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ABSTRACT

A large aperture A(8' X IO') calorimeter for studying
highfPt hadronic interactions has been assembled at Fermilab.
The depth is 16 radiation lengths of Pb followed by 7.5
absorption lengths of Fe. There are 280 readout chanﬁels.
Approximately 20% of the detector was tested in preliminary
running. The results, presented here, meet or exceed the
design goals established for linearity, resolution,
unifbrmity,_granularity, electromagnetic/hadronic separation,

and ease of calibration and monitoring.
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INTRODUCTION

We report here on the design, construction, and perfor-
mance of a highly modularized total absorption calorimeter for
use as both a high-—Pt trigger and a neutral spectrometer in
the multiparticle spectrometer (MPS) at Fermilab. The calori-
meter replaces the previous E260 calorimeter as part of a
significant upgrade of the MPS facility. The chief improve-
ments in the new detector are a much finér gfanularity, with
»insignificant dead space, and a much greater acceptancé,
covering full azimuth around the 90° polar angle in the center
of mass system. The simultaneous increase in size and
granularity has been achieved very economically. Table 1
displays the main characteristics of the new calorimeter.

Our approach to finer granularity is to use many small
modules, each one functioning as an independent calorimeter®.
We chose thisr approaéh for 1its promise ‘of clean and
unambiguous (x,y) localization. Design difficulties include
minimizing or eliminating cracks between modules and maintain-
ing adequate uniformity over each module.

The solution to packing the modules tightly derives from
a shower counter of Atwood et al?. This device (Fig. 1) is a
standard Pb/Sc or Fe/Sc shower sampler with a waveshifter bar
running along one edge. The blue light from the scintillator

(Sc) is absorbed by the BBQ in the wavebar and isotropically



emitted as green light?®. A significant fraction of this light
is conducted by £otal internal reflection to the phototube at
one end of the wavebar. Serendipitously the waveshifting
technique solves the problem of matching large areas (160 in.2
in our case) of scintillator output to small photocathode

areas, typically 2 in.z.

DESIGN

Our first tests (Spring 1978) were with modules very
similar to Fig. 1. The main question concerned the nature of
the basic sampling step. The answer was that 1/2" Fe followed
byvl/2" acrylic scintillator gave adequate resolution. The
acrylic gave only 20% of the light output of NE102, but with so
much scintillator feeding one phototube that was suffiéient.
In dollars per photon the doped acryiic is considefably
éheaper than NE102.

For our second round of tests (Fall 1978) we built a.
prototype of 27 modules. Longitudinally there were three
sections: Pb/Sc,rFe/Sc, Fe/sc. Each seqtion was 3 modules
high by 3 modules across; each module was 8" x 8". We tested
five different dopings of acrylic scintillator and two
different dopings of acrylic wavebar; the various dopings were
suggested by reports from similar work at CERN%®, Our final
choice of scintillator doping is 3% naphthalene, 1% PPO, and

0.025% POPOP, by weight® For wavebars we use 90 mg/l BBQ7.



This prototype was also used to study the effect of three
different nonuniformities: (1) The 1light output from one
edge of a piece of scintillator depends on where the particle
passes through the piece. (2) The fraction of 1light
delivered to the tube by the wavebar depends on how far from
the tube the light enters the wavebar. (3) Particles
traversing the wavebar may generate a direct wavebar signal
indicating an energy deposition higher than actually was the
case. This last, the problem of "hotspots", is a very serious
difficulty if the spectrum being measured falls steeply, as
does the high—Pt production spectrum.

The third round of tests (1979) was a lengthy series of
table-top experiments using Strontium 90 sources to understand
and minimize these three nonuniformities. The scintillator
pieces were ‘'hottest' near the middle of the output edge and
'cooler’ tdward the other three edges. By painting the back
edge with white paint® we boosted the signal from the back -
half considerably more than the signal from the front half
(Fig. 2). Each piece is wrapped in aluminum foil, shiny side
in. We found that by first taping 3" black photographic tape
to the lower edge of the aluminum foil‘we could make a nbn—
reflecting skirt around the faces near the output edge. This
further 1lowered the front/back difference. Finally, the
side/middle difference was eliminated by painting thin strips
of white paint across the output edge; the middle strip (0.4")
was flanked on both sides by successively thinner (0.2" and

0.1") strips at 1" intervals.



Similar techniques, white paint on the end far from the
tube and black tape on the face near the tube, were used to
flatten the wavebar attenuation. A #4 Wratten filter was
placed between the wavebar and the tube to cut the effect of
frequency-dependent absorption by the acrylic wavebar. The
combined filtering, painting, and masking increases the
wavebar attenuation length to Aw ~12m. A Monte Carlo simula-
tion indicates that shower resolution improves only negligibly
for A increasing beyond Aw-vSm.

To minimize the direct particle/wavebar signal we tested
wavebar samples made with ultraviolet absorber (UVA) added to
the BBQ in the acrylic. The direct particle signal is assumed
to be generated by é light produced largely in the ultraviolet
and shifted by the BBQ into the green. Three tests were made
comparing»the UvVA and uvT (u§ transparent) wavebars.v The
first showed that both are equally efficient at shifting
scintillator light. The second showed that sources shiniﬁg
directly into UVA wévebars Vproducé about. 1/2 the éignal‘
produced similarly from UVT wavebars. The third test used a
transmission spectrophotometer to measure the properties of
‘the two wavebars. It showed that UVT wavebars shift a
considetabie fraétion of”the,iight from the 300—400 ﬁm»téﬁge,
while the UVA wavebars shift none of this light. We estimate
from these tests that the use of UVA wavebars cuts the direct

particle/wavebar signal by 1/2.



During the course of these table-top tests we discovered
that different pieces of scintillator produce different
amounts of light, varying up to a factor 2. This is in itself
a serious nonuniformity. To eliminate it we have used sources
to measure the light output from each of the 8000 scintillator
pieces. The light output is quantified by the direct current
output of a phototube looking directly at the illuminated
scintillator piece. BEach piece is labeled and pieces of

similar output are grouped together in one module.

CONSTRUCTION

Imagine that several modules of Fig. 1 are placed side by
side. If the scintillator pieces are wrapped in aluminum foil
for optical isolation there is no reason why thé metal plates
(Fe or Pb) heed to be cut into squares. If the metal plates be
8" x 40" and supported on the ends there can be 5 abuttéd‘»'
modules with vertical cracks no thicker than two layers of
aluminum foil (1.5 mils). Such a structure, a crate, is shown
in the exploded view of Fig. 3. There are 40 x 1/2" Fe plates
tack-welded onto two 3/8" sidebars. The plug and bevel welds
are very small as they need to supply only minimal structural
strength. The notches on the sidebar extensions are for
hanging 1/4" Pb plates for the upstream electromagnetic .
section. We tested 1/4" Pb (6% antimony) plates by marking
scribe lines on 8" x 40" pieces and hanging them by 3/8" ears.

After 18 months there is no sign of sag in the scribe lines.



We constructed 30 ‘such crates, in 3 sizes: 12" x 40",
8" x 40", and 8" x 48". They are stacked as shown in Fig. 4
Vertically the crates are spaced by long rod stock pieces,
1/4" x 1/4" x 55". The rod stock pieces also serve two other
purposes: they support the scintillator pieces 1/16" above
the wavebars, and they optically isolate the wavebars, which
lie in Alzac? pans between the rod stock pieces. (Fig. 3)
There are separate wavebars for the Pb and Fe sections, called
respectively, EM (electromagnetic) and FH(Front Hadron). The
EM wavebars are 12 3/8" long and couple to lightpipes which
curve around 90° to go up or down to RCA 6342A phototubes
above and below the upstream face of the stack. The FH
wavebars are 42 3/8" long and couple similarly to tubes above
and below the downstream face. All the photocathodes are 42"
above or below beam height. Scintillator pieces sit both in
front of the first Pb plate and in back of the last FE plate;
they are held iﬁ'place by 1/4" phéholic pieces attached to the
sidebar ends. The entire stack, the EM/FH unit, sits'on a -
motorized table which moves in x and y to provide fast beam
calibration of every module. The three modules in each corner
are not instrumented, leaving the 126 modules shown schemati-
cally in Fig. 5. |

The BH(Back Hadron) unit is a similar but coarser stack
of steel crates. There are 24 crates, each with 23 plates,
each plate being 1" x 20" x 28". The 1/2" scintillator is in
two sizes, 13 1/2" x 20" and 27"-x 20". The corner crates are

not instrumented, leaving the 28 modules shown schematically



in Fig. 6. The BH unit sits on its own motorized table; with
the beam passing through the EM/FPH unit hole the BH modules
can be very quickly beam calibrated.

Each of the 280 lightpipes has attached to it an optic
fiber which feeds BBQ-shifted laser light into the wavebar.
The returning signal monitors the entire chain of wéve—
bar/lightpipe/tube/cabling as well as both the ADC's and the
trigger electronics. The laser is monitored by photodiodes
and can be triggered to fire between beam spills. By
correlating the monitor signal with the beam signal at the
time of calibration we can establish a reference for continual

monitoring.

PERFORMANCE

Fig. 7 shows the calorimeter resPoﬁse to fiveb beam
energies. The points are normalized to 40 GeV. The beam was
essentially pions, with an electron component growing from 10%
at 20 GeV to 65% at 10 Gev. At 200 GeV the response is low by
7%, which ié compatible with our estimate of the longitudinal
leakage. The estimate is made by extrapolating the measured
22% leakage from the EM/FH unit into the BH unit. Over the
four lower energy points the detected energy diverges linearly
from the beam energy. Extrapolated to zero beam energy the-
plot indicates a remnant detected energy of 2.5 GeV. The
divergence from 'slope 1' and the resulting offset are aséumed

due to an offset in the beam line magnet current readback.



The hadron resolution is shown in Fig. 8. It follows the
curve of 70%//E at higher energies and is somewhat better at
lower energies.

The electron resolution (Fig. 9) was measured in the high
resolution beam at the Tagged Photon Lab at Fermilab. This
was necessary because the electrons in the Mé Meson Lab beam
had a momentum spread larger than the calorimeter resolution,
The points fall along the 20%//E line.

Fig. 10 shows a typical response to a 40 GeV beam. The
muons cluster around 6 GeV while the rest of the beam shows a
Gaussian peak at 40 Gev. The "t's" on the peak shqw the
Gaussian fit. The hash mark on the abscissa marks 40 from the
peak mean; everything above 4 is defined to be tail. The
spectrum of Fig. 10 is typical in that the‘tail events are
clearly separated from the Gaussian; the discussion of these
events is not sensitive to where the cut is made.

To test the uniformity of response across the face of the
calorimeter we moved the EM/FH unit horizontally and
vertically across the bean. The horizontal scan shows no
effects of the vertical cracks between scintillator pieces.
The vertical scan does show effects of thé horizontal cracks
containing the wavebars. There are three separate effects: a’
peak shift, a peak broadening, and a peak tail.

Fig. 11 shows how the peak shifts and broadens as the
beam crosses the wavebars. The peak mean*jvaries byviS% over
the calorimeter face, while the resolution goes from 9% away

from the wavebars to *13% at the wavebars. Fig. 12 shows the

increase in the number of tail events at the wavebars. The
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beam rate (5 x 104/sec) times the gate width (100 nsec) gives
an expected background accidental rate of 0.5%. At the wave-
bars there is an additional, roughly equal, component, due
presumably to the direct particle/wavebar signal.

The 'straight-on' calibrating beam used in these tests
greatly exaggerates the tail effect at the wavebars (Fig.‘lB).'
The calibrating beam puts particles right down the full length
(~1m) of the wavebar, and total internal reflection traps all
the é cone until it is shifted by the BBQ. A particle coming
from the target during data taking cannot go down a wavebar
because no wavebar plane contains the beam (Fig. 4). What
‘does happen is that shower particles transit wavebars while
leaking from one module to another. 1In this case particles
traverse only 3mm, and they do it at angles steep enough that a
substantial fraction (~20%) of the é light exits before being
shifted. To estimate the extent of this nonuniformity we
compared the signals from the top and bottom neighbors of
modules being calibrated (Fig. 13). The leakage signai from
the top neighbor equals the leakage signal from the bottom
neighbor plus the direct particle/wavebar siénal generated by
the top neighbor's wavebar. The data show no difference
between the two leakage signals, indicating that this
nonuniformity is negligible.

Even if the 'worst case' calibrating beam results are
taken as indicative of operational conditions, the calorimter
is still adequately uniform. Those results imply that over a

very small area (~2%) there is a very small probability (~1%)
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of a particle energy being boosted; the limit on the boost is
60%. Even at that, the high multiplicity of high-—Pt events
washes out the effect of any one particle being boosted. A

preliminary look at our high-P_ data sample sees no sign of

t
any nonuniformities.
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Table 1. Calorimeter Depth

UNIT MATERIAL RADIATION ABSORPTION
LENGTHS LENGTHS
EM 14x1/4" Pb 15.9 0.48
15x1/2" Sc 0.6 0.29
16.4 0.77
FH 40x1/2" Fe 28.9 2.97
40x1/2" Sc 1.5 0.78
30.3 3.75
BH 22x1" Fe 31.8 3.27
22x1/2" Sc 0.8 0.43
32.6 3.70

79.3 8.22
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FIGURES

1. Basic Shower Module

2. Scintillator Wrapping and Masking

3. Exploded View of Module Construction
4. EM/FH Crate Stacking

5. EM/FH Modularity

6. BH Modularity

7. Linearity

8. Hadron Resolution

9. Electron Resolution

10. Response to 40 GeV Beam

11. Peak Shifting and Broadening at Wavebars
12, Gaussian Tail at Wavebars

13. Calibration Beam as Worst Case Effect at Wavebars
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