

15% increase in pulse height mean is observed approxi¬ 

mately 1.5" away from edge between segments 86 and 60. 

The former effect is due to the dead space between mo¬ 

dules while the latter may possibly show a warm spot in 

the calorimeter from Cerenkov light produced in the light 

guides or PM of modules 60AP or 60A. 

The abrupt drop in electron pulse height mean 

between segments 60 and 40 is associated with the incre¬ 

ased transition effect losses in the 5 gap AP PB modules 

compared to those of the 3 gap modules. By transition 

effects here we include both the effect of the increased 

pathlength in higher Z materials as well as the drastic 

decrease in electron flux at the Pb-scintillator inter¬ 

faces . 
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The calorimeter response across segments 40 and 22 

is uniform to +/-6%. The electron mean pulse height at 

mucal position 11.2" depressed 10% below the average res¬ 

ponse in that segment is an effect of the electromagnetic 

showers intercepting the Pb shadows on the AP module. E- 

lectrons also cascaded through the Pb shadows in the runs 

taken at beam line coordinates x = 8.2" and 7.2" as indi¬ 

cated by the region of highest density in the AP ratio 

versus total pulse height plot being greater than 75%. 

However why the pulse height means for those runs are not 

depressed and in the run taken at x = 7.2" increases by 

22% is not known. Although the 2 inner rings were bal¬ 

anced with muons using the automatic HV adjustment proce¬ 

dure, since no pulse height data was written to tape for 

these modules only crude gain factors were used and non¬ 

uniformities in response of this magnitude are certainly 

believable. (Recall 15% of the modules on tape had their 

responses to muons set outside of 15% of the balance 

point by the automatic program.) We do note though that 

because of their CM polar angle and proximity to the beam 

hole, the innermost segments will never be at the center 

of a very high pT jet but only at the edge. 

Across modules 111, 86, and 60, the calorimeter res¬ 

ponse hadrons is uniform to +/-4% except at the segment 

boundaries where, because of the .16cm steel skins, the 
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mean hadron pulse height is depressed by roughly 4%. No 

warm spot is observed between segments 86 and 60. Con¬ 

sidering the broader lateral and longitudinal development 

of the hadronic cascade which presumably washes out any 

localized nonuniformities, the former observation is 

somewhat surprising while the later is consistant with a 

greater shower size. The 17% decrease in hadron signal 

observed in the scan across segment 40 is believed to be 

due to our underestimation of the transition effect 

losses in type 4 segments thus making the GeV/counts for 

this segment type too small. The monotonie decrease in 

hadron pulse height mean as the mucal counter is swept 

across the segment boundary 40/22 and into segment 22 is 

presumably due to lateral leakage. The edge of the beam 

hole at the innermost data point is roughly 2.5" away. 

Figure 4.19 plots the energy resolution, R, for ha¬ 

drons and electrons for the horizontal scan. Across mo¬ 

dules 111, 86, and 60, the electron energy resolution is 

uniform to within 15%. The electron resolution at mucal 

coordinates x=12.2" and x=8.2" are large because of the 

effect of the Pb shadows catching a fraction of the elec¬ 

tromagnetic cascade. The hadron resolution across the 

face of the calorimeter is uniform to within 15%. 
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4.19. Uniformity of the electron and hadron ener- 
olution at 21 GeV/c for a horizontal beam scan 
the face of the calorimeter. 
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The roughly 20% increase in fractional width found at 

scanned points across segments 40 and 22 reflects the ef¬ 

fects of lateral noncontainment. 



160 

CHAPTER 5 

SUMMARY 

We have measured the response and resolution of a 

sampling iron/scintillator calorimeter with wavelength 

shifter readout. 

The advantages of employing calorimeters in high p^, 

hadronic physics were reviewed and the importance of a 

thorough knowledge of the calorimeter energy resolution 

in unfolding the true physics cross section from the re- 

soltuion function was discussed. 

The calorimeter assembly, optical readout system, 

and specialized electronics associated with the calorime¬ 

ter calibration were discussed in detail. The calorime¬ 

ter employed iron sampling thicknesses of 1.3cm, 1.9cm, 

and 2.8cm. An electromagnetic calorimeter consisting of 

lcm Pb/scintillator samplings placed upstream of the ha¬ 

dronic section provided good hadron/electron separation. 

An automatic calibration procedure which balanced 

the responses of all 528 calorimeter modules by steering 

muons into each module with a rotating dipole magnet and 

then adjusting its photomultiplier gain to -give a res¬ 

ponse equal to the calculated energy deposit of muons was 

described in detail. Adjusting the photomultiplier gains 

in this way balanced 85% of the module responses to 
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within 15% of their desired balance point. A parameter 

list of gain corrections was created from analysis of 

muon data on tape and global low E^, data. The ionization 

of charged particles and transition effects were also re¬ 

viewed . 

The resolution, linearity, and uniformity of the cal* 

orimeter was studied with electrons and hadrons in the 

momentum range 10-130 GeV/c. The energy resolution for 

electrons was found to be 0.27, 0.35 , and 0.37/./E for ca¬ 

lorimeter module sampling thicknesses of 1cm of lead and 

1.3cm, 1.9cm, and 2.8cm of iron respectively. The energy 

resolution for haclrons -was measured as 0.76, 0.82, and 

0.91/./E for the above sampling thicknesses. Better fits 

to the hadron energy resolution than the typical CjJE fit 

were obtained by introducing terms reflecting shower en¬ 

ergy noncontainment in the calorimeter. 

The calorimeter response to both hadrons and elec¬ 

trons was linear over the energy range of interest. The 

electron and hadron response across the face of the calo¬ 

rimeter was uniform to roughly +/- 5% though an approxi¬ 

mately 20% decrease in pulse height signal was found in 

those calorimeter segments with AP layer 5 gap 1cm Pb 

sampling as opposed to 3 gap 1cm Pb sampling. 
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