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ABSTRACT

Specifications and test data are given for three types of calorimeters

used to detect beam photons and neutrons in FNAL Experiment 87. These are: (1)

a high-precision ionization quantameter, (2) a lead-scintillato,r electromagnetic

shower counter, and (3) an iron-scintillator hadron cascade detector.
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I. INTRODUCTION

The neutral beam in FNAL Experiment 87 is produced by extracted protons

that are incident on a beryllium target. The neutron component results mainly

from primary proton interactions, while the photons are created by neutral-pion

decay. The ratio of neutrons to photons is controlled by selectively atten

uating the un\-Janted component. \-lith 6 radiation lengths of lead, one obtains

a relatively pure neutron beam, whereas 34 meters of liqu1d deuterium suffice

to purify the photon beam. The intensities and energy spectra of the trans

mitted photons and neutrons are monitored by the quantameter, shower counter,

and hadron detector described below, as well as by other well-known devices

such as a pair spectrometer, secondary emission monitors, etc. The three

calorimeters are of particular interest mainly because they have operated

successfully in the new energy range made accessible by Fermi Lab.

II. THE FNAL QUANTAMETER

The FNAL quantameter is shown schematically in Fig. 1. It has been

described in detail elsewhere,l and we give here only the salient features.

Internally, the quantameter consists essentially of 44 coaxial copper discs,

each of about 1 cm thickness. The spacing between discs follows Sirnpson·s

rule and averages about 0.5 em. compensation
2

for longitudinal shower penetration

is obtained by making the last two gaps oversize, while compensation for radial

shower penetration is achieved by using collector and high-voltage plates of

different radii, respectively, 20.3 and 23.1 em. The gain per GeV is expected

to be independent of photon beam energy from 1 to 1000 GeV and to be independent

of beam intensity for any practical photon flux that can be produced at FNAL

during a uniform spill of 1 s duration. Measurements of the quantameter 9<"1in

with incident electrons at SLAC yielded (416.0 ! 0.8) ions/GcV at 10 GeV and
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(416.1 ! 0.8) ions/GeV at 19.7 GeV for a hydrogen' filling, corrected to a

standard pressure of 30.00 inches of Hgand temperature of 300
o

K. The gain

was independent of intensity up to about 3 x 10
7

electrons per cm
2

per 1.5 ps

pulse at 10 GeV, and it varied with beam centering by less than 0.1\ over a

20-em diameter. The quantameter has been in routine operation at FNAL for

nearly two years and is used both as an absolute monitor of the total incident

photon beam energy and as a relative monitor of the incident neutron flux.

III. THE UNIVERSITY OF HAWAII SHOWER COUNTER

The Hawaii shower counter is shown in Fig. 2. The active volume consists

of 16 lead absorbers 0.936 cm thick, interleaved with 16 sheets of plastic

scintillator 0.64 cm thick. The sensitive area perpendicular to the beam

axis is nominally 30 cm x 30 cm. Light is collected on two opposing sides

and is transmitted quasi-adiabatically through polished lucite. Finally,

the light is rruxed in lucite couplers mounted on two Amperex 60AVP photo

multipliers to reduce the effects of any non-uniformity of the 20-cm-diameter

photocathodes. The photomultipliers have 12 stages, but at FNAL energies,

typically only the first 9 are used.

The two large photomultipliers permit exceptional shower counter uniformity.

This was tested by moving the counter vertically and horizontally perpendicular

to a pencil electron beam at SLAC. Uniformity data were obtained at both 5 and

15 GeV and were virtually independent of energy as expected from shower theory.)

For vertical displacements up to ! 12.5 ern, there was no systematic change

in either photomultiplier output. For horizontal displacements of up to ~ 12.5 cm,

the individual outputs decreased with increasing distance to the beam by about

0.8\ per cm. The electronic sum of the two outputs showed no systemat.ic variation

ov~r a 25 em x 25 cm grid with rms fluctuations of ! 1.4\.
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The calculated energy losses due to shower penetration3 were 1.3\ at

50 GeV, 2.3\ at 100 GeV, 2.9\ at 150 GeV, and 4.1\ at 250 GeV. The effect

of these losses can be seen in Fig. 3, where we have plotted shower counter

pulse height summed over the two photomultipliers versus the incident photon

energy in GeV. The photon energy was measured with a pair spectrometer upstream

of the shower counter, and the resulting positron and electron tracks were

both required to be within 5 c~ of the counter axis. The vertical error

bars of typically ! 1% were found by taking the square root of the number

of pairs at a given energy. The horizontal scale was determined from the

magnet field setting, which was linear to ! 0.3\. Within these uncertainties,

the corrected and summed shower counter output is linear in energy up to 250

GeV. Gain versus energy was studied in the range from 3 to'15 GeV with the

pencil electron beam at SLAC and was found to be linear to about ~ 3\ with

negligible losses due to shower penetration.

The energy resolution of the Hawaii shower counter was measured at SLAC

with a pencil electron beam of 3, 5, 12, and 15 GeV. The momentum acceptance

of the beam was 3.5% FWHM (full width at half maximum). The counter resolution

with beam momentum acceptance unfolded could be parameterized by the expression

FWHM (1)

where E is the incident energy in GeV. Additional measurements were made at

FNAL with the Ml beam line set for negative particles of 50 GeV/c and a momentum

acceptance of 4% FWHM. The beam itself consisted almost entirely of pions, and

we therefore used transition radiation monitors from FNAL Experiments 229 and

26lto enhance the electron component in our trigger. A typical pulse height

spectrum obtained with this trigger is shown in Fig. 4. The electron peak has

a raw width of 7.5\ FWHM, which yields an unfolded width of



FWHM = 6.3\ at 50 GeV.
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(2)

~is is in reasonable agreement with Eq. 1, which gives about 5.6\ at SO GeV.

The energy resolution of a shower counter is normally dominated by

fluctuations in the number of shower tracks sampled. The number of tracks

above 1.5 MeV can be estimated from3
,4

Ntracks 50 E/t, (3)

where t is the thickness of the lead plates in radiation lengths and E is

again the incident energy in GeV. The predicted resolution for the Hawaii

shower counter (t = 1.66 radiation lengths) is4

FWHM = 2 x 1.175/(N
t

k )1/2 (4)
rae s

42.8\/E1/ 2 , (5)

which is similar to the experimental values given by Eqs. 1 and 2. The design

parameters, operating procedures, and test data for the University of Hawaii

shower counter will be described in more detail in a future report.
5

IV. THE FNAL EXPERIMENT 87 HADRON CALORIMETERS

FNAL Experiment 87 has the capability of identifying and measuring the

energies of various types of final-state particles, including neutrons. Neutral

hadron energies are determined mainly by an array of iron-scintillator calor-

imeters consisting presently of a single plane and ultimately of two planes.
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There are ten calorimeters in each plane: Eight are of the type shown in Fig. 5,

and two are somewhat smaller, the 46-cm dimension being reduced to 15 cm. (The

two smaller counters are used on either side of the beam at beam elevation.)

Calorimeters of the larger type are also used, either 5ide-by-side or two-deep,

in studying the properties of the neutron and photon beams.

The active volume of the counter shown in Fig. 5 is defined by 12 iron

blocks 5 cm thick, interspaced with 12 sheets of plastic scintillator 0.64 cm

thick. The sensitive area perpendicular to the beam is 46 cm high and 84 em

wide. Light is transmitted through polished lucite to a single 58AVP photo

multiplier having an II-ern-diameter photocathode. Typically only the first

9 stages of this 14-stage phototube are used.

The uniformity and resolution of two of the larger calorimeters were

studied with the Ml beam line at FNAL set for ne9ative particles of 50 GeV/c

and a momentum acceptance of 4\ FWHM. For these tests the transition radiation

monitors were not used, and the trigger consisted almost entirely of negative

pions, for which edge effects were quite large. Furthermore, the beam

envelope was determined by a scintillation counter 5 cm x 5 cm in area 50

that the geometric resolution used in the uniformity test was relatively crude.

The results of the uniformity test may be summarized as follows:

(1) The pulse height decreases by about 0.14\ per crn as the beam moves

along the center of the counter and away from the photomultiplier.

(2) The pulse height is 6\ below the values on the median line when the

beam envelope is' centered 5 cm from the upper or lower edge.

(3) The pulse height is 30\ to 50\ below the values on the median line

when the beam envelope is centered 3 em from the upper or lower edge

and 70' low in the corners 3 cm away from the edge farthest from the photo

multiplier.
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It was not determined what fraction of the losses at the edges could be

recovered by adjacent calorimeters.

Fig. 6a gives the pulse height distribution obtained with 50 GeV/c

pions incident on two successive calorimeters of the type shown in Fig. S.

Fig. 6b is the contribution of the downstream counter, and Fig. 6c is the

pulse height distribution of the upstream counter. The energy resolution

for a single counter (Fig. 6c) is 58\ FWHM, while the combination of two

counters in series (Fig. 6a) yields 39\ FWHM. It should also be noted

that the maximum of the single-counter distribution (Fig. 6c) lies about

19.5% lower than the peak for the combination (Fig. Ga). Evidently there

is a significant loss of energy when only one calorimater is used, and

fluctuations in these losses broaden the resolution.

The maximum of the pulse height distribution obtained with pions incident

on two calorimeters (Fig. Ga) is (62.5 ~ 2.3) times tha~ found with 50 GeV/c

muons traversing a single calorimeter. Assuming such a muon makes 12 tracks

(one per scintillator), we obtain for the stopping pion an average of (750 !

28) tracks at 50 GeV/c. Fluctuations in this number of t~a~ks would contribute

about 8. 7'~J FWHM to the resolution: Evidently the 39\ FWHM of Fig. 6a is

dominated by factors other than the sampling thickness.
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FIGURE CAPTIONS

1. Schematic diagram of the FNAL quantameter. Numbered arrows refer to:

(1) housing, (2) one of the 22 large discs, (3) one of the 22 small

discs, (4) copper screen, (5) front cover, (6) rear cover, (7) large

compensation plate, (8) small compensation plate, (9) window flange,

(10) one of the six tie rods, (11) bushing, (12) bushing spacer, (13)

plate spacer, (14) washer.

2. University of Hawaii lead-scintillator shower counter.

3. Shower counter pulse height versus incident photon energy determined

by a pair spectrometer. Corrections for shower penetration losses were

made by I'OC>ving the uncorrected points to higher photon energies.

4. Pulse height spectrum obtained with the University of Hawaii shower

counter in a 50 GeV/c negative beam. The sharp peak results from

beam electrons, while the remaining pulses are due mainly to negative

pions.

5. FNAL Experiment 87 iron-scintillator hadron calorimeter.

6. Pulse height distributions obtained with incident pions of 50 GeV/c

from: (a) two hadron calorimeters in series, (b) the downstream calorimeter

alone, and (c) the upstream calorimeter alone.
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