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Abstract 

The Collider Detector at Fermilab (CDF) is a large 
detector built to study 2 TeV 00 collisions at the 
Fermilab Tevatran. The’ calorimet;;, which has polar 
angle coverage from 2’ to 178’, and complete azimuthal 
coverage within this region, forms the subject of this 
paper. It consists of both electromagnetic shower 
counters (EM calorimeters) and hadron calorimeters, 
and is segmented into about 5COO “towers” or solid 
angle elements. 

1. Introduction 

During a short test run in October of 1885, parks 
of the CDF detector were used to record the first pp 
collisions in the Fermilab Tevatron. Detector 
installation was completed towards the end of 1886, 
and a first data taking period with 1.8 TeV collisions 
is nor in progress. 

The CDP collaboration is international, with 
members from universities and laboratories in the 
U.S., Italy and Japan. A list of the collaboration is 
given in Appendix 1. 

Calorimetry plays an important role in a detector 
such as CDF, because it provides the basic information 
iy the detection of quark- and gluon jets. It also 
jy ” goad measurement of .thy energy of electrons, 

I” some cases, 
*euCrino momentum. 

an xndnect measurement of 

There are, altogether, seven calorimeter systems 
in the detector: central EM calorimeters [l], central 

forward hadron c:alorimeters [6]. 

Pig. 1 Isometric drawing of CDF 

‘The collaboration is listed in Appendix 1. 
*Operated by Universities Research Association, Inc., 
under contract with the U.S. Department of Energy 

Fig. 2 Photograph of the central detector. The 
central, endrall and endplug calorimeters are clearly 
seen. The central and endplug calorimeters are in the 
positions used for cabling 

2. Censral propsrtiss 

The detector consists of a central detector and 
symmetrical forward-backward detectors, see Fig. 1. A 
photograph of the central detector is shorn in Fig. 2. 
The location of the calorimeters with respect to the 
interaction region, which is at the center of the 
detector, can be seen in Fig. 3. The 48 “wedge” 
modules of central calorimetry (EM and hadron) form 
four C-shaped ‘arches” around the 3 m diameter, 5 m 
lo”& 1.5 Tesla solenoid coil. The endplug Eu 
calorimeters are located in the essentially uniform 
solenoidal field. The steel plates of the endplug and 
endwall hadron calorimeters form part of the solenoid 
flux return path. The forward calorimeters are in a 
field-free region. The minimum distance from the 
center of the detector to the front faces of both 
central and endplug calorimeters is 173 cm, while the 
distance to the forward calorimeters is 618 cm. 

Charged particle tracking systems are located 
between the interaction region and the calorimeters. 
The momentum resolution in the field of the solenoid 
is A pT/pT =. 0.24 * p’y (in &V/c) for polar angles 
larger than 40’ to the beams, hut deteriorates at 
smaller polar angles. For a description of the full 
detector, see [7]. 
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Fig. 3 A cut through one half of CDF 
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Fig. 4 One quadrant of badron calorimeter towers. The heavy lines indicate module or chamber boundaries. The EM 
calorimeters have complete #-coverage out to 7 = 4.2. 
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The calorimeters are all of the sampling type. The 
EM calorimeters contain lead as the absorber, whereas 
the hadro" calorimeters have steel plates. The active 
medium is sci"till;;;r in the region of large polar 
angles, 8, to beams (central and endrall 
calorimeters), and propartional tube cbaxbers with 
cathode pad readout at small angles to the beams 
(endplug and forward calorimeters). A summary of 
calorimeter properties is give" in Table 1. Note that 
typical calorimeter signals are, by design, quite 
similar for all the calorimeter systems. 

The angular caverage of the calorimeters is 2 r in 
the' azimuthal angle @, and from -4.2 to 14.2 in 
pseudorapidity 7, which is defined as 7 = -l"ta"(e/Z), 
except that the forward hadro" calarimeter in the 
interval 3.6 < 7 < 4.2 (and -4.2 < 7 < -3.6) has 
incomplete )-coverage. Expressed in 8, the coverage 
is 2” < 8 < 170*. 

The calorimeters are all subdivided into many 
cells. Each cell is a matching "tower" or solid angle 
element of EM and hadro" calorimeter. Such a geometry 
facilitates the reconstruction of energy patterns in 
the detector for physics analysis. The calorimeter 
tower segmentation can be represented as rectangles in 
the v-# plane. The tower size is give" by A q*A 4 = 
0.1*0.09 (approximately) for the pad readout of the 
proportional tube chambers, while A q*A t = 0.1 * 0.26 
(approximately) for the scintillator calorimeters. The 
density of particles in typical inelastic collisions 
is more or less unifarm in v-# space. Fig. 4 shows the 
grid of hadro" calorimeter ;;;n md;u;e quadrant of 
the detector, together or chamber 
boundaries. I" the endplug EM calorimeter. the 
chambers cwer 90" in #, but the grid of EM 
calorimeter tawers is otherwise essentially the same 
as that shown in Fig. 4. The boundaries between 
calorimeter systems are at B = lOa (endplug - 
faruard), 8 = 30' (endplug hadro" calorimeter 
endwall hadro" calorimeter) and 0 = 36" (endplug EM 
calorimeter central EM calorimeter). The separation 
between calorimeter arches at 0 = 90' is 1 cm. 

The interaction regio"~ is rather long at the 
Tevatro", about 70 cm full width at half maximum, 
leading to a" effective smearing "f the 0 boundaries 
in the calorimetry. A less pronounced smearing occurs 
in the (-direction for charged particles bent in the 
solenoid field. Characteristic sizes of the azimuthal 
boundary regions we indicated in Table 1. 

The praportionsl tube chamber calorimeters provide 
not only the toner (cathode pad) signals described 
above, but also some wire pulse height infarmatio". 
Individual wires are not read out, but sums of wire 
signals, either from a secti"" of a chamber or from a 
full chamber, are. The detailed information about 
longitudinal shower development coming from these wire 
sums can he very useful, bath far diagnostic purposes, 
and for physics analysis, whenever particles are, 
"isolated". 

3. Electronics, triggering md readout 

Crates of RABBIT (Redundant Analog Based Bus 
I"for;;;io" Transfer, see [S]) electronics are located 
0" detectar on or "ear the respective 
calorimeters. These crates contain charge sensitive 
amplifiers [Q], sample-and-hold capacitors and 
multiplexed 16 bit Analog to Digital Canverters. 
"Scanners" located in the taunting room are used to 
read out the ADC informatia" and the channel 
addresses. Separate cables carry signals to the CDF 
trigger system [lo]. 

A clock, synchronized to the accelerator radio 
frequency system, delivers timing signals to the 
electronics. The integration times currently used far 
the calorimeter signals are quite lang, about 0.6 8s 
far the phototube signals and about 1.6 ps for the pad 
signals, s"me of which have large source capacitances 
(up to 110 "F). Amplifier gain shifts "f up to 15% 
are observed for the channels connected to the largest 
source capacitances. A" on-card calibration system is 
used to measure the overall electronics gain, so that 
such effects can be corrected for in the data 
processing. 

The rms electronics noise on a" individual channel 
is equivalent to about 0.03 GeV of energy deposit in 
the tower, whereas full scale is set at about 4M) GeV. 

The readout of the phototubes on the scintillator 
h&r"" calorimeters includes the digitized value of 
the time at which the energy is deposited. This 
information is useful for rejection of events in which 
cosmic rays deposit large am"u"ts of energy within the 
calorimeter signal integration time of a normal pp 
event (overlap of cosmic ray and pp event). 

Fig. 5 Cutaway vie* of a proportional tube chamber in 
the forward Ey calorimeter 

4. Proportional tube cbubsr calorimeters 

4.1 Description 

The signal in the endplug and forward calorimeters 
ib generated in sets of proportional tube chambers. 
These chambers c"ver 90' in # (a quadrant), except in 
the endplug hadron calorimeter, where structural 
supports are spaced at 30' intervals in 6. The 
desired tower readout of these calorimeters is 
obtained by measuring the induced signals o" cathode 
pads formed o" the printed circuit boards of the 
chambers. The signals from corresponding pads at 
different depths are added together to form the total 
tower signal. A cutaway view of one of the chambers 
of the forward EM calorimeter [5], in which the 
cathode pads together with the readaut lines that 
carry the signals from the pads to edge connectors on 
the side of the chamber, can be see" in Fig. 5. A 
chamber cross section is show" in Fig. 6. These 
chambers are made by gluing aluminum T's together to 
form U-channels, as shorn in Fig. 6. The surface of 
the printed circuit board closes the U-channel. 

The proportional tube chambers in the endplugs 
[3,4] are made from layers of individual conductive 
plastic tubes (extruded polystyrene mixed with carbon 
grains), which are glued to printed circuit boards. 
The tube resistivity (about 100 kfl per square) is 
high enough that the induced cathode signal will form 
on the pads of the printed circuit board beyond the 
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tube, yet low enough that the tube can serve as a 
conductor for the average current in be chamber. 

Fig. 6 Cross section of a chamber in the forward EU 
calorimeter 

4.2 Fabrication and quality control 

The fabrication of, altogether, more than 1200 
o crating chambers with a total area of more than 1700 
J is clearly a major task which requires strict 
quality control and testing. The desire to make 
chambers with uniform gain leads to special 
requirements to quantities such as tube dimensions and 
straightness. Chamber performance tests have been 
carried out both during and after chamber 
construction. The part of the tests having to do with 
checking gain variations varies from system to system. 
In the forward calorimeters, where the control of tube 
size and straightness is easier spot checks of 
chamber gains have been made with 166 Pu sources. For 
the endplug EM calorimeter, the wire gains of all 
chambers have been mapped with cosmic rays, and only 
chambers with rms variations of less than 5% have been 
retained. For the endplug hadron calorimeters, 109 Cd 
sources have been used to map bath wire and pad gains 
of all chambers. This data shows that the wire gains 
are uniform to better than 5%, but that the pad gains 
(and the pad/wire ratios) are systematically about 20!4 
higher at the edges of the chambers than in the middle 
for this system [ll]. 

4.3 Cbnber operation aad gain monitoring 

The chambers of a given sector are all operated at 
the same high voltage. Changes in gain due to 
variations in pressure, temperature or gas composition 
are tracked by calibrated monitor tubes. Gain changes 
of 25% over a 24 hour period have been recorded when a 
pressure front moves through the laboratory, but 
different monitor tubes show the same gain change to 
within about 2%. Data from the test beams are still 
being analyzed to establish the connection between 
gain changes in the calorimeters and in the monitor 
tubes. Many subtle effects must be understood before 
the monitor tube gains can be used for accurate 
corrections. It appears likely that the ultimate 
precision with which calorimeter gain changes can be 
tracked with the monitor tubes will be about 2X, but 
this has not yet been achieved. We estimate that the 
current uncertainty in the absolute calibration of the 
proportional tube chamber calorimeters at a reference 
point (which relies on the transfer of monitor tube 
gain from the test beam to the experiment building) is 
about 10%. 

The chamber gas is 50% argon, 50% ethane with a 
small admixture of alcohol. The chambers are operated 
in the proportional mode, 
about 104, see Table 1. 

with typical wire gains of 
The ratio of the signal 

induced on the cathode pads to the anode wire signal 
is typically about 35% (it is system dependent). 
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4.4 Test beam results 

The sectors of the proportional tube chamber 
calorimeters each cover a rather large area of 7.) 
space, me for imtmce Pig. 4. Th.re .x-e far wctor 
(chamber) boundaries, but q any internal tower 
boundaries. The response (sum of tower signals) is 
basically constant across an internal boundary. There 
CUT, however, slow response variations across the full 
area of these calorimeters, primarily due to 
variations in the chamber pad gains. The response, 
for showers that are contained in the transverse 
direction, is within about 210% of the average 
response. A more precise knowledge of the response 
can be obtained by mapping in a test beam. An example 
of such mapping of the endplug E2l calorimeter is shorn 
in Fig. 7. The data obtained by measuring the 
response at the center of each tower can be used to 
describe the response everywhere to about 2% rms in 
this c:ase. 

The fractional area in which the response is 
reduced due to chamber boundaries in these 
calorimeters is very small, about 1%. Characteristic 
total widths of the boundary regions are indicated in 
Table 1. 
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Fig. 7 Response of the endplug EM calorimeter to 100 
GeV electrons for different impact paints. The tower 
sum pulse height versus p is shorn in a) for different 
7, rhile b) shms the variation in 7 for different 6. 
The reduced response near the edges is due to energy 
leakage out of the calorimeter 

Showers (both EM and hadronic) are typically 
spread over several towers in these calorimeters. One 
consequence of this is that shower positions can be 
determined with good accuracy, especially in case of 
high energy showers, as indicated in Table 1. This 
table also indicates energy resolutions at 50 GeV. 
The energy resolution varies with energy approximately 
as 1/n. 



The energy dependence of the response of the EY 
calorimeters to electrons has been measured between 20 
and 200 GeV,rhile the hadron calorimeter response to 
pions has been measured between 40 and 200 GaV. The 
marsurad response ia linasr with enwgy within about 
5X in this energy range. Small deviations from 
linearity are observed in the EM calorimeters at the 
higher energies due to avalanche saturation and 
longitudinal energy leakage. The avalanche saturation 
effects in the EM calorimeters can be observed easily 
by raising the chamber high voltage 100 - 200 V above 
the values quoted in Table 1. Deviations from 
linearity are expected for the hadron calorimeters at 
low energy, but this energy region has not yet been 
measured. 

4.5 Definition of energy scales 

Showers generated by high energy electrons are 
contained in the EM calorimeters, except for a small 
longitudinal leakage into the hadron calorimeters. 
For the showers generated by high energy charged 
pions, the situation is different. About 6O!J of these 
interact in the EM calorimeters, where they deposit on 
the average about 40% of their energy. The other 40% 
of the charged pions are minimum ionizing in the EM 
calorimeters, and therefore deposit all their energy 
in the hadron calorimeters (except far a small amount 
of leakage out the back). The hadron calorimeter 
pulse height of these pions is used to define the 
energy scale in the hadron calorimeters while the 
energy scale in the EM calorimeters is defined by the 
response to energetic electrons. Pions of energy 200 
GeV and electrons of energy 100 GeV are used in these 
definitions. The energy scale in the scintillator 
calorimeters is defined in the same manner, but with 
50 GeV electrons and pians. The response of the 
combined endplug calorimetry to 203 GeV charged pions 
is shown in Figs, 8 and 9. The simplest algorithm for 

300 , , I 1 1 I , , , , , , , , 
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200 CCV Picas 

0 100 200 300 
EM CALORIMETER ENERGY (GUI 

Fig. 8 Scatter plot of pulse heights in the endplug 
calorimeters for 200 GeV charged pions. The pulse 
height of 100 GeV electrons in the EY calorimeter is 
defined to be 100 GeV. 

total energy, i.e. the sum of EM and hadranic energy, 
is used in this case. The average total pulse height 
far those pians that interact in the EM calorimeter is 
smaller than the average for those that are minimum 
ionizing in the EY calorimeter because the so-called 
pion/electron ratio (the pulse height ratio of equal 
energy pian and electron showers) is less than 1.0 in 
the F,!A calorimeter. 
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6. Scintill&or ulori~etars 

6.1 Dsacription 

A photograph of one of the 48 wedge modules taken 
dusing assembly is shorn in Fig. 10. The ten towers 
of the EM calorimeter are located towards the bottom. 
The 0.5 cm thick pieces of polystyrene scintillator 
doped with 1X butyl-PBD and 0.02% BDB (SCSN-38 from 
Kyona Gss Chemical Ind. Co.) are individually napped 
in a double layer of vellum drawing paper. The inner 
edges are cut and polished, while the visible module 
surface is made by diamond fly cutting of the lead- 
scintillator stack. The stack is held together by the 
compressive force of a mechanical spring assembly, 
which occupies the space between the stack and the 
first steel plate of the hadron calorimeter. A 
proportional tube chamber is imbeddad in the stack at 
a depth of about 5 radiation lengths. The size of the 
rectangular scintillatar pieces at this depth is 48.2 
cm in the (-direction (between wavelength shifters) 
and 24.1 cm i: the direction of the beams. 

Wavelength shifters on the tvo sides of a toner; 
consisting of 0.3 cm thick acrylic material, doped 
with Y7 wavelength shifter (also from Kyora Gas 
Chemical Ind. Co.), are located in the 0.64 cm ride 
air gaps between the lead-scintillator stack and the 
0.48 cm thick steel cover plate (not shorn in the 
photograph). Light guides, about 1.5 m long and 
typically 2.0*2.5 cm2 in cross section, carry the 
light from the glue joint with the wavelength shifter 
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to the "transition pieces" in front of the phototubes 
on the back of the module. For a fuller description, 
see [l]. 

Fig. 10 Photograph of a 15 ton wedge module during 
assembly 

The bulk of the module volume (Fig, 10) is taken 
by the eight towers of the central hadron calorimeter. 
The 1 cm thick pieces of acrylic scintillator, doped 
with 82 naphthalene, 1% butyl-PBD and 0.01% POPOP 
(from Polivar) are inserted in the 1.5 cm airgaps 
between the 2.5 cm thick steel plates. The four 
corners of the originally rectangular scintillator 
pieces are c"t off to give room to the light guides of 
the Eli calorimeter. The wavelength shifters are in 
this case 0.5rl.O cm2 "fingers" of acrylic material 
(doped with Laser-dye #481) which form the boundaries 
in 0 between different towers. The scintillator- 
wavelength shifter combination is held together by a" 
envelope of aluminum reflector bonded to a thin sheet 
of plastic. This "package" is in turn held in place 
by steel brackets welded to the calorimeter steel 
plates. 

Individual finger light guides on each side of the 
module couple to the wavelength shifters via airgaps. 
These light guides aye located in the 1.6 cm airgap 
between the steel cover plate and the steel plates of 
the hadron calorimeter. 

The arrangement of scintillators, wavelength 
shifters and light guides in the endwall modules is 
very similar. These modules contain six towers, two 
of which overlap in angle with the last two towers of 
the central hadron calorimeter. For a more detailed 
description of these systems, see [Z]. 

5.2 Fabric&ion and quality control 

The scintillator calorimeters consist of 48 wedge 
modules (central calorimetry) and 48 endwall modules, 
each containing several towers. It is desirable to 
have all modules of a give" type nearly identical in 
properties, so t~;;.co;;nicaramete~s can be used to 
describe them qua11ty control of 
components is again an ingredient in trying to achieve 
this. For scintillatars, wavelength shifters and 
light guides, this amounts to controlling chemical 
composition, surface quality and thickness (and 
thereby attenuation length and light yield). The 
effects of remaining variations can be reduced by 
careful sorting of the materials. Quality control on 
the absorber plates is also required. 

A special problem arises in the hadron 
calorimeters, because there are separate light guides 

from each scintillator layer, see Fig. 10. The effect 
of this is that the light collected at the phototube 
of a given tower varies from layer to layer, by as 
q "ch as a factor of tro. The raris.tion is psrt 
random, part systematic. h p*OC*BS of 'l*yer 
equalization" has been performed on all modules to 
remove this variation. This process consists of the 
following steps: First, a frame with a movable 137Cs 
source is mounted on the side of the module, and a 
light tight wooden box lowered over the module, so 
that the module is in complete darkness. A chart 
recorder is then used to meas"re the phototube d.c. 
current as the so"rce is pulled at a constant speed 
along the side of the towers. Equalization of the 
response of all layers (to muons through the tower 
center) can be done by inserting a piece of black 
paper in the airgap between wavelength shifter and 
light guide to remove a fraction of the signal for 
layers with large signals. The size of each piece of 
paper can be calculated accurately from the measured 
response chart. The end result is that layers have 
bee" equalized to about 5% rms. The average reduction 
in total light output per tower due to this method of 
equalization is about 30%. 
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Fig. 11 Fractional response deviations from the 
average of each tower type in the central h&-on 
calorimeter for 50 GeV charged pions after layer 
equilization with moving 137Cs sources. The rms width 
is 2.5%. 

A direct check of the resulting module similarity 
can be made by using the sources to set the phototube 
gains, and then measuring the response to pions in a 
test beam. The response deviation from the average 
for each tower type for pions hitting the tower 
center is shorn in Fig. 11 for data from more than 
half the modules. The rms deviation is 2.5%. 

The final check of wedge modules before 
transportation to the test beam consisted of a mapping 
of module response with cosmic ray muons, typically 
about 2W OIXJ events per module. This data, together 
with test beam results, can be used to make a check of 
the module similarity of the central Ey calorimeters. 
Fig. 12 shows the response ratio between 50 GeY 
electrons and cosmic ray muons at the center of a 
typical tower (?j range from 0.28 to 0.38) for 46 
wedges. The average ratio is 165, and the rms width 



is 3.2%. This width represents an upper limit for the 
module dissimilarity, because both measurement errors 
in the determination of the muon peaks and phototube 
gain drifts between the two measurements widen the 
distribution. 
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Fig. 12 Response ratio between 50 GeV electrons and 
cosmic ray muons at the center of one tower. 

5.3 Scintillator calorimatar gain monitoring systems 

Long term gain variations are monitored by a set 
of 137Cs sources, one per module, which can be moved 
through the module at a certain depth. thereby 
illuminating nearby scintillators in all the toners in 
turn by remote control. The source strength is 3 mCi 
for the wedges and 1.2 mOi for the endxall modules. 
The resulting d.c. currents, about 50 nA in the 
central SM calorimeter, 300 DA in the central hadron 
calorimeter and 120 nA in the endrall hadron 
calorimeter, are measured to an rms accuracy of 0.3. 
0.4%. An additional measure of module similarity for 
the central EU calorimeter, besides the measure quoted 
above, can be obtained by setting the phototube gains 
with these 1371% sources, and then measuring the pulse 
height peaks far 50 GeV electrons at the tower 
centers for all modules. The resulting distribution 
is shown in Fig. 13. The full width at half maximum 
is about 8%. 
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Fig. 13 Distribution of phototube pulse heights for 
all central EM calorimeters for 50 GeV electrons at 
the torer centers when the 
have been set by the 137Cs sources 

phototube gains 

Short term gain changes are also monitored by 
light flasher systems. The central EM calorimeters 
employ two: a system using a Xe lamp, from which 
quarte fibers carry the light to the bottom of the 
rwalangth shifter platsa, and a LED (light emitting 
diode) system ,in which quarta fibers carry the light 
to the transition piece in front of the phototube. 
The hadran calorimeters use a LASER to generate light 
signals for distribution via quarts fibers to the 
transition pieces in front of the phototubes. 

The phototube gains are relatively low (see Table 
l), and quite stable. Typical "light" yields are about 
200 photoelectrons/GeV in the central EM calorimeter, 
about 40/&V in the central hadron calorimeter, and 
about 24/GeV in the endwall hadron calorimeter (summed 
over phototubes in all cases). Photostatistics is 
therefore only a minor 
resolution in these systems. 

contribution to energy 

5.4 Absolute calibration 

A direct ray to establish the absolute calibration 
is to measure the response to a test beam of known 
energy. This has been done for all wedge modules by 
directing 50 GeV electrons and charged pions at each 
tower center in turn, and thereafter also measuring 
the phototube response to the 137Cs sources. The 
absolute calibration at a later time can then be found 
simply by measuring again the d.c. current generated 
by the Cs sources, if one makes the assumption that 
the response ratio beam/source does not change with 
time. This assumption has been tested by repeated 
calibration of a few modules over a period of a few 
months, as shown in Fig. 14 for the central EM 
cslorimeter. The result of this check is that the 
procedure has an accuracy of 0.5% rms and about 2% 
rms for the EM and hadron towers, respectively (pion 
;:Az),are fitted les. accurately than electron 
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CENTRAL EM C*LORIMETER 

Col~broflon Difference5 
Em Wedqe 30 

Ezl we’ige I 
iEEl wedge I 

0 ‘wedge 30 

Fig. 14 Reproducibility of the calibration procedure 
for four wedges. The arrow indicates the expected 
shift of +0:22X in the beam/source ratio due to 
;h.%O year half-life of 137Cs. The rms error is 

A note about module orientation must be added at 
this point. All beam calibration was performed with 
modules in a horieontal position. The installation 
into the detector therefore included a module 
rotation. It is possible that such a rotation could 
cause slight motions of wavelength shifters and light 
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guides, which in turn might lead to small changes in 
the module calibration. We would expect that the 
137Cs sources would track any changes of this type, 
but we currently have insufficient data to check this 
assertion at the 0.6% level. 

The endrall modules were not available for test 
beam calibration because mapping of the solenoid field 
could only be done with these modules in place. The 
method used for absolute calibration in this case has 
been to calibrate the two spare modules in the beam, 
and to rely on the module similarity obtained by the 
layer equalization described in section 5.2 to 
estimate the calibration of the other modules. The 
result in Fig. 11 shows a variation of 2.5% (rms) 
between modules after equalization, so the estimated 
uncertainty in the knowledge of the absolute 
calibration of the endrall modules is of the order of 
4% (me). 

All calibrations were done with a 6.4 cm thick 
plate of aluminum placed to simulate the effects of 
the solenoid coil. 

5.5 Bnargy dependence and resolution 

The energy dependence of the response of the 
scintillator calorimeters to electrons and pions has 
been measured between 10 and 150 GeV. The response is 
linear to within a couple of percent between 50 and 
150 Cd', but there appear to be deviations from 
linearity at the lower energies for both EM and hadron 
calorimeters. Such deviations are not expected in the 
EM calorimeters (where they amount to 4% at 10 GeV). 
Whether errors in the measurement of low beam momenta 
or as yet unknown properties of the EM calorimeters 
are the cause of these deviations is not clear at 
present. 

Energy and position resolutions at 50 GeV are 
indicated in Table 1. The energy resolution scales 
with energy approximately as I/K 

6.6 Response .sps 

The response of the central EM calorimeter as a 
function of the impact point of 50 GeV electrons 
coming from the exact center of the interaction region 
is illustrated in Fig. 15. The impact points in this 
figure are limited to the area of a single tower, and 
the response is here taken as the sum of phototube 
pulse heights in this tarer and the two adjacent ones 
in the same wedge. The coordinates used are 
x = R tan # and a' = R cot 8 e0 , where 
R = 184.15 cm is the radius at the imbedded 
proportional tube chamber. 
width of 24.1 cm in z', 

The map covers the full 
but x is limited to the region 

-22.5 cm < x < 22.5 cm, thus excluding the boundary 
region in #, where the wavelength shifters w-e located 
(see section 5.7 for the response in this region). 
The normalized response, which is 1.00 in the center, 
varies between 0.92 and 1.08. Light attenuation in 
the scintillator is the cause of most of the response 
variation in X, PO and PI, the phototube pulse 
heights on the two sides of the tower, can be found 
from the approximate expressions 
PO * Pl = E cosh.(x/Al) and PO/P1 = exp(-2x/12). If a 
single exponential could express the effects of the 
light attenuation, A1 would equal k2. The data 
indicates however that A1 is 44 *5 cm, while h2 is 
88 e8 em. 

A 4% dip in the response at the 0 boundary between 
towers can be seen in Fig, 15. For collision points 
displaced along the axis, the calorimeter 
response will be smeared over a small region in ma, 
and this dip will therefore be less pronounced. 

Mapping of five wedge modules with 50 GeV 
electrons indicates that a common response map (one 
for each of the ten towers in the modules), describes 
the module response to about 1.5% rms within the area 
-22.5 cm < x C 22.5 cm. The measurement of the shower 
position. which is used in conjunction with the 
response map, comes 
tube chamber. 

from the built-in proportional 
Within this area, the combined error 

from the absolute calibration (0.6% rms) and from the 
deviations from the average map (1.5%), are comparable 
to the energy resolution for 50 GeV electrons (2%). 
The total rms error is therefore of the order of 3% 
for 50 GeV electrons within this area. 

Fig. 15 Response map of the central EM calorimeter 
for 50 GeV electrons. The variation of the pulse 
height sum of the phototubes in the wedge is shorn. 

The response map of the central hadron calorimeter 
to 50 GeV pions is qualitatively similar to the EY 
calorimeter map discussed above. There is also a 
narrow response dip (of about 10%) at the 6' boundary 
for pions coming from the center of the interaction 
region. The variation in # of the pulse height sum 
(away from the f-boundary) is smaller than in the EY 
calorimeter because the relevant attenuation is nor in 
the hadron calorimeter wavelength shifters 
(attenuation length 115 cm). 

5.7 Boundary between wedges 

A "hot spot" in the scintillator calorimeters was 
discovered in the region of the # boundary between 
;rdutes when this region was first mapped in the test 

By hot spot is meant that very large pulse 
heights are observed in phototubes of the hadron 
calorimeter when electrons (and to a lesser degree 
pions) are incident on this region. The signal is 
caused by generation of copious Cerenkov light in the 
light guides. Uranium bars, 3.5 cm ride and 3.0 cm (9 
radiation lengths) deep (backed by a narrow 
proportional chamber) have been installed in the 6 cm 
open space between the coil and the front face of the 
wedge modules to attenuate EM sharers, and thereby 
largely eliminate this undesired effect. The fraction 
of $ covered by these Uranium bars is 8%. A schematic 
drawing of this boundary is shorn in Fig.16 The 3.5 
cm width is sufficient to cover not only the normal 
2.2 cm gap between lead-scintillatar stacks shorn in 
this figure, but also the 2.8 cm gap in the horizontal 
plane (at the middle of the arches) where a wedge 
shaped steel shim of maximum thickness 0.6 cm 
separates wedge modules, and the 2.5 cm gap in the 
vertical plane where 0.3 cm of air gap separates the 
calorimeter arches. 
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The region of this # boundary constitutes the 
largest nonuniformity in the response of the 
scintillator calorimeters. The calorimeter response 
across the #-boundary between -edges with the Uranium 
bars in place is not known, but test beam meaeursments 
with lead absorbers, which eere used to arrive at the 
final design, are shown in Figs. 17 and 18 ( for 8 
radiation lengths of lead). The EM and hsdronic 
energies in each wedge have been calculated separately 
using the algorithm E = cp[I;TI in this case. 

Fig. 16 Schematic 
hetree" two wedges 

drawing of the boundary region 

The chamber measures the energy of electrons 
incident on the lead bar with a resolution of about 
25% (rms). When the chamber pulse height (suitably 
normalized) is added to the sum response of the EM and 
hadron calorimeters, one obtains a response to 
electrons which is approximately flat across the full 
#-range, but with a" rms width in the boundary region 
of about 16%. not much larger than the typical h&-o" 
calorimeter energy resolution. The original hat spot 
has essentially disappeared because of the EK shower 
attenuation in the lead. Measurements with electrons 
of energies in the range lo-50 GeV show that all pulse 
heights are approximately proportional to the energy, 
so the 50 GeV electron data is representative of the 
overall effects. 

The response to 50 GeV charged pions in the 
boundary region is smaller than elsewhere, and there 
is a probability of essentially mere response. The 
central tracking system will in many cases he able to 
measure the momenta of high energy charged particles 
pointing directly at a boundary region for nhich no 
corresponding signal is see" in the calorimeter. 

5.8 Particle pulse height ratios 

The pulse height of cosmic ray muons in the 
central EM calorimeter on a scale set by 50 GeV 
electrons is already reported in Fig. 12 as 50 GeV/l65 
or 0.30 GeV. The average energy loss of minimum 
ionizing particles in the lead- scintillator sandrich 
is 0.18 Get’, leading to a so-called electron/muon 
ratio of l/(0.3/0.18) = 0.6. The pio"/muon ratio in 
the central hadron calorimeter can be determined in a 
similar nay from a cosmic ray muon pulse height of 1.8 
GeV and an average ;~ygy loss of minimum ioniming 
particles of 1.1 , leading to pio"/muon = 
l/(1.8/1.1) = 0.58 (about 0.6 when corrected for the 
longitudinal energy leakage of 50 GeV pions). 
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Fig. 17 Response of wedge modules and proportional 
chamber to 50 GeV electrons across the boundary region 
between wedges for 0 at the tower center. The center 
arrow indicates the center of the boundary region. 
The other arrows indicate the edges of the 2.5 cm ride 
lead bar. 

6. Bffacts of the mwetic field 

The accurate calibration systems of the 
scintillator calorimeters are very useful for studies 
of systematic effects in the calorimeters. ,A" example 
of this is the measurement of the effects of the 
jolenaid (fringe) field on the calorimeters. A small 
systematic increase in the signal from the 137Cs 
sources is found when the solenoid field is changed 
from 0 to 1.5 Tesla, 
phototuba gain (tracked 

eve" though no change in 
with 

systems) 0cc"rs [12]. 
the light flasher 

The effect is caused by an 
increase in scintillator light yield in the presence 
of eve" small (order of 0.01 T) magnetic fields [13]. 
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Fig. 18 Pulse height distributions for 50 GeV 
electrons in the wedge boundary region with and 
without the lead absorber in place. The response is 
calculated as 0’7%F’i rhere PO and Pl are the 
individual Phototube pulse heights. The response is 
1.0 at the tower center. 

7. Gonclusion 

Extra modules, "identical" to the ones installed 
in the detector, have been fabricated so that test 
beam studies of calorimeter performance can continue. 
The immediate goal is to bring all these modules 
together in a single test beam, so that all boundary 
regions in the detector can be mapped. A number of 
other measurements, foremost among which is a detailed 
measurement of energy dependence of calorimeter 
response (especially at low energy), also remain to be 
done. Further questions will surely arise in the 
course of the analysis of data accumulated during the 
current physics run. We are optimistic, however, that 
the careful quality control exercised during the 
fabrication, combined with the quite extensive test 
beam measurements already carried out, will farm a 
solid basis for analysis of calorimeter data. 

The author would like to thank J. Cooper, 
C. Eaber, S. Eahn, T. Kamon, S. Yikmo, K. Yasuoka and 
8. Wicklund for providing figures for this paper. 
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