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MEASUREMENTS OF LONGITUDINAL AND TRANSVERSE PROFILES FOR HADRON
SHOWERS IN THE RANGE 10-100 GeV AND COMPARISONS
WITH MONTE CARLO SIMULATIONS
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Data cn the longitudinal and transverse shower profiles initiated by 10, 20, 30, 50, 75 and 100 GeV positive hadron beams are
presented. They have been measured with a 6\ deep sampling hadronic calorimeter using 3.2 mm thick depleted uranium plates as
absorber and 3.0 mm scintillator layers as active material. The scintillator is read out with wavelength shifter plates coupled to
photomultipliers. The data are compared to Monte Carlo calculations, simulating both the development of hadronic cascades as well

as detector effects.

1. Introduction

Design studies for the ZEUS experiment [1] have
shown [2,3] that hadronic sampling calorimeters, using
depleted uranium as absorber and plastic scintillator as
active material, compensate if the corresponding thick-
ness ratio is approximately equal to one, as suggested
by various Monte Carlo studies [4-6] as well as by early
experimental results [7]. The intrinsic and sampling
contributions to the energy resolution have been de-
termined as well [8]. The same experimental setup used
for these design studies also allows to measure the
lateral and longitudinal development of hadron ini-
tiated showers. These data are useful for future calorim-
eter designs and help in the understanding of the per-
formance of hadronic sampling calorimeters as well as
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in the modelling of hadronic shower Monte Carlos. The

aim of this paper is twofold:

— to present data on the doubly differential longitudi-
nal and transverse profiles for hadronic showers in
the energy range from 10 to 100 GeV; and

- to make comparisons with curren: Monte Carlo simu-
lations NEUKA [9] and HERMES [10,11].

2. Experimental details for T60

2.1. Description of the calorimeter

The calorimeter setup consists of four separate mod-
ules. Each module consists of 45 depleted uranium
(DVU) absorber plates, 3.2 mm thick, and 45 scintillator
planes (Sc), 3.0 mm thick, see fig. 1. Between scintilla-
tor and absorber plates, 0.2 mm thick stainless stecl
foils were inserted. The steel foil is meant to reduce the
scintillator signal due to the uranium radioactivity while
still permitting to use it for calibration purposes. Each
module is roughly 1.5 interaction lengths deep. The
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Fig. 1. (2) Schematic layout of a calorimeter module. (b} Schematic layout of the experimental selup.

absorber plates have lateral dimensions of 600 X §30
mm. The scintillator plancs are 600 mm high and 625
mm wide. The scintiliator planes are 600 mm high and
625 mm wide. The scintillator material vsed is SCSIM-38
[12} and cach layer consists of twelve horizontal strips
with dimensions of 50 X 625 mar. The svintiflator strips,
with all sides pomsled, are wrapped in one layer of
white paper and a second laver of aluminized mylar.

A fifth module consisting of 30 layers of 3.2 thick
DU plates and 5 mun ek Sc planes, tavs with 2 total
depih of 1.1 internetion lempths, was used as a backing
calorimeter, to study and correci for longitudinal energy
feakage.

The light from each scintiflator strip is collected on
the left and mght sides by a 50 mm wide and 3 mm
thick wavelength shifting plate (WLS) made of 2 PMMA
base doped with 120 mg/1 K-27 and UY absorbant
[13}. Each WLS plate is wrapped with white paper on
the side opposite to the scintillator and has all sides
polished. In ordar to make the response of the WLS bar
uniform, 8 graded grey filier was placed betwesn Sc and
WES {141

The WLS bars, with aluminum end mirecrs, are
coupled to 2 Valvo XP-2011 photomuliiplier, via a

PivMIMA light guide. The photomultipliers were sead out
by ADC LRS 22828 which allow gate widths betwesn
40 ns and 10 ps, The gate width used was 150 ns with
ke gate preceding the rise of the pulses by about 25 ns,

2.2, Experimnental setup

The data presented here were taken in runs dusing
July 87 at the CERN XPS X5 test beam area. Fig. 1b
schematically shows the setup. Beam particles were de-
fined by two seintillation counters, 10 x 10 X ¢.2 cm?,
and a veto counter with a2 2 em diameter hale. Two 10
m long theeshold Cherenkov counters were used for
beam particle identification. Beams enriched either in
hadrons or in electrons could be obiained by different
production iargets and beam comfigurations. The
calorimeter moduties were placed on a movable stand to
cenier the beam omio the individual strips of the
calorimeter mnodules for calibration,

For the calibration two pracedures were used:

- uranivm radioactivity response,
~ muoR fREPONSE.

In the first procedure, the signals from the uranium
radicactivity integrated over 10 ps were adjusted to the
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same value. Pedestals for the 10 ps signal were obtained
by disconnecting the cables at the input of the ADC.

In the second procedure, we used a 75 GeV muon
beam, impinging at the center of every strip. Pedestals
were obtained by triggering the ADCs with a 150 ns
wide gate signal outside the beam particle burst, then
determining the average of the measured pulse height.
This obviously includes the uranium radioactivity. The
spectra of the photomultipliers at both sides of the strip
where the beam was centered, obtained with a 150 ns
wide gate generated by the particle burst, were fitted to
Landau curves. The calibration constants were then
obtained by demanding that all spectra have the same
most probable value. The calibration constants thus
determined have an accuracy of less than 1% at the time
of calibration. For the sake of illustration we show in
fig. 2 the signal seen by the sixth strip, in modules 1 to 4
separately, when a 75 GeV muon beam impinges upon
its center along with the results of the fits discussed
above. Both sets of calibration constants were used to
calculate the energy resolution of the calorimeter and
the resulting values agreed to better than 1 %.

Since the tails in the shower profiles are very sensi-
tive to pedestals, we have used two additional proce-
dures for their determination, namely
— with electron beams giving rise to profiles fully con-
tained in the first module we were able to check
pedestals for modules two to five,
with muon beams impinging upon the first and the
twelfth strip, giving rise to showers fully contained in
the strip upon which the muon was incident, we were
able to make a complete independent determination
of pedestals in the five modules.

100.00 ¢ 1 ,

F. Barreiro et al. / Longitudinal and transverse profiles for hadron showers

The deviations in the measured profiles using these
various sets of pedestals were used to infer the sys-
tematic error in the data.

Electron, muon and hadron separation was achieved
by making use of the two Cherenkov counters as well as
of the longitudinal and lateral segmentation of the
calorimeter itself. For details we refer to [3]. Unless
explicitly otherwise stated and in order to ensure proper
longitudinal containment, we used the fifth calorimeter
module as a veto calorimeter. A cut at the 2% level of
the total energy deposited in the calorimeter was used
for that purpose. A total of 3365, 6367, 12528, 9345,
5969 and 2686 hadron events at 10, 20, 30, 50, 75 and
100 GeV respectively, impinging at the center of the
seventh strip, remained after this additional cut.

3. Monte Carlo codes

The energy deposited by hadronic showers receives
contributions for three basically different mechanisms:

(i) Ionization energy loss of charged hadrons (mainly
%, p, K¥) produced in strong interactions in the
calorimeter;

(ii) Energy deposition by electromagnetic showers in-
duced mainly by photons from deca)"ing a® and ¢°
mesons;

(iii) Nuclear processes, like breakup of highly excited
nuclei into strongly ionizing recoiling fragments or
subsequent interactions of evaporating nr:eutrons.

Available Monte Carlo codes apply different models
and approximations for the description of the various
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Fig. 3. (a) Longitudinal profiles for hadron showers measured at 10, 20, 30, 50, 75 and 100 GeV (full symbols). The curves represent
results of fits performed to describe the WA78 data [26].
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Fig. 3. (b) Longitudinal profiles for fully contained hadron showers measured at 10, 20, 30, 50, 75 and 100 GeV (full symbols)
together with expectations in NEUKA (open symbols).
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Fig. 3. (c) Longitudinal profiles for hadron showers measured at 10 GeV together with expectations in HERMES.

shower components. We are going to compare our data
to two of those codes, namely

-~ NEUKA, and

- HERMES.

The basic ingredients of both Monte Carlo
are described in the following subsections.

The attenuation length of the plastic scintillator
(~ 100 cm), as well as photostatistics effects in the
photomultipliers (1.5 photoelectrons/MeV), were taken
into account in this simulations. The geometry of the
calorimeter modules described in the previous sections

models

was fully incorporated. The beam spot was considered
to be Gaussian distributed around the center of strip
#7, where the hadron beam was chosen to impinge,
with 6, =1 cm. The leakage cut used in module #35
corresponds to the one used for the experimental analy-
sis of the energy resolution [3].

3.1. NEUKA

NEUKA is based on the FLUKA code [15] for the
simulation of high-energy hadron showers, including a
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Fig. 4. (a) Transverse profiles, integrated over the whole calorimeter depth, for hadronic showers measured at 10, 20, 30, 50, 75, 100
GeV. The lines are meant to guide the eye.
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Fig. 4. (b) Transverse profiles, integrated over the whole calorimeter depth, for hadronic showers measured at 10, 20, 30. 50. 75 and
100 GeV along with the results of fits using €q. (8) (solid line).

description of hadronic cross sections and models for the compensating properties of DU /Sci calorimeters
high-energy hadron-nucleus interactions. Because of the particular emphasis have been devoted in NEUKA to
importance of the low-energy neutron component for production and interaction of evaporation neutrons. So
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Fig. 5. Transverse profiles, as a function of calorimeter depth, for hadronic showers measured at 10, 20, 30, 50, 75 and 100 GeV. The
solid line represents the first module, the dotted line the second, the dashed line the third and the dash-dotted line the fourth module.
Each module is approximately 1.5 deep.

far this shower component is not treated in any detail in
the standard FLUKA version.

In order o save computing time the electromagnetic

part of the cascade is not tracked but the energy deposi-
tion parametrized according to approximate analytical
expressions for the average longitudinal and transverse
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development of e/y showers. This may be justified for

the present study, since the spatial resolution of the

energy deposition in the calorimeter is coarse as com-
pared to the shape of typical electromagnetic showers.

Note that NEUKA may also be coupled to the EGS

code for the description of electromagnetic showers.

In the following the briefly discuss each of these
components.

In the FLUKA code hadron-nucleus interactions
are treated approximately as incoherent superposition
of three processes:

- Multiparticle production of mostly relativistic sec-
ondaries; these processes are described via resonance
production mechanisms at projectile energies below 5
GeV [32], and by a muliichain fragmentation model
[17] above that energy.

- Generation of protons and neutrons from in-
tranuclear cascade processes, i.e. in the energy range
from about 20 MeV up to potentially several hundred
MeV; energy and angular distributions of those
nucleons are generated according to empirical expres-
sions, adjusted to describe particle fluxes at large
angles with respect to the incident beam [16,32].

- Nuclear processes within the residual, generally highly
excited nucleus like nuclear breakup, neutron
evaporation, deexcitation by photon emission etc. In
the FLUKA model these processes are not described
in any detail but rather taken into account globally
by assigning an “excitation” energy E,, . to the sum
of these processes.

In NEUKA a certain fraction f,, . of that “excita-
tion” energy is used as input to a neutron evaporation

Table 1
Parameters used in the HERMES simulation

HETC  Transport energy cutoff p 1 MeV

n 149 MeV
po 223 MeV
w  1.69 MeV

n, p elastic scattering
isotropic evaporation
high energy fusion

(Kg=85%x10"%

MORSE 100 neutron energy groups 10~ %eV to 14.9 MeV

21 vy energy groups 0.1 to 14 MeV
time cutoff 100 ns
fission aliowed
NDEM  Troubetzkoy model
16 v energy groups 0.5 to 8 MeV
PEGS4 AE 0.711 MeV
EGS4 AP 0.1 MeV
ECUT 1.511 MeV
PCUT 0.1 MeV
ESTEPE 0.005 for U

0.01 for Fe and Sc
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Table 2

Longitudinal profiles in the range 10-100 GeV fully contained

in the calorimeter (the 1st error is statistical and the 2nd
systematic)

Depth (A) Data

NEUKA
(i) Energy deposited (GeV) for 10 GeV
1.5 5.890+0.039 +£0.088 5.676+0.116
3.0 3.040 +0.032 +0.023 3.166 + 0.096
45 1.089 +0.020 + 0.034 0.973 +0.061
(ii) Energy deposited (GeV) for 20 GeV
1.5 11.143 +0.056 + 0.081 10.457 +0.360
3.0 6.457 +0.043 +0.020 6.743 +0.300
45 2.129+0.025 +0.015 2.347+0.201
6.0 0.282+0.008 +0.113 0.433 £ 0.089
(iii) Energy deposited (GeV) for 30 GeV
1.5 16.448 +0.059 +0.065 15.990 + 0.460
3.0 9.866 + 0.045 +0.042 9.635+0.325
45 3.247+0.025 +0.028 3.713+0.249
6.0 0.450+0.007 +0.112 0.624 1+ 0.040

(iv) Energy deposited (GeV) for 50 GeV

1.5 27.290+0.109+0.136 25.178 +0.898
3.0 16.638 + 0.083 +0.097 17.845 +0.755
45 5.260 +£0.039 £ 0.073 5.689 +0.339
6.0 0.824+0.010+0.110 1.229 +0.081
(v) Energy deposited (GeV) for 75 GeV

1.5 42.1204+0.199+0.239 40.742 +1.579
3.0 24.185+0.149+0.143 25.149+1.392
4.5 7.502+0.066 + 0.100 7.444 + 0.407
6.0 1.208 +0.014+0.113 1.567 +0.109

(vi) Energy deposited (GeV) for 100 GeV

1.5 58.145+0.380 £ 0.247 51.780 + 2.698
30 31.0006+0.278 £ 0.169 33.892+2.045
4.5 9.283+0.105+0.121 11.826+0.754
6.0 1.583+0.027+0.109 2.357 +0.181

model [18], to initiate the low-energy neutron compo-
nent of the shower. In that approach the mean number
of neutrons evaporated in a single hadron-nucleus colli-
sion with given *“excitation” energy E,,. is given by

~ e Eone
= JoeZae 1
"evar =™ F L E 1

where

- Epg denotes the average neutron binding energy, taken
to be 6.4 MeV, which is the binding energy of outer
shell neutrons in uranium;

—~ E, denotes the average neutron kinetic energy. taken
to be 3.5 MeV.

The value of the parameter f,,. was adjusted so that
NEUKA correctly described the number of captured
neutrons, measured from a 591 MeV proton beam inci-
dent on a DU /Sci calorimeter [19]. The value is f,. =
0.6 £ 0.1.
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Fig. 6. The full width at half maximum for the central “core” of hadronic showers measured at 10, 20, 30, 50, 75 and 100 GeV. The
solid lin¢ is taken from [27].

Each neutron generated with a kinetic energy below
20 MeV is transferred to a Neutron Monte Carlo desig-
ned particularly for the description of those neutron—
nucleus processes which are assumed to dominate trans-
port and energy deposition in DU /Sci calorimeters, see
{18]. In our simulation the cutoff for neutron transport
was chosen to be 1 keV. With the help of this code, the
neutron sampling fraction, ay, is estimated as a func-
tion of the absorber and scintillator thicknesses. The
neutron sampling fraction a, is defined as that fraction
of the energy devoted to the generation of low-energy
neutrons, i.e. with E;;, <20 MeV, which is converted
into a signal in the scintillator.

The electromagnetic energy deposition is simulated
according to a simple parametrization [15,9] with a
factorized description of the longitudinal and lateral
shower developments. The radial distribution of the
energy deposited by photons or electrons is approxi-

mated by
f(r)=11exp(—2.28r) + exp(—0.635r), (2)

where r is expressed in Moliére units.
The average longitudinal shower shape is taken from

fits to EGS calculations [31]

f(z)=z%exp(—bz), (3)
with

a=2.0-2Z/340 + (0.664 — Z/340) In(E ),
bh=0.634-00021Z;

Z is the atomic number of the material, E is the photon
or electron energy in GeV and :z is the distance to the
shower vertex in units of radiation lengths.

To obtain the signal due to the electromagnetic

component, the energy deposition from the above
parametrization is “smeared” (in energy) with the mea-
sured electromagnetic resolution oy, = IS%JE:: 3},
and multiplied by the sampling fraction a, for mini-
mum ionizing particles as well as by the e/mip ratio.

Thus the total signal S for a given hadron shower is
given by the sum

_ Elol
S= Sch + r—nl%achEele + anEnﬁ ’ (4)
where E!°! denotes the sum of “excitation” energies
from all hadron-nucleus interactions in the given
shower.

Let us finally remark that the generation of a 10
GeV hadronic shower needs about 20 s CPU time on an
IBM 3084Q.

3.2. HERMES

The HERMES (High Energy Radiation Monte Carlo
Elaborate System) code [10,11] is a collection of Monte
Carlo computer programs which are run separately and
exchange particle information through data files.

the HETC (High Energy Transport Code) Monte Carlo
program [20] based on the Intra Nuclear Cascade
Evaporation model (INCE). The HETC code transports
neutrons, protons, pions, muons and light ions (up to
A = 20). The neutrons with an energy below the trans-
port energy cutoff (see table 1) are passed to the MORSE
Monte Carlo [21], which tracks them down to thermal
energies. It also takes into account the gammas gener-
ated in (n, v) reactions. The deexcitation of the residual
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nuclei after the intranuclear cascade is treated by the
NDEM Monte Carlo. This deexcitation generates gam-
mas. This part of the cascade was not simulated in the
NEUKA code. The electromagnetic part of the cascade
is simulated with the EGS4 code [24]. In the HERMES
system, not only the ®’s and e * ’s produced in HETC
are treated by EGS4, but also the y’s from MORSE
((n, v) reactions) and from NDEM (deexcitation). The
parameters used in our simulation are summarized in
table 1.

HERMES is much more time consuming than
NEUKA, because the electromagnetic energy deposi-
tion and the neutron transport is done accurately. Some
parts, essentially describing particle production in
hadron nucleus collisions, are however based on as-
sumptions which are only valid at low energies, say
below 5-10 GeV. On the other hand, NEUKA is sup-
posed to be valid at higher energies and is much less
CPU time consuming, at the expense of having the
electromagnetic energy deposition based on global
parametrizations and a somewhat simplified model for
the low-energy neutron component.

Finally we would like to stress that the Monte Carlo
calculations have been carried out with the standard
versions of both the mentioned codes, i.e. without ad-
ditional tuning of model parameters according to the
conditions of our experiment.

4. Results
4.1. Electromagnetic showers

Before embarking upon a discussion on data for
hadronic showers we would like to mention that electro-

magnetic showers are very well reproduced by the EGS
code. For instance we find experimentally that showers
initiated by 10 GeV electrons are essentially contained
in the first module and deposit 91.6% of their energy in
the strip upon which the beam is impinging. while 4% is
collected at each of the two adjacent strips. see [22] for
a similar lzad scintillator calorimeter. These results are
little dependent on incident energy and well reproduced
by a simulation of electromagnetic showers in a geome-
try like that in our experimental setup as implemented
in the package GEANTS3 [25]. For the sak: of complete-
ness we note that according to these simulations the
predicied energy deposited in the ceniral strip was
91.3% and 4.1% in the adjacent strip. We do not con-
sider this agreement as a significant test of the EGS
code used in GEANT, but rather as a check that we
understand our experiment.

4.2. Longitudinal profiles

We start by showing in fig. 3a the longitudinal
profiles for hadronic showers measured at energies of
10, 20, 30, 50, 75 and 100 GeV (full symbols). The
profiles have always been normalized to the nominal
incident energy. Notice that these data are obtained by
relaxing the cut on the energy deposited in the fifth
module, therefore assuming that the shower is fully
contained in the calorimeter which is 7.1\ deep. In spite
of the problem with the absolute normalization, we
present these data for the sake of comparison with the
WA78 Collaboration which has recently measured
longitudinal profiles for hadronic showers in this energy
range [26], with a calorimeter which is 13X and seg-
mented in depth every 0.45A. They have fitted their
data to an analytical expression for the development of
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Lateral profiles in the range 10-100 GeV (the 1st error is statistical and the 2nd systematic)

(i) Energy deposited (GeV) for 10 GeV

Strip Data NEUKA HERMES GEANT (GHEISHA)
1 0.100 + 0.003 +0.020 0.054 £ 0.004 0.065 +0.006 0.045 +0.003
2 0.128 +£0.004 +0.019 0.081 -+ 0.005 0.119+0.008 0.085 +0.004
3 0.199 +0.005 +0.019 0.139+0.007 0.183+0.011 0.153+0.006
4 0.305 + 0.006 £ 0.026 0.250+0.011 0.267+0.012 0.259 +0.008
5 0.553+£0.009+0.012 0.494 +0.019 0.531 +£0.021 0.489 +0.011
6 1.379+0.0174+0.020 1.212+0.040 1.352+0.047 1.236 +0.024
7 4.938 +0.046 +0.102 5.565+0.149 4.965 +0.132 5.618 +0.095
8 1.375+0.017 £ 0.020 1.248 +0.044 1.346 +0.048 1.159+0.024
9 0.548 £ 0.009 +0.012 0.485+0.018 0.566 +0.023 0.470+0.011

10 0.273 +:0.006 +0.026 0.249+0.012 0.326+0.017 0.262 +0.008

11 0.141 £+ 0.005 +0.019 0.140 +0.007 0.180+0.010 0.151 +0.006

12 0.060 +:0.003 +0.019 0.083 +0.006 0.100+0.007 0.075 +0.004

Strip Data Strip Data

(ii) Energy deposited (GeV) for 20 GeV (v) Energy deposited (GeV) for 75 GeV
1 0.119+0.003 +0.020 1 0.267 +0.004 +-0.019
2 0.221 +0.004 +0.018 2 0.642 +:0.006 +0.019
3 0.365 +0.005 +0.020 3 1.136 +0.008 +0.019
4 0.626 £+ 0.006 + 0.026 4 1.909+0.012 +0.026
5 1.148 +0.010+0.013 S 3.560+0.020+0.013
6 2.779 +£0.020+0.017 6 8.740 1 0.046 +0.021
7 10.085 +0.068 +-0.112 7 41.974 +0.245 + 0.085
8 2.546 +0.019+0.017 8 9.449 +0.051 + 0.021
9 1.067 +£0.009 + 0.013 9 3.656 +0.021 +0.013

10 0.547 +0.006 £ 0.026 10 1.885+0.012 +0.026

11 0.332+£0.005 +0.020 11 1.173 +£0.008 £ 0.019

12 0.164 +0.003 +0.018 12 0.610+0.005 +0.019

(iii) Energy deposited (GeV) for 30 GeV (vi) Energy deposited (GeV) for 100 GeV
1 0.154 +0.004 +0.019 1 0.325+0.007 +£0.020
2 0.308 +0.004 + 0.019 2 0.821+0.010+0.019
3 0.5134+0.004 +0.020 3 1.454 +0.013 + 0.019
4 0.873 +0.006 +0.026 4 2.460 +0.020 +0.026
5 1.610+0.009+0.014 5 4.556 +£0.035+0.014
6 3.871+£0.018 +0.018 6 11.225+0.079+0.018
7 15.570+0.072+0.114 7 57.327 +0.464 +0.103
8 3.944 +0.019+0.018 8 12.340+0.092 + 0.018
9 1.584 +0.009 + 0.014 9 4.720+0.037 +0.014

10 0.816 +0.006 + 0.026 10 2.434+0.020+£0.026

11 0.501 +0.004 +0.020 11 1.530+0.014+0.019

12 0.256 +0.003 +0.019 12 0.809 +0.008 +0.019

(iv) Energy deposited (GeV) for 50 GeV
1 0.205 +0.004 +£0.019
2 0.465 +0.005 +0.019
3 0.807 +0.006 +0.019
4 1.357 £ 0.008 +£ 0.026
5 2.513+0.013+0.012
6 6.113+0.029 +£0.018
7 27.062+0.135+0.104
38 6.418+0.031+0.018
9 2.5394+0.013+0.012

10 1.299 +0.008 + 0.026

11 0.804 +0.006 +£0.019

12

0.418 +£0.004 +0.019
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2N

Table 4
Fits to hadronic transverse profile

10 GeV 20 GeV 30 GeV 50 GeV 75 GeV 100 GeV
A, 6.8 +0.1 145 +0.2 232 +0.2 429 104 699 +0.7 99. 1.
b, 1.96+0.04 1.55+0.02 1.50+0.01 1.39+0.01 1.31+0.01 1.25+0.02
A, 1.11+0.04 3.08+0.05 4.57+£0.05 7.64+0.01 114 10.1 15.0 +0.2
b, 113 +03 9.144+0.08 £.99 +0.05 8.68 +0.01 8.47+0.04 8.35+0.04

hadronic showers. The energy deposited dE/dx as a
function of the distance x from the shower vertex can
be parametrized as the sum of two terms describing the
electromagnetic [23] and hadronic component of the
shower

a+1
% =E{ar(—ba+—l—)x" exp(—bx)

+(1—a)c exp(——cx)}. (5)

In order to describe the longitudinal shower profile,
measured from the front end of the calorimeter (z), one
ought to convolute the energy deposition given above,
eq. (5), with the probability of the beam particle to
shower at a given depth (x) in the calorimeter, namely,

dE 1 x \dE
—d_t_=x_-/; exp(—x—)-a—;(t-—x) dx, (6)

where A_ = 1.11 is the interaction length of the incom-
ing hadrons in units of the nominal interaction length.

The WA78 Collaboration finds that the above ex-
pressions with a@ =0.13 +0.02, a= 3, b=19.5 and fur-
thermore

(At

E [GeV
= (0.67 + 0.03) — (0.166 + 0.003) m(—%)

(7

givc a good representation of their data for energies
above 10 GeV. This is qualitatively also true for our
data as can be seen from fig. 3a, where the solid lines
are taken from [26]. We remark however that while the
agreement between our data and the WA78 parametri-
zation is fair in the first half of the spectrum, our

for depths beyond 5SA. It is interesting to note that the
WA78 calorimeter is composed of two parts, a depleted
uranium section and an iron section, the transition
between both taking place at 5.4A. We also point cut
that due to our coarse segmentation we are not in a
position to make independent fits from our data to the
parametrizations discussed above, for we are not sensi-
tive to the development of the electromagnetic part.

In order to ensure full containment of the shower in
the calorimeter, we will use from now on the fifth

module as a veto calorimeter as discussed in section 2.
The Monte Carlo data will be subject to the same
constraint. We show in fig. 3b the longitudinal profiles
for hadron showers measured at energies of 10, 20, 30,
50, 75 and 100 GeV (full symbois) compared with the
expectations in NEUKA [9], open symbols. The overali
agreement is good though some deviations between data
and Monte Carlo are seen in particular above 5A. In fig.
3c, we compare the longitudinal profile for a 10 GeV
hadronic shower which is fully contained in the calorim-
eter, with the HERMES predictions. The same trend as
discussed above is here observed. For the sake of com-
pleteness the comparison with NEUKA is presented in
table 2. Systematic errors affecting the data have been
obtained by taking into account the uncertainties due to
the pedestals determination. Two additional comments
are in order:

— We would like to point out that a comparison with
HERMES ati energies above 10 GeV is precluded for
reasons discussed in the previous section.

— it has been shown previously that current Monie
Carlos for hadronic showers [9] are able to describe
longitudinal profiles finely segmented in depth as
measured by the WA78 Collaboration [26].

4.3. Transverse profiles

The transverse shower profiles measured at the same
six energies as above are presented in table 3 and
displayed in fig. 4a. The systematic errors affecting the
data and given in table 3 reflect the nncertainties dis-
cussed above. The solid lines in fig. 4a are drawn to
guide the eye. This figure indicates the presence of two
distinct components, namely a sharp central “core” on
top of a “halo” of low-energetic particles extending to
distances of O{2X). We try to describe the transverse
profiles, in rectangular coordinates of the calorimeter.
by the sum of two exponentials, which are supposed to
describe the central “core” of the shower and its *“halo™:

).
(8)

with x the transverse coordinate in cm and x, the
impact point of the showers.

X =X,

b,

X=X
b,

f(x)=4, exp(-— )+A2exp(—
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Table 5
Fits to hadronic transverse profile by modules
10 GeV 20 GeV 30 GeV 50 GeV 75 GeV 100 GeV
A, 56 +0.1 119 +0.2 189 +0.2 345 +03 582 +0.6 6§50 +1.0
b, 1.37 £0.03 1.36 +£0.02 1.33 +0.01 1.24 +0.01 1.19 +0.01 1.15 +0.01
A, 098 +0.03 1.53+0.03 2.06 +0.03 3.27 +0.04 4.79 +0.07 64 0.1
b, 71 0.1 7.58+0.07 7.58 +0.05 7.35 +0.04 7.18 +0.04 7.06 +0.06
A4, 1.1 +01 25 0.1 41 +0.1 81 0.2 119 +03 154 +0.6
b, 22 02 1.98+0.09 2.00 +0.05 1.88 +0.04 1.85 +0.04 1.81 +0.06
A, 0.53 +0.03 1.23+0.04 1.85 +£0.03 3.05 +0.05 448 +0.07 59 +01
b, 106 +03 93 +0.1 9.15 +0.08 891 +0.07 8.76 +0.06 8.67 +0.08
A, 0.216 +:0.007 0.53+0.01 0.789+0.009 1.38 +0.01 1.99 +0.02 2.50 +0.04
by 128 +04 100 +0.1 104 0.1 9.74 +0.07 9.64 +0.07 9.66 +0.09
A, - - 0.099 +0.003 0.164 +0.003 0.256 +0.005 0.350 +0.008
b, - - 127 +04 145 03 142 +03 12.8 +0.2
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Fig. 8. (a) Transverse profile of a 10 GeV hadronic shower along with the expectation in NEUKA. (b) Transverse profile of a 10 GeV
hadrcnic shower along with the expectation in HERMES.
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Fig. 9. (a) Transverse profiles for 10 GeV charged pions in NEUKA for different values of the number of evaporated neutrons f,..
This parameter has been allowed to vary between the lower and upper limits imposed by requirements on the total energy resolution.
(b) Transverse profiles for 10 GeV n*, ™ and p in NEUKA.

The data in fig. 4a have been fitted to the expression
given above taking b,, b, and A4,, and A, as free
parameters. For the sake of illustration we show in fig.
4b a comparison between our data in the range »f 10 to
100 GeV and the fit results. The values obtained for b,
and A, are given in table 4. Notice that while the
normalization factors increase with the energy, the slopes
tend to decrease very slowly with increasing energy.

In order to see how the slower transverse dimensions
evolve as a function of depth in the calorimeter, we
show in fig. 5 the transverse profile of the shower for
each energy and for separate calorimeter modules (ex-

cluding the fifth one, which was used as a veto calorim-
eter).

Fig. 6 illustrates the dependence of the “Full Width
at Half Maximum” (FWHM) of the transverse profile
with the depth in the calorimeter, at the six energies
under study. It is given by 2|x;, — x| with x, such
that f(x,)=f(x0)/2, f(x) being given by eq. (8). It
has been shown that if the FWHM is given in units of
interaction lengths (), this dependence exhibits a lin-
ear and scaling behaviour up to depths of @(4A) [27].
The solid line in fig. 6 is supposed to represent marble
[28), iron [29] and wolfram [30] data. We can compare
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Fig. 10. Transverse profiles for 50 GeV opposite charge hadron showers measured by TEST60.

our results with those from [27] only for those modules
where the central “core” has not faded away: these are
modules #1 and #2 as can be seen in fig. 5. For these
depths the agreement is good.

The functional dependence given by eq. (8), found to
describe the transverse profiles shown in fig. 4a, gives
also an adequate description of the partial transverse
profiles shown in fig. 5 for the first two modules, where
the central “core” is still present. In the last two mod-
ules, the contribution due to the “halo™ suffices to
explain our data. The results of the corresponding fits
are presented in table 5.

The slopes associated with the two components of
the shower decrease very slowly with increasing energy,
and grow with shower depth. see fig. 7, where b, is
shown as a functiou of A for three energies 10, 50 and
100 GeV. This is a reflection of the fact that as the
shower propagates into the calorimeter it becomes
broader.

In order to see how well these data on transverse
profiles are reproduced by the two Monte Carlo codes
discussed in a previous section, we plot in fig. 8a and 8b
the transverse profile for a hadronic shower initiated by
a 10 GeV positive hadron beam along with the expecta-
tions for 10 GeV charged pions in NEUKA and
HERMES. Both Monte Carlo codes describe the gross
features of the data although NEUKA seems to give
rise to profiles which are slightly narrower than the
experimental data.

It is interesting to investigate the uncertainties affect-
ing the Monte Carlo calculations performed so far,
caused by the fraction of evaporated neutrons and the
composition of the beam. In fig. 9a we present the
results of a NEUKA simulation of 10 GeV showers
initiated by charged pions for two values of the parame-

ter f.... namely 0.5 to 0.7. These values bracket the
allowed range of variation of f,. at the lo level
Though the profile corresponding to the latter value is
broader, the differences are almost negligible. In fig. 9b,
we present the results of a simulation with NEUKA of
transverse profiles for 10 GeV showers initiated by 7™,
«~ and protons. We learn that oppositely charged pions
give rise to very similar lateral profiles, while protons
are just slightly broader.

We would like to remark that the NEUKA predict-
ion about the equality of transverse profiles for oppo-
sitely charged particles is supported by our data. This is
shown in fig. 10 where we present measurements for the
transverse profiles initiated by 50 GeV oppositely
charged hadron bearns.

In order to gain further insight into the transverse
energy deposition in a hadroric shower, we piot in fig.
11 the Monte Carlo predictions given by HERMES and
NAUKA for the shape of the profiles for the three main
components that we discussed above. It is clearly seen
that while the ionization and electromagnetic compo-
nents are responsible for the central “core”, the contri-
bution of the neutron signal is very important to de-
scribe the tails. Thus, in order to describe the transverse
profiles of hadronic cascades, a Monte Carlo with accu-
rate description of low-energetic neutrons is required.
We also would like to point out that both codes
HERMES and NEUKA give very similar predictions
for the three different shower components in spite of
the fact that they are based on very different treat-
ments.

In order to further illustrate this point we shown in
fig. 12 a comparison between our data for transverse
profiles initiated by 10 GeV positive hadron beams and
the results of a simulation within the GEANT package



F. Barreiro et al. / Longitudinal and transverse profiles for hadron showers

100.00 " r . . v T
5g0.00 [ Full line : Ionization ]
Dashed line : Electromagnetic 10 GV 5 ]
= Dotted line : Neutrons NEUKA
-~
= 10.00 F
5 E
o 5.00 F 3
e p
]
be]
2  1.00 i
1) 3
S o0.50 ]
- ]
ad
1)
®
b 0.10 | i
0.05 F 3
0.0! L . X
0.0 20.0 4o.0 60.0
LATERAL POSITION (CN.)
100.00 — — : R
Full line : Ionization E
50.00 g 3
Dashed line : Electromagnetic 10 GeV = ]
o Dotted line : Neutrons HERMES
-t
;:‘ 10.00 F 5
o 5.00 F .
e
©
15
- .
B 1.00 | o 4
£ 0.50 F L 4 3
r- . 4
2 - z/,§
5 -
S 0.10 , .
0.05 F 3
0.01 : ’$ . | . I . - .
0.0 20.0 4c.0 60.0

LATERAL POSITION (CM.)
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[25], version 3.12, implementing two different hadron
shower treatments, i.e. TATINA and version 7.3 of
GHEISHA [33]. Clearly the transverse profiles in
TATINA, where the neutron component is missing, are
much narrower than those in NEUKA/HERMES/
GHEISHA and in turn than in the data.

We would like to remark that for the ZEUS experi-
ment a neutron shower termination program has been
addec to the GEANT package and tuned to the ZEUS
prototype data [34]. This termination program signifi-
cantly speeds up GEANT and simulatcs adequately the
experimental spatial distributions, energy resolution and
e/h ratios.

We would like to finish this section by noting that
the transverse profiles we have been discussing in this

section are rather insensitive to the 2% cut applied in
the energy deposited in the fifth module. This is il-
lustrated in fig. 13 where we show the transverse pro-
files for 100 GeV hadron showers with and without the
ieakage cui.

4.4. Influence of leakage on the energy resolution

The segmentation of our calorimeter in five modules
in depth and twelve strips in the transverse dimensions
allows an investigaticn on how leakage effects influence
the energy resolution for hadronic showers {14].

To study this point we have measured the pulse
height distributions in the full calorimeter, using the
fifth module as a veto calorimeter, and have then
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- increased the longitudinal leakage by reducing step-
wise the number of modules that contribute to the
signal;

- increased the transverse leakage by reducing the
number of strips which contribute to the signal.

The corresponding pulse-height distributions have
been fitted to Gaussians over an interval of +3 stan-
dard deviations around the peak, the mean value is
quoted as mean response and the standard deviation is
used 10 obtain the energy resolution. The results are
suinmarized in fig. 14 as exemplified in the case of 30
GeV hadron showers. This figure shows how the final
resolution of 36.6%/ vE is approached when the
calorimeter tends to its final configuration. Clearly the

longitudinal leakage affects the energy resolution much
stronger than the transverse leakage.

5. Summary

We have presented data on the longitudinal and
transverse profiles of hadronic initiated showers at en-
ergies of 10, 20, 30, 50, 75 and 100 GeV. The longitudi-
nal profiles agree with those measured by other experi-
ments and are fairly well reproduced by the Monte
Carlo programs HERMES and NEUKA incorporating
the development of hadronic cascades as well as a
simulation of the detector effects.
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The lateral profiles show the presence of two distinct
components, a narrow central “core” and a “halo” of
low energetic particles. The central “core” is mainly due
io ionization energy losses and electromagnetic deposi-
tion while the “halo” is dominated by the neuiron
component. The Monte Carlo programs HERMES and
NEUKA with accurate treatment of low-energetic neu-
trons give an adequate description of the data.

Finally we have performed a study which shows the
influence of longitudinal and transverse leakage on the
energy resolution of a hadron calorimeter.
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