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Introduction

The measurement of energy distributions in hadronic interactions and in particular of
jet energies will be one of the most important tasks of the S5C detectors. The precise
measurement of jet energies leads to new and stringent requirements on calorimetry which
can be only matched by compensating, high resolution calorimeters. The design and
construction of such calorimeters requires an extensive test program. Given the size and
complexity of hadron calorimeters only a limited number of questions can be studied
experimentally and reliable computer calculations, checked against experimental data, are
needed for optimizing the calorimeter design.

The compensation effects arise from a "conspiracy” between differeni energy deposition
processes within a hadronic shower. In the hadronic shower there are basically three
different energy components:

s lonization energy deposition from charged hadrons like pions, protons or kacns
o Electromagnetic energy deposition, primarily due to #® production, within a shower

» Neutral component from the low-energy nuclear processes, i.e. binding energy losses,
emission of evaporation neutrons and heavy fragments,

The relation between the deposited energy and the recorded signal is different for each
of ithe shower components. A realistic MC has to simulate the fluctuations of the shower
components in space and from event o event. The fluctuations in hadronic showers are
mainly due to high energy hadrons which, in secondary inleractions, produce a varying
number of other hadrons (e.g. 7~ produce many 7’s or protons produce many neutrons).
The shower in which mainly #%'s were produced has a considerably different shape and

correlations than & purely hadronic one. There are also considerable differences between
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the hadronic showers containing either predominantly neutrons or charged hadrons. The
fluctuations between the charged, electromagnetic and neutral energy components are
constrained by the energy conservation requirement. Energy conservation acts in every
secondary interaction and leads to complicated energy correlations in space.

7’5 and evaporation neutrons, once they have been produced, cannot affect the energy
sharing between the shower components any more. The photons from 7° decays shower
electromagnetically and have a very low probability of producing any other hadrons. The
evaporation neutrons can only reproduce themselves (in fission and nuclear interaction
processes),

.Existing Monte Carlo programs try to simulate the shower developement and the de-
tector responce in all details. This requires the simulation of all the events occuring in
the shower developement down to very low energies of tens of keV for photons, electrons
and neutrons. These detailed Monte Carlos are therefore very time consuming and can be
applied only to a limited number of calorimeter design questions.

The NEUKA MC, described here, speeds up the simulation by a factor 20 to 40 without
affecting significantly the correlations between the Ructuations of the different shower
components, This is achieved by:

¢ the detailed sitnulation of the hadronic part of the cascade with energy conservation

in every secondary interaction - hased on the model applied in the FLUKA code, see
ref. 1;

¢ fast parametrization of the most time consuming parts of the shower developement,
namely the evaporation neutron transport and the electromagnetic energy deposition.

In the following we will describe in some details the models for inelastic secondary
interaction (which was directly taken from FLUKA), for evaporation neutron production
in uranium and for the interactions of evaporation neutrons with the calorimeter materials.
Then we will describe, on the example of the ZEUS uranium scintillator calorimeter, the
detection of the neutron, charged and electromagnetic signal. Finally we will discuss the
NEUKA results for the calorimeter resolution and e/x ratio and compare them with the
experimental tests.

Secondary Interactions

The hadron - nucleus interaction is a superposition of three processes: the nuclear exci-
tation, the intranuclear cascade process and the high energy hadron interaction with the
nucieons within the nucleuns.

¢ The nuclear excitation process summarizes the effects of the binding energy losses,
neutron evaporation, nucleus excitation and nuclear breakups. These processes are
not described in detail. NEUKA determines only (as in FLUKA) the excitation

energy, E.., from a parametrized distribution.
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o The cascade protons and neutrons are produced according to the method of Ranfl
and Routti, ref. 2. The sum of the kinetic energy of all cascade nucleons is equal
to the total cascade energy, T.. 7. is chosen randomly according to an empirically
parametrized distribution.

e The hadron interaction with the nucleons are described via resonance production 8N I I : t I 1 T
model for projectile energies below 5 GeV. Above 5 GeV the particles are produced
via the multi chain exchange model. In both cases the incoming energy is diminished

by E... and T. to ensure energy conservation. 2[. - En ev= 3 M ev -

Evaporation Neutron Production

1

Evaporation neutrons are produced in every secondary interaction. To determine their 20
number and energy distributions we used the following simple model.
We define first the fraction of excitation energy which is evaporated by neutrons, f.o..

The energy necessary to evaporate a neutron is the sum of its kinetic energy and the 16

binding energy within the nuclens. The mean number of evaporated neutrons is therefore
measurement:

Activation analysis
1522 22 .

given by
W o fezc ' Eezc _____
cer E.B + ‘En‘w 12 [~

where

s Eg denotes the dverage neutron binding energy. We assumed Ep = 6.4 MeV, which
is equal to the binding energy of outer shell neutrons in uranium. 8 =

*» B dep‘otes the average neutron kinetic energy. This energy is expected to be
between 3 and 4 MeV. We assumed E, ., = 3.5 MeV. [.

In every secondary interaction the number of neutrons is chosen randomly from a Poisson
distribution with the average M.ap. We note, that this can lead to a small violation of

the energy conservation. The neutron kinetic energy is randomly chosen according to the 0 y | | | i I

distribution
t f{Bnaw)} = Bneo - €@p(—2 - Enev/En.ev) 0 02 04 06 08 10 1.2 fEXC

The value of the parameter f... was determined from the comparison of NEUKA results

with the number of captured neutrons, measured from a 591 MeV proton beam incident

on U/Sci calorimeter, ref. 3. The measured number of captured neutrons was 21 £ 3 per
Fig. 1. Number of evaporation neutrons per event as a function of f,,.. NEUKA simulation

event. The number of evaporation neutton differs from the number of captured neutrons
of a 591 Mev proton beam incident on U/Sci calorimeter of ref. 3.

since an evaporation neutron can produce additional neutrons through fissions or {n,2n)
processes. The ratio between the two mumbers was determined in several independent
calculations, e.g. ref. 4, to be 1.4. In Fig. 1 we show the number of neutrons as a function
of foze determined in the NEUKA simulation of 591 MeV proton interactions. From this
figure we determine that f.. =06+0.1.



Having determined fo,. from the data we have predicted the number of neutrons pro-
duced by a v~ beam in the ZEUS calorimeter. The results are given in Table 1.

Table 1. Predicted number of neutrons i)er incoming 7~, B, < 20MeV

Beam Energy {GeV) | number of neutrons | number of sec.interactions
5 180 7.4
10 320 17
20 610 31
50 1330 60
100 2440 110
200 4370 190
1000 18100 800

In order to avoid the leakage problem we assumed in this calculation that the calorime-
ter has an infinite size. The thickness of uranium and scintillator plates was taken to be
0.33 and 0.26 cm. We counted all neutrons with E, < 20 MeV,

We observe that the number of produced nentrons per incoming particle and per GeV
decreases with the increasing beam energy. This is due to the increase of the electromag-
netic cornponent in the shower with the projectile energy.

We remark that in NEUKA MC the low energy neutrons are produced not only from
the excitation energy but also from the high energy induced fission (60% probability per
secodary interaction) and cascade processes. Let us denote by E,., the sum of kinetic
energies {below 20 MeV) of all neutrons produced in an hadronic shower. Then, typically,
80% of E,., is due to evaporation, 20% to fission and 20% to cascade neutrons (for fo.. =
0.6). In the above numbers we do not count the neutrons produced in the neutron induced
low energy fission and interaction processes (E, < 20MeV). The effects of these neutrons
are taken into account in the determination of the calorimeter responce to the evaporation
neutrons as discussed in the next section.

In our model E,., is on the average proportional to f,.., but it fluctuates from event
to event. We investigated this fluctuation in the following way. First we determined, for a
given f..., the ratio

a = Eﬂez.l/ Eemc

E,.. denotes here the sum of all excitation energies in an event and the average is taken
over all events. Then the variable £ was defined as

Eexc - neu/ o
VEeze

The mean square fluctuation of E,., arround « - E., is then

o= [ €160

&=
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where f(£} denotes the distribution of the variable ¢ determined from all events.

In Table 2 we give, for a 10 GeV 7~ shower, the dependence of E,,., and o, from fe
as determined in NEUKA,

Table 2. E,,, and 0., as a function of f...

feze 0.2 | 04 | 06 ] 081 1.0
E,..in % of E... | 20.0 | 27.3 | 35.3 | 42.5 | 50.5
Oeze/ VEeze in % 3501 29.0 236209187

The relation between E,,. and the energy of the emitted neutrons is independent of
projectile energy. The amount of excitation energy, E..., decreases with increasing beam
energy, see Table 3.

One - Neutron Monte Carlo

To understand the mechanism of neutron energy deposition it is necessary to follow the
neutrons one by one on their way through the calorimeter. Therefore, we developed a
special Monte Carlo to simulate the behaviour of neutrons in the calorimeter.

A low energy evaporation neutron undergoes several reactions: elastic, fission inelastic,
{n,2n), (n,3n) and capture interactions with U**® and elastic interactions with carbon and
hydrogen. The total cross - section for these interactions are given in Fig. 2. To get a
feeling for the spatial distributions of the neutrons we remark that for 2 MeV neutrons a
mean free path for elastic interaction in pure uranium is 4.7 ecm. For inelastic reactions
it is 7.8 e¢m and for fission 38 cm. In the following we describe these interactions in some
detail:

* neutron elastic scattering on U. A neutron looses only a small part of its energy

{1/239) per colision. The angular distribution is of the coherent elastic type, ref. 2.

» neutron fission of U. In the neutron fission process there are on average 2.5 neu-
trons produced. The energy of fission neutrons was chosen according to a Maxwell
distribution of temperature ~ 1.33 MeV. The number of fission neutrons and their
temperature was assumed to depend slightly on the incoming neutron energy in ac-
cordance with ref. 6. The fission neutrons were emitted with an isotropic distribution

in the laboratory frame.

¢ neutron inelastic scattering on U. To describe the amount of energy lost by a neutron

in this process we used for the low energy neutrons {< 2.5 MeV) the nuclear level
excitation model by Sheldon, ref. 7. In this model the neutron excites one of the
uranium levels and looses the corresponding level energy. The average energy loss by
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Fig. 2. Cross sections for neutron - U™ and neutron - proton interactions as a function
of the neutron kinetic energy

a 2 MeV neutron is around 550 KeV. In the higher energy region, above 6 MeV, we
used the statistical model of the excited nucleus, ref. 8. In this model, it is assumed
that the peuiron merges with the nucleus and forms a compound nuecleus which
then evaporaies one, two, or three neutrons. The number of evaporated neutrons
is determined by the inelastic, (n,2n) and (n,3n) cross section of Fig. 2. For the
evaporation energies we used the phenomenoclogical distributions given in ref. 9.
They correspond to a Maxwell spectrum with temperatures between 0.3 and 0.6
MeV for neutron energies between 3 and 6 MeV.

In the region between 2.5 and 6 MeV we assumed that inelastic scattering occurs
as a mixture of the above {wo models. This mixture is determined in the following
way: we attach to each model a probability that the inelastic scattering happens
according to this model: at 2.5 (6.0) MeV the probability for occuring of the level
excitation process is 1 {0) and of the statistical process is 0 {1}; in between 2.5 and
6 MeV these probabilities vary linearly with energy.

In the inelastic process a neutron looses a substantial pari of its energy and, with a
high probability, falls below the fission threshold. Since the inelastic cross section is
considerably bigger than the fission one, the inelastic process prevents the neutron
profifaration in the uraniuvm calorimeters.

¢ neutron capture in U. In this process an excited U**® nucleus is formed which sub-

sequently decays with the emission of a 4.8 MeV photon to U?*, These photons are
not simulaied in NEUKA. This process is very important for neutron energies below
10 keV.

* neutron elastic scattering on H. In this process the neutron looses on average half

of its kinetic energy. In scintillator material the recoil protons produce an ionization

signal.

e neutron scattering on C. To describe the n-C interactions we considered the elastic,

inelastic and absorpiion process. In inelastic scattering only the excitation of the 4.3
MeV level was considered. '

With the help of the One - Neutron MC we predicted the space distributions of captured
neutrons and fission products observed in the activation analysis measurement of ref. 3.
In Fig. 3 we show the comparison with data of the transverse distributions for captured
neutron and fission producis. In Fig. 4 we show the comparison for the longitudinal

distribution of fission products. In both cases good agreement is observed.

Detection of Neutron Signal

In our investigation of neutron effects in uranium calorimeters we simulated the neutron
source with a Maxwell energy distibution of temperature 2.4 MeV. The energy distribution
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Fig. 3a. Transverse distribution of c¢aptured neutrons computed in the O-N MC and

compared to the activation analysis results of ref. 3.

no of fissoons %[
550 N T T T T T T T T T T T T T T T I ] __L
o ] 15| - MeY
tsoF ] [
z ? |
350 [~ -] 10
250 - 3 :
E n L
150 |- . T
50 . [
: - : i | I BTy L N AW |
ol 1 1 ] [ VI B PO T | [ S 0 Gz a3 5 1 2 3 5 ©
-40 -20 0 20 &0 ty M

-y [em]

Fig. 3b. Transverse distribution of fissions computed in the O-N MC and compared to the

Fig. 5. a, and a., as a function of the uranium to scintillator thickness ratio.
activation analysis results of ref. 3.
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was corrected in the low and high energy regions (E,, < 0.5 and E,, > 15 Mev} to agree with
the experimental observions of ref. 10. The evaporation neutrons transfer their energy to
uranium, mainly through the inelastic scattering processes, and to scintillator, through
the elastic scattering on hydrogen protons, The amount of energy deposited in uranium
and scintillator depends on their relative abundance in the calorimeter measured e.g. by
the ratio of the plate thickness. In the uranium scintillator calorimeter with the ZEUS
structure ~ 50% of the energy is deposited in uranium and ~ 50% in scintillator.

An evaporation neuiron travelling through the ZEUS calorimeter produces in the scin-
tillator, on the average, 10 recoil protons with the average energy of 0.2 MeV. The energy
of the recoil protons is only partially recorded because the light saturation effects damps
the signal. To describe these effects we used the Birks formulae

dE/dz
L= ./1+kb dE/da:

with the ky = 0.0085 g/MeV -cm?. After the light saturation effects are taken intc account
only ~ 20% of recoil proton energy is turned into light. The efficiency of the neutron signal
collection is called the sampling fraction for neutrons, &, and is defined as a fraction of
the kinetic energy of the emitted neutron transferred to the signal taking into account the
light saturation effects. An emitted neutron may produce other neutrons through fission
or {n,2n) reactions. This effect is automatically included in the a, determination because,
in the O-N MC, the signal is collected from all recoil protons, irrespective of their origin.
In Fig.5 we show the sampling fractions for neutrons as a function of the uranium to
scintillator plate thickness. For the ZEUS calorimeter we see that the neutron sampling
fraction is around 10%.

The O-N MC can also determine the precision of neutron signal detection, d,... We
found for ZEUS calorimeter that 0,0 =~ 9%- \/E,m,. The good resolution for the neutron
signal detection is due to the fact that nentrons, other than e.g. charged particles, deposit
& large fraction of their energy in the scintillator.

The nentron signal is deposited by several recoil protons. The mean free path of
the neutron between subsequent hydrogen elastic scattering varys strongly with neutron
energy, see Fig. 2 and is of the order of few centitheters, This leads o a space distribution of
the neutron signal. In Fig. 6 we show the transverse distribution for the ZEUS calorimeter
2s a function of the distance to the point of neutron emission.

In the evaluation of the neutron signal in the hadronic shower it is difficult o follow
all the neutrons because the O-N MC is time consuming (20 neutrons/sec of IBM 3084}.
To evaluate the neutron signal we have therefore used the following recipe:

s subdivide the energy of each individual neutron into n equal "pieces”. n is a free
parameter with default value » = 10.

1000

-
-4
-
—
-
-
-
—
-4
-4

800
600
400
200

IIIIIITIIII—EIIIIIII
Illlllillllll]llll[

40
y lcm]

1
o~
o

Fig. 6. Space distribution of the neutron signal determined in O-N MC
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Fig. 7. ¢/mip ratio as a function of the uranium to scintillator thickness ratio, ref. 4.
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s deposite the energy "pieces” at discrete space points, randomly chosen with the space
distribution of Fig. 6

s sum up all the energy "pieces” in the calorimeter region of interest. We denote this
sum by E,..,

¢ "smear” E,, in a gaussian way with ... The smeared energy is called Ei7.

e assume that neutron signal = o, - B0

neuw

It is interesting to observe that in the hadronic shower onty a small part of the excitation
energy, Fes., is turned into signal. From the values of E,., given in Table 2 and from the
value of a, ==~ 10% we find that only ~ 3.5% of E... is recorded as a signal.

Detection of Charged and Electromagnetic Signal

In this section we discuss the signal due to the charged hadrons and ®'s direetly produced
in the secondary interactions of hadronic shower particles. We do not consider here the
neutron recoil proton signal which was discussed in the previous section because, in our
subdivision of shower energy types, it belongs to the excitation energy component.
Charged hadrons like pions or protons are tracked through the detector taking into
account the ionization energy losses, We use the ionization energy loss formula of Bichsel,
ref. 1, as in FLUKA program. In our calculation the cui-off for hadron energies was 1 MeV
{it was 1 keV for the recoil protons produced by evaporation neutrous in the seintillator)
The signal due to charged hadrons was computed in the conventional way by summing
up the ionization energy deposited in the scintillator. We denote this signal by E. We

determined also Eft which is equal to the ionization energy deposited in the uranium and

- scintillator. The charged sampling fraction is then

Ceop = E::n/ -ET::

The charged sampling fraction was found to be independent of projectile energy and
equal to ~ 7.5%. The charged deposition has iwo fairly independent components: the
charged pions, EZZ, and the proton energy deposition, EZ,,. The charged pions are rela-
tively energetic and behave more like minimum ionizing particles. The protons are mainly
produced in the intranuclear cascade processes. They are less energetic and therefore can
be stopped even in a single absorber plate. In Table 3 we give an overview of the amount
of charged pions and proton energy deposition within a hadronic shower. The energy de-
position of other chazged hadrons can be neglected. o), was determined to be around 7.3%
for pions and around 7.6% for protons.

In Table 3 we give an overview of the amount of charged pions and proton energy
deposition within a hadronic shower, The energy deposition of other charged hadrons can

8

be neglected. The charged energy is compared with the electromagnetic energy deposition,
E,)., and to the excitation energy.

Table 3. B..., EIZ, E%, and E,, as a function of 7~ beam energy

Bpeam Ge¥ | 5 | 10 | 20 | 100 | 200 | 1000
Beee GeV [ 2,02 [3.21] 6.3 | 255 | 45.6 | 188
% of Byeam | 40.4 | 32,1 1 31,5 | 25.5 | 22.8 | 18.8
ETZ GeV (075|131 21 | 80 (1481 61
% of Epeam | 15.1 | 13.1 | 10.6 | 8.0 | 74 | 6.1
Ef_ GeV [ 041|118 2.2 | 812|148 61
% of Boeam | 8.2 [ 116|112 822 7.4 | 6.1
E.. Gev |1.35] 3.1 | 7.2 [49.8 | 110 | 630
% of Byeam | 27.2 | 31.3 | 35,5 [ 48.8 | 55 ! 63.0

The electromagnetic energy deposition is simulated with the help of a simple parametriza-
tion, see ref. 1. This parametrization is similar to the one we used for the evaluation of the
neutron signal. The shape of the electomagnetic cascade was determined with the EGS
program and data, ref. 11.

The radial distribution of the energy of an individual ¥ or electron is given by

flr) =11 exp(—2.28 - ) + exp(—0.635 . 7)

where » is expressed in Moliere units.

The longitudinal shower developement is parametrized as
flz) = 2" - exp(-b-2)

where & = 2.0 — Z/340+ (0.664 — Z/340) . In(E) and b = 0,634 - 0.0021- Z. Z is the atomic
number of the material, E is a photon or electron energy in GeV and z is expressed in
radiation lengths.

For every energy "piece” of the electromagnetic cascade, r and z are chosen according
to the above distributions. The position of the space points is computed from r and z
taking into account the radiation lengths and atomic numbers of different materials in the
calorimeter.

To obtain the calorimeter signal we first summed up all the energy "pieces” in the con-
sidered calorimeter region, E,,. To simulate the calorimeter measurement effects E,;, was
'smeared” with the electromagnetic resolution, o, which is well known from experiments
and EGS calculations. For the ZEUS calorimeter structure it is g4, = 15% - +/Eupe and it
scales as /T, where 14, denotes the absorber plate thickness.The smeared electromag-

netic energy was denoted as EJ7.
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To compute the signal of the electromagnetic component EJF was multipied by the
charged sampling fraction, o.s, and the e/mip ratio to take into acecount transition effects.
The e/mzp ratio was determined for different calorimeter structures in ref. 4. The results
are shown in Flg 7.

The resolution for detection of the charged hadron signal, ¢, can be only investigated
with the higlpof a MC betatme in rinture the charged sighal is always mixed with the other
shower components. In NEUKA- we-evilluated-the charged resolution, ., in a similar way
0 Goxe, from the distribution of the vaniable £
¢ Bt~ Bion*/a

) B

We found that the charged resolution in hadronic showers is very similar o the electro-

magnetic resolution, o, = 15% - +/E%. This is, however, a coincidence, because the reso-

lution is very different for charged pions, o5 = 9%.4/El, and protons, of, = 27%./EZ,
The poor proton resolution is due to the fact that most protons result from the intranu-

clear cascade processes. They have therefore Iower enérgies and can be siopped in a single
uranivm pIate

Calorimeter Resolation and e/n ratio

We investigated the calorimeter resolutlon and e/m ratio simulating the hadronic shower
development in an mﬁmtely large calorimeter with the ZEUS layer structure. The signal
was evaluated separately for every shower component, as we discussed above, and then
added ,tog,e,the,i', . L
signal = o, - By, + Bl + e/mip- o - B

"Phe measurement prevision of the signal, o/vE and the e/# ratio are shown as a
function of beam energy, E,.in Fig. 8, We see that ¢;/+/E is almost independent of beam
energy and around 30%. e/ is 1.04 for lower energies and it approaches 1.0 as the energy
intreases due o the increase of the electromagnetic shower component.

To demonstrate the difference between U/Sci and conventional calorimeters we show
in Pig. 9-¢/V'E computed without the -excitation edergy contribiifion. We see that the
lack of signal from the excitation energy deteriorates the hadronic resolution at 10 GeV
from 30% to 60%. Furthermore the resolution is strongly energy dependent, it inereases
to 95% at 100 GeV.

The resolution of U/Sci calorimeters for measuring hadronic showers is considerably
better than that of conventional calorimeters but, on the other hand, it is worse than
the resolution for measuring electromagetic showers. There are mainly two effects which
deteriorate the resolution of U/Sci calorimeters:
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a ®~ beam incident on the infinite calorimeter with ZEUS structure.
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+ the efliciencies for recording different shower components are not completely equal;
the excitation energy is recorded with ~ 3.5%, the charged pion energy with 7.3%, the
proton energy with ~ 7.6% and the electromagnetic energy with ~ 4.5% efficiency.

e the measurement precision of excitation energy is, in our model, fairly poor because of
fluctuations of evaporation neutron number and energies, Geoe @ Onen = 25% v/ Eeze

The third effeet which could affect the resolution is the poor measurement precision of

the proton signal (27%-\/@) which is due to stopping of low energy protons in absorber
plates. This effect would play an important role in the case that we underestimate consid-
erably the amount of shower energy deposited through protons.

The experimenter can, to some extent, influence the mismatch of different shower com-
ponent measurement efficiencies. This can be done by varying the thickness of absorber or
scintillator plates or adding other materials to the calorimeter. Therefore it is interesting
to investigate how the calorimeter resolution varies as a function of different sampling frac-
tions. In Fig. 10 we show the calorimeter resolution as a function of the neutron sampling
fraction, o,. We see that with a, =~ 10% ZEUS calorimeter is at ithe optimum position of
the resolution curve. However, reduction of a, (e.g. due to neutron energy losses) should
be avoided because the resolution may rapidly deteriorate.

In Fig. 1t we show NEUKA predictions for the dependence of the resolution on the
ratio of uranium to scintillator plate thickness. We see that NEUKA predicts a relativly
flat minimum in contrast to the predictions of e.g. ref. 5. If correct it means that it is
possible to increase the uranium plate thickness without considerably affecting the hadronic
resolution.

Comparison with Test Results

With the help of NEUKA we have studied the energy resolution and transverse energy
distribution observed in Test 35. In Fig. 12 we show the simulated energy deposition of a
5 GeV 7~ beam. The resolution determined with 2o gaussian fits is a/\/ﬁ = 33.3% which
is in good agreement with observed resolution of 33 to 34%. It is interresting to observe
that the resolution determined for Test 35 differs from the resolution of 30% expected for
infinite calorimeter, The difference is due to energy leakage through the front, sides and
back walls which accounts for ca, 10% of the deposited shower energy.

In Fig. 13 we show the comparison of longitudinal shower developement profiles ob-
served in test WA78 and the NEUKA predictions for 20 and 40 GeV beamn energies. We
see that the predictions with neutron energy deposition agree well with data. In Fig. 14

we show a more detailed comparison of energy distributions in the first six modules of test
WAT78 with NEUKA predictions.

We have also studied, with NEUKA, the effects of introducing a steel plate into the
calorimeter structure after one interaction length. In Fig. 15 we show the resolution for

11
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infinite calorimeter as a function of the iron plate thickness. ZEUS collaboration measured
recently the effects of iron plate inside the Test 60 calorimeter and obtained results similar
to our computation.
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