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ABSTRACT

The lateral profile of the energy deposition in a prototype of a lead and scintillating
fiber calorimeter, constructed in the framework of the LAA project at CERN, has been
measured for both electromagnetic and hadronic showers in the energy range from 5 to
150 GeV. The distributions are well described by analytic functions whose parameters
allow one to determine the radial scaling of the shower development. In the electromag-
netic case, the data are compared to Monte Carlo calculations. Estimates of the lateral
leakage outside of the detector are made as well as calculations of the average 7 content
of hadronic showers and event-to-event fluctuations in this electromagnetic component.
A method is developed whereby knowledge of the hadronic shower profile can be used to
determine the relative calibration constants of neighboring towers in such a calorimeter.

(Submitted to Nuclear Instruments and Methods in Physics Research)
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1. Introduction

The Spaghetti Calorimeter (SPACAL) is a lead and scintillating fiber sampling
calorimeter, developed within the framework of the LAA project at CERN, that offers
the excellent energy resolution, hermeticity, speed, and lateral segmentation necessary
for future high energy colliders.!" Its basic electromagnetic and hadronic calorimetric
properties have recently been measured”™ in a full-scale (13 ton) prototype, including
certain aspects of longitudinal shower development.m The structure of the prototype
lends itself well to the study of the lateral distribution of the energy deposit from
pion and electron showers because of its small lateral cell size. Such measurements are
important in determining the relevant shower cluster sizes for a calorimeter operating in
a future SSC/LHC experiment, as well as for setting a benchmark against which Monte
Carlo code simulating shower development may gauge itself,

The average lateral shape of electromagnetic showers has been examined by many
others in a variety of materials (see for example Bathow et al.,"” for measurements made
in lead, copper, and aluminum at 6 GeV) and has been shown to agree quite well with
Monte Carlo calculations to 2 or 3 orders of magnitude in the energy deposit. Similarly,
attention has recently been focused on the measurement of the lateral profile of hadronic
showers. Among the latest work include measurements™ made by the Zeus Calorimeter
Group using a uranium/scintillator calorimeter in the energy range from 10 to 100 GeV,
and studies"” made by the WA80 collaboration using an iron/gas calorimeter at energies
below 25 GeV. The former offers comparisons with current Monte Carlo simulations of
the hadronic shower development process but is limited by coarse segmentation. The
latter suffers a suppression of the electromagnetic component of the shower. Neither
examines the lateral profile of the energy deposit beyond an energy range greater than
about two orders of magnitude.

In this analysis we present data covering nearly 5 decades in the energy deposit out
to a radius of 50 cm for a prototype of a lead and scintillating fiber calorimeter. The
beam energies for electrons and pions varied from 5 to 150 GeV. The calorimeter s
described in section 2, and the data selection is described in section 3. In section 4 we
try several phenomenological functions to describe the average lateral energy deposit,
and use these functions in section 5 to estimate the shower containment at different
radii as well as to estimate the average n° fraction of hadronic showers. Section 5 also
describes a technique of calibrating the calorimeter using knowledge of the hadronic
shower profile. A comparison is made to Monte Carlo calculations for electromagnetic
showers.




2. The Calorimeter

The calorimeter used in this analysis has 13 tons of instrumented mass and measures
1 meter in diameter by 2 meters deep. It is read out by 155 longitudinally unsegmented
and nonprojective towers that are hexagonal in cross section with an apex to apex
distance of 86 mm. The absorber consists of grooved sheets of extruded lead 1.92 mm
thick, 50 mm wide, and 2 m long. Plastic scintillating fibers* 1.0 mm in diameter are
placed into the 1.1 mm wide grooves lengthwise so that they can be read out at the
rear of the detector. The front ends of the fibers have been polished and mirrored with
sputtered aluminum (85% reflectivity) to increase the effective attenuation length of the
fibers to about 8 m, thereby making the response of the calorimeter more uniform with
depth.

The detector was constructed by stacking the lead and fiber matrix without the use
of any glue or solder. The fiber to fiber spacing is 2.22 mm and is done in such a way
that each fiber is equidistant to its six nearest neighbors (hexagonal geometry, as shown
in fig. 1a). Each tower is formed at the rear by bunching 1141 fibers into an hexagonal
structure, machining and polishing the end surface, and then coupling the light through
an hexagonal light guide (79 mm long, 42 mm apex to apex) to a photomultiplier.™

The lateral cross section of the detector as a whole is shown in fig. 1b. The central
tower is surrounded by 6 concentric hexagonal rings and one partially complete ring,.
The active part of the calorimeter has roughly a cylindrical shape with a diameter of
1 m. By construction, there are no cracks between the towers.

The volume ratio of lead to fiber was set at approximately 4:1 in order to achieve
compensation, but subsequent a,na.lysis['a] demonstrated that e/h = 1.15 & 0.02. That
is, the m° component of hadronic showers will be overestimated by 15% relative to
the non-electromagnetic part, and this will have to be accounted for when interpreting
the results of the hadronic shower profile. The volume ratio leads to a rather small
sampling fraction (2.3% for electromagnetic showers) and compact shower dimensions.
The effective radiation length (Xo) of this detector is 7.2 mm, and the effective Moliére
radius® (Rm) is 20 mm. The effective nuclear interaction lengthlg] (A1) is 21 cm while
the average density is 9.0 g/cm®. Therefore, the dimensions of the calorimeter amount
to 9.5 A1 in depth by 4.8 A1 across. ‘

Two methods were employed to improve the dynamic range of the readout electronics
during the test period. On the one hand, the high voltages of the photomultipliers were
set to yield gains that gradually increased radially from the center of the detector; on
the other, the output of each photomultiplier signal was split into an amplified and

* SCSF-38, produced by Kyowa Gas, now Kuraray Co. Ltd., Tokyo, Japan
»% Phillips XP 2282, 8-stage
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unamplified channel. Two anode signals were delivered from the base of each SPACAL
tower by means of a passive splitter. One of these went into the counting room and was
fed into an active splitter to deliver one signal with a gain of 1 and another with a gain
of approximately 10. The two signals were digitized by a 12-bit charge-sensitive ADC?
operating under a 400 ns gate. The gain of the ADCs was approximately 4 counts/pC
for a full scale range of 1000 pC, and sparse data readout was enabled: signals smaller
than 4 counts above pedestal value were not recorded.

The other part of the base signal went into a linear adder’ to be combined with
the signals of each of the towers in the same hexagonal ring. The resulting ring sum
signals were then treated identically to the signals that went directly into the counting
room. This procedure helped to eliminate some of the effects of the ADC threshold on
the signal distribution and will be discussed further in section 3.3. In practice, only
rings 3 through 7 were instrumented for this part of the base signal.

The gain of the photomultipliers in the ‘central detector region was set to deliver
4 pC per GeV of electromagnetic energy deposit into each of the two paths leaving the
bases. This gradually increased to 20 pC/GeV for the cutermost rings so that the ADC
threshold for a single tower on an amplified path corresponded to about 5 MeV.

3. Data Selection
3.1 THE BEaM LINE

The measurements presented in this analysis were performed in the H2 beam line of
the Super Proton Synchrotron at CERN during June 1990. A trigger counter telescope
was employed which consisted of 5 scintillation counters (S; —Ss) and two beam cham-
bers (BCy and BC;) with z and y readout as shown in fig. 2. A sixth trigger counter (S)
was often employed 12 cm in front of the calorimeter with an absorber sheet (1.14 Xg
tungsten and 0.53 Xy lead) strapped upstream to act as a pre-shower detector, and this
helped to discriminate between pions and electrons. In addition, a 10 cm thick block
of paraffin was sometimes installed in one of two positions in front of the calorimeter
with another scintillation counter (Sj)} following it in an attempt to simulate hadronic
jets. This block was 44 cm upstream of the calorimeter in the close position and 147 cm
upstream in the far position. Triggering required a pulseheight in S; of at least twice
the minimum ionizing value. Finally, a smaller prototype of the calorimeter described
here, consisting of only 20 towers, was placed transversely behind the main calorimeter
to detect particles leaking out the rear.

* LeCroy 2280 series
* LeCroy 628




Data were taken at beam energies of 5, 9.7, 20, 40, 80, and 150 GeV for electrons
and negative pions. The electron beams studied in this analysis were incident at an
angle of 3° with respect to the fiber direction, whereas the pion beams were incident at
0°. The 3° tilt is necessary to reduce channeling effects of the electrons.™ At low beam
energies (5 and 9.7 GeV) the pre-shower detector formed part of the trigger and rejected
pion events if the Sg pulseheight was above about 7 times the minimum ionizing value.
Electron events were rejected if the S pulseheight was below this value.

The main calorimeter was calibrated at 40 GeV by sending about 1500 electrons into
the centers of each of the towers. This gave a statistical precision of about 0.3% on the
relation between picocoulombs to GeVs; but because of instabilities in the photomulti-
pliers and local nonuniformities in the response of the fibers, the relative calibration of
the towers is known to only several percent. The calibration runs lasted 51 hours for
155 towers.

Approximately 3000 electrons and 5000 pions were sent into the center of the
calorimeter at each of the above energies with the pre-shower detector Sg in place.
Furthermore, at 80 GeV a 12 x 12cm? electron grid scan and a 24 x 24cm? pion grid
scan were performed, each consisting of 49 different impact points and about 2000 events
at each point, These latter grid scans, performed at .an angle of 2° with respect to the
fiber direction and without the pre-shower detector, offered great detail on the later-
al shower shapes since they provided many different off-center beam impact locations
within a tower. A plot of the locations for the electron scan is shown in fig. 3. The
spacing for the pion scan was twice as large. Finally, pions at energies of 40, 80, and
150 GeV were sent into the paraffin target, placed either at 44 or 147 cm upstream from
the calorimeter, with the Sj counter in the trigger. About 10000 events were recorded
at each energy. As with the grid scan, Sg was removed and the tilt was 2°.

3.2 ANAvLysis Curs

Offline analysis cuts on the data require that the beam spot, as measured by the
beam chambers, lie within a 1 cm radius at high energies (40-150 GeV), within 1.2 cm
for 9.7 and 20 GeV, and within 2 cm for 5 GeV electrons. Furthermore, the z and y
readout of the two chambers must agree to within 1.3 cm at all energies but 5 GeV to
limit the contribution of off-axis events. The cut is 3.2 c¢m for 5 GeV electrons. Neither
cut is applied to 5 GeV pions since other cuts already limit the sample size substantially.

The pulseheights on the two trigger counters S; and S, are required to be between 0.5
and 1.75 times the minimum ionizing value. To remove events caused by contaminating
beam particles, a cut of twice the minimum ionizing value is imposed on the Sg pre-
shower detector when it is in place. Electrons below this cut are rejected, as are pions
above it. To further separate between the two particles, and additionally to eliminate
possible muon contamination, a containment cut based on the energy deposit pattern in
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the main calorimeter is exploited. The fraction fs'~ of the energy deposited in the six
towers with the largest contribution to the total signal is required to be larger than 98%
for electron candidates. Pions are accepted only if they are less contained than this,
which removes the electron contamination but more importantly discards the significant
muon contamination at low energies. Typically, muons will interact in only one or two
towers, and electrons are contained to about 95% in one tower. The effect of this cut is
slight at high beam energies.

As it was, the pion (electron) contamination in the electron (pion) beam was minimal
(< 1%) at energies above 40 GeV. The muons in the pion beam comprised 2% of the
events at 150 GeV, increasing to 80% at 5 GeV. Additional muon rejection is obtained
by requiring the backing calorimeter to show less than about 0.1 GeV of energy deposit
and by eliminating events that deposit less than 1.75 GeV in the main calorimeter. In
all, about 50% of the electron and pion samples survived all the cuts except at 5 GeV
where the muon contamination was substantial™ .

For the simulated hadronic “jet” events, a charged particle multiplicity cut based
on the S; pulseheight is always applied. The cut eliminates events that deliver a signal
of less than 9 times the minimum ionizing value.

Initial analysis of the data from this test period showed 8 towers in the main
calorimeter to be noisy. For this reason, they are left out of the analysis covered in
this paper. If the total signal from the calorimeter is needed, an interpolation for the
signals in these towers is made by using the lateral profile fits described in the next
section. Three other towers suffered from readout problems and thus did not have the
amplified data as described in section 2 available. Consequently, information was not
always available from these towers when the energy deposit was smaller than the ADC
threshold on the unamplified path.

3.3 CORRECTIONS AND LIMITATIONS

As pointed out in section 2, the readout electronics ignore signals smaller than 4 ADC
counts above the pedestal value. This tends to bias the average of the observed signals
toward smaller values for the signals observed in the outer rings of the calorimeter (and
for those channels without amplified information). Indeed, for towers in the outermost
ring, only about 10% of the events have signals above the ADC threshold for 9.7 GeV
pion showers. This limitation in the readout distorts the outer shape of the lateral
profile, particularly for low energy pion showers.

One method to recover this lost information was described™ in another paper, and
depends on parameterizing the observed signal distribution to estimate what fraction
is missing. Specifically, a Poisson-like distribution is fit to the signal lineshape of each
tower and the integral of the area below the cutoff is calculated. For the present analysis,




further investigation into the nature of the ADC threshold correction was made since
the results of this work depend much more on the effect than the results of previous
analyses.

This study is based on a detailed comparison of the hardware ring sum signals
to the corresponding software sum of the signals from each tower. Recall that each
hexagonal ring had a part of their signals ganged together before entering the ADC,
thus increasing the total size of the signal relative to the electronic threshold. Analysis
of the available hardware sums on pion data show that their signals are indeed larger
than the equivalent software sums of individual towers, indicative of the effects of the
cutoffs, with the discrepancy greatest at the lowest beam energies. This is illustrated
in fig. 4 for rings 3, 4, and 6 as the total ring sum signal per GeV plotted as a function
of the pion beam energy. When one corrects for the limitations in the ADC readout
according to the original method of fitting to the lineshape of each tower, one finds that
the resulting new software ring sum is too large compared to the hardware sum.

For the present analysis the difference between the software ring sum and the hard-
ware ring sum is taken to be size of the threshold correction for the ADCs. A factor is
added to the mean signal of each tower so that the two ring sums agree. In principle
this ignores the threshold effect on the hardware sum, but since the signal distribution
was well separated from the cutoff this correction is negligible. Possible explanations for
why the original method (which predicteéd a correction roughly twice the difference be-
tween the hardware and software ring sums) overestimated the effect are that noise and
pedestal fluctuations can distort the signal shape by artificially moving events above the
cutoff. Since the electronic signals were always pedestal subtracted, these fluctuations
can only increase the observed mean whereas the original effect was to decrease it.

Since this procedure differs from what was previously published™ one is naturally
concerned about how such a change affects the results of earlier work. For instance,
the calculation of e/h depended on an estimate of the total amount of signal that
goes unobserved, which includes the threshold correction described here as well as an
estimate of the amount of lateral leakage from pion showers escaping the calorimeter
(described here in Section 5.1). These two estimates are interdependent: an increase in
the signal from each tower extrapolates to a larger amount of leakage; and for the earlier
reference” the excess signal from the threshold correction led to an anomalously large
leakage estimate. Instead, the shape of the lateral profile was forced to be the same at
low energies as for high, and the leakage was calculated using those parameters. With
the present understanding of the ADC threshold correction no such ad hoc procedure
is required to estimate the lateral leakage, and the value of e/h remains unchanged at
1.15.

Finally, the reader is reminded that these corrections are only significant at low
beam energies and at large radii from the shower axis. They are meant only to be
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suggestive of the systematic error on our measurements, and they will always be shown
along with uncorrected data. Since electromagnetic showers are contained to a region
with a radius smaller than that of the first available hardware ring sum, no correction is
applied to electron runs. The fraction Eyiss/ Eqns of the total amount of signal that goes
unrecorded in the 155 tower collecting area for pions is shown in table 1 as a function
of beam energy.

Further limitations in the analysis of the lateral shower shapes have to do with the
noncompensation of the calorimeter and with the attenuation length of the fibers. The
calorimeter is not quite compensating (e/h = 1.15), so pion showers will inherently
exhibit nonlinearities (about 5% in the energy range from 5-150 GeV) with respect to
the beam energy due to the changing average 7° fraction. Moreover, hadronic showers
penetrate deeper into the calorimeter and suffer less light attenuation than the more
forward and well localized electromagnetic showers. This imposes a different calibration
constant for pions than for electrons on the relation between the picocoulombs measured
by the ADC to the energy deposition in units of GeV. Since the net displacement is about
40 cm between the two types of showers over an attenuation length of about 800 cm, the
effect is on the order of 5%. Unfortunately, the average depth of the showers varies with
energy. This poses no problem for electromagnetic showers because the scaling distance
is a radiation length, but hadronic showers scale with the much larger interaction length
and can exhibit small nonlinearities (about 1% per order of magnitude in E) in the
observed signal due to light attenuation in the fibers.

The net effect of all this makes a simple calibration of the pion signal independent
of the peculiar properties of the calorimeter difficult. Therefore, the pion showers will
only be presented in units of picocoulombs, but models will be invoked to understand
certain nonlinearities. The interested reader in referred to another paperm on how to
remove these effects. The lateral electromagnetic profiles will be presented in terms of
the measured picocoulombs and the inferred energy deposit (4.0 pC/GeV).

3.4 SHOWER AXIS DETERMINATION

A method to obtain the lateral coordinates of a shower axis using the SPACAL
calorimeter has previously been r-eported.lz] Such methods are necessary here to obtain
the average position of the shower center since several sets of data used in this anal-
ysis have been taken under conditions where the beam does not enter the calorimeter
perpendicularly. The finite depth of the shower leads to a lateral shift by several cen-
timeters of the location of the mean energy deposit from the impact position determined
by the beam chambers, which is significant compared to the resolution of the lateral
distributions. Of course the finite longitudinal extent of the shower also will affect the
shape of the lateral profile: any steeply falling core will be broadened somewhat by the
tilt of the calorimeter.




The method of obtaining the shower centroid simply involves making an energy-
weighted average of the coordinates of the inner 19 towers of the detector. However,
because the tower size is comparable to the scaling length of the shower profile in that
region, these coordinates must be transformed in a Wa,ylzl that is different for pions and
electrons.

4. Lateral Shower Shapes
4.1 FITTING METHOD

The purpose of the analysis in this section is to present the lateral energy distribu-
tions of electrons and pions showering in the SPACAL calorimeter and to determine a
shower profile function dE/dA that represents the differential energy deposit dF in an
infinitesimal area dA of the detector. Analysis of a given run is based on the average
signals of the 147 active towers used to collect data. The uncertainty in the energy
deposit in a particular tower is taken to be the statistical error on the mean. The finite
extent of the beam spot is thus folded into the data: any steeply falling radial depen-
dence of the energy deposit is smeared with the width of the beam. However, shifts in
the average location of the shower axis are accounted for as described in section 3.4.

The average shower profile is presumed to depend only on r, the distance from the
average shower axis. The data are presented by plotting the mean signal observed in a
tower as a function of the distance » from the center of the tower to the average shower
axis; thus the differential shower shape is integrated over the surface area of a tower.
Although this is a natural way to present the data, one should note peculiarities that
exist when not explicitly unfolding the underlying differential profile. For instance, an
infinitesimally narrow profile would not lead to a spike in this plot. Rather, for those
values of r that were inside the incident tower, the plot would be a constant equal to
the energy deposit in that narrow region. An immediate turnover would occur as soon
as r reached the boundary of the tower. This explains the rather gentle slope at small
values of 7 in the data to be shown. The steepness in the differential profile is only
revealed by how quickly this curve turns over as a function of r at the boundary of the
incident tower.

In order to compare this data with a phenomenological function, a simplification in
the integration is introduced: namely, that the hexagonally shaped towers are approxi-
mated by circles of equal area (r. = 3.9 cm). This imposes a negligible error except for
beam impacts near the boundary between towers. We assume no leakage out the rear
of the detector,"" so the lateral energy deposit represents an integration over all depths
together with the effects of fiber attenuation.
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The energy deposited into a tower is calculated to be the integral of a differential
shower profile dE/dA(r), for which a certain analytical function is assumed, over the
area of a circular tower. For a tower i whose center is located a distance 7; from the
shower axis, where r; > r¢, this energy is:

Li-+r.
dE dE
Ei = / EZ rdrdqb = f E TdTA¢(T) (1)
Ti—I
where the angular function is given by:
4rir?

Ag(r) = 2arcta_n\/ - 1. (2)

(7 + 7 —r2)2

Smaller radial impacts logically follow from this.

A x* minimization fit on Ej is done using the MINUIT"® minimization package to
determine the free parameters in the expression to describe dE /dA(r). Only statistical
errors on the measured energy deposit are used; but because this method is sensitive
to any miscalibration of the towers, these errors are increased to force the x? to equal
the number of degrees of freedom before determining the error on any fitted parameter.
Typically, the x? values of the fit before scaling range from 10 to 50 per degree of
freedom for almost 150 degrees of freedom.

4.2 ELECTROMAGNETIC PROFILE

Figure 5 shows the lateral profile of an 80 GeV electromagnetic shower out to 15
Moli¢re radii along with two curves to be described shortly. The data were taken from
the grid scan of 49 different impact points, and each dot represents the signal in one
tower for one of these positions. As mentioned in section 3.3, no correction is applied
to the electromagnetic shower information to account for the effects of the cutoffs of
the ADCs. The flat shoulder in the data at radii less than 4 cm is a consequence of
containing a narrow shower in a relatively wide tower, a feature already noted in the
last section.

The solid line through the data is the result of a calculation based on the EGS4™”
Monte Carlo program. One hundred showers were simulated at 80 GeV using the S-
PACAL geometry. Energy cutoffs were 0.1 MeV for electrons and positrons, 0.01 MeV
for gammas. The radial energy deposit, as determined by EGS, was satisfactorily pa-
rameterized by:

d_E_ — E',T_Oe—r/ﬂ.w + @e—r/].s.ﬁ + %%e—r/.'i.oo GeV/cmz (3)
dA r r r
This radial energy density could then be integrated to yield the signals that would
occur in a SPACAL tower as a function of radius. This technique was checked by
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directly tallying in EGS4 the energy deposit in the towers of the first few rings of the
SPACAL calorimeter; the agreement was good.

The Monte Carlo calculation does a very good job in describing the data for radii
less than about 20 em (10 Ryg), and it is remarkable that the agreement extends over 5
orders of magnitude in the energy deposit. The departure of the Monte Carlo from the
data at radii greater than 20 cm, where more signal seems to be recorded in the data, is
a feature that also was noted by Bathow et al.”’ for their measurements made in lead.

The dashed line shown in fig. 5 is a fit of a two-parameter energy density function
that is similar to that used by Grindhammer, Rudowicz, and Peters:""

dE Alr

4~ (7 + BIp )

Although traditionally a double exponential is used to parameterize the lateral energy
deposit, this choice describes the data equally as well, and its two parameters have a
much more physical interpretation. The natural scale length B is very close to the
Moliére radius. Of course, the small r dependence is only approximate: one can see
deviations of the fit in the steep region after the shoulder. But for this analysis, a
simple global description seems more intuitive than a complicated expression. One can
anyway rely on EGS4 to get the expected shape of electromagnetic showers.

This global behavior scales very well with energy. Figure 6 shows the lateral profile
of a 9.7 GeV electromagnetic shower takén at one impact point. Note the far fewer
data points available than with the grid scan data. In this graph, the first data point
is the central tower, the next six are the ring of towers surrounding it, and so on. The
solid line is again an EGS4 calculation —this time with 400 simulated showers— and the
dashed line is the two-parameter fit. Table 2 and figs. 7a and 7b show the values of
these parameters as a function of the beam energy. Parameter 4, when divided by the
beam energy, is practically independent of energy, at least for E > 20 GeV. Parameter
B is consistent with the Moliére radius. Both A and B are positively correlated so that
if one fluctuates upwards, the other tends to follow. This explains why at 5 GeV the
fit with the lowest x? has both parameters systematically larger than those at other
energies. Only the statistical errors on the parameters are shown.

Perhaps a better way to display the energy scaling of the data that is less subject
to correlations among the parameters is to divide the signal in each tower by the beam

energy and then to display all of the energy scan runs on one graph. This is done in
fig. 8. The dashed line is the best fit curve to all of the data, and the result is listed in
the last row of table 2.

12
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4.3 PioN PROFILE

A sample of runs from the 80 GeV pion grid scan is included in fig. 9. Several analytic
forms of the differential energy deposit were tried, but the simplest that describes the
prominent central core and the surrounding halo is a combination of an exponential and
a Gaussian:

dA r r

The solid curve in fig. 9 is a best fit of this function to the pion grid scan data. The
central core of the pion shower is seen to have a 4.24 c¢m scale length while the large
r region scales with 14.0 cm. The latter presumably is composed mainly of low energy
neutrons released in the shower development process that have rather large scattering
lengths. The phenomenological ansatz (5) fits the data rather well over almost 4 decades
of variation in energy deposit. Of note is also the slow turnover of the profile at the
tower radius, which indicates a much broader lateral energy deposit than an entirely
electromagnetic shower.

dE _ B . + By —2pn (5)

The correction for the energy cutoff of the ADCs is significant at low energies.
Figure 10 shows the lateral shower profile of 9.7 GeV pions without any corrections
(open circles) and with a correction based on the technique described in section 3.3
(crosses). At large radii the correction predicts a shallower profile than the uncorrected
data suggests, which has implications on the estimated amount of leakage outside of the
calorimeter. The scaling length A; of this outer region is 16 ¢cm when eq. (5) is fit to
the corrected data (dashed line), but only 14 cm when the uncorrected data are used
(solid line).

Table 3 lists the values of the 4 parameters of eq. (5) when fit to data of all energies.
The numbers in parentheses refer to the results when corrected data are used, whose
statistical errors are comparable to those shown for the uncorrected results. We should
point out that the parameters listed for 80 GeV are slightly different than those obtained
with the grid scan, particularly A; which describes the central core; but the grid scan
was performed with the calorimeter tilted by 2° with respect to the beam so one should
expect a slightly broader core. The results listed in table 3 concern pions that enter the
calorimeter perpendicularly.

The energy dependence of the scaling parameters A; and A is displayed in figs. 11a
and 11b. The values of Ail based on the uncorrected information from the detector are
practically constant with' beam energy at 14.3 cm. The corrected information shows
an increase in A; at energies below 40 GeV up to 17.7 cm at 5 GeV. The value of Az
decreases with increasing beam energy, indicating that the central core of the shower is
becoming steeper, a situation noted by others.”™ The corrected and uncorrected values
lie close to each other for all energies because the limitations in the readout are not
significant at small radii.

13




The energy dependence of the remaining two parameters is plotted in figs. 12a and
12b for the quantities B /E and B3/E. Tt can be seen that for both uncorrected and
corrected data, that B; is essentially linear with beam energy and that B increases
more than linearly. This can be stated quantitatively as follows for the corrected data:

By =0.021 E

6
B; = 0.043 E'? (6)
The increase of Bz with energy can be interpreted as a growing electromagnetic com-
ponent of the hadronic shower development.

Although one does not expect the pion shower shape to scale linearly with energy
in this calorimeter for the reasons described in section 3.3, one can anyway treat the
profile data that way by dividing the tower signals by the beam energy and displaying
all available energies on one graph as was done for the electromagnetic showers. This
universal curve is shown in fig. 13 for the uncorrected data only. An expanded view to
show the differences in the small r region is shown in fig. 14. The graphs show a large
degree of scaling in the pion shower profile from 5 to 150 GeV. The main difference lies
in the fraction of the energy deposited into the central tower, which increases with beam
energy. This leads to a decrease in the percentage of energy lost laterally outside the
detector (» > 50 cm) with increasing beam energy. Further discussion of this point is
deferred until section 5.1. A fit to the energy deposit using the energy density function
given by eq. (5) is shown as a solid line through the data points; its parameters are
listed in the last row of table 3.

4.4 MULTI-PARTICLE PROFILE

Showers initiated by a single hadron actually will be quite rare in experiments at
the new multi-TeV colliders such as the SSC and the LHC. More frequent will be the
hadronic jets that result when the quarks and gluons scattered from the primary inter-
action fragment into a spray of particles. For that reason, it is important to understand
the shower dimensions in a calorimeter planned for one of these new machines when the
initiating event is a jet rather than a single pion. In the present analysis, an attempt
was made to simulate these high energy multi-particle jets by placing a block of material
in the beam line and requiring an interaction to oceur as measured by a downstream
scintillation counter. Events were selected to have the greatest charged multiplicity
available —9.0 or larger- the overflow value of the S 7 ADC. We recognize the fact that
these “jets” lack the true multiplicity, electromagnetic content, and width of real jets;
so this topic needs more study.

Figure 15 is a plot of the lateral shower profile of an 80 GeV “jet” with the target in
the close position, 44 cm upstream of the calorimeter. The profile is similar to that from
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single pions. The large r scaling length is slightly larger at 15.2 cm as determined by a
fit of the energy density function used for single pions. Also, the small r development is
slightly different; the central core is noticeably wider and smaller in amplitude. Aside
from the 2° tilt of the calorimeter, this is a direct result of the opening angle of the cone
of particles leaving the target.

Figure 16 is a plot of an 80 GeV “jet” but with the target moved further upstream
to 147 cm. The central core now barely stands out above the periphery. The fit to
the data based on the energy density function of eq. (5) does not quite describe the
shape of the profile at the smallest radii by overshooting slightly the energy deposit
in the central tower; so one really requires a new function to describe the features of
the profile. This can be seen in table 4 which lists the values of By, Ba, A1, and Ag
when eq. (5) is fit to the lateral profiles of these simulated “jets.” The parameters
drift away from the single pion ones as the energy decreases and the target is moved
away. This is to be expected since the opening angle of the cone of particles—determined
by the average Pr/ Py of particles produced in the upstream interaction-will increase
with decreasing longitudinal momentum; and the projection of this cone on the front
face of the calorimeter will increase as the distance between target and the calorimeter
increases. The data at 40 GeV with the target in the far position are left out of the
table since a fit to the lateral profile could no longer be made to converge.

A less obvious characteristic of these simulated “jets” is that the total energy con-
tained under the lateral profile curve (integrated to infinite radius) is smaller than for
single pions. Approximately 7% of the signal for 80 GeV “jets” originating from the far
target position is unaccounted for. Two effects will cause such a change. One is that
some amount of energy will be lost in the paraffin target because of the energy spent
in the recoil and the breaking up the impacted nucleus. The other is that the average
depth of the resulting shower in the calorimeter will move forward relative to single
pions, and the attenuation of the fibers will reduce the observed signal. It may be con-
venient to think of the “jets” as hadronic showers with a fixed starting point, namely in
the target; whereas single pions penetrate the calorimeter on average by an interaction
length (which for pions is approximately 1.5 A\; = 30 cm) before interacting, the “jets”
do not. A difference in the mean depths of the two types of showers has been inferred
from the lateral displacement of the shower centroids with the calorimeter tilted, and
confirms about a 30 cm shift. This leads to a 3-4% effect from the attenuation of the
fibers.
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5. Applications
5.1 CONTAINMENT STUDIES

We turn now to a study of how the shower shapes determined in the last section
translate into cluster sizes for our detector. The parameterizations of the lateral energy
deposit based on egs. (4) and (5) can be integrated to yield the shower containment as a
function of radius. Taking 80 GeV as a standard energy, fig. 17 shows the containment
fraction of electrons, pions, and hadronic “jets” as a function of the radius of the cluster
size. The latter is taken with the target 147 cm upstream of the detector.

The figure shows that electromagnetic showers are 95% contained in a cylinder of
radius 3.5 cm (1.8 Ry) and 99% contained in a radius of 6.5 cm (3.3 Ry). For the
current prototype this corresponds to one tower and a group of 7 towers respectively.
Hadronic showers initiated by a single pion are only 50% contained in a region of radius
3.5 cm (0.17 A1), and they are contained to the 95% level in a radius of 32 cm (1.5 Ap),
which is roughly equivalent to the inner 61 towers of this detector. The “jets” are less
contained. The model chosen here selects the target 147 cm from the calorimeter and
requires a charged multiplicity of 9 or greater in each event. At a radius of 11 cm
(0.53 A1) these showers are 50% contained, and at a radius of about 50 cm (2.5 A1) they
are 95% contained.

The energy dependence of the containment was also studied by estimating the lateral
leakage outside of the calorimeter for showers initiated by a single pion. This method
involves extrapolating the shower profile curve based on eq. (5) to infinite radius from
the boundary of the calorimeter (at an effective radius of 49 cm). The resulting leakage
as a fraction of the total signal is shown in fig. 18 for both uncorrected data and data
corrected for the cutoffs of the ADCs. A significant systematic uncertainty is seen
at the three lowest energies, evident by the departure of the corrected data from the
uncorrected, which is a direct consequence of the uncertainty in the slope of the shower
profile near the outside edge of the calorimeter. The 5 GeV adjusted data are a factor
of 3 larger (3% versus 1%) than the uncorrected data. The two curves drawn through
the points are based on simple estimates of the non-electromagnetic component of pion
showers, and they will be treated in detail in the next section. We remark here that the
fractional energy loss is smaller at high energy than at low energy.
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5.2 #% CONTENT OF HADRONIC SHOWERS

Of interest in the study of the hadronic shower development process is a measure
of the fraction of energy that is bled off into electromagnetic channels. This fraction,
primarily composed of 7°s which are produced in the first few generations of the shower
development, has previously been studied using Monte Carlo code for hadronic inter-
actions (cf. ref. 15 and the references therein). In the present analysis, an ansatz is
made based on the lateral shower develo;-)ment to calculate this quantity using the data
available from this calorimeter.

An estimate of the average x° fraction can already be inferred from the energy
dependence of the ratio of the electron signal to the pion signal (“e/7”). If “e” denotes
the efficiency in converting electromagnetic energy into a measureable signal, and “A”
the same for non-electromagnetic energy, then

E(E) = (k= Sﬁo(E) ) (7)

where fro is the average fraction of energy going into 7° production in an hadronic
shower. By measuring the energy dependence of e/m one can infer e/h and f,o. This
was done in a previous analysis” to yield e/h = 1.15 £ 0.02.

Another method of determining fro is to use the lateral shower profile information. If
one assumes that the scaling of the hadronic shower at large radii is non-electromagnetic
(composed of neutrons, for instance), then one can define that scaling to be the non-e.m.
component at all radii. In the present context this means defining (B;/r)e~"/* in the
energy density given by eq. (5) to be the hadronic piece. The electromagnetic piece is
then the Gaussian term. The fraction of the energy spent in 7% production based on
the parameters of eq. (5) is then:

2 Bl)q]—l. ®)

fro(obs.) = [1 + ﬁBzAg

A graphical example of how this technique works is shown in fig. 19 for the lateral
shower profile of 150 GeV pions. The area above the dashed line is defined to be the
electromagnetic fraction of the energy deposit, and it comes out to be 57% of the total.
The fact that the exponential non-e.m. term does not show up as a straight line on this
logarithmic plot is due to the integration of the differential shower density over the finite
area of a tower. In practice there are correlations among the 4 parameters of eq. (5)
which might skew the calculation, so A; and A; are held fixed to the values obtained
from the universal fit of fig. 13: 14.1 cm and 3.83 cm respectively. The relative amounts
of the two pieces in eq. (5) are allowed to vary, however, so B) and Bj are fit to the
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pion shower profile at each energy. The calculated electromagnetic fraction is displayed
in fig. 20 along with the statistical uncertainties for data uncorrected and corrected for
the effects of the ADC thresholds.

Of course, the fact that this calorimeter is slightly undercompensating means that
we will overestimate the electromagnetic fraction of the hadronic shower development
somewhat. The observed x° fraction is related to the intrinsic fraction by the relation:

_ (e/h)f'rro
f.,ro (Obs.) = (e/h — l)f.,,-o T 1. (9)

One can see that the two are identical when e/h = 1.0, but for e/h = 1.15 the intrinsic
70 fraction is reduced to 54% at 150 GeV.

Both Groom"* and Wigmans"® have analytic forms for the intrinsic #° fraction
based on heuristic arguments of the shower development process. Groom’s form follows

a simple power law:
E m-—1
fo=1-(5) (10)

with the energy scale Eg ~ 1 GeV and m =~ 0.85. Wigmans treats the 7° production
logarithmically:

fro=chE (11)

with £ =2 0.1. The first equation avoids unphysical results at ultrahigh energies, but
both break down near 1 GeV. However, both do equally as well in describing calorimeter
data in the energy range at which our detector was tested. The two curves in fig. 20
represent fits of eq. (9) to the observed n? fraction using both analytic forms given by
egs. (10) and (11). The compensation factor is set at /A = 1.15 and the energy scale is
fixed at Eg = 1 GeV. For the power law dependence of fo (solid line), m — 1 comes out
to be —0.16. The fit using the logarithmic form of fyo (dashed line) indicates x = 0.12.
Both descriptions can be seen to do a fair job at describing the data shown in fig. 20.

With the assumption that the energy deposit at large radii is non-electromagnetic,
1t is possible to describe the lateral leakage outside of the calorimeter with parameteri-
zations involving eqs. (10) and (11) for the intrinsic #¥ fraction. This is the basis for the
two curves drawn in fig. 18. Up to a multiplicative constant C, the fractional leakage
fleak can be described by:

1— fro
(e/h —1)fro +1°

Using the two forms for f,o along with the parameters determined by the fit to the
observed 7% fraction, we are left with only one parameter to scale the height of each

fleak = C (12)
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curve in fig. 18. It is remarkable that only the data corrected for the ADC cutoffs exhibit
the energy dependence predicted by the above relation.

Sofar, the information extracted from the lateral shower profiles concerns the aver-
age properties of the hadronic showers. For understanding the calorimetric properties
of the detector, and in particular its energy resolution, also the event-to-event fluctua-
tions are very important. In an earlier studym , we already investigated the effects of
fluctuations in the lateral shower leakage on the hadronic energy resolution. In addition
to the average value of f,o, also the event-to-event fluctuations in the e.m. shower com-
ponent are important, especially for understanding the effects of noncompensation on
the resolution for hadron and jet detection. These fluctuations have to our knowledge
never been measured before. They can be roughly estimated by exploiting the fine lat-
eral granularity of this calorimeter and the greatly different lateral profiles of the e.m.
and non-e.m. shower components. We analyzed showers induced by pions entering the
calorimeter perpendicularly (8, = 0°) in the center of the central tower for this purpose.
The 7% component of these showers is largely contained in this tower, with a small
spill-over in the neighboring six towers (see fig. 19), while the “contamination” by the
non-e.m. component is small.

Table 5 shows that the fractions of the shower energy contained in the central
tower (f1) are not very diflerent from the values of f,o derived from the full shower
profiles. In particular, the observed energy dependences of f; and f,o are very similar.
It should be noted that in calculating f1, the total calorimeter signal in the denominator
was corrected for the (small) effects of lateral shower leakage (see table 1) and other
instrumental effects (sect. 3). However, the numerator was not corrected for the small
contribution of the non-e.m. shower component to the signal from the central tower
and for the spill-over of e.m. energy into neighboring towers. In spite of this, fi
is apparently a reasonable measure for fro and fluctuations in f; may be expected
to give an indication of the event-to-event fluctuations in the #° production in the
hadronic showers. As illustrated in fig. 21, these fluctuations are clearly non-Gaussian,
especially at high energies. Table 5 lists the RMS widths of the f; distributions. The
relative width opms(f1)/f1 is shown as a function of the pion energy in fig. 22. The
fluctuations do get smaller at increasing energy, but the improvement is much slower
than the 1/v/E behavior characteristic for many other aspects of calorimetry. It turns
out that a logarithmic dependence gives a good description of the data in the energy
range from 10-150 GeV. At least part of the deviation observed at the 5 GeV point
could have an instrumental origin. The beam spot at 5 GeV is much larger than at the
other energies. It is larger than the size of one calorimeter tower. This increases the
fluctuations in the fraction of the shower energy contained in this tower.
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5.3 CALIBRATION

A bottleneck in the implementation of many calorimeters for the next generation of
colliders is the calibration of the massive number of required towers. Placing each of the
tens of thousands of calorimeter towers into an electron testbeam could take years. In
this section we describe a method of calibration accurate to within 10% that applies the
general lateral shape of pion showers in the SPACAL calorimeter to reduce the amount
of calibration time spent in the testbeam by up to a factor of ten, and it should be
applicable to any calorimeter with fine lateral segmentation.

The technique exploits the large lateral dimensions of hadronic showers. Rather than
illuminating the calorimeter with an electromagnetic probe whose width is less than the
typical size of a tower, one may choose, instead, pion showers which can effectively
probe out to a distance of 30 cm away from the impact poini. Then one can compare
the response of each tower as a function of its distance from the shower axis to the
known lateral profile of a pion shower of comparable energy. From the deviation of each
tower’s signal from the known general shape of the shower, a set of relative calibration
constants can be obtained.

To test the method offline, the 155 towers in the calorimeter were purposely miscal-
ibrated, on average by factors of two by generating random multiplicative constants C
that were thrown according to a Gaussian in InC with a mean of zero and a sigma of
In 2. Data were then analyzed under the conditions outlined in section 3.2. The events
analyzed are a sample of 12 runs from the 80 GeV pion grid scan taken along the outer
perimeter of the matrix. For each impact point a lateral profile is obtained from the
average tower signals, and a fit of the energy density function derived for the pion grid
scan (fig. 9) is made to the data. Both A; and )y are fixed in the parameterization
at 14.0 and 4.24 cm respectively. Furthermore, the ratio B3/B; is fixed at 4.01, but
the overall magnitude of the shower is free to vary. Also free to vary are the average
coordinates of the shower axis so that exact positions are not required.

A first pass at the data for one of the impact points is shown in fig. 23. The scatter
in the data from the miscalibration is clearly visible, and the curve describes the new
best fit of the energy density function. A new calibration constant is defined to be the
ratio of the signal predicted by the fit to the measured signal for a tower. These ratios
are then averaged for all of the 12 impact points and then applied to the next pass at the
data. This procedure was iterated three times and the final result is shown in fig. 24 for
the same run as before. The convergence of the method is quite dramatic as the scatter
of the data about the curve has been greatly reduced. The centroids of the showers are
also in agreement with those obtained before the miscalibration.

Central to the practicality of this procedure is how close the new set of calibration
constants come to the old, and how uniform the response of the detector becomes.
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Parenthetically we should remark that modules 4, 24, and 31, for which only unamplified
data were available, were left out of the procedure because of difficulties in handling the
cutoff effects of the ADCs. The new constants have an RMS spread of 15% about the
old (obtained with 40 GeV electrons-see sec. 3.1-and not known to better than several
percent anyway); however, the spread is only 10% for the inner 37 towers, indicating that
the precision of the technique degrades at the largest radii where the signals are smallest.
A previous a.na]ysism showed that the variations in the response of the calorimeter over
all of the impact points in the 80 GeV electron grid scan had an RMS spread of 3%.
Using the new calibration constants, this spread increases slightly to 4%; but the area
of the scan is limited to the inner 7 towers only.

Interestingly enough, the energy resolution for pions improves at the highest energies
from 4.9% at 150 GeV to 4.6%. Since hadronic showers spread over many towers, this is
an indication that the new calibration constants are not significantly worse than before.
The largest contributing factor to this improvement is the reduction of the response of
the central region of the detector. The measured e/ response of the detector drops 3%
relative to before at each energy and yields a 4% decrease in the measured 70 fraction
using the techniques from the previous section. As has been noted,m a 15% decrease in
the central detector region does improve the hadronic energy resolution by 5% because it
artificially removes the noncompensation of the detector. The calibration change here,
however, is not quite as large and may suggest a slight miscalibration of the central
tower.

Finally, although not dramatic, a calibration of this calorimeter accurate to within
10% was accomplished with a data sample much smaller than the electron sample that
was used initially; so even just the reduction in the amount of testbeam time required
would be a substantial savings for the installation of any future large calorimeter.

6. Summary

We have presented results on the average lateral development of the energy deposi-
tion from electromagnetic and hadronic showers in a prototype of a lead and scintillating
fiber calorimeter. The electromagnetic shower profile is seen to agree quite well with
EGS4 calculations over 5 orders of magnitude in the energy deposit, and it can be very
simply described by the Moli¢re radius and one additional parameter. Hadronic showers
initiated by a single pion are very well parameterized by the sum of an exponential and
a Gaussian, with the scaling length of the former at about 14 cm. The lateral profile
of a shower initiated by many particles ~“jets”— can be parameterized in the same way,
albeit that the Gaussian core is less pronounced and the exponential slope is less steep
than for single pions. The average n° fraction of hadronic showers can be estimated
using the lateral shower profile, and at 150 GeV this fraction is 54% when corrected
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for the small undercompensation of the calorimeter. The event-to-event fluctuations in
the 7° fraction decrease much more slowly than 1/v/E as a function of the pion energy.
Between 10 and 150 GeV, a logarithmic energy dependence is observed. Finally, a cal-
ibration scheme based on the lateral energy deposit of pion showers has been used to
roughly calibrate the towers in this prototype using a minimal amount of information
and only slightly degrading the performance of the calorimeter.
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10.

11.

12,

FIGURE CAPTIONS

. Detail of the front face of the calorimeter (a), and the lateral structure of the

detector as a whole (b).

. The layout of the beam line showing the relative positions of the calorimeters,

beam chambers, trigger counters, pre-shower detector, and target positions.

. Location of the impact points for the electron grid scan. The pion grid scan covers

an area twice as large with the same number of points as for the electron case.

. A comparison of the ring sum signals per GeV obtained from the hardware sum

and the equivalent software sum as a function of beam energy for rings 3, 4 and

6.

Lateral shower profile for 80 GeV electrons entering the calorimeter at an angle
of §; = 2°, obtained by combining all of the runs from the grid scan. The average
energy deposited in a tower is plotted as a function of the distance between the
tower center and the axis of the shower. The solid curve is a calculation based on
EGS4, and the dashed curve is a best fit to the energy density function given by
eq. (4) (see text).

The lateral shower profile for 9.7 GeV electrons showing a calculation based on
EGS4 (solid curve) and the result of a fit to eq. (4) (dashed curve), for 6, = 3°.

Energy dependence of the quantities A/E (a) and B (b) where A and B are defined
by eq. (4).

. Lateral shower profile for electrons of all available energies obtained by dividing

the average signal in each tower by the beam energy, for 8, = 3°. The dashed
curve is a best fit of eq. (4) to the data.

. Lateral shower profile for 80 GeV pions entering the calorimeter at an angle of

8, = 2°, obtained by combining a sample of the runs from the grid scan. The solid
curve is a best fit of eq. (5) to the data.

The lateral shower profile for 9.7 GeV pions showing both the uncorrected data
(open circles) and the data corrected for the cutoff of the ADCs (crosses), for
6; = 0°. The solid line is a best fit of eq. (5) to the uncorrected data, while the
dashed line is the same for the corrected data.

Energy dependence of the parameters A; (a), and Az (b) as defined by eq. (5).
The uncorrected data are shown with open circles; the corrected, with diamonds.

The quantities B;/E (a) and By/E (b) with By and Bj from eq. (5), as a func-
tion of beam energy. The uncorrected data are shown with open circles and the
corrected data with diamonds. The curves represent the results of best fits to a
proportional (a) or power law (b) dependence on the beam energy.
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13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Lateral shower profile for pions from 5-150 GeV obtained by dividing the average
signal in each tower by the beam energy, for 8, = 0°. The solid curve is a best fit
of eq. (5) to the data.

An expanded view of fig. 13 to show the shower profile differences at small r.

Lateral shower profile for 80 GeV “jets” simulated by placing a block of paraffin
44 cm upstream of the calorimeter, for 8; = 2°. The solid line represents a best
fit of eq. (5) to the data.

Lateral shower profile for 80 GeV “jets” simulated by placing a block of paraffin
147 cm upstream of the calorimeter, for 8, = 2°. The solid line represents a best
fit of eq. (5) to the data.

Shower containment as a function of radius for 80 GeV electrons, pions, and “jets”
(147 cm position) as calculated from lateral profile fits. For the electrons use the
left-hand scale, for pions and “jets” use the right-hand scale.

The estimated lateral leakage outside of the calorimeter for pion showers as a
function of beam energy. Both uncorrected data (open circles) and corrected data
(diamonds) are shown, along with two fits described in section 5.2.

The lateral shower profile for 150 GeV pions showing an extrapolation of the non-
electromagnetic piece (dashed line) defined to be just the first term in eq. (5).
The relative areas are 57% for electromagnetic and 43% for non-electromagnetic
energy.

The estimated 70 fraction of hadronic showers in the SPACAL calorimeter as a
function of the pion energy, as determined by the method described in the text.
The two curves are calculations taking into account the noncompensation of the
detector (see text).

The fraction of the shower energy contained in the central calorimeter tower, for
150 GeV pions entering the center of this tower perpendicularly (4, = 0°%).

The relative width orms(fi)/f1 of the fraction of the hadronic shower energy
contained in the central tower of the calorimeter as a function of the shower energy.
The point at 5 GeV was not included in the fit. Data for pions entering this tower
perpendicularly in its center.

The lateral shower profile of one of the impact points in the pion grid scan after
miscalibrating all 155 towers. The curve is a best fit of eq. (5) using some of the
parameters determined earlier. It is used to calculate a new set of calibration
constants.

The lateral shower profile of the same run as in fig. 23 after the calibration scheme
described in the text was iterated three times.

25




TABLE CAPTIONS

. The fraction Epis/Fots of the total recorded signal that goes unobserved due to
the threshold of the ADCs as a function of the pion beam energy.

. The parameters of the electromagnetic energy density function given by dE/dA =
é /(r? + B%)? as a function of energy for 6, = 3°. The last row represents a fit to
all data when divided by the beam energy.

. The parameters of the hadronic energy density function given by dE/dA =
Bie T/ fp 4+ Byemm /% /v for pion showers as a function of energy for 8, = 0°.
The numbers in parentheses refer to data that have been corrected for the energy

thresholds of the ADCs. The last row represents a fit to all data when divided by
the beam energy.

- The parameters of the hadronic energy density function given by dE/dA =
Bre "M [r 4+ Bye~m /¥ /r for “jet” induced showers as a function of energy for
8; = 2°. Column 2 lists the position of the target forward of the calorimeter.

. The electromagnetic component of hadronic showers. Listed are the pion energy,
the #° fraction derived from the lateral shower profile before and after correction
for the effects of the ADC threshold, the fraction f; of the energy deposited in the
central calorimeter tower and the relative width of the 1 distribution. See text
for details.




TABLE 1
E (GeV) Ermiss/ Eobs
5 0.049
9.7 0.023
20 0.008
40 0.003
80 0.001
150 -
TABLE 2
E (GeV) A (pC-cm?®) B (cm)
150 931+ 14 2.00 +£0.01
80 493 + 8 1.97 +£0.01
40 241 + 4 1.96 + 0.01
20 121 +- 4 1.96 + 0.02
9.7 67 + 2 2.09 £ 0.02
5 40+2 2.19 £0.03
all (6.18 £ 0.06)E 1.98 +0.01
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TABLE 3
E (GeV) B1 (pC/cm) A1 (cm) By (pC/em) Az (cm)
150 2.86 £ 0.06 (2.85) 14.3+0.2 (14.4) 17.20 £ 0.38 (17.20) | 3.63 £ 0.05 (3.64)
80 1.66 £ 0.04 (1.65) 14.3 & 0.2 (14.5) 7.98 + 0.18 (7.98) 3.80 £ 0.05 (3.81)
40 0.86 £+ 0.02 (0.83) 14.3 £ 0.2 (14.7) 3.61 + 0.09 (3.63) 3.91 +0.07 (3.94)
20 0.46 + 0.01 (0.43) 14.6 + 0.2 (15.5) 1.53 £+ 0.04 (1.55) 3.95 £ 0.08 (4.03)
9.7 0.22 £ 0.01 (0.20) 14.1 £ 0.1 (16.0) 0.67 &+ 0.02 (0.68) 4.08 £0.12 (4.22)
5 0.09 £+ 0.01 (0.07) 13.5 + 0.8 (17.7) 0.20 + 0.02 (0.21) 7.71 £ 0.54 (7.68)
all (0.0209 + 0.0003)E 1414+ 0.1 (0.092 -+ 0.001)E 3.83 +0.04
TABLE 4
E (GeV) Target (cm) By (pC/cm) A1 (cm) B; (pC/cm) A2 (cm)
150 44 3.38 £ 0.10 14.4 £ 0.2 8.35 £ 0.36 5.54 £ 0.16
80 44 1.88 + 0.07 15.24+ 0.3 2.86 £ 0.14 7.18 £ 0.23
40 44 0.93 £ 0.03 16.7 £ 0.3 0.86 £ 0.05 9.03 £ 0.25
150 147 3.421+0.14 17.0+ 0.4 3.91 £ 0.19 8.79 £ 0.28
80 147 1.60 + 0.16 20.7+1.1 1.13+£0.12 127 £ 0.7
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TABLE 5

E (GeV) | founcorr. | focorr. | fi | onus(fi)/fi
b 0.438 0.327 0.345 0.597
10 0.426 0.393 0.475 0.309
20 0.432 0.418 0.495 0.289
40 0.500 0.495 0.539 0.243
80 0.525 0.523 0.563 0.208
150 0.591 0.566 0.601 0.176

29




e i——

O O O O O
O O O O O O

lead
sheet

7072077077070
AL,
O O O

222m£ 1.0 mm

O

.92 mm

|

e

m

Fig. 1




3|eas o} JoN

Z "sod
Jabuey

[fs]

[0Sd]

J0}33}ap
3)npow ¢g)

- s3Jqly

Z a8y

__
]

s3.q14

l
|
J

J0}3343p
3|npow-~p7




N a T

Fig. 3



§ eandrg

(AeDH) ABaouy

001 0¢ oT- G .
_ [ ] | I ] [ | _ PT | | T T OO
| H Y
) _ =
. ® . O 0 (S
® ® 7 )
g Sury — 10 m
. » » 1T B
™ . O : —
® : .
v sury . &3
& . < — 20 —
~ ] o
m = = A
® e N
wng suty pS O] ¢ Uty - a2
l =
wng Uty MH @ — €0
_ | I | I | | 1 1 L1 | 1 | 1 ]




(,0102°8%/A2D) [BUSIS JoMO]
— aY: ™

<t

o — () I I | I
o o o o () o O
i — L i ~—t — -
T T T T [T T T T T T e T T T T T A< = [T T
P LA L LALRRN AR i - ity
- . . .,I'.}% ":';'... .
o o /S
n ~~ ek Wick _
| N 3
ol M .
m " a
= o2 O ty -
O - s LN
- 0| N R, i
NS — e ST —
— vt
= > s 4
g | 4:: 3 AU -
~— Ly
- To) RS
I I o 8 L .
QO <t . i
) i T b L
i o . ]
o puif \\ ” “ V|. -
— £ S
S 7 T < m e, .
[ -.-'.'-.-_' .
o | o —
=
- | < ]
= o
)
- L.ﬂ -
T | s o |
1Rl b ] el gt Hitidy ¢ Higb Ll i Hileg gt dielilg (I
(] (W) — (] ~— o (np] <
< o o o I | I I
— — — — o o o o
3 ~— — —

(ZULIOL'Q-]}/:)d) [eusig Jomo],

20 30

10
Radial Distance (cm)

Figure 5



(ZTIIOL'B‘P//AS{)) [eusis Jomo
— o2

ap) <

o — o I | | |
(o] o o o o o o
Lo | = L | i Lo | - L |
[} IHTTT T 1 HITTTT 1 HITTTT 1 ITTET T IITT T HLALEEL TLLTT
I A N L A s
-~ | ?
o2
- | CG"\ l_
| 'm o
B -
ol +
I & B PN
~| &
~ (@) .
i
nol- 0w
+_)1—|
o p—if \
& =
-
I <
Q I~
< < ©
O F ©
st ™~ I
— £
O ¢ T <q
=i |
\_/LO_ |
=
e | |
-
{
[
[ I -
[T I!IIIIII | IIIIIHI 1 Hiligg e WL 11 IIIIIIII | |II1IIII 1
[ap] o2 — o — ol ™M <+
o o o o) | | | |
— — - — o o (] )
~— «—i — —

(gmoil'gﬁ'/gd) [eusiS Jomo],

30

Radial Distance (cm)

Figure 6




i e e e e

2
T 1T 17T 17T 7 1T 17T 1T 17T 7 1T 17T 17T 17T 7T 17 17T 1 7T 17 17 17T 17T 17T 7T 717 T°7T ______H____________.__
|
R 1L _ i
|
— L —_ ®
0 - _
L 1 | _
B 1L _ i
R o 4 Lk _. 4
N 4 L | ]
i 1L _ il
i . 1L _. ]
| 4 kL | _
_
- 'y 4+ - -
_
_
_
- @ i __ ~
i 1L | i
- 1L | i
| |
B @ ) ir HEH _ ) .
B 1L _ i
.—_________.__________________ ______—___l_.l_u—______h__ﬂ__
m (023 w I~ w Te) <f < ! o © ©
4V} o2 o2 —i —
2) uro —nd
(A®D/ od) @ / ¥ (u0)

50 100
Energy (GeV)

10

Fig. 7




[eusis [euornoed,

o

20

10

~— o2 ] <t g}
o | I | I I
o o o o o (]
Lo | i - L | Lo | i
T T T T 1 ||1||||| | |||1|||| T MTTTT 71 T T 1 LAEEM
o R s
] > _ ~ s 3 ..,O
\ w > > > ) :> dee )0
i — U O o0 o ¢y O - Sl
S CHCI SRR I .
- [aV] c’ Z\ 18, o '
m 0w O O O . RogRl
— O d" AV IR o)) @) 33
~ + + X ¢ O 0 51
a #0™ ol +
| e, 5 © ]
o iz
~—~ | sy,
2o N o o -
" — /:\ were  E
B RN / N
:CD: } /
~— 3/ |
O B D — 2w
~ [ . B x
P L ;.:"!Sig oy .
in < e
O B < st / =1
= E s
S’ 0 — i~ p v E —
= | woo O
Di B | ﬁ @ ” o ©0 T
¥ 3 — (@)
i | o o — i
—
i - 1l ]
-
/ < M
bie
ol # _
(TN | ]Hlllll 1 AlEy 1] |IHIIII | III[IIII | |II1III |
— o — o ™ <t Lo
o o i I I | I
— — (> o o Q o
— ~—q ~i ~— ~—

(8111:)5817—/\95;/;)(1) q / 1eudig Jamo],

Radial Distance (cm)

Figure 8




|IIIIII] 1

IIIIIIII I

III’IIII (L

0¢ )7 08 02 01 0
1 | _ I 1 1 t
LL'9 = °d i
69'T = 'd .
wo ygy = 8y 3

L A%H 08

|l|l|ll [__l

| IHIIIII I

c @1 T
(sujfuel uorjoeaajur) ly

50T

i

O

10T =

(D

J

)

QM.

OOH H

&Y

P

L~

T

0T O

™~

N

@

|/M

50T m

N

h
c0T

6 2181




(o) soueysiq [erpey

ov o€

|IIIIIII I IIIIIIII T lll]l]lll I

IIIHII (L

SEREN A (oo N
[SENEER Atelolifo S

pajoalIo) — _

_LABD L6

pajoaarooun —

,llllill ] IIIIIIII l IIIIIIII |

11§ 1

2 G'1

(syidus] uoryoessyur) ly

0T 2anBy

o 0T

—J

or 3
_01

S @

J

)

2

1015

o

pl—

o

§o)

00l O

N

N

@

A

10T m

o

S’
o)




Ay (cm)

Az (cm)

20

18

16

14

12

10
4.50

4.25

4.00

3.75

3.50

3.25

3.00

i I 1 T T T ! I T T [ T T T I ]
i (a) ’
E— . O Uncorrected—:
L ‘n'_ ]
I ¢ (Corrected ]
- *

. * i
i _ . _
- - - R S Y Ju—
i | | 1| | H 1 3 i | | || | | ]

III||IIII|I|II|IIJI|IIIIIIIII

||r|||

(b)

IIIIIIIII|1]II|IIII|!III,IIII

Energy (GeV)

Fig. 11

14.3

VRN D S

e e



(pC / GeV—cm)

B, / E

B, / E (pC / GeV—cm)

0.030
0.085
0.020
0.015
0.010
0.005

0.000
0.150

0.125
O..100
0.075
0.050
0.025

0.000

|Iil|||l||||||

IIII|II1I

€ 4

\

b ®

- . % -
i ¢ ]
E O Uncorrectedz
— —— B; = 0.021%E |7~ T
¢ Corrected :
: 1 | ] | | | | t 1 1 H L1 1 | | :

T T T L | ! T T I T TOTTT | I

(b)

— By = 0.043%E"%

IIJE| 1

|IIJ|IIII|IIII]IJ’II,IIII|IIIJ

w

10

50
Energy (GeV)

Fig. 12

100




(o) aouw)sy(] [eipey

Q¢ )7 0€ 02 01 0

_ﬁ T 1 | 1 _ | | | | _ I 1 | 1 _ 1 ] I 1 _ | 1 ] _
[ - 2600 = °d
- " 1200 = 'd 3
Sl um Qe = ey 3
-, wo GO'FT = 'Y A
T A9 G -
[JA®D L6 © ]
-1 A®H 02 o :
FEA2D OF o _L ’ T
-| A®D 08 x ") -
| A9D 0GT + :
i q/[1/(;5¢/1-)dxe%g + 1/(*Y/1~)dxe'd]=vP/aP ]
W | ] 1 ! _ | ] 1 1 — 1 1 1 | _ 1 | 1 _ ] | _ W

c @1 I G0 0

(syjdus| uornjoedsjur) ly

T
o
—

(,woL 8% -A9D/0d) H /T1euBlg Jomof,

0T

]
o
—

Lo}
o
—i

£ 218y



(W) soue)si(q [erpey

G3o 0a G1 0T G 0
W_ .,_.___o_______________:___lu
g 2600 = °g
- 1200 = 'g -
. u gg'g = °y
- U go'¥1 = 'Y

IIIIII

ASD G
APD L°6
ASD 02
APD OF
ASD 08
A2D 061

+ X & 0O O
=

a/[1/(,3\/ j1-)dxadg + 1/('y/1-)dxa'g])=Vp/ap

| | 1 ] _ ] | | 1 *r [ 1 1 1 _ 1 | | ] _ |

|IIIIil |

! G40 Go ST
(syjdusl uorjoedsiur) ly

i)
o
—

T
(,0I2L 8% -A9D /Dd) J /1eUulIS Jomoy],

O
)
—

P1 2angyyg



0§

= Gel, ARD 08 3

_ 1/(By/ 1—)dxalg + a/(*v/a-)dxalg=vyp/dAp 4

-ml | ] _ 1 | | 1 # J | | 1 _ I 1 1 _ _ W
e Gl ! G0 0

(sy18usy uworjorIelul) 'Y

501

0T

GT 28y

(zwaggﬁ/gdﬁ) [eudI] JIoMO],



A; (interaction lengths)

T T T 1 T T T 1 T T T T T T 1 T T T T
- O © |
| £ _
~
o & -
o
N < —
.
L o i
L,
B \_i_/ _
o, .
B »
ol & |
— [aa] ]
+ i
B -
B ~ 7]
P
L | -
- <
\ ]
“— ¥
- E ]
B b = ]
(] (&) _
- m -
i I >~ 89
< o2 \ -
W o — — —
\\ —
= =
B o 1 L —
- o2 i og —
B < Mmoo
L 5 _
o _
[ . | it I 1LhLll 8 | ]lllllll 1 l||||||| 1
o) o2 — (o] — o
- o O (] | |
— — — ~— o o
~—

(ZIHOL'Q:p//Qd) [eudlis Jomo],

50

40

30
Radial Distance (cm)

20

10

Figure 18




uorjoedy juswurejuo) ,3ap, pue Uol]

a0

¥o

90

80

01

(wo) soue)sig [elpey

0G 0]7 0¢ 02 01
i _ T ] [ T _ | ] [ 1 — I [ ] 1 — I
| o1eos HY
— . :.H_.G_..:
- o[edsS HY
Ml 4
B a1eds HT _°
B _ [ 1 | 1 1 [ | | | 1 1 | | 1 | | _ d i | |

G480

0060

Ga6'0

o
T
i
<o

GL6°0

0001

Geo'l

Uor}oe. JUSWUIR}U0)) UOJ}O8[]

LT 21081g




81 2an3iy

(A®D) AB1ouy

001 0¢G 01 G
| _-_ l [ I 1 I T _A_ [ I I I O

SUeUWIII)y — — —

. urooJn — —

~—

(%) @FesieaT [edajeq]

Po1081I0) ¢
[pe1osaaocoun o

1 N N W B I | ] i _______




O
<
o
o
]
a2
o
~—
O

IIHIIII I IIIIIIJI I IHIIIII T

HMITTrT T

_LASD 061

/

!

|lII|IIF |

%/.G ‘Ollaudewoa)osly

IIII!III 1 IIIIIIII ]

IIl]IlII 1

0 Y |

[
|
c G'1 I Ggo 0

(sy3jdus| uornjoessiui) ly

~01

0T

(8U10¢'91‘7/Qd) [eusig Jomo], |

61 sy



(A®D) Adasuy
007 0% o1

I __—____ T I _____

SUBWISIM - — — —

UI00dN)

Po100d10) ¢

~ paloaaaooun o

| | I N N I I 1 { _____

0g 213y

o
AV,

S
(%) uoroeay i paansesy

o
w

08



SITUIAY

0.6

0.4

0.2

fl

Figure 21




U(f_l) / £,

0.6

0.0

0.435 — 0.052 log(E)

| | ] |

o

10

Energy (GeV)

Figure 22

e =




o< 0
= _L A%D 08 =
i 0 ]
u .H\Amm;m\mplvmxmmm + 1/(*y/a-)dxalg=yp/qp o -
w | ] _ | ] ] | _ | 1 | ] — | ] ] _ i ] ] W

a Gl I
(syjsdue] uorjoeaajur) ly

£z 2]

T
)
—

—
!
o
—

(ZIHOL'QJﬁ/Qd) [eUsiS Jomo],

00T




[TITTT 1T 1 ITrTE T 1 Trrre 1T 1 TTTT T ¥ lﬂllll@_—_
n < -
™~
o :G; -
n ~< —]
Vi DJ\\ -
m -
C T i
W | B |
=B 5 = i
© O o >
L — M O ]
< + &) ]
O L
= o ) i
o [ 3 o i
- <
~ _
o ol o=
2 z -
| S B—
— ©, o < .
< F m <t i
i I 3
% L .
a— I ¥ 4
“t = [RTIAa i
\
o — o —
i < < M |
O o —
(W | [N 1 | | | |IIIIIII | LIHI[I i
[ o2 —i o — o2
Q (- o ] | |
—t —i — — o o
— —
(guxuggﬁ/gd)[euﬁggiaMoL
Imprimé au CERN. Prix: 1.60 Fr.

30 40 50
Radial Distance (cm)

20

10

Figure 24




	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53

