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ABSTRACT
We have simulated the "intrinsic" resolution contributions of albedo loss and noncompensation in a large,

homogenous calorimeter, using the cascade program FLUKA87. For a noncompensating calorimeter, the fluc
tuations in electromagnetic content via 'lr 0 production produce a resolution contribution which is very nearly
proportional to the degree of noncompensation and almost independent of energy-the so-called "constant
term." For a lead calorimeter (essentially identical to a fine-sampling uranium-scintillator calorimeter), the
constant term is approximately given by 14% x 11- fe/thl, where te/f.h is nearly the "intrinsic elh" introduced
by Wigmans. Albedo losses produce a non-Gaussian contribution with (T l::':; 1l%/...fE, in reasonable agreement
with experiment.

30 GeV n- on Lead
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FIG. 1. Dotplot showing electromagnetic energy
vs, hadronic energy deposition for cascades in
duced by 30 GeV[c 'Ir- mesons normally incident
on a large lead "calorimeter."

is "large," in the sense that no leakage occurs,
and "homogenous," in the sense that there are no
cracks and the absorber/readout-plane structure
(if any) is the same from front to back. Cascades
are simulated in a large lead cylinder, because
lead has about the same density, radiation length,
and nuclear interaction length as a fine-sampling
uranium/scintillator calorimeter with uranium
and scintillator plates of equal thickness.

The general approach is illustrated in Fig. 1.
Hadronic cascade events in the lead cylinder are
simulated using FLUKA87[1J. For each event, the
amount of energy deposited in electromagnetic
and hadronic channels is recorded. For such an
event the calorimeter response is

Rhad = feEEM + fhEhad ,

where f e and fh are the efficiencies with which
the calorimeter converts deposited electromag
netic and hadronic energy into an observable
signal. The ratio £e/£h is very close to Wigmans'
"intrinsic e/h," with qualifications discussed in
Ref. 2. Given data like those shown in the dot
plot, it is very easy to calculate resolution as a
continuous function of the ratio £e/£h'

One can think of the measured distribution as
the normal projection of the data onto the axis
shown by the dashed line in Fig. 1. If the line
makes a 45° angle with the z-axis, then elec
tromagnetic and hadronic energies are weighted
equally, and the calorimeter is compensating. In
this case resolution is optimal. If the calorimeter
is noncompensating, the projection axis is tilted,
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1. Introduction

As a step toward understanding calorimeter
resolution, a study has been made in which
only two irreduceable contributions exist: (a)
"albedo" losses from the front face, and (b) fluc
tuations in the fraction of the energy going into
the electromagnetic channel via 1r0 production.

For simplicity, we choose a calorimeter which



and the scatter along the 45° line due to fluctua
tions in the 1("0 content broadens the distribution.

Three effects contribute to the resolution:

a) The scatter along the 45° line due to 1("0

content fluctuations, if the calorimeter is non
compensating;

b) Albedo losses from the front face, which show
up in the figure as a non-Gaussian scatter
away from the 45° line;

c) Failure of the program to exactly conserve
energy on an event-to-event basis, which also
shows up as scatter away from the 45° line.

Energy is lost in cases b) an d c), and so events
fall below the 45° line. The three effects are
deconvoluted to separate the contributions at
each energy.

2. Simulations

FLUKA is a high-energy hadronic cascade sim
ulation code which transports particles down to
a cutoff energy, set at 50 MeV for these runs. A
switch can turn on EGS4. If the switch is off,
as is the case here, the electromagnetic energy is
deposited locally. All below-threshold hadronic
energy is deposited locally.

FIG. 2. Geometry of the lead cylinder used in
the simulation runs.

The dimensions of the cylinder are shown in
Fig. 2. For each energy, two runs are made: in
one, pions incident along the axis are allowed to
interact anywhere, and in the other, interactions
are prohibited in the first 25 centimeters, or
about 1.5 nuclear interaction lengths. In this
case there is essentially no albedo loss. An
example of data obtained with the interaction
point constraint is shown in Fig. 3. The scatter
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normal to the diagonal is obviously much less
than in Fig. 1.

One should expect all events to scatter along
the 45° diagonal in the absence of albedo loss.
A program has as much difficulty tallying all
hadronic energy as does a real calorimeter, and
most of the scatter perpendicular to the line is
due to this problem. Newer versions of FLUKA
have reportedly corrected the problem, but we
have not yet rerun the simulations. The scatter
is simply treated as another contribution to the
resolution and removed by appropriate subtrac
tions. Before analysis, the hadronic response at
each energy is renormalized so that the resolution
is optimized for Ee / Eh = l.
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FIG. 3. As Fig. 1, except that the particles
are constrained not to interact in the first 25
cm of the lead "calorimeter." Albedo losses are
virtually eliminated.

3. Deconvolution

For a normal run (no constraint on the first in·
teraction point) the net variance is taken as the
sum of the three contributions discussed above:

(;) :ot = (;) :oncomp + (;):b +(;) :xt
The subscripts refer to the total resolution and
contributions due to noncompensation, albedo
loss, and the extraneous part due to energy
nonconservation in the program. We use this
approximation in spite of the fact that the



compensation contribution is very nearly linear
in the degree of noncompensation, 11- EelEh I, and
(b) albedo losses convert the intrinsic resolution
into a hyperbola-like curve which is essentially
flat within 10% of compensation. This is an
energy-dependent statement, since the albedo
contribution decreases with energy, while the
noncompensation part stays almost constant.

The noncompensation contribution should be
compared with that shown by Wigmans in Fig. 4
of Ref. 3. His slope is 22% x 11 - £e/£hl, in con
trast with our 14%, perhaps reflecting differences
in the simulation programs and materials. The
parabolic shape near the bottom is possibly the
result of his (incorrect) direct addition of resolu
tion contributions, rather than their addition in
quadrature.

4. Results

A typical albedo-loss spectrum is shown in
Fig. 5. At 50 GeV only half of the events lose
more than 0.2 GeV. The distribution is quite
skewed, since there can be very little albedo
loss for events with first interactions deep in the
calorimeter.

The particles escaping from the front of a
calorimeter are produced in the first few hadronic
collisions, and so the lost-energy fraction de
creases as the energy of the incident hadron
increases (as we shall see, as roughly liVE).
The scatter of points away from the 45° line in
figures like Figs. 1 and 3 should therefore de
crease with energy. In addition, the distributions
shift to the right along the 45° line as the 11'0

content increases with energy. These effects are
shown in Fig. 6 for 500 GeV incident particles.
The scatter along the 45° line must also decrease
as the distribution moves to the right-in other
words, the slope of the noncompensation contri
bution must decrease as the energy increases. In
practice, this change is so small as to be lost in
the Monte Carlo statistics. The resolution con
tribution due to fluctuations in the 11'0 content is
essentially constant, as has been pointed out by
Wigmans.

These results are shown in Fig. 7, where we
have evaluated the noncompensation contribu
tion at 11 - £e!£hl = 0.1.
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FIG. 4. Contributions to the resolution at 30
GeV as a function of the degree of noncompen
sation.
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FIG. 5. Albedo loss spectrum for 1000 '11"-

induced cascades in lead. The first bin (E <
0.2 GeV) contains 503 events. Since most of the
escaping energy is carried by debris from the
first few interactions, the amount of lost energy
depends only weakly on incident energy.
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contributions (albedo in particular) are non
Gaussian. In the case of the constrained runs
the albedo term is missing, and if we choose
fel£h = 1 the noncompensation term is also
missing. Accordingly, all three contributions can
be extracted from two runs at the same en
ergy. Results of the procedure as applied to
the data shown in Figs. 1 and 3 are shown
in Fig. 4. It is interesting that (a) the non-
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5. Comparison with experiment

with energies ranging from 10 GeV to 50 GeV. In
some of the runs the plates were read out only on
one edge, so that plates in even and odd positions
provided two independent readouts. By summing
and differencing the variances of different com
binations of the two results, it was possible
to separate the sampling and intrinsic fluctua
tions. Since sampling fluctuations dominated, er
rors on the intrinsic resolutions were fairly large.
For hadrons incident on uranium/scintillator, the
corrected result was (20.4 ± 2.4)%/..{E, and for
lead/scintillator it was (13.4 ± 4.7)%/VE. Both
test calorimeters were nearly compensating, so a
constant term is not expected.

The solid curve drawn in Fig. 7 is l1%/JEj it
is not a fit because we did not attach errors to the
Monte Carlo points. A somewhat higher curve
would have been drawn for the range 10 GeV <
E < 50 GeV. In any case, it is difficult to assess
which of the two experimental configurations is
most closely modeled by our simulation in lead.
The level of agreement does suggest that we have
identified the energy-dependent intrinsic fluctua
tions extracted by Drews et al. with fluctuations
in the front-face albedo losses. An experimental
check would be straightforward: Events selected
by requiring a near-minimum-ionizing signal in
the first or second scintillator plane should ex
hibit no observable intrinsic fluctuations.
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FIG. 6. Dotplot showing electromagnetic en
ergy vs. hadronic energy deposition for cascades
induced by 500 GeV[c '11"- mesons normally
incident on a large lead "calorimeter."
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FIG. 7. Albedo loss and noncompensation con
tributions to resolution as a function of incident
energy. The noncompensation contribution is
evaluated at 11- fe/fhl = 0.1, and is nearly lin
ear in 11 - edehl. Curves are drawn to guide
the eye.

The contributions of sampling and "intrinsic
fluctuations" have been measured in a very nice
series of test beam experiments by Drews et al.[4J.
Lead/scintillator and uranium /scintillator test
mod ules were exposed to electrons and hadrons
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