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ABSTRACT 

We have designed and built a modular 
hadron calorimeter for the study of 
high energy particle interactions 
which produce particles of high trans­
verse momentum. The energy resolution 
of this system, and the triggering 
method for selecting the interactions 
of interest are described. 

INTRODUCTION 
., 

Calorimeters, including our own device, 
have gone through many stages of development 
since their introduction. The development 
of our particular calorimeter was dictated 
by the physics in which we were interested, 
namely Khigh PT-jets n ( 1 , 2 ) We needed a 
calorimeter with the following attributes: 

1.� Good energy resolution in� 
the 10 to 30 GeV region;� 

2.� Segmented character; 

3.� The ability to distinguish 
between hadronic and electro­
magnetic showers; 

4.� Large angular coverage in� 
the center of mass.� 

Our early development work gave information 
useful in designing such a system, while at. 

. 'the same time showing difficulties to which 
we had to find solutions. (3, .. \ . 

This paper"describes the design and 
performance of the two-arm segmented calori­
·meter which we finally built. The major 
advantages of this design are: 

1.� High efficiency in the 
rejection of spurious events; 

2..� Distinction between hadronic . 
and electro-rnagneticshowers; 

3.� Good spatial resolution for 
Jllultiparticle groups; 

4.� Uniformity of response; 

S.� Ease o!= calibration; 

6.� Design flexibility; 

1.� Good energy resolution•. 

EXP£RIMENTALh~YOUT 

The calorimeter used by our eX?eriI:le;\t 
(E39S) at Fermil.ab consists of two im~e::>en­

dent arms, as sho.n in Figure 1.,%,5) The 
-right" arm covers approximately 1.5 sr. in 
~he c.rn. at 200 GeVjc for both hadrons and 
v D ·s. The "left" arm covers approxinatcly 
1.5 sr. in the c.m. for ~OIS about 1 sr. in 
the cvm, for hadrons. (The 1\"0 detector in 
the left arm was of a different design Which 
will not be discussed here.) 

-------------_.._­

A-A B 
C 

RIGHT HADRON CAt..OR:~ETER 

. Figure 1 
Experimental Apparatus for Fermilab Experiment 395 
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Figure 2 
Beam. View of the Right Arm of the Calorimeter 

The "right" arm is made up Of 105� 
modules, arranged into 25 longitudinal� 
segments which form an array 5 segments� 
high and 5 wide. Each segment has four� 
layers of modules, except for the column� 
closest to the beam, which has 5. Each� 
module is of sar:1pling or sandwich con­�
struction, with alternating layers of� 
metal and scintillator. A beam's eye� 
view of the right arm is shown schemati­
cally in Figure 2. ~
 

Each longitudinal segment contains� 
two different types of modules: A lead­�
scintillator sandwich 5 radiation lengths� 
thick (A~) as shown in Figure 2, and an� 
iron-scintillator sandwich approximately� 
2 absorption lengths thick (A,B,C, and� 
sometimes D). The segments are roughly� 
aimed at the target and grow in area as� 
the distance from the target increases.� 
The sizes of the modules are determined� 
by the transverse development of the� 
showers.(~l Further details on the� 
scintillator and the florescent wave­�
shifter light collection system can he� 
found in elsewhere. (6,11� 

The energy calibration utilized three 
techniques: Uniform pulse height response 
from, 1) ~~nim~ ionizing particles (muons), 
2) mono-energetic electrons, and 3) mono­
energetic hadrons (pions and protons). 
£ach module ~as balanced by these teChniques 
~o give uniform response to ~4% over the 

'entire apparatus. The performance of 
individual nodules and of the complete 
apparatus was constantly monitored through­
out the duration of the experiment using 
LEO's mounted on each module. 
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Figure 3� 
A 20 em x 20 cra Fe Plate� 

MODULE DES IGN AND CONSTRUCTION 

~he calorimeter array is assembled from 
modules of three different designs, ~hich 
differ in, 1) n\unber of gaps or sampling 
st~tionsr 2) thickness of ffietal, and 3) 
material in the metal plates. All modules 
use 12mm thick. acrylic scintillator.(a\ 
In addition, modules of all designs are 
made in two different sizes: 15 and 20 
cm square. 

The first 1ayer of t.he calorir.teter 
array is assembled using modules of a lead-' ..J 
scintillator sandwich construction, desig­
nated as A~ modules. The purpose of these 
modules is to distinguish between hadronic 
and electro-magnetic showers. Since the 
radiation length of lead is much sh~rter 
than its absorption length, an electro­
m~netic shower will develop in le~a wuch 
more rapidly than will a hadronic shower. 
~hus, the A- modules have only 3 gaps, while 
the" iron-scintillator s andw.i.ch modules have 
either 16 or 20 gaps. The basic differences 
between the module types are shown in Table I. 
(Labs is the lengt:.h in absorption lengths, 
Lrad in radiation lengths.) 

The i~on-scintillator sandwich ~odule 

is the heart of the calorimeter a~ray. The 
16-gap modules are used in the two col~~ 

closest to the beam, ~hile the three outer 
columns USe the 20-gap modul.e s , The 20-gap 
modules have steel plates that are thinner 
than the 16-gap n\odules (12.7mm compared to 
19.0mm). These 20-gap modules were located 
at the larger laboratory angles where the 

'l'able I 

Plate . Plate l-:umber of 
I>esig:1 l'~aterial Thickneso; {~:~L _~at.:..~ 

I }'e .19.0 16 ·2.15/18.2 

XI Fe 12.7 20 1.94/15.5 

III Pb 9.5 3 .24/ 5~3 
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Figure 4� 
Partially Assembled Module� 

laboratory energy of the particles of 
interest is typically 5-10 GeV. For such 
low energy pa~ticles, the sampling frequency 
must be increased to provide good energy 
resolution. 

Each module is constructed of either 
l2.7~m or 19mm zinc-plated steel plates, 
either 15 cm or 20 em square. Each plate 
has 6 dowel pins, 2 each on the two "side" 
edges of the plate, and two on the bottom 
edge. The module is assembled by aligning 
thin covers over the dowel pins and then 
tightening screws in tapped holes. This 
technique causes each cold-rolled steel 
plate to be parallel to the design direc­
tion to within approximately 0.2rrm. 
Figure 3 shows a 20 ~~ x 20 cm plate with 
dowel pin positions. Note that the corner 
of the plate is truncated to provide space 
to bring light pipes out to a photomulti­
plier tube. The top of the module is left 
open for the insertion of the reflectors, 
scintillators, light collecting bars, and 
light pipes. A top cover is attached after 
the module is completely assetibled. The 
scintillator triangles are held in place by 
a retainer bar, while the light pipes are 
held by plastic straps. Figure 4 shows a 
module without the light pipes or scintil­
lator. 

Once assembled, the module may be 
rotated 90 degrees about the longitudinal 
axis in either direction. Modules can also 
be close-stacked, horizontally and verti­
cally. The front face of the first plate 
and the rear face of the last plate have 
tapped holes so that modules may be 
strapped together for greater stability. 

METHOD OF EVENT SELECTION 

The modular design of our calorimeter 
system allowS us to select many different 
types of interesting f'vents. These events 
may be selected according to polar angl~, 
energy deposition, or tr~~sverse momentu~ 

(?T). 7he various triggers are formed by 
requiring the weighted sum of the pulse . 
heights in a selected group of modules to 
be greater than some adjust3ble threshold. 

Figure 5� 
. Basic Trigger Electx;onics� 

'l'he ,,,eighting used for the signal from each 
module is proportional to the sine of the 
module andle with respect to the bea::l in 
the lab (PT = psin a). In fo~g the 
triggers, we add the PT magnitudes and not 
the vector: Pr.r' a , 

During our data acquisition for E395, 
we took data with four basic transverse 
momentum triggers: A right ara trigger 
(R), a left arm trigger (L), a s~ed 
trigger (L + R) and a single p~rticle 
trigger (SP) for both the left and right 
arms. Data for all triggers were taken 
simultaneously to reduce the possibility 
of systematic errors. Figure 5 shows the 
basic electronics necessary to L~?le~ent 
a given trigger. 

PERFO~L~~CE AND RESULTS 

We determined the respons~ of the 
calorimeter to different particles and 
different energies by positioning the 
calorimeter in beams of vazLous particles 
at 10, 20 and 50 GeV. By rotating the 
calori~eter we were able to si~ulate the 
trajectories of particles co~ng fro~ the 
target when the calorimeter was in its 
actual data taking position. 

Figures 6a and 6b show the pulse 
height distributions for 20 GeNIc hadrons 
and electrons. The two positions simulate 
particles coming fro~ the target with 
laboratory angles of 150 mr a:!d 200 or 
respectively. At 150 rnr the hadronic 
pulse height distribution enes at the peak 
of the electron pulse height cistribution. 
At 200 mr the hadronic pulse height distri­
bution is approximately the sawe as for 
150 mr, but the electron pulse height 
distribution is depressed slightly, probably 
due to error in balancing the nodule 
outputs. (" 

'.i'he rc.solution (Flm~V?i::A~) at 20 GeN/c 
if 43~ for hadrons and l5~ for electrons. 
This is equivalent to a standard deviation 
of l8~ for hadrons and 6~ for electrons. 
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Figure 6 
20 GeV/e Pulse Height Distributions at (a) 150 mr and (b) 200� r.u: 

Our results typically show that the 
hadronic pUlse height distribution ends near 
the peak of the pulse height distribution 
from electrons at the same energy and posi­
tion. This is especially important for 
unfolding the calorimeter reso1ution from 
the steeply falling p~ distribution. If 
the hadronic pulse he~ght distribution had 
an extended tail, i.e., if the hadronic 
pulse height distribution extended 
appreciably past the peak of the corres­
ponding electron pulse height distribution, 
then unfolding the calorimeter resolution 
from a steep PT distribution could become 
extremely difficult£! 0, III As an example 
of the magnitude of the resolution effect,­
the resolution shown in Figure 6, used with 
particles of about 4 GeV/c PT. gives an 
apparent cross section at 400 GeV/c, which 
is 1.9 times the actual cross section. 

We measured the p distribution for 
single particles and Ior multi-particle 
clusters. The results from the muIti­
particle case cannot be readily compared 
with results from other experiments since 
no other closely equivalent experiments have 
been carried out. However, result~ from our 
single particle measurements can be compared. 
We ~asured a single particle roO invariant 
cross section(5)for PT up to about 4 GeV/c 
which compares we11 to that of the 11"+, r.­
data of D.Antreasyan et al (12' and with the 

• 11"0 data of Busser et a I , (0.' Our estimate 
of error due to calibration and systematic 
errors is about ±5% in the momentum scale. 
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