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HADRON-LEPTON CASCADE CALCULATIONS (1-20 GeV) FOR
A Pb-Al-LUCITE CALORIMETER'

F. S. Alsmiller, T. A. Gabriel, and R. G. Alsmiller, Jr.
Osak Ridge National Laboratory, P.O. Box X, Oak Ridge, TN 37831, U.S.A.

Abstract

The results of Monte Carlo calculations for x* (1- to 20-GeV) and e (1- to 10-GeV) nor-
mally incident on the center of a cylindrical calorimeter are presented. The calorimeter design
has 60 unit cells of alternating Pb-Al-Lucite plates and is a simplified model of one to be used
at the Stanford Linear Accelerator Center. General characteristics of the total and spatial
energy deposition are given. Pulse height spectra, as well as spectra of the transverse frac-
tional energy distributions and of their first and second moments, are given to aid in hadron-
lepton discrimination. Sampling fluctuations are also examined for this purpose. Some results
for the effects of a uniform probability of incidence over the central transverse strip and also
some longitudinal discriminants are presented.

1. INTRODUCTION

Calorimeters are an important tool in high-energy experimental physics, and particle
discrimination is an important aspect of the use of such devices.! Because of the diversity of
calorimeter designs and of the experimental situations in which a particular calorimeter is
used, there is unfortunately no single method (or group of methods) of particle discrimination
that is generally applicable. Much previous work has emphasized longitudinal
discriminants.'>?

In this paper calculated results for incident x° (1- to 20-GeV) and ¢ (1- to 10-GeV) on a
particular calorimeter are presented. The calculational procedure and nuclear data used in
obtaining these results are similar to those used in the past** and results similar to those given
here have previously been verified by comparisons with a variety of experimental data.%’#9
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The calorimeter considered here is cylindrical in shape and is composed of a series of Pb-
Al-Lucite plates. It Is thick for incident e° (~20 radiation lengths) and thin for incident =*
(~1.4 to 1.8 collision mecan-free paths at the energies of interest here). This calorimeter is
described in more detail in Section II and is a simplified model of a calorimeter to be used at
the Stanford Linear Accelerator Center. Since longitudinal measurements are not made, the
possibilities of hadron-lepton discrimination using lateral distributions are of primary interest.
Some longitudinal discriminants ure also investigated for their general interest.

General characteristics of the total and spatial energy deposition for the incident particle
types and energies arc given in Section III, and pulse height spectra are presented in Section
[V. Sampling fluctuations and transverse fractional energy distributions and moments are
presented and discussed as possible hedron-lepton discriminants in Sections V and VI, respec-
tively. Longitudinal discriminants are given in Section VII.

1. METHOD OF CALCULATION
A. Geometry

The geometry used in the calculations is shown schematically in Fig, 1. The calorimeter is
composed of 60 identical cylindrically symmetric unit cells. As indicated in the figure, each of
the unit cells is composed of a Pb-A!l layer of 0.32131 cm and a lucite layer of 1.27000 cm.
The Pb-Al layer is composed of 0.08128 cm of Al, followed by 0.15875 cm of Pb, followed by
0.08128 cm of Al, but for calculational simplicity these layers have been homogenized. A
multiplicative factor of 1.053 was applied to all thicknesses to account for air between the con-
stituents. The number densities in Table 1 were then calculated. Finally, an additional multi-
plicative factor of 1.015 was used to account for the increase in effective thickness by averag-
ing over particle slant angle.” The total length of a unit cell was then 1,701 cm. In Table 1,
the densities of the various materials and the number densities used in the calculations are
given,

The calorimeter has a radius of 111 cm, but the results that will be presented refer pri-
marily to the central region of the calorimeter that is defined to have a radius of 32.0 cm.
That is, the entire calorimeter is included in all transport calculations, but the results, e.g.,
energy deposition, etc. are given for the central region only. The lucite in the central region of
each unit cell is divided into nine broad transverse strips, each having a width of 7.10436 cm,
as shown in Fig. 1. Furthermore, the orientation of these s*rips with respect to the transverse
x-axis (see Fig. 1) is varicd with depth. The orientation of the strips in the first three unit
cells in the calorimeter is shown in Fig. 1 and this pattern is repeated throughout the length of
the calorimeter. The unit cells are divided into three sets of 20 interleaved cells, each set hav-
ing a different orientation with respect to transverse axes. Experimental measursments of
light output for a given strip number are assumed to be summed over all 20 cells for a given
orientation. (The first orientation includes cells 1, 4, 7, ..., 58, etc.)

"The magnitude of this correction was supplied by D. O. Cald 1, Universi o s
Santa Barbara. PP y wel niversity of California at
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Table 1

Densities Used in the Calculation

Material Density
g em?d)
Al 2.70
Pb 11.34
Lucite (Cs Hg 03) 1.18
Number Densities
(cm™3)

ny = 0.0289.10%4 homogenized
npy = 0.0155.10% Pb-Al-region

ny = 0.054010%
nc = 0.0337-10% f lucite reginn
no = 0.0135-10%4

B. Cascade Calculations

The = induced nucleon-meson cascade calculations were carried out with the three-
dimensional muiti-media high-energy transport code HETC.* This code has been described in
detail previously*> and has been used in a variety of calorimeter calculations,®"*%1° g0 only
a brief discussion will be given here. Calculated results obtained with HETC have been com-

pared with a variety of experimental data, and, in general, good agreement has been
obtained,579:10.11

In the HETC code, Monte Carlo methods are used to obtain 2 detailed description of the
particles - nucleons and pions - in cascades induced in the calorimeters by incident pions and
nucleons. In HETC, account is taken of the slowing down of charged particles via the con-
tinuous slowing-down approximation; nonelastic nucleon-nucleus and charged-pion-nucleus
(excluding hydrogen) collisions arc treated by the intermediate energy intranuclear-cascade-
evaporation model for E < 3 GeV, and, at energies 23 GeV, through the use of a scaling
model.? Elastic (at all energies) and nonelastic (>3 GeV) collisions of nucleons and charged
pions with hydrogen are treated by using experimental data;'2 below 3 GeV, nonelastic colli-
sions are described by means of an isobar model.!?



' HETC does not transport photons, produced by =° decay and nuclear deexcitation, but pro-
vides a source of these photons as a function of energy, angle, and position, so they may be
transported by means of an electron-photon cascade code.

' In the work reported here, all electron-photon cascade calculations, i.e., the cascade
induced by photons produced in HETC and the cascade produced by incident e, were carried
out using the Electromagnetic Cascade Shower (EGS) code written by Ford and Nelson.'*

This code has been compared with a variety of experimental data and, in general, good results
have been obtained.

The Monte Carlo particle histories were analyzed using the CALOR system. This is a
collection of analysis routines that were specifically designed to be used with HETC and with
an electron-photon cascade code such as EGS to provide quantities of interest in evaluating
and analyzing various types of calorimeters. In particular, in this code system, the nonlinear-
ity of the light pulse from a scintillator (i.e., the light output is not proportional to the energy
deposition) is taken into account using Birk's Law® and this feature has been used in obtaining
all of the results presented in the next sections of this paper.

IIl. GENERAL CHARACTERISTICS OF ENERGY DEPOSITION

The energy deposition by incident pions of kinetic energy E, that do not undergo a nuclear
collision of some kind, somewhere in the entire calorimeter, has been omitted in all figures
shown in this and subsequent sections. Approximately 13-17% of all primary pions are of this
type, i.c., undergo only ionization energy loss (with straggling); the nonlinear energy deposited
in the 60 lucite plates by each such pion is shown in Table 2, as well as the percent number of
histories and the number of collision mean-free paths estimated from these fractions. Also, the
minimum and maximum energy depositions, Epmia(E,) and Epne(E,), found for the colliding
pions in the history sets considered, are given. The amount of energy deposited by the
siraight-through particles is within the spectral limits for the colliding particles; it should be
deposited within the central broad strip determined by the point of impact.

The average effective (nonlinear) energy deposition, Ep, by the colliding (or contributing)
histories in all 60 lucite plates and in all nine broad lateral strips of the calorimeter core is
shown as a function of E, in Fig. 2. Also shown are the maximum and minimum energy depo-
sitions, Epmex(E,) and Epmin(E,), (dotted lines for each kind of particle) and the standard
deviations. The maximum is nearly the same for pions as for electrons, but the pion minimum
is very small.

A given cnergy deposition, Ep, can be produced by a particle with any initial energy
between certain limits, Eomis(Ep) and Eoma(Ep), for € or x°. These limits can be read
directly from the graph as the values of E, for which the functions given by thc dotted lines,
Epmax(Eo) and Epmin(E,), respectively, equal the specified value of Ep. It is evident that vir-
tually any pion with incident energy greater than the required minimum for an electron could
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Table 2

Average Nonlinear Energy Deposition for Noncolliding »*
and Maximum and Minimum Energy Depositions for Colliding =°

E, %stthru Epgwmu No.of Col. Epgs(Ee) Epmax(Eo)

(GeV) (MeV) mfp (MeV) (MeV)
1.0 12,7 186+ 0.7 1.36 17.3 498
28 15.2 196+ 0.8 1.68 29.3 1049
5.0 17.2 208x1.1 1.84 206 1967

10.0 15.6 222+44 1.70 221 3838
200 16.5 247+8.5 1.80 236 7504

produce any energy deposition greater than 500 MeV, with some probability. Hence, energy
deposition alone is not a hadron-lepton discriminant,

Even if E, (or the initial momentum) is measured in advance, it is difficult to completely
discriminate lower energy hadrons from leptons on the basis of total energy deposition. The
subsets of pions depositing energy within the electron Epni, and Epp, limits for the same E,
are treated separately in this paper. Since these are only 1.1% of the number of colliding his-
tories at 10 GeV, 3.1% at 5 GeV, 9% at 2.5 GeV, and 41% at 1 GeV, the statistics are very
poor and errors are not always given.

The resolutions a,,-,,/Ep calculated from the error bars in Fig. 2 are shown in Fig. 3.
These resolutions, especially for the 10-GeV electrons, are probably smaller than can be
obtained experimentally, since light collection statistics, noise, etc., are not included in these
calculations. Energy spectra are shown in the next section.

The longitudinal distribution of energy deposited in each lucite plate (integrated laterally)
is shown in Fig. 4 as a function of plate number. The standard deviations can be found for
each plate by multiplying the statistical errors in the average shown by approximately 30. The
large standard deviations indicate that the unique patterns of longitudinal distribution shown
need not hold for individual events; these may vary considerably from the average.

The calorimeter is thick from the point of view of an electron-photon cascade (of the order
of 20 radiation lengths), but thin from the point of view of the nucleon-meson cascade, as evi-
denced by the number of mean-free paths in Table 2. Almost all electrons deposit only a
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negligibly small amount of energy (<8 MeV)' in the back lucite plate of the calorimeter. For
pions, particulurly at the higher incident energies, the cascade (on the average) takes a longer
distance to develop because primary particles suffer only dE/dX losses until the first collision,
which may occur relatively late, and because the secondary particles generally are more
numerous, more encrgetic, and more forward as E, increases. Hence, as E, increases from |
to 20 GeV, from 6% to 81% of the pion cascades will deposit more than 8 MeV in plate 60,
Measurements in this plate alone (or in several plates at the back) might be a good discrim-
inant for high energy pions with E, > 5 GeV (see Section VII),

Also shown in Fig. 4c are the longitudinal distributions of energy for the subset of high-
energy-deposition pions with E, .(E,) € Ep € E,  ,(E,), ie, those x° that can be
confused with ¢ when a prior determination of initial energy is made in addition to the total
energy deposition. It is evident that these high-energy depositions result in rather flat longitu-
dinal »° distributions that look very much like the complete »* distributions at E, of 2.5 GeV
or less, but peak in the left half of the calorimeter at E, »5 GeV, as do ¢".

Finally, for 10-GeV e’ and 10-GeV =, the lateral distributions of nonlinear energy deposi-
tion, summed over all 60 lucite plates, are shown in Fig. 5a, as a function of fine strip width
(six fine strips of width y = 1,18406 cm are included in one broad strip). For a given energy,
E,, the electron lateral spreading is not as great as for pions, with a greater deposition in the
center. In Fig. 5b, the total 10-GeV x° energy distribution is shown broken up into the
hadronic and electron-photon components, respectively. The distributions are nonuniform in
transverse distance, y, and are not Gaussian in energy (except for the three center broad
strips).

Experimental measurements are assumed to be for the broad strips only and will include
the effects of the primary particle having an essentially uniform probability of incidence at any
point, y,, in the broad strip first entered, strip 5. The computed average effective energy depo-
sited in each broad strip, Epj, j = 1,9, averaged over the points of incidence, is shown in Fig.
6a for e" and Fig. 7a for ». Estimated resolutions are given in Figs. 6b and 7b.

The pattern of experimental Epj values for an individual particle may be asymmetrical for
several reasons: 1) the cascade may develop asymmetrically; 2) the particle may enter “strip
5" off-center, i.e., -3Ay € y, € 3Ay; and 3) the identification of "strip 5° experimentally may
be doubtful, for pions at least, if it depends on the assumption that the energy or the fraction
of energy deposited in that strip is a maximum. Typical spectra of energy fractions for some
strips are shown in Section V; they will be broadened if averaged over y,.

*At 10 GeV, 5% of the electrons deposit more than 8 MeV in plate 60,
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The first two of the above reasons contribute to large standard deviations for E;
(estimated resolutions ozp,/E p; were shown in Figs. 6b and 7b). Since they are so large, it is
difficult to use the lateral energy distributions as discriminants. Other statistics of the lateral
distribution are shown in Sections V and VI,

1V. ENERGY SPECTRA

Pulse height distributions for " und =", summed over all lucite plates and all strips in the
core of the calorimeter are shown in Figs. 8 and 9; these are the number of contributing his-
tories in a given interval, AE), of nonlinear cnergy deposition.

For electrons, the Gaussians computed with the quoted o's,

f #

N -
Ogp = w=n S (Epy ~ Ep)

A=)

(1)

where Ep, is the energy deposited by history n, are a very good fit. They have been renormal-
ized by the number of colliding histories, NV, and the AEp interval,

For pions, the Gaussian fits are better than might be expected except at the lower energy
limits. A substantial number of incident pions interact toward the end of this calorimeter,
thereby allowing for greater leakage and smaller pulse height signals.

Table 3 shows the values of E p/E, for the set of 20 lucite plates in each of the three strip
orientations described in Section I. The spectra for cach orientation are very similar to those
in Figs, 8 and 9.

V. SAMPLING FLUCTUATIONS

A kind of longitudinal fluctuation is shown in Fig, 10, where extrapolated standard devia-
tions of the differences in energy deposition between orientations are shown. The averages are
nearly but not quite zero, because the plates of orientations two and three are systematically
one and two plates downstream from those of orientation one. They can be obtained by con-
sulting Table 3. Some, but not much, hadron-lepton discrimination appears possible from
these difference distributions.

The standard deviations of two transverse sampling fluctuations are shown in Fig. 11,
Both have averages nearly zero for both ¢ and x°. The first, a, is for the left-hand side (broad
strips 1-4) minus the right-hand side (broad strips 6-9) energy deposition integrated longitudi-
nally, and shows left-right asymmetry to be much larger for many =~ cascades than for most ¢
cascades. The second, b, is for the sum of energy deposited in strips 1 + 3 + 6 + 8 minus
the sum deposited in strips 2 + 4 + 7 4+ 9 and shows even more pronounced differences.
Particles with either fluctuation energy greater than 50 to 100 MeV, as E, increases, are out.
side two standard deviations for ", but inside one standard deviation for x. However, the ¢'s
shown will be somewhat broadened if uniform probability of incidence over all points in strip 5
is assumed.
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Table 3

Effective Energy Deposition and Standard Deviation of the Energy
' Deposition in Lucite Plates of a Given Orientation (see Fig. 1)
for Incident ¢" and =~

Note: The energy depositions are divided by £, and the standard
deviations are divided by the effective energy deposition for a
given orlentation.

_ Orlentation 1_ _ Orlentation 2_ _  Orientation 3_
Eo, Epi/Ey o0spt/Epy Epa/Ee 0Em/Eps  Epy/Eo  orps/Eps
(GeV)
lnqldent e
1.0 0.13 0.13 0.13 0.13 0.13 0.13
2.0 0.13 0.092 0.13 0.10 0.13 0.10
50 0.13 0.060 0.13 0.060 0.13 0.060
100 0.13 0.040 0.13 0.043 0.13 0.042
Incldent =~
1.0  0.095 0.40 0.095 041 0.093 0.43
2.5 0.073 0.42 0.074 0.41 0.074 0.43
50 0.065 0.47 0.065 0.46 0.065 0.46
10.0 0.056 0.55 0.057 0.54 0.057 0.54
20.0 0.049 0.62 0.050 0.61 0.050 0.62

V1. TRANSVERSE FRACTIONAL ENERGY DISTRIBUTIONS AND MOMENTS

In this section it is important to keep in mind that strip 5 is assumed to be the strip in
which impact is first made; resuits are for center incidence in this strip unless otherwise stated,
It is assumed that a total of four broad strips exist on either side of this center strip. In an
experimental situation, a particle may be incident to one side of the area designated as the
core, so that fewer than nine strips can be used to keep the symmetry. Omission of some
strips may not affect the energy fractions unduly, since fractions in the outlying strips are
small; however, the first and second moments will be cut down considerably.

Figures 12-14 show the conditional probabilities, PG(FZI’Eo)’ for energy deposition fractions

Fy at fixed incident energy for 5-GeV «° and ¢ in strip 4 (strips 4 and 6 were averaged) and
strip 5.

For history n, point of incidence y,, and strip J,

S )
F, lll(yo) - Enj(ya)/ﬁzlEnj’O’o) .
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For any value of y, (omitted), the average fractions and standard deviations are

- N
F) = 3 FyN , (3)
a=l
N T 12 " (4)
OF) - E}' (Fyy — FYAN—-1) |

where N is the total number of colliding histories. The general shapes of the spectra are very
nearly the same for all incident energies, although the pion averages and all sigmas vary somc
with energy. The electron average fractions are very nearly independent of E, This is a
result of the fact that the e cascades are nearly all contained within the calorimeter core,
whereas the = cascades are not. Pion spectra for strips 1-3 are more or less decreasing
exponentials, not Gaussians; the electron spectra are somewhat in-between,

For center incidence (y, = 0.0), the »" spectra for F, in strip 5 typically show a peak near
Fs 2 0.96, indicating that a small fraction of the cascac{es (~5%), those in which the primary
pion usually collides in the lucite near the middle or the back of the calorimeter and deposits
energy near the minimum, are very nearly contained entirely within the impact strip. These
cascades would be difficult to distinguish from those of the straight-through pions, but elimi-
nation of them would not much affect the moment calculations. (Since all energy is assumed
deposited at the center of each strip, the center strip does not contribute, and both first and
second moments are zero, if Fs = 1.0.) A corresponding small peak in Fig. 13 indicating
some histories with 74 = 0.0 has been omitted. Spectra for the " subset look much like those
for all x, except the peak for Fs > 0.96 is missing.

The most noteworthy point about Figs. 12-13 is the fact that as little as 10% or less of the
total pion energy can be deposited in strip 5, with a maximum of 55% in one or the other of
the strips on either side (4 or 6). The maximum fraction for strips 3 or 7 was about 30%, with
a maximum of about 20% for strips 1-2 and 8-9. For ¢", the maximum fractions are about 1%,
2%, 3% and 10% for strips 1, 2, 3, and 4. Many ¢ and some = do not contribute to the outer
strips at all. Again, the spectra of energy fractions in each strip may be greatly altered if y, is
unequal to zero. Hence, it is not clear that the strip first entered can be determined from the
condition of maximum energy deposition, if the particle is a pion. This fact is important when
trying to compare experimental values of the first or second lateral moments of the fractional
energy distributions with calculations.

The values of <F(y,)>, where the brackets indicate averages over y,, arc shown in Fig.
15, with estimated resolutions for uniform and calculated resolutions for center incidence in
Fig. 16a for e and Fig. 16b for »*. Values of F; for center incidence are given in Table 4;
(strips 1 and 9 were averaged, etc.).

Some discrimination appears possible in the six outlying strips, which have 10 or 20 times
less average and maximum fractional depositions for ¢”. For center incidence, the average per-
cent of energy deposited in strips 4 or 6 is only 5% for ¢ and 12-14% for »". The fractional
discriminativn in the center strip looks good for center incidence, since all € are restricted to a
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Table 4

Average Percent of Total Energy Deposition in Broad
Transverse Strips for Center Incidence

E, Strip1 Strip2 Strip3 Strip4 Strip §
(GeV) (%) (%) (%) (%) (%)

Incident -

1.0 1.88 3.1 5.51 11.96 55.07
2.5 2.03 343 6.15 13.13 50.50
5.0 1.42 2.59 5.67 13.70 53,22
10.0 0.95 1.86 4.57 14.10 57.03
20.0 0.71 1.51 3.66 12.88 62.36

Incldent ¢

1.0 0.12 0.31 0.97 5.09 87.00
2.0 0.13 0.34 0.99 5.10 86.89
5.0 0.12 0.32 0.97 5.14 86.88
10.0 0.12 0.32 0.97 .11 86.94

Incident x° Subset

1.0 1.91 3.29 6.03 13.2 51.2
2.5 141 2.74 6.12 16.6 46.2
5.0 0.69 1.68 4.39 16.0 S4.4
10.0 0.34 0.85 27 11.7 68.8

maximum range of about 0.8 to 0.96 (at 1 GeV) contrasted with about 0.01 to 1.0 for ="
However, the assumption of uniform incidence in the center strip will broaden the e’ ranges to
about 0.40 to 0.96, so only about half of the total range is actually left exclusively to »". To
use this discriminant, one must be certain which strip is first entered.

The first lateral moment, or y-bar, for history a, is

9
Yoara(¥o) = I§| Fo0o)y; o ()
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where y, is defined to be the distance from the center of strip 5 to the center of strip j, regard-
less of the value of y,, which would not be known experimentally. The value of y-bar is thus
independent of the fraction of energy in strip 5, except insofar as the sum of the fractions is
one. However, the values of y-bar are fairly sensitive to the number of broad strips used; i.e.,
the outlying strips do contribute, even if the relatively small average fractions are used. If the
average y-bar is

N 9 - (6)
Y(y,) = EI YoaraUo)/N = j?l Fivolyy o

ne=

then the average over y,, <Y(y,)>, is less than 0.05 cm, as is Y for y, = 0.0. Graphs of |Y
versus Ep show that the average y-bar is most nearly zero near the average energy deposition,
Ep. For the relatively high-energy =" subsets, | M is less than 0.1 cm.

The spectra of individual history y-bars are shown in Fig. 17a and 17b for 5-GeV " and ¢
(center incidence), with Gaussians drawn using

N ]
Oy—bar ™ 2 orn — Y)z/(N—l) . )

ne|

For center incidence, all - y-bar values are within + 2 cm; the percentages of =~ with y-bars
within these limits are 45% at 1 GeV, 49% at 25 GeV, 57% at 5 GeV, 31% at 10 GeV, and
21% at 20 GeV. Values of the o,.p,r versus E, are shown in Fig. 18. These will be somewhat
broadened if variation with y, is taken into account, particularly for ¢". For uniform incidence
over the center strip, some individual absolute vaues of y-bar may be increased by more than 3
cm, if the point of impact in strip 5 is moved to either edge of the strip. Very large absolute
values of y-bar can generally be attributed to pions.

Second lateral moments can be calculated for individual histories, with g,, and its average
given by

9 #
Ty = E' Ffy=pueal | ®)

N
5, = 3 am/N . )

Spectra of gy, for center incidence are shown in Figs. 19a and 19b for 5-GeV x” and e,
For ¢, all g,, are less than 6 cm; for x°, 64% to 82% lic outside these limits. Average values
are shown with their standard deviations in Fig. 20 as functions of E,. The spectra of o,, are
not changed very much if yy,,, in Eq. (8) is replaced by zero. The only difference is a reduc-
tion in the slight peak near o, = 0.0. This peak is attributed to the particles with Fs = 0.96,
as shown in Fig. 13. No dependence of 5, on energy deposition (for a fixed E,) was found.
Again, the o, distributions will be broadened if uniform incidence over y, is taken into
account. Large values of o, may serve to discriminate some =" from e",

Figures 18 and 20 also show average g,.ps and G, for the x° subset; they are not appreci-
ably different from those for pions with smaller energy depositions.
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VIl. LONGITUDINAL DISCRIMINANTS

A first glance at the average longitudinal energy distribution shows a much higher energy
deposition at the back of the calorimeter for high-energy #°, but standard deviations are large.
Table S shows the percent of colliding particles with energy deposition in lucite plate 60 less
than 4, 8, and 16 MeV, respectively, for =", €, and m,upe’. The average energy deposited and
standard deviations for each limit are also given. The spectra are exponential; the maximum
energies, E¢omaxs for the data sets considered are also shown in Table 5. For 10 GeV ¢, only
about 5% deposit energy between 8 and 16 MeV, with a single - history depositing 30 MeV.
The remainder of the ¢° deposit less than 8 MeV here. About 5% of the 1-GeV =" deposit
energy between 8 and 50 MeV, with percentages up to 80% for higher energy =°; a few =
deposit energies up to 368 MeV in plate 60. The test for Ep > 8 MeV will not help much for
the = subset, but otherwise will screen out from 40 to 80% of the »“ at £, 5 GeV.

A second glance at Fig. 4 sugges.s measuring the energy difference between three succes-
sive sections of the calorimeter (not the same as the orientations previously discussed). The
three plate sets are the first 21, second 21, and last 18 lucite plates. These could be obtained
if the light output ior the 20-plate sets of each orientation could be divided into light output
from sets of 7, 7, and 6 plates and then re-combined.

Spectra for any of these energy differences show differences greater than zero for 70 to
100% of the ¢’, and differences greater than zero for 30 to 50% of the »°, but no clear cut
separation of particles. In Fig. 21 the fractions of histories with energy differences greater
than zero are shown as functions of E, for each permutation of plate set differences. The =~
fraction should be multiplied by the probability, Py, that a pion will collide (P is the
number of histories shown in Fig. 8, divided by 1000) to get the total probability of an energy
difference greater than zero. Assuming equal probabilities of # or ¢* in the initial beam, the
ratio of the e" fraction to the product of the »" fraction with Py for any permutation is a
rough measure of the relative probability of ¢ to =~ at the selected E,’s, if the energy differ-
ence is positive. If it is negative, use the fractions < 0.0 (= 1.0 — fraction > 0.0).

If one simply divides the calorimeter into two halves and finds the difference of the energy
deposition in the front minus that in the back, and uses the fact that the spectra of ¢ differ-
ences lie within the maximum x" energy difference and zero, then the conservative method
above is accurate. At E, = 1 GeV, a #° is 0.71 /Py times as probable as an ¢ if the energy
difference is positive, and an e is only 0.0021 /Py times as probable as a =°, if it is negative.
These percentages are taken from Table 6, which also gives the average energy differences and
standard deviations. In the last two columns, the average ratios of energy deposited in the
back to energy deposited in the front are given, with standard deviations. These average ratios
are 8 to 19 times as great for =~ as for e as E, increases from 1 to 10 GeV, but the spectra
are not Gaussian.

A variant discriminant using the shape of the longitudinal distribution is to assume meas-
urements of the energy deposition in a plate near the maximum for ¢, c.g., plate 15, and also
in plate 60, and to take the difference. Computed spectra of these differences show positive
values for virtually all electrons studied and for about 50 to 60% of all pions. Thus, any
negative value not very near zero can be attributed to a pion. This is not a very helpful
discriminant for the »" subsets, which show few negative values.

The percent of particles with Ejs—Eg greater than zero, as well as the average values of
this energy difference and standard deviati<ns, are given in Table 6.
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Table §

Percent of Colliding Particles with Energy Deposition In Lucite Plate 60
Less Than the Specified Eg,,, Average Energy Deposition by the
Fraction of Particles with Energy Less Than Eg,,,
and the Standard Deviation

Emax ™ 4 MeV Enex < 8 MeV Egex = 16 MeV
Upper Limit
E, % Eq Std.Dev. % Eq Std.Dev. % Eg  Std, Dev. Eomax
(GeV) <Epyy (MeV) (MeV) <Enex (MeV) (MeV) <Emiz (MeV) (MeV) (MeV)
Incident »°
1.0 90.1 0.39 1.02 95.4 6.79 1.58 98.3 1.00 245 83
25 76.8 0.86 1.40 85.8 1.37 2.00 91.0 1.93 310 116
5.0 4.9 1.51 1.60 599 2.61 242 76.0 4.46 4.32 140
10.0 214 1.83 1.69 384 3.64 2,55 58.4 6.42 4.62 203
200 1.5 1.81 1.66 19.2 4.20 2.4 338 7.47 4.46 368
Incident ¢
1.0 99.6 0.08 0.36 100 0.10 0.48 100.0 0.10 048 6
20 99.6 0.09 0.36 100 0.11 0.52 100.0 0.1t 0.52 7
50 95.6 0.34 0.72 99.6 0.55 1.26 100.0 0.59 1.44 13
10.0 84.8 0.78 1.02 94.8 1.28 1.85 99.8 1.74 2.76 k)
Incident x° Subset

1.0 874 0.16 0.61 954 0.63 1.70 9.5 8.67 2.32 83
25 76.7 0.41 0.92 904 1.17 2.00 95.9 1.69 2.9 62
50 654 0.81 0.98 84.6 193 2.3% 96.2 317 1.30 21
100 60.0 0.59 1.3 80.0 1.73 2.26 90.0 313 4.88 24
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Table 6

a) Plate 15 — Plate 60
b) (Plates 1 to 30) — (Plates 31 to 60)

Percent of Colliding Particles with Energy Deposition Difforences Greater
Than Zero, Average Values of Energy Differences, and Standard Deviations

Note: Last two columns give average ratio of energy deposition in back
half of calorimeter to that in front half, with standard deviations,

a b
E, % Eyg-Eq Std. Dev, % EtrntEnack Std. Dev.  <Ep.i/Erron>  Std, Dey,
(GeV) Epy>0  (MeV) (MeV) Epyr>0 (MeV) (MeV)
Incident »°
1.0 83 52 12.5 n 104 156 0.73 0.88
2.5 mn 6.6 21.9 57 86 314 14 1.7
5.0 54 4.1 29.6 48 -37 27 24 2.7.
10.0 46 3.7 50.9 a8 -158 903 30 39
20.0 39 -3.9 88.4 33 -85 1631 42 6.2
Incident ¢
0 99.4 17 10 99.4 321 65 0.098 0.28
2.0 100.0 k> 14 99.8 651 86 0.076 0.086
$.0 99.8 87 27 99.2 1467 289 0.14 0.20
10.0 100.0 167 44 100.0 2723 504 0.16 0.10
Incident x* Subset
1.0 86 7 14 66 116 203 0.93 1.06
2.8 79 19 26 62 156 77 2.0 2.7
50 92 3 3s 73 507 79 1.0 1.5
10.0 80 101 85 80 1116 1974 1.2 1.8
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SUMMARY

All calculations assume normal incidence and energy deposition in nine broad transverse
strips symmetric about the strip first entered.

The calorimeter is thin for n* (€1.8 collision mean-free paths) but thick for ¢" (~20 radia-
tion lengths). Hence, the calculated resolutions for normally incident 1- to 10-GeV e are very
good (<6%). The resolutions for 1- to 20-GeV =~ are very large (31-61%), and hadron-lepton
discrimination at a measured energy deposition is very problematic. Virtually any pion with
initial energy greater than or equal to that minimally necessary for an electron could producc
the measured energy deposition.

The best discriminants appear to be longitudinal, but are not much better than about 50%,
with the exception of back/front ratios. Average ratios of energy deposition in the back half
of the calorimeter to that in the front half are ten to twenty times larger for =* than for ¢,
even at E, < 5 GeV. At initial energies less than 5 GeV, measurements of energy deposition
in the last lucite plate, or plates, are of little value.

Transverse discriminants include the lateral energy depositions and the lateral fractional
energy depositions in each strip, with first and second moments. To use these, one should
know the strip first entered.

The typical energy depositions in each transverse strip are valid even if "strip 5" is off-
center and if fewer than nine strips are used. Averages were computed for uniforn. incidence
and were shown with estimated resolutions in Figs. 6 and_7. The lateral energy distribution is
definitely not as broad for ¢ as for #°, and the e’ ratio, E p,/E,, is a constant fcr each strip J,
as well as for the sum over all strips. However, the resolutions are large.

Spectra of the individual particle energy deposition fractions do depend somewhat upon the
use of nine strips. For uniform incidence, fractions of the total energy deposition that are less
than 40%, or greater than 96%, in the "center” strip, are almost certainly due to pions. Elec-
tron fractions in the off-center strips are generally 5 to 10 times smaller than those for pions.

For center incidence in strip 5, first moments, or y-bars, greater than about = 2 cm are
attributable to pions. Similarly, a o, greater than 6 cm indicates a pion. However, the exten-
sions of these y-bar or o, limits when uniform incidence is assumed are not given here. Also,
four strips on either sid’é of the center strip were used to obtain these results; fewer strips
would give smaller moments.

If a prior determination of initial energy is made, a pion subset that is small at incident
energies greater than 1 GeV (1.1% at 10 GeV; 3.1% at 5 GeV; 9% at 25 GeV; 41% at 1 GeV)
remains which could produce energy depositions in the same range as those for ¢. The
transverse statistics for these pions are similar to those for other pions. Longitudinal discrim-
inants are not of much help for the subsets, with the exception of back/front ratios.
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