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A method is proposed to calculate the first and second moments of the spatial distribution of the energy of electromagnetic and
hadronic showers measured in laterally segmented calorimeters . The technique uses a logarithmic weighting of the energy fraction
observed in the individual detector cells. It is fast and simple requiring no fitting or complicated corrections for the position or
angle of incidence. The method is demonstrated with GEANT simulations of a BGO detector array. The position resolution results
and the e/ir separation results are found to be equal or superior to those obtained with more complicated techniques .
t. Introduction

The use of calorimeter detectors in high energy
physics has become increasingly important in recent
years. A great deal of effort is still underway to investigate the physical performance of such calorimeters in
order to optimize usually one or ail of the following :
the energy resolution. the position resolution, and the
discrimination between electromagnetic (electrons and
photons) and hadronic showers, (c/,ir separation) [1].
In addition, since calorimeters are still rather novel
devices, various techniques of data analysis to obtain
the optimum results are still being explored [2] .
Lateral segmentation of both homogeneous and
sampling calorimeters is frequently employed as a
means to determine the incident position of the showering particle and also to discriminate between electromagnetic and hadronic showers on the basis of the
smaller lateral size of the electromagnetic showers.
Typically, the lateral cell dimension of the calorimeter
is chosen to be comparable to the size of an electromagnetic shower, that is, about one Molière radius
R M . The coordinates of the shower may be calculated
from the weighted mean of the coordinates of the
detector cells containing the shower [?] . Similariy, ihv
transverse size of the shower is estimated from the
second moment of the position coordinate about the
mean [4]. However, since the detector cell size is typically similar to the shower size it is found that the
resulting coordinates of the shower, calculated by simply weighting with the energy observed in each cell, are
highly dependent on the point of impact. Thus various
methods have been discussed to correct for this position dependence [3,5]. Likewise, the dispersion, or sec-

and moment, of the shower calculated in this way is
distorted by the position and angle of incidence [6,71.
In this article a very simple new technique is presented to calculate the shower coordinates and the
shower size. The method requires no fitting ; therefore,
it is fast and shows minimal sensitivity to the details of
the cell structure of the calorimeter, and therefore it
requires no position dependent corrections . The
method is demonstrated on a simulated homogeneous
segmented BGO calorimeter which is described in the
next section . In section 3 the method is described and
applied to the calculation of the shower position . In
section 4 results are presented for the separation of
electromagnetic and hadronic showers, as well as overlapping electromagnetic showers, based on the shower
dispersion calculated with this method .
2. The simulations
To study the proposed method, a portion of a
typical homogeneous calorimeter has been simulated .
The performance of a 5 x 5 array of BGO (Bi IGe3 0 r2)
scintillator crystals has been simulated using the
GEA~-lT3 [8] vionte îario code . This simulated detector corresponds in detail to a prototype detector which
has been constructed, but whose performance will be
described elsewhere . Thus, each individual module in
the simulated array consists of a BGO crystal of 2.485
x 2.485 x 25 cm3 (radiation length, Xo = 1 .13 cm,
Molière radius, RM = 2.44 em) wrapped with 130 Rm
of Teflon paper and 25 Rm of aluminized Mylar. In
addition, a 55 gm air gap surrounds each module . Due
to the air gap and the low Z material surrounding the
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crystals, there is some leakage of energy, and even
non-interacting particles for normal incidence, in the
results presented .
The response of the BGO array has been simulated
for electrons from 100 MeV to 20 GeV and for negative pions from 250 MeV to 20 GeV incident energies.
(The ionization energy loss peak for a 10 GeV pion is
at 275 MeV). For all results a detector energy threshold of 10 MeV has been applied. For each case presentcd, 5000 GEANT3 events have been produced .
The incident particles have been distributed uniformly
over an area of 2 x 2 BGO module widths centered on
the axis of the 5 x 5 BGO array and all results presented here have been summed over all positions of
incidence . Thus all possible positions of incidence
which would occur in a full detector system are represented equally .
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3. Incident position reconstruction
The most obvious method to use to estimate the
coordinate of the incident particle is to simply calculate the center of gravity of the shower [3]
XCalc =

~Wixi
i

wi

where xi is the x coordinate of the center of module i
and the weight factors wi are taken as the energy Ei
deposited in that module . Equivalently, the weights
may be viewed as the fraction of the total shower
energy in module i, wi = Ei /ET with ET = EjEj. Application of eq. (1) with such linear energy weights
gives results as shown in fig. l a for 10 GeV electrons in
the 5 x 5 BGO array. It is seen that although the
individual fluctuations in the calculated position are
quite small for a given position of incidence, there are
large systematic errors in the calculated position relative to the actual incident position . This is seen more
clearly in fig . lb where the average difference between
the calculated and incident positions is shown plotted
against the incident position. This well-known "Scurve" behaviour may be fitted to remove the nonlinear depen&nce on the position of incidence by making
a correction such as [3]
XCalc
4
sinh
(2)
A
[(
)
where d is the module half width and v' is a parameter corresponding to the exponential radial falloff of
the shower . In this expression XCalc is taken modulo
the interval [-d, A]. Since the fluctuations in the
original calculated position Xcalc are small (see fig .
lb), a careful correction for this systematic deviation
XCalc = XCalc + Olarcsinh
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Fig. 1 . The x coordinate calculated using eq. (1) with weights
linear in the energy deposited in a BGO module; i.e., wi = E;,
for incident electrons of 10 GeV. The calculated position,
Xcal,, is plotted against the incident x coordinate on an event
by event basis in (a). In (b) the solid points indicate the
average of the difference of the calculated position from the
incident position as a function of the incident position . The
vertical bars on the points indicate ± a; in the difference
distribution at that incident position. The positions of the
center of the BGO modules are indicated by the vertical
arrows in (a). All dimensions are in millimeters.
can give an excellent overall position resolution, of the
order of 1 mm for this case [9] .
From fig . lb it may be seen that the largest systematic error which results from the use of eq. (1) with
linear energy weights occurs as the point of incidence
shifts from one module to the next. This means that an
accurate knowledge of the detector geometry is required to make an accurate correction using, his
method . Furthermore, when the angle of incidence of
the particle is changed, the effect of the edges will be
smeared by the shower depth, changing the amount of
correction necessary, giving rise to angle and energy
dependent corrections .
It has been pointed out that the size of the deviation of the calculated position from the incident position depends on the ratio of the module cell size
relative to the shower size, 4/v' [3] (see eq. (2)). This
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is easily understood to arise from the fact that the
radial energy falloff of the showers is exponential, and
thus the energy deposited in a module decreases exponentially as a function of the distance from the point of
incidence . Therefore, if the module size is large compared to the shower size, then usually only a single
module will contain most of the energy and so it will
dominate the position calculation when its energy is
weighted linearly. For this reason, algorithms have
been proposed which take into account the exponential
falloff of the shower profile by weighting the energy
observed in the modules logarithmically. Two alternatives were suggested [3] . One was to use the modules
on opposite sides of that with the maximum energy and
calculate the position as
In

( Ei  ),
Ei-,

while another method was to use the two modules with
the largest signals and calculate the position as
1

"
Xcei~ = x; f d T Q In I2

(

E;

E ;tt

+1

A comparison of these methods using eqs. (2)-(4)
has been presented and discussed in detail in reference
[5] . In general, it is found that use of the logarithmic
weighting of the deposited energy signals produces the
best results of the three methods [4,5].
However, as might be expected, the best position
resolution results are to be obtained by using the
information from all modules in which energy has been
deposited by the shower. This has been done either by
fitting the observed energy signals to the calculated
response with model showers for various points of
impact [4], or by fitting the normalized shower energy
distribution to the expected exponential form with centroid and width of the shower taken as fitted parameters [5] . However, fitting of the showers is complicated
by the large shower fluctuations, it is time consuming,
and it does not necessarily take into account the position dependent response of the detector [5].
Rather than fitting the shower distribution, it is
proposed to use eq. (1), but instead of weights which
are linear in the energy deposited in a module, the
weights to be used are given by the following expression:
E;
w;=max 0, Wo +In ,
( ET
~ 1
where once again E; is the energy deposited in module
i, ET is the total energy of the shower ET = E ; E;, and
Wo is a free parameter . The motivation for this expression is to weight by the logarithm of the energy deposited in the module in order to take into account the
exponential falloff of the shower energy distribution, as

Incident X
(mm)
Fig. 2. Same as in fig. 1 but with weights logarithmic in the
energy deposited in a module ; i.e., w, = max{0, [Wo +
ln(E; /ET)]} (see discussion of eq. (5)).
discussed above. This gives rise to weight factors which
then vary linearly from the point of incidence so that
the linear eq. (1) will then be valid. The fact that the
energy observed in a module is actually a more complicated function, since it is an integral over a volume of
the radial shower profile, hardly matters . The exponential falloff from the point of incidence is the essential
dependence with other details largely unimportant relative to the shower fluctuations . The fraction of the
total shower energy is used in this expression to obtain
a result with minimal dependence on the incident
energy. A significant difference between the parameters Wo and those appearing in eqs . (2), (3), or (4) is
that it is dimensionless . An example of the results
obtained by using the logarithmic weights of eq. (5) in
eq. (1) with Wo = 4.0 is shown in fig . 2. The same data
set was used as in fig . 1. It is observed that the
calculated position correlates very well with the incident position with systematic deviations which are of
similar size as the fluctuations in the calculated position at a given incident position (see fig. 2b).
The dependence of the position resolution on the
weight parameter Wo is shown in fig . 3. The results are
shown for electrons of normal incidence at energies of
0.5, l, and 10 GeV distributed uniformly over the
central 2 x 2 module widths area of the BGO array.
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Fig. 3. The dependence of the resolution, y,r (in millimeters),
of the x coordinate determination on the logarithmic weight
parameter Wo used in eq. (5) . The results are shown for
electrons with normal incidence at incident energies of 0.5, 1,
and 10 GeV by the solid squares, triangles, and circles,
respectively. Results for 10 GeV electrons at a 6° angle of
incidence are shown by the open circles . The resolutions are
obtained from Gaussian fits of the distribution of differences
between calculated and incident position . The fit uncertain
ties of the extracted resolutions are smaller than the size of
the points .

The resolution values correspond to the Qz value obtained from Gaussian fits to the distribution of differences between the calculated and incident positions.
This distribution is well-described by a Gaussian except
when using small values of Wo . For each incident
energy a minimum in the position resolution is observed at a weight parameter value which increases
slowly from Wo = 3 .5 to Wo = 4.0 with increasing energy. A constant energy-independent value of Wo = 4.0
may be assumed with only a small loss of position
resolution at low incident energy. The observed dependence of the position resolution on the parameter Wo
can be understood by inspecting eq. (5) . The parameter
Wo serves two functions : first, to define a threshold on
the fraction of the total shower energy which a module
must exceed in order to be included in the position
weighting, and secondly, to set the relative importance
of the tails of the shower in the position weighting . As
Wo - oo, all modules with energy above the detection
threshold will be weighted equally, and so the calculated position will simply be the equal-weight geometric centroid of the cluster of modules in the shower.
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Thus the position resolution would be expected to
worsen if Wo becomes too large, as observed. On the
other hand, as Wo decreases, the modules with the
highest energy are weighted more heavily with modules
having an energy fraction below exp(- WO ) excluded
entirely . Therefore, if Wo is too small, only a few
modules dominate the position calculation and the
results again become sensitive to the position of incidence and the integrated position difference distribution becomes non-Gaussian, as noted above. The optimum value of Wo = 4.0 corresponds to a module energy fraction cutoff at 1.8% of the total shower energy .
An obvious advantage of the use of eq. (5) is that
the effect of shower fluctuations are damped by the
logarithmic weighting . Also the position resolution is
found to be rather insensitive to the angle of incidence
for moderate angles. This is shown in fig. 3 by the
results for 10 GeV electrons at an incident angle of 6 ° .
The position resolution dependence on Wo is found to
be similar to that obtained for normal incidence . It is
seen that the position resolution is improved at larger
angles of incidence for small Wo due to the fact that
the larger angle of incidence washes out the dependence on the incident position, as was discussed with
respect to fig. 1 . The optimum value of Wo, and the
resolution obtained at that optimum value, are essentially unchanged with the angle of incidence. However,
there is a shift in the average difference ( Xcalc - X,c )
with the angle of incidence . At normal incidence the
average difference is 0 but a difference of 8.2 mm is
obtained at 6 ° incident angle. Such a shift is to be
expected since the position extracted corresponds to a
position located on a plane at some depth within the
BGO array where the energy is deposited. The observed difference of 8.2 mm at 6 ° corresponds to a
position extracted at a depth of about 7Xo, which lies
between the shower maximum and the shower median
for 10 GeV incident electrons [2,101. Thus in application of eqs . (1) and (5) to the position calculation it is
necessary to make a position correction for nonzero
angles of incidence. However, this correction is an
obvious one, simply due to the effective depth of the
shower (which increases logarithmically with the incident energy), depending only on the radiation length,
Xo, of the detector material, but not depending on the
detector granularity or cell size. Finally, it may be
noted that since the parameter Wo is dimensionless
and concerns only the shower criergy fractio^s i^. â
module, it is expected that detectors of different materials, but with module sizes which contain similar fractions of a shower, will give optimum performance for
the same value of Wo.
The energy dependence of the position resolution
obtained using eq. (1) with eq. (5) is summarized for
electrons and pions in figs. 4a and 4b, respectively. An
electron position resolution of aX = 0.2 t 2.75E -1/2
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4. Shower identification

a
0
0
0

a
ô
"II

0
a

In general, it is of importance to discriminate between electromagnetic (photons and electrons) and
hadronic showers when using electromagnetic
calorimeters. A large amount of discrimination against
hadronic showers results simply because they deposit
only a fraction of their energy in an electromagnetic
calorimeter, as discussed above. Additional e/,ir separation can be obtained by making use of the fact that
electromagnetic showers have a smaller radial energy
profile than hadronic showers . Thus the shower dispersion, D, obtained from the second moment of the
shower position coordinate has been used as the classic
means to obtain additional e/,ir discrimination [4] .
Alternative methods which use only the number of
modules above a threshold energy, or the fraction of
the total shower energy in the central modules of a
shower, have also been discussed recently and shown
to be effective for high incident energies [11]. Similar
to eq. (1), the second moment about the mean is
calculated as
Ewixi

2

i

Fig. 4. The energy dependence of the position resolution, ax,
for the x coordinate determination for incident (a) electrons,
and (b) pions. The results are obtained using the logarithmic
weights of eq. (5) with a weight parameter WO = 4.0. Points
are shown for incident electron energies of 0.1, 0.25, 0.5, 1, 3,
5, 10, and 20 GeV. For pions the points are shown for gates
on the deposited energy after summing all events of incidient
energies of 1, 3, 5, 10, and 20 GeV . The vertical bars on the
points indicate the uncertainties of the values extracted from
the Gaussian fits to the data. An energy dependent position
resolution
of o-x = 0.2 + 2.75E -1,12
mm
and vx = 2.7 +
3.9E Dc1 2 mm is obtained for electrons and for pions, respectively.

mm is obtained for electrons distributed at normal
incidence uniformly over the central area of 2 x 2
module widths of the 5 x 5 module BGO array. This
result is similar, or slightly better than results obtained
in beam tests with a BGO detector array after position
dependent corrections [9] . For pions, the position resolution correlates with the energy deposited in the BGO
array. Since the length of the BGO array is only about
one interaction length, the deposited energy is always
much less than the incident energy with large fluctuations due to the fluctuations in the starting location of
the hadronic shower and in the amount of containment. A position resolution, dependent on the deposited energy, of ox = 2.7 + 3.9E De1 /12 mm is obtained
for pions.

E wi
i

where x; is the coordinate of module i and the weights
w; are usually taken as equal to the energy deposited in
that module, wi = E; [4,6,7] (note : here we refer to D,
rather than D2 [4,6,7], as the dispersion) .
In view of the problems of the incident position
dependence of the calculation of the first moment of
the shower when using linear energy weights, as discussed in the previous section, it can be expected that
similar problems will occur for the calculation of the
second moment of the shower. Indeed, position dependent corrections to the second moment have recently
been proposed [7] as a means to obtain an improved
e/,ir separation by removing the position dependence
and hence providing a measure of the dispersion with
less variation. However, as with the first moment, the
position dependent corrections are angle dependent [7]
to the extent that if these corrections are not made,
the calculated dispersion appears strongly angle dependent, even for small angles of incidence [6,7].
As with the calculation of the first moment (eq . (1)),
it may be expected that the calculation of the second
moment using eq. (6) with the logarithmic energy
weighting of eq. (5) can provide a measure of the
shower dispersion which is independent of the detector
granularity, since it takes into account the exponential
falloff of the shower energy distribution . An example
of the calculated shower dispersion, using the logarithmic energy weighting, is shown as a function of the
incident position in fig . 5 for 10 GeV electrons incident
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Fig. 5. The shower dispersion in the x coordinate, D.,, calculated using eq. (6) with the logarithmic weights of eq. (5) as a
function of the incident x position for 10 GeV electrons.
Results are shown using weight parameters of WO = 4.0, 4.5,
and 5.5 in (a), (b), and (c), respectively. The center coordinates of the BGO modules are indicated by the vertical
arrows shown in (c). The horizontal arrows in each part
indicate a dispersion value which would correspond to one
module half-width, 4. All dimensions are in millimeters.

normally over thé central area of 2 x 2 BGO module
widths. Results are shown in figs. 5a, 5b and 5c for
weight parameter values of WO = 4.0, 4.5, and 5.5,
respectively . It is seen that although a weight parameter value of WO = 4.0 gave the optimum results for the
calculation of the shower location, this value of WO
results in a calculated shower dispersion which shows a
strong incident position variation. Instead, the position
dependence begins to disappear at a WO value of 4.5
and is negligible when WO = 5.5. The effect of small
variations of the angle of incidence of the particle on
the calculated dispersion is small when a weight parameter is used which is large enough to show no
position dependence. However, for small values of the
weight parameter, the position dependence will be
washed out (see fig . 5a)) and so the calculated dispersion will show a greater angle dependence [7] .
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The dependence of the dispersion on the WO parameter of eq. (5) may be understood by the observation that this parameter plays an additional role in the
calculation of the second moment . Not only does it
determine a threshold on the fraction of the total
shower energy in a module, but since increasing WO
gives larger weight to the modules in the tails of the
shower, it determines an effective shower energy density at which the corresponding shower radius, or dispersion, is extracted . Thus increasing WO corresponds
to determining the shower size at a location of lower
energy density in the shower profile, and therefore the
calculated dispersion is observed to increase with WO.
Thus, the calculated dispersion using this weighting
method is not a simple estimate of the slope of the
exponential energy falloff, although there will be a
particular value of WO which would provide a best
estimate of the shower slope parameter, a. For the
optimum e/,rr separation with a given detector the
shower slope parameter may not be the best quantity
for shower discrimination . As might be expected, it is
only when the electromagnetic shower is studied at a
level of the shower energy profile which corresponds to
a size larger than the detector granularity (see the
horizontal arrows of fig. 5) that a shower dispersion
can be extracted which is independent of the detector
size without position dependent corrections.
In fig . 6 the total shower dispersion, D = [D,2 +
D~2, ]t/2, is plotted against the energy deposited in the
BGO array for electrons and pions of various incident
energies . The dispersion is calculated using the logarithmic weighting with a weight parameter of WO = 4.5.
From this figure it may be seen that the average value
of the dispersion, D is rather independent of the
energy deposited in the BGO array, while the variation
in the dispersion, o-D, increases for low deposited energy. Since at least three modules are necessary to
obtain a meaningful measure of the dispersion, at very
low energies there appears anomalous dispersion values of zero or one module halfwidth corresponding to
having signals in only one or two modules, respectively.
In order to obtain a good separation between electromagnetic and hadronic showers it is desired to have
a large separation between their respective average
dispersions, be and D,, with variations in their individual dispersions, o-D and o-D, which are as small as
possible (see fig . 6). Therefore the weight parameter
WO should be chosen to optimize the e/, r separation
by optimizing these quantities . This is shown in fig . 7a
where the average dispersions are plotted for various
values of WO for electrons of 1 and 10 GeV incident
energy and also for pions which deposit from 1 to 10
GeV in the BGO array (see fig . 0. The width of the
dispersion distributions, t aD, are indicated by the
vertical bars on the data points.
From these quantities a measure of the e/,ir separa-
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tion can be obtained by calculating an e/7r resolving
power as
R =

A

40

2

( D,,,

- De )

a
,,°, 30

O'D,ffDe

The resolving power between 1 or 10 GeV electrons
and pions depositing 1 to 10 GeV energy is shown as a
function of WO in fig 7b. From these results it is seen
that the resolving power is greater for higher energy
showers due to the decreased width of the shower
dispersion distribution. It is observed that the resolving
power between electromagnetic and hadronic showers
is greatest when using a weight parameter of WO = 4.5,
which corresponds to an electron shower dispersion
which is just larger than a single module halfwidth and
therefore position independent (see fig. 5). (Note that
the value of the weight parameter used for optimum
position resolution need not be the same as the value
of the weight parameter used for the purpose of optimum shower identification.) These results suggest that
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Fig. 7. Part (a), the dependence on the weight parameter WO
of the total dispersion of the shower, D =[DX + D,2, ]1/2, calculated using eq. (6) with weights calculated using eq. (5).
Results are shown for electrons of 1 and 10 GeV incident
energy by the open squares and circles, respectively. The solid
circles show the results for pions of 1, 3, 5, 10, and 20 GeV
incident energies gated on deposited energies between 1 to 10
GeV in the BGO array (see fig. 6b). The points indicate the
average values of the total dispersion D. The vertical bars
indicate f Qo of the distribution of shower dispersions. (b)
The dependence of the resolving power between electrons
and pions on the weight parameter WO. The resolving power
is calculated with eq. (7) using the results shown in (a).
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Fig. 6. The correlation between the total dispersion of the
shower D =[D,, + D,2, ] 1 /2 :-^.3 the amount of deposited enPrev for (a) Plcciions and (b) pions. The results are shown for
incident electron energies of 0.1, 0.25, 0.5, 1, 3, 5, and 10 GeV
and incident pion energies of 0.25, 0.5, 1, 3, 5, 10, and 20
GeV. The dispersion is calculated using eq. (6) with weights
given by eq. (5) with a weight parameter of WO = 4 .5.

the e/,ir separation would be further improved by a
smaller BGO module cell size and the use of a correspondingly smaller value of WO.
The level of e/,ir separation which may be obtained
using the shower dispersion calculated with eq. (6) and
the logarithmic weighting of eq. (5) is shown in fig . 8.
In this figure the fraction of electrons or pions accepted by having a calculated dispersion which is less
than an upper dispersion cut is shown for varying
dispersion cuts. The results are shown for electrons
and pions at normal incidence distributed uniformly
over the central area of 2 x 2 BGO module widths. In
8a the results are shown when the total shower dispersion, D = [ D. + D~211/2 , is used with WO = 4.5. As an
example, with a dispersion cut of D < 20.0 mm more
than 78%, 78%, and 99% of the electrons of 0.5, 1, and
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ent detector systems and incident energies is difficult,
the present results appear equal or superior to results
which have been quoted using other techniques [4,6,7].
It is possible to obtain a slightly improved e/zr
separation by using only the maximum shower dispersion calculated as Dm. = max(D, D,,). A resolving
power improvement of about 25% is obtained with an
optimum weight parameter of WO = 4 .0 . The improvement results from the larger fluctuations of the
hadronic showers and also because it removes some of
the position dependence of the calculated elect-om-s¢netic shower dispersion by using whichever coordinate
does not lie near the center of a module (see fig. 5).
Since it removes some of the position dependence it is
optimized at a lower value of WO . The fraction of

0.8

-Separation :
a 1 mod
0 1 .5 mod
0 2 mod
0 10 GeV Electrons

0.6
0.4
Fig . 8 . The fraction of electrons and pions accepted for
varying upper limit cuts on, (a) the total shower dispersion
D = [ Dx + Dy P", or (b) the maximum shower dispersion
Dmax = max(D, D,,) . The dispersion is calculated using eq. (6)
with eq. (5) using optimum weight parameters of WO = 4 .5 and
WO = 4 .0 for (a) and (b), respectively . Results are shown for
electrons of 0.5, 1, and 10 GeV by the solid squares, triangles,
and circles, respectively. Results are shown for pions which
deposit 0.5-1, 1-3, and 5-10 GeV in the BGO array by the
open squares, triangles, and circles, respectively .

10 GeV incident energy are accepted while less than
26%, 65v, and 8o of pions depositing 0.5-1, 1-3, and
5-10 GeV of energy would be accepted . It is interesting that the hadronic showers which deposit the largest
energies are not discriminated against as well as moderate energy showers . This is partly due to the fact that
such hadronic showers, which deposit a large amount
of energy, probably had a large electromagnetic component in the shower and therefore have a dispersion
which is more similar to an electromagnetic shower .
Also, pions which deposit a large amount of energy are

not all fully contained in the 5 x 5 BGO array and so
their dispersion is underestimated. It is clear that a
dispersion cut which depended on the amount of energy deposited could be used to obtain a fixed energyindependent acceptance level for the electromagnetic
showers while providing a maximum hadronic shower
rejection . Although a comparison of results for differ-
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Fig . 9. The fraction of overlapping pairs of 5 GeV electron
showers accepted. In (a) the fraction accepted is shown as a
function of the cut on the total shower dispersion D = [D, +
D,~] 1 /2 , for incident separation distances, r =[(x l - x2)2 -(yt
)2
y2 ] 1/2 , between the two showers of 1, 1 1 , and 2 BGO
module widths by the open circles, squares, and triangles,
respectively. For comparison the fraction of 10 GeV single
electron showers accepted is shown by the solid circles (same
as in fig. 8a) . In (b) the fraction of overlapping 5 GeV showers
accepted is shown as a function of the separation distance, r,
using a cut on the total dispersion of D < 19 .5 mm which
accepts greater than 99% of the single 10 GeV electrons. The
vertical arrow indicates one full module width, 2J .
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elections or pions accepted by having a calculated
DM. which is less than an upper dispersion cut is
shown for varying dispersion cuts in fig. 8b for comparison with the results of fig. 8a.
Another important aspect of shower discrimination
is the identification of overlapping electromagnetic
showers, as may happen for the symmetric decay of a
high energy ir° [4]. An example of the level of identification of overlapping electromagnetic showers with the
present method is shown in fig. 9. In fig . 9a the fraction
of showers accepted by having a calculated total dispersion which is less than an upper dispersion cut is
shown for varying dispersion cuts. Results are shown
for pairs of 5 GeV incident electrons separated by 1,1 ?,
and 2 BGO module widths and, for reference, for
single 10 GeV electrons. It is seen that the 5 GeV
shower pairs separated by more than 12 module widths
are easily rejected. In fig . 9b the fraction of 5 GeV
electron pairs which are accepted with a dispersion cut
of D < 19.5 mm, which accepts more than 99% of the
single 10 GeV electrons, is shown as a function of the
separation between the two electron pairs. A significant amount of two-shower rejection is attained even
for showers within one module width of one another.
5. Conclusion
A new method has been presented to identify showers and calculate their incident position in laterally
segmented calorimeters. The method follows the traditional method in which the shower position is calculated from the weighted mean of the modules containing the shower, and in which the shower identification
is obtained from the second moment of the shower
coordinates about the mean. The new feature of the
present method is that it uses a logarithmic weighting
of the energy fraction observed in a module to calculate the first and second moments. The method uses
the information from most of the modules of the
shower to obtain the optimum resolution and identification power, but does not require fitting or position

dependent corrections for the cell structure of the
calorimeter. The method has been demonstrated with
LEANT Monte Carlo data and shown to give results
which are similar or superior to those obtained with
the other methods.
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