Vol. 24(1993) ACTA PHYSICA POLONICA B No 12

ON NEUTRONS IN URANIUM-SCINTILLATOR
CALORIMETERS
(One Neutron Monte Carlo)

TERESA TYMIENIECKA¥*

Institute of Experimental Physics, Warsaw University
Hoza 69, 00-681 Warszawa, Poland

To understand the mechanism of neutron energy deposition in
uranium-scintillator calorimeters a fast Monte Carlo code has been devel-
oped to simulate the behaviour of neutrons with energy below 20 MeV.
The code predictions are compared to experimental measurements. Some
comments are drawn on the size of the signal produced by neutrons and
their contribution to the energy resolution of uranium calorimeters with
hydrogenous readout.
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1. Introduction

Many theoretical and experimental studies have been pursued with the
aim to improve the energy resolution for a hadron calorimeter. The present
Monte Carlo investigation has been motivated by a series of experiments
performed as prestudies for the ZEUS uranium-scintillator calorimeter [1].

The fluctuations in hadronic showers come from a large variety of
hadronic interactions. A shower in which neutral pions are abundantly pro-
duced has a different energy deposition in space than that without them.
Nuclear interactions of hadrons lead to some disintegrations of nuclei, on
average larger for baryons than mesons [2]. Considerable differences are ex-
pected between hadronic showers with or without a large number of nuclear
fragments, as the nuclear processes are strongly correlated with the binding
energy loss.

In order to simplify a description of a hadron shower in a calorimeter the
shower can be split into components [3-8], every one of them characterized
by the same general features. Then, for the understanding of some aspects
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of detection it is possible to investigate the individual component separately.
A feature of particular interest for calorimetry is the relation between the
energy carried and the recorded calorimeter signal as well as the spatial and
time distributions of signals. This paper investigates in detail the part of
nuclear component derived from the production and interaction of neutrons
with kinetic energy below 20 MeV.

Neutrons are a significant part of the nuclear hadronic component, in
particular for neutron-excess materials (high A/Z-ratio). As an example,
in multi-GeV proton uranium interactions, on average about 30 nucleons
are emitted as light nuclear fragments or free nucleons [2]. About a half of
them are free neutrons. At 500 MeV about 14 free neutrons are emitted with
energy below 12 MeV [2]. Whereas charged fragments deposit their energies
close to the interaction point, neutrons, once they have been produced, can
travel for tens of centimeters before being absorbed. Those with energy
below 20 MeV produce further neutrons and photons in nuclear reactions;
a neutron sub-shower is created, which affects only the energy carried by
the nuclear components of hadronic showers.

Neutrons themselves do not ionize. Free protons can effectively convert
the neutron kinetic energy into energy of charged particles via elastic scat-
ters. In a calorimeter with hydrogenous readout medium the part of the
energy carried by the neutron component can be detected. The fraction of
the calorimeter signal produced by neutrons depends on the amount of high
A/Z nuclei (the sources of neutrons) and on the amount of free protons (the
converters of neutron energy into ionization).

To understand the mechanism of neutron energy deposition it is neces-
sary to follow the neutrons one by one on their way through the calorimeter.
Therefore, a special fast Monte Carlo programme, called the “One Neutron
Monte Carlo” (ONMC), has been developed to simulate the behaviour of
neutrons with energy below 20 MeV. The code permits an estimation of
the contributions from the different processes and thus allows to determine
which effects, out of many, are essential. An earlier version of the code
has been used in [3] to investigate detection of hadron showers in uranium-
scintillator calorimeters. Some further studies published in Ref. [4] are done
with NEUKA, the code based on a simplified version of the ONMC routines
implemented for use in hadronic shower simulations by FLUKA86 [9].

This paper is organized in the following way. Section 2 describes the
neutron production. In section 3 the model for transport and interactions of
evaporation neutrons with the calorimeter materials is discussed. It mainly
concentrates on uranium-organic scintillator composition with a simplified
extension to lead-scintillator and to uranium-gases containing some free
protons. The gas calorimeters reflect the importance of effects related to
the amount of hydrogen in active media. The study of lead—scintillator com-



On Neutrons in Uranium~Scintillator Calorimeters 1999

positions leads to a better understanding of neutron amplification by fission
of uranium. The accuracy of the model and the essential features of the
neutron cascade are the subject of section 4. In Section 5 the model predic-
tions are compared to experimental results from activation measurements
[6] and to calculations done with HERMES (7] and by Wigmans [8]. Finally,
in Section 6, the detection of neutrons is discussed for the case of the ZEUS
uranium-scintillator calorimeter [1]. Unless explicitly stated otherwise:

— the energy is the kinetic energy of a particle;

— the interaction length units, Ay, are taken from the Particle Data Book-
let [10], however, for all calculations the energy dependent cross sections
are taken;

— calorimeters are of the sampling type with alternating layers of absorber
and readout material.

2. Evaporation neutrons

In the traditional description of an interaction between a high-energy
hadron ( Ey;, > ©(100) MeV) and a nucleus two stages can be distinguished:
a fast intranuclear cascade followed by a slow deexcitation process of the re-
maining nucleus. For the high A/Z materials the deexcitation goes through
an evaporation process competing with high-energy fission. Both lead to
the emission of free nucleons, nuclear fragments and nuclear photons. Each
of the interactions is a point-like source of neutrons, which are called here
evaporation neutrons. The available experimental data on neutron produc-
tion from heavy nuclei are rather limited and inadequate, in particular as far
as such essential properties as the total neutron yield, the energy spectrum
or the angular distribution [11-13] are concerned. Several theoretical inves-
tigations have been carried out to understand processes in uranium and in
lead needed for nuclear reactor calculations [12]. Some of our assumptions
are based on results of these approximations when no detailed information
from measurements is available.

The probability #(E,) of emission of an evaporation neutron with en-
ergy E,, is described by the Weisskopf statistical theory leading to an energy
spectrum of neutrons given by #(E,) x E, - exp (-2E,/ E,). The average
kinetic energy of the neutrons E,, emitted from sources created by nucleons
of a few hundred MeV on uranium and lead, is measured to be equal to 3.6
MeV and 3.4 MeV, respectively [11]. For hadron interactions at higher en-
ergies the mean neutron energy is still about the same, about 3.55 MeV for
uranium and lead [7]. At the lower energies the mean energy of evaporation
neutrons from lead decreases to about 2 MeV for 30 MeV incident protons.
The decrease reflects a diminishing probability for high-energy fission. More
information on experimental neutron spectra can be found in [11].
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The Weisskopf formula is not completely adequate (see e.g. Briickmann
et al., [7]). The deviations are due to the motion of the evaporating nuclear
fragments, which recoil after the internuclear cascade and/or fission. Taking
into account this effect in the present studies it is assumed that evapora-
tion neutrons are emitted isotropically from a point-like source and have a
Maxwell energy spectrum,

#(E,) x \/Eyp, - exp (—En/T)

with a maximum energy of neutrons equal to 20 MeV. The temperature T
expresses the average kinetic energy of the neutrons according to T=2/3-E,,.
The average energy is taken to be equal to 3.55 MeV for most of the studies.
It is valid for neutrons from interactions of hadrons with energy above 50
MeV on uranium, and above 1 GeV on lead. For the latter, as mentioned,
the average energy depends on the incoming energy of hadron. Therefore,
the spectrum of evaporation neutrons of 2 MeV for lead, as a lower limit,
is also the subject of further investigations. The spectra are presented in
Fig. 1.

dN/dE,

4
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Fig. 1. The Maxwell spectra of evaporation neutrons for mean kinetic energies of
2 MeV and 3.55 MeV without relative normalization.

The number of evaporation neutrons produced in hadron showers
scales approximately with the energy of the showering particles E; like
42.(E,/1GeV)?-88 in uranium. The formula is obtained from the studies
of hadron showers of energy between 10 GeV and 100 GeV in the ZEUS
uranium-scintillator calorimeter [3] and is in agreement with estimate given
in [7] and [14].
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The neutron yield for lead is roughly 2/3 that of uranium for 10 GeV
hadron induced showers [7], and 1/3 for 600 MeV proton-induced showers
[6]. It reflects the fast decrease of the probability for the fission of lead
below 1 GeV.

An additional source of neutrons in hadronic and electromagnetic show-
ers which is not considered in this paper, is photoproduction. The main
contribution to photoneutron yields comes from the giant dipole resonance
region (6.1 MeV<E. <20 MeV), with a cross section for neutron emission
from uranium of about 0.5 barns at E., ~14MeV. The average kinetic energy
of photoneutrons is higher then for evaporation neutrons [15].

3. Model of neutron interactions

In this section our assumptions on the modelling of the neutron interac-
tions (Ep, < 20 MeV') with nuclei are described. They are essentially based
on experimental results.

Calorimeter materials are usually a mixture of isotopes like uranium or
compound materials like scintillators. The model deals only with the pure
isotopes of 238U, 12C and 'H, and with natural lead!. Organic scintillators
as well as hydrogen containing gases are assumed to be a mixture of carbon
and hydrogen with relative ratios and densities as given in the Particle Data
Booklet [10].

3.1 Neutron interactions in uranium

An evaporation neutron initiates a neutron cascade composed of neu-
trons. A neutron can undergo several reactions with uranium: elastic and
inelastic scattering, fission, (n,2n), (n,3n) processes and capture. The cross
sections [16] for these interactions are presented in Fig. 2. To give a feeling
for the spatial spread of the neutron cascade we note that the mean free
path of 2 MeV neutrons for elastic interaction in pure uranium is 4.7 cm; it
is 7.8 cm for inelastic scattering and 38 cm for fission. The mean free path
of neutrons is relatively large compared with the calorimeter layer thick-
ness (typically, <1 cm). The neutron-uranium interactions are simulated as
follows.

e Neutron elastic scattering on uranium is described by a coherent
elastic model above 1 MeV neutron energy and classical elastic scatter-
ing, i.e. 2-body kinematics and isotropy in space, below 100 keV. For the

! Natural lead consists of four isotopes 2°4Pb, 206Pb, 207pb, 208P} with relative
abundances, 0.01, 0.24, 0.23, 0.52, respectively. The three heavier isotopes
are end products of the naturally occurring radioactive chains. Thus, their
amounts in particular samples vary within a few percent.
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Fig. 2. Cross sections for n-238U interactions as functions of the neutron kinetic
energy.

coherent elastic process a neutron momentum transfer is defined by the
semiempirical formula proposed by Ranft and Routti [17]. The forward
peak in the angular distributions observed in experimental data on the pro-
cess [18, 19] is reproduced. The assumption of the coherent elastic model
leads to a negligible change of the neutron direction and to a small fractional
energy loss of about 1/300 per scattering. Below 1 MeV an increase of an
isotropic component in the experimental angular distributions is observed.
To simulate it two-body kinematics with isotropy in space is taken, if no
solution to the kinematical equations is found for the momentum trans-
fer sampled from the coherent-elastic formula. The forward peak decreases
faster than in the experimental data. Below 100 keV the process is de-
scribed by isotropy and 2-body kinematics with the relative mean energy
loss of about 2Ay/(Ay+1)? ~ 2/238. It does not agree with the experi-
mental observations where an anisotropy is still detected at 75 keV [20].

e Neutron — induced fission of uranium produces on the average 2.6
neutrons. The neutron energies E,,, are sampled according to a Maxwell
distribution, discussed before, #(E,) «x /Ey - exp (—En/T) [21]. Discrep-
ancies between a Maxwell distribution and the experimental spectra [22] as
observed in the energy region below 50 keV and above 15 MeV have been
corrected to.reproduce the latter. The mean number of fission neutrons
(called nubar) and their temperature, T', depend on the energy of the inci-
dent neutron, Ey, in agreement with the experimental data [21]. Nubar is
taken from the table of the mean values up to a neutron energy of 6 MeV
[23] and above 6 MeV from a linear dependence of nubar=0.145*E+2.35.
The actual number of fission neutrons is chosen randomly from a Poisson
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distribution with the average value being nubar. The temperature is taken
to be 1.33 MeV near the threshold increasing linearly at the rate of 0.02
MeV /MeV. The fission neutrons are emitted isotropically in the laboratory
frame [24].

e Neutron inelastic scattering on uranium depends strongly on energy.
For the low energy neutrons (< 2.5 MeV) the amount of energy lost by a
neutron is calculated from the nuclear level excitation model. In this model
the neutron excites one of the uranium levels and loses the corresponding
level energy. The probability of an excitation and a neutron energy transfer
are calculated according to Sheldon et al. [25] and Hogdsen et al.[26]. The
assumed neutron angular distributions are anisotropic only at low energy
transfers, below 1 MeV. The process is dominated by an excitation of the
lowest states, in particular the 45 keV and 145 keV levels, still contributing
at 3.4 MeV [19]. Therefore, the average energy loss by a neutron is small.
For example, according to Sheldon’s model a 2 MeV neutron loses about
550 keV per interaction leaving still enough energy for the neutron to create
a secondary fission. ‘

In the higher energy region, above 6 MeV, the statistical model of the
excited nucleus is used. It assumes that the neutron merges with the nu-
cleus and forms a compound nucleus which then evaporates one, two or
three neutrons isotropically. The evaporation spectra of the second and
third neutron are described by the phenomenological distribution given by
Craner et al. [27], while the one for the first emitted neutron is defined in
terms of a density level parameter of uranium. No correlation in energy
or space between the sequential neutrons is assumed here. The number
of evaporation neutrons is determined by the inelastic, (n,2n) and (n,3n)
cross sections of Fig. 2. Although these processes lead to a multiplication
of neutrons, the main effect is a degradation of their energies, mainly below
1.5 MeV, into a region with low fission probability. Frequently, the neutron
energies are below the threshold for fission, ¢.e. 0.5 MeV. For a 14 MeV
neutron the mean energies of the sequential emitted neutrons are 1 MeV,
1.13 MeV and 0.36 MeV, respectively.

The model for the first neutron emission is extended to a lower en-
ergy region, below 6 MeV. The evaporation spectrum corresponds to a
Maxwellian one with a mean energy of the emitted neutrons of about 20%
of the incoming neutron energy [26, 16]. Thus, in the region between 2.5
and 6 MeV it is assumed that inelastic scattering occurs as a mixture of
the above two models, the statistical approach and the nuclear level exci-
tation model. The relative contributions are parameterized in a form of a
probability that the inelastic scattering happens according to the model: at
2.5(6.1) MeV the probability is 1(0) for the level excitation process and 0(1)
for the statistical process; in between 2.5 and 6.1 MeV these probabilities
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vary linearly with energy.
o Neutron capture in uranium leads to an excited state of 239U, which

subsequently decays to the 239U ground state by the emission of a series of
photons carrying away, in total, an energy of at least 4.8 MeV. In the model
the neutron disappears without any further consequences. This process is
very important for neutrons with energies below 10 keV and dominates the
neutron cascade below 0.1 keV. Therefore neutrons are followed down to
an energy of 0.4 eV where they are assumed to be captured in the nearest
uranium nucleus.

3.2 Neutron interactions in lead

A similar model is proposed to describe the neutron interactions in
lead. The main difference between uranium and lead is the lack of neutron-
induced fission for the latter and drastically different cross sections for the
other processes (Fig. 3). The features of naturally occurring lead are dom-
inated by the doubly magic isotope 208. Its first excited state is at 2.615
MeV and the next one at 3.198 MeV to be compared with 45 keV and
145 keV for 238U or 0.8 MeV and 1.17 MeV for 2%6Pb. That explains the
small cross section for neutron inelastic scattering on natural lead below 3
MeV. The low density of excited states for lead is reflected also in the level
density parameter of the nuclear statistical model, which is nearly three
times smaller for nuclei around A = 208 than for those around 4 = 238.
The probability for neutron capture on 2°8Pb is approximately zero. The
binding energy of the neutron for all lead isotopes is higher than for 238U,
The thresholds for multiplication processes in lead via (n,2n) and (n,3n) are
assumed to be 1.3 MeV and 2.6 MeV above the ones for 233U. Therefore,
a neutron in lead travels relatively far without any deposition of its energy.
The mean path of a 2 MeV neutron in natural lead is 5.5 ¢cm for elastic scat-
tering, 50 cm for inelastic scattering and 19 meters for n-capture. For this
reason the Pb-model has to be more than a simplified “uranium-without
fission” model.

The neutron interactions considered by the model are elastic scattering,
inelastic scattering, (n,2n) and (n,3n) processes and neutron capture. They
are governed by the natural lead cross sections (Fig. 3) with the mean
atomic number and density of lead. The main assumptions are the same
as for uranium. The elastic scattering and neutron capture process? are
described by the same algorithms as for the U-model. However, in contrast
to uranium, neutrons below the cutoff energy of 0.4 eV, are assumed to
be captured on hydrogen or lead according to the relative probabilities at

2 Energy released in form of nuclear photons is 3.9 MeV for 2°8Pb, 7.4 MeV for
207pb, 6.76 MeV for 2°°Pb and 6.7 MeV for 2°4Pb.
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Fig. 3. Cross sections for n-***Pb interactions as functions of the neutron kinetic
energy.

this energy. As in the case of uranium, inelastic interaction of a neutron
with an energy above 7.4 MeV yields the sequential emission of one, two
or three neutrons. The spectra of the outgoing neutrons are calculated
according to the statistical model of the excited nucleus [27]. The spectrum
of the first emitted neutron is defined by the density level parameter of lead.
The spectra of secondary neutrons are identical to the ones used in the U-
model, but calculated with respect to lead thresholds. Thus, for an incoming
neutron of 14 MeV, on the average 1.43 MeV of the energy is carried away
by the first neutron and 0.95 MeV of energy by the second one. Features of
n-Pb interactions for the neutron energy below 5.5 MeV change significantly
from one isotope to another. For nuclear excitations below 3.2 MeV [28] a
neutron momentum transfer is defined by the measured differential cross
sections weighted according to the relative abundance of lead isotopes. The
probability of an excitation at higher energy is calculated from the statistical
model without spin or parity effects and temperatures adopted as for natural
lead. In the region between 5.5 MeV and 7.5 MeV, in analogy to the U-
model, the contribution from the statistical model increases linearly. Thig
approach, although very crude compared with the detailed U-model, is in
agreement with the experimental data [29].

3.3 Neutron interactions in scintillator

In the organic scintillator a neutron undergoes mainly elastic interac-
tions with its components: hydrogen and carbon. The mean free path of 2
MeV neutrons is 6.6 cm and 11.8 cm, respectively, comparable to the values
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in uranium and lead. The cross sections for the interactions in hydrogen
and carbon are given in Fig. 4. The interactions are simulated as follows.

e Neutron scattering on hydrogen. The energy loss of a neutron is
calculated according to the 2-body kinematics and angular isotropy. The
neutron transfers on average half of its kinetic energy to the recoiling proton,
which then produces an ionization signal. In addition, the neutron capture
into deuteron is considered although the process is only important for eV-
neutrons.

o Neutron interactions with carbon. The elastic, inelastic and absorp-
tion processes are simulated according to their cross sections. In inelastic
scattering only the excitation of the 4.3 MeV level is considered and sub-
tracted from the incoming energy. The energy loss for elastic(inelastic)
scattering is determined from the 2-body kinematics assuming isotropy in
space. Neutrons are absorbed without any further consequences.
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Fig. 4. Cross sections for n-12C interactions and n—p elastic scattering as functions
of the neutron kinetic energy.

The calorimeter signal is determined by the amount and density of the
energy deposited in the readout material. The contribution to the signal
originating from the energy loss of neutrons by scattering is called the neu-
tron signal.

Materials containing hydrogen convert the neutron kinetic energy into
energy of recoiling protons efficiently. However, for scintillator due to a
saturation effect the light yield produced by the highly ionizing protons is
not proportional to the energy deposited. A similar effect, although less
pronounced, is observed in gas chambers. The relation between the rel-
ative collected light, L/L,, and the energy loss, dE/dz, is parameterized



On Neutrons in Uranium~-Scintillator Calorimeters 2007

according to Birk’s formula

£_/ dB/dz
L, J 1+kB/p-dE/dz ™’

where p is density of the medium. dE/dz is taken from [30] up to proton
kinetic energies of 7 MeV for scintillators, while up to 0.2 MeV for gases,
explicitly for methane CH4 and isobutane C4H;3. Above these values an
approximation of the Bethe-Bloch formula is adopted up to 20 MeV. For
all the studies presented here, the material dependent parameter kB for
scintillator is taken to be that of the scintillator of SCSN38, kB = 0.0085
g/(MeV-cm?) [1], and one half of it for gaseous readout. The saturation
causes a strong suppression of the contribution to the signal from the lower
energy recoiling protons. To stress the importance of the effect we mention
that in scintillators the ratio L/L, is 28%, if the energy of a 2 MeV proton
is transformed into measurable light and 12% for a 0.1 MeV proton. For
a typical evaporation neutron this factor is less than a quarter of the total
energy transferred to recoil protons.

The finite size of the scintillator plates is taken into account by trans-
porting protons in 1 MeV steps. The light generated by recoiling protons
below 1 MeV is added to the neutron signal irrespective of their position in
the readout material. This introduces a negligible overestimate of the signal
for scintillator thickness above a few milimeters which however, increases
for thinner layers of the active medium (spaghetti calorimeters) or for less
dense ones(gaseous readout).

The energy deposited in the scintillator by a recoiling carbon nucleus
or any other nuclear fragment from carbon or uranium is not converted
into light. Nuclear photons, abundantly produced in each of the described
types of neutron interactions (inelastic, capture, fission, C-fragmentation)
are also not considered. It has to be stressed that at least three quarters of
the nuclear photons in hadron showers originate from neutron interactions.
Some details on the nuclear photon contribution to hadron showers can be
found in Refs. [7] and [8]. Thus according to Ref. [7] a few percent of nuclear
photon energy contributes to the signal in the conventional scintillator-
uranium calorimeters.

4. Neutron cascade

In the previous section a detailed description of the assumptions of the
model has been given. The aim of this section is to show (%) the essen-
tial characteristics of the neutron cascade development and (4) how uncer-
tainties in the model assumptions reflect on the calculation of the neutron
cascade features and the detected signal.
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The enhancement of the pure hadron response and the recuperation
of the binding energy losses to achieve compensation make the neutron
detection important. Also, due to the large mean free path of neutrons, they
give an additional spread to the lateral and longitudinal profiles of hadronic
showers, and therefore an additional energy leakage. Even a small fraction
of the neutrons, which leak through the walls of a calorimeter, might give
rise to a major problem for any electronics installed nearby. A decrease of
angular resolution and/or an increase of background from unwanted signals
created in the other detectors surrounding the calorimeter is expected. Any
additional detector inside the calorimeter such as silicon diodes may suffer
from neutron induced radiation damage.

The neutron signal, as defined in the previous section is represented
quantitatively by:

— the fraction of neutron energy transferred to free protons (or its equiv-
alent signal, called the sampling fraction);

— the number of neutrons involved in a neutron-induced cascade, called
n-flux, described by the number of n-captures (or proportional to the
number of n-induced fissions for uranium);

— the time, 5878 when 90% of the signal is recorded;

— the lifetime, t™ °®P%-, of a neutron induced cascade defined as the time
interval between the emission of the evaporation neutrons and 90% n-
captures;

— the radius of a circle around the neutron source in the sampling layer
plane, R’;’(g}“l, containing 90% of the calorimeter signal; it defines the
angular resolution;

— the radius of a circle around the neutron source in the sampling layer
plane, R} $°P*", containing 90% of neutron captures inside (or R}, for
fission); it defines the spread of the n-flux.

These features depend on:

— the energy of an evaporation neutron;

— the geometry of the calorimeter, i.e. its lateral and longitudinal size,
thickness of absorber plates, d,},,,, thickness of scintillator plates, dg.,
gaps between the plates, amount of dead material, or extra materials
and their physical properties.

The dependence on the neutron spectrum originates from the energy
dependence of the cross section of the different neutron processes (Figs 2-
4); the sensitivity to technical details of a calorimeter is due to the long
mean path of neutrons before they disappear. Therefore the features of the
simulated neutron cascades are very sensitive to the model parameters.

To illustrate features of the neutron cascade, calculations have been
done for an infinitely large block of absorber, for a ZEUS-type but infinitely
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large calorimeter (d,pe,=0.33 em, ds.=0.26 c¢m) [1] and for a calorimeter
where the thickness of the absorber plates is increased by a factor of three
compared to the ZEUS-type calorimeter. Sources of evaporation neutrons
are assumed to be situated uniformly along the depth of the absorber plate
to avoid local effects. Evaporation neutrons are sampled from the Maxwell
energy distribution discussed before with a mean energy of the neutrons of
3.55 MeV, if not stated otherwise. The calculated number of interactions
and mean energy losses per evaporation neutron are summarized in Table I
for uranium as absorber and in Table II for lead as absorber with and with-
out scintillator as detector. For gaseous readout the results are presented
in Table III. In addition, for every material composition an effective colli-
sion length Aggu, and an effective interaction length Aflfft are given. They
are defined as an average distance between a neutron source and the first
collision (interaction) of evaporation neutrons.

A few remarks are in order. A massive absorber block is equivalent to
a sampling calorimeter interspersed with thin silicon detectors. A uranium
calorimeter with 0.33 e¢m thick absorber and 0.26 cm scintillator plates is
compensating [1]. Also a calorimeter with 1.0 cm lead plates and 0.26 cm
scintillator plates is close to a compensating calorimeter [31].

4.1 Uranium/scintillator

According to the calculations (Table I) the multiplication factor of an
evaporation neutron, as defined by the number of n-captures, is 1.38 for
the ZEUS-type calorimeter, whereas it is 1.77 for massive uranium. Only
one-sixth and one-third of the evaporation neutrons, respectively, lead to
fission. Thus, hydrogen damps the development of the neutron cascade.

Neutrons on average undergo many elastic scatterings on uranium but
loose only a tiny amount of energy. The process is dominated by scattering
of neutrons with energies below 0.5 MeV; the number of scatters as well as
the spread of n-captures is very sensitive to the assumed energy limit, to
which neutrons are followed in the cascade. We use 0.4 eV. In the Monte
Carlo programme a neutron undergoes about 80 scatters before being cap-
tured. Even a slightly inadequate description of the process may lead to
a significant effect after a series of sequential repetitions. Therefore, it is
important to understand the limitations of the proposed model. Again,
the infinite ZEUS calorimeter is considered (i) with a Maxwell spectrum of

evaporation neutrons, and (ii) with a monoenergetic source of neutrons?.

3 Neutrons of 1-6 MeV cover the essential part of the Maxwell spectrum (Fig. 1).
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TABLE I
Uranium calorimeter 200 x 200 x 1000 cm3

per EVAPORATION neutron E, = 3.55 MeV

Pure U U(0.33) + Sc(0.26) U(1.0) + Sc(0.26)

A’gn[cm] 2.7 3.3 3.0
[em] 6.2 8.3 7.4

mt

Number of interactions

U t ~ 80
Saftvic 67 {3 8%
n,2n 0.06 0.04 0.05
n,3n 0.003 0.002 0.003
ssion 0.36 0.17 0.26
n-capture 1.77 1.38 1.6
H elastic 10 8
C elastic 3.2 2.5
abs+inel 0.01 0.007
Amount of energy deposited [MeV]
U elasti 0.15 0.0 0.04
fnelastic 3.3 % 5.3
n,2n 0.5 0.3 0.4
n,3n 0.03 0.03 0.03
ssion
n-capture 0.45 0.07 0.14
H; elastic 1.60 1.00
C elastic 0.26 0.16
abs+inel 0.08 0.04
Spatial spread [cm]
R’,‘;;,h: 17 17 17
R"“p 32 20 23
Signal
Slgnal[MeV] 0.39 0.22
tﬂsmﬂl 17 30
RY% " [cm] 18 18

The parameters of the model are checked by varying them within the uncer-
tainties. Results per evaporation neutron are presented in Fig. 5 with the
shaded area indicating the extent of uncertainty. Some of the contributing
uncertainties are as follows.

¢ For the fission process many formulae have been proposed to de-
scribe the energy dependence of the number and energy spectrum of fission
neutrons [18,22,23). The variation of the predicted number of n-captures is
within 11% and the number of fissions within 5%.
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o For elastic scattering an enhancement of the anisotropic component
does not change the amount of energy deposition and changes only weakly its
spatial distribution, R%$" ! which varies by 2 cm for different assumptions.
It affects the spatial distribution of n-captures by 4 cm.

e In the inelastic process on uranium a neutron loses a substantial
part of its energy (Table I); the amount is very sensitive to the model as-
sumptions for the process. An increase of the number of neutrons, and
therefore their energy transfer to free protons, is suppressed if a neutron
falls below the fission threshold due to a large loss of energy. Since the
inelastic cross section is considerably larger than the fission cross section, it
prevents neutron proliferation in uranium calorimeters. The uncertainty of
the inelastic scattering description is the main contribution to the shaded
area in Fig. 5.

¢ In neutron multiplication via the (n,2n), (n,3n) process, as in in-
elastic scattering the energies of the emitted neutrons determine their fur-
ther “fate”. However, only 5% of the evaporation neutrons have an energy
E, > 10 MeV. Their contribution is unimportant; in particular the contri-
bution of the third neutron in the (n,3n) process to the energy deposition
is negligible.

We conclude that, although for a monoenergetic source of neutrons the
uncertainty of the energy deposition can reach up to 15%, the estimation of
the detection efficiency of an evaporation neutron from a Maxwell spectrum
has an uncertainty of less than 10% due to the model parameters. With a
similar accuracy one could study the behaviour of photoneutrons.

An evaporation neutron travelling through the calorimeter produces
other neutrons through fission or neutron multiplication processes ((n,2n)
or (n,3n)). By scattering in the scintillator, the neutrons create on average
10 recoil protons, although in individual cases more than 100 recoils may
take place. The neutron signal is collected from all recoiling protons. The
dominant transfer of evaporation neutron energy happens through the first
n-p scatter. Thus 57% of the signal is generated in the first scattering while
due to fission the next part (up to 90%) during the 17 scatters that follow.

4.2 Lead/scintillator

The neutron cascade in lead is dominated by elastic scattering (see
Table IT). The signals are slightly larger in size, longer in time and more
spread in space than the ones in the similar uranium calorimeters. In the
lead compensating calorimeter 90% of the signal is created within the first
three scatterings. The scatterings that follow, slow down low-energy neu-
trons to thermal energies. Then they leak out or are captured predominately
in 207Pb, and for sampling calorimeters also in hydrogen. We want to stress
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TABLE II

Lead calorimeter 200 x 200 x 1000 cm?

per EVAPORATION neutron E, = 3.55 MeV

Pure Pb Pb(0.33) + Sc(0.26) Pb(1.0) + Sc(0.26)

cm 4.7
Ggend AT

4.7 4.7
19.3 16.6

Number of interactions

Pb ~
Slaftitic 190 03 8%
n,2n 0.03 0.02 0.03
n,3n <0.0001 0.001 0.003
n-capture 0.3 ~0.3 ~0.6
Hs elastic 15.3 14.9
n-capture ~0.7 ~0.4
C elastic 4.1 3.6
abs-+inel 0.02 0.01
leakage 0.7 0. 0.0001
Amount of energy deposited [MeV]
Pb elasti . 0.0 0.
felastie 3B iy i
n,2n 0.3 0.2 0.2
n,3n 0 0.02 0.06
n-capture <0.0001 0.03 0.06
H, elastic 1.74 1.28
C elastic 0.3 0.2
abs-+inel 0.1 0.04
Spatial spread [cm]
Ry P ~120 ~30 ~40
Signal
Signal[MeV] 0.45 0.29
t"s""gns] 21 45
R% " [cm] 24 29

that the lateral spread of the calorimeter signal, R"gml, in terms of Ay, is
the same ~ 1.7 Ay, for the uranium and lead compensa.tmg calorimeters.
Due to the small cross section for inelastic scattering and n-capture
in lead below 3 MeV of neutron energy the lifetime of a neutron cascade
t™ <®Pt- is longer than in uranium. Whereas 90% neutrons are captured
in uranium after 0.4 us, for lead calorimeters the 90% neutron absorption
happens after 8 us for 0.33 cm thick absorber layers and about 15 us for 1

cm thick layers.
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Fig. 5. Neutron signal as a function of the energy of monoenergetic neutrons in
compensating calorimeters: the full line is for uranium-scintillator, the dashed line
is for lead scintillator; the shaded area corresponds to the accuracy of modelling
neutron interactions on uranium.

As for uranium, the accuracy of the simulation of the neutron processes
is predominately determined by the accuracy of the description of inelastic
scattering. The experimental differential cross sections used to calculate
the neutron energy loss and the relative abundance of lead isotopes give an
uncertainty of about 10%.

A large uncertainty originates from the secondary neutron spectra from
(n,2n) and (n,3n) processes. The processes which are unimportant for ura-
nium, are the only ones which cause multiplication of neutrons in lead.
They reduce the neutron energies to a point where n-scattering on hydro-
gen become highly probable. The low probability for inelastic scattering
and absorption below 2.5 MeV leads therefore to a high probability of the
deposition of the total neutron energy in the scintillator material. The un-
certainty in the description of the neutron multiplication processes becomes
important only for neutrons of an energy above 8 MeV, like photoneutrons;
it is not important for the evaporation neutrons, discussed here.
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4.3 Uranium/hydrogenous gases

The performance of a uranium calorimeter with gas detectors has been
investigated experimentally [32]. The calorimeter response to pions depends
strongly on the hydrogen content of the gas. An equal average response for
pions and electrons can be obtained but without an improvement of the
calorimeter energy resolution with respect to the studies non-hydrogenous
readout. In hydrogenous gases the measured signal of hadrons has large
non-Gaussian fluctuations which are not observed otherwise.

TABLE III

Gas sampling calorimeter 200 x 200 x 1000 cm®
0.33 cm U-plates; 0.66 cm gas chambers.

per EVAPORATION neutron E, = 3.55 MeV

A [em) 8.2 8.0
At [em] 18.1 19.1
Number of interactions
U elastic, ~ 68 ~7}
inelastic 5.8 6.
fission 0.35 0.36
n-capture 1.56 1.57
Hselastic 0.79 0.33
C elastic 0.13 0.03
leakage 0.17 0.18
Amount of energy deposited [MeV]
igelasti 2 3.
Hasute {4 0.048
' (0.23)* (0.17)*
C elastic 0.006 0.002
leakage 0.0001 0.0001
Spatial spread [cm]
Rfsgion ~51 ~ 51
RSP ~80 ~80
Signal
Signal[MeV] 0.013 0.005
_ (0.031)" (0.021)*
R3S em] ~72 ~73

* per detected neutrom, i.e. if no contribution to signal, neutron is excluded.
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Results of the simulation of a 0.33 cm U-plate calorimeter interspersed
with 0.66cm gaseous media are summarized in Table III. The values are
quoted for the important processes only. The densities of hydrogen in gas
detector is at best three orders of magnitude smaller than for scintillators.
Therefore, the neutron cascade develops like that in a massive uranium
block. The number of fissions or scatters, the amount of the energy loss
as well as the neutron multiplication factor are comparable for both cases.
However, the spatial spread increases enormously due to the low fraction
of hydrogen and a low density of the medium. This result in a leakage of
neutrons. Only 41% of the evaporation neutrons give a signal for the C4H;o
calorimeter and 23% for the CH,4 one to be compared with 97% and 99% for
the compensating scintillator calorimeter of uranium and lead, respectively.
In Fig. 6 the signals per evaporation neutron are compared. The mean signal
for the detected neutrons is two orders of magnitude smaller than in the
scintillator calorimeters but still large in comparison with minimum ionizing
particles, which deposit 4keV per the 0.66cm thick layer of isobutane. As a
result the neutron signal in hydrogenous gases is infrequent but large, and
thus a subject to big fluctuations. The spatial spread leads to a significant
leakage of neutrons from a typical 50x50 cm? test calorimeter [32, 33].

The accuracy of the simulation is limited by the same features as for
the uranium-scintillator calorimeter.

0.03 S —
| U+Sc
g 032 o / -
o
e
h-d
~
z ! 1
00 I UsCoHyg
| - ‘
I
0.0 s Il Ak I —— N
1oV 1keV 1MeV 1GeV

neutron signal E

Fig. 6. Spectrum of neutron signals E per evaporation neutron in calorimeters
with 0.33 cm thick U-plates and (i) 0.26 cm thick scintillator and (i) 0.66 cm
isobutane readout.
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4.4 Time and spatial distribution of signal

The mean free path of neutrons between subsequent hydrogen elastic
scatterings varies strongly with neutron energy, see Figs 2-4. This reflects
upon a spread of the neutron signal in space, (Fig. 7) and in time (Fig. 8).
As the neutron travels away from the source its energy decreases. The
mean energy of 3.55 MeV at the source drops to 1.4 MeV at the distance of
6 cm in the uranium scintillator compensating calorimeter. More than 3 cm
away from the source, the signal is created by a series of small depositions
strongly damped by light saturation. In thicker absorber plates, Fig. 8, slow
neutrons deposit their energy later and further away from the source due to
an increase of their path length. The large path length for energy deposition
is visible in the spread of the signal in the isobutane-uranium calorimeter
(Fig. 7).
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Fig. 7. Lateral profile of neutron signal in uranium-scintillator compensating
calorimeters with the neutron source situated at X=0. The equivalent profile for
isobutane-uranium composition is included.

To get a good estimate of the signal it is not necessary to follow neutrons
down to thermal energies. A cutoff value of 10 keV is sufficient to collect
98% of the created signal in the uranium compensating calorimeter. But a
lower value is advised if a signal faraway from the source which comes from
the low energy neutrons, is investigated.

A quantitative measure of the neutron spatial spread in the sampling
layer plane can be defined by the radius Rxy, of a circle with 90% con-
tainment of a process (Table I-III and Fig. 9). Thus, the neutron cascade
develops inside a volume of about 20 cm radius, which is slowly increasing
with the thickness of the uranium plates. While for lead, the small cross
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Fig. 8. Neutron time signal for U+Sc calorimeters: (i) 0.33 em U+0.26 cm Sc
and (#) 1.0 cm U+0.26 cm Sc.

section for neutron inelastic scattering below 3 MeV leads to a wide spread,
in particular for n-captures. Keeping in mind the limited accuracy of the
n-capture estimates, one notes that 90% of the n captures are inside a 25
cm circle, for U-plate of 2.6cm whereas in lead about 54 cm. The lack of

hydrogen causes the large value of Rxy and leakage (Table II) for massive
lead.
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Fig. 9. Neutron spatial spread, Ryy, defined as the radius with 90% contain-
ment of a process as a function of thicknesses of absorber plates (with scintillator
0.26 cm) for signal, fissions and neutron captures in uranium and lead. For a vi-

sual comparison, the neutron spread of fission and of neutron captures in massive
U-block is included.
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The spread of the neutron cascade is independent of the direction, even
the extreme cases of the directions perpendicular and parallel to the ab-
sorber plates. Thus the uranium (lead) calorimeter with 0.26 cm scintillator
plates can be considered as a homogeneous mixture of uranium(lead) and
scintillator as far as the neutron calculations are concerned.

5. Comparison of the ONMC predictions with
similar calculations and experimental data

Studies of the energy deposition by hadronic showers including the neu-
tron contribution have also been done elsewhere[7,8,35]. These calculations
based on the DYMO [36] and MORSE [37] codes are checked against similar
estimates from the ONMC model discussed. The results are in agreement
within errors.

The ONMC predictions for the spatial distribution of n-capture and fis-
sion products are compared to results from an activation study of a massive
uranium block after irradiation with a 591 MeV proton beam.

The experiment done by Leroy et al. [6] is based on the measurements of
the induced 7 and B-intensity about 3 days after the exposure. Some of the
B and v-rays are attributed uniquely to the decays of certain radioactive
isotopes on the basis of their decay period and their energy, i.e. 23°Np,
103Ru, etc. The isotopes are products of a number of well defined nuclear
processes in p-induced shower. Their abundance estimated via the intensity
of the radioactivity, permitted the authors to determine the number of n-
captures and fissions at different positions within the uranium block.

Our assumptions for these nuclear processes are:

— 239Np production comes only from the n — capture process 233U(n,7y)

2397 followed by S-decays;

— the detected fission products 193Ru, 1311, 149Ba are, in nature, emitted
with different frequencies in p-induced fissions and n-induced fissions;
in the simulation they are assumed to come from all fission processes
with the same probability;

— the high-energy fission process probability is defined by the energy de-
pendent experimental cross sections;

— a heavy spallation product is emitted for every interaction above 30
MeV except fissions or elastic scatterings.

In the simulation the uranium stack is identical to the one used in the
experiment. It is composed of 134 U-plates with 0.3 cm thickness and the
lateral dimensions of 20 X 120 cm?. For studies of sampling calorimeters the
U-plates are interspersed with 0.25 cm thick scintillators. Also,the infinitely
large setups defined as 200 x 200 x 400 cm?3 are simulated to understand
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differences between raw data and the data corrected for leakage. The beam
is assumed to enter perpendicularly to the front U-plate and to go through
the middle of it. The radioactivity is assumed to be collected within a
cylinder of 2 cmn diameter around a line of interest. For more details on
the origin of detected processes and the experimental setup the reader is
referred to [8].

The first check of ONMC is based on the measured spatial distributions
of spallation products. It is assumed that the sources of evaporation neu-
trons created by spallation or p-induced fission are distributed in space in
the same way as the spallation products. With this assumption we obtain
a good description of the transverse distribution of n-capture products and
of fission products measured at a depth of 0.64;. However, the calculated
longitudinal distribution of fission products does not reproduce the long tail
observed in the experiment beyond the range of the 591 MeV protons (1.5
Ag). The experimental measurements under considerations are presented
in Figs 10 and 11. Thus, the assumed sources of evaporation neutrons
are not sufficient. Some extra fissions are created by secondary products of
p-interactions like pions or neutrons with E,, >20 MeV. The arguments pre-
sented by Leroy et al., which exclude pions, are based on the fast decrease
of w-production below the 600 MeV incident energy.

A proton induced hadron shower is modelled as follows. The incident
proton loses its energy by ionization or by interaction with uranium. The
probabilities for the proton induced fission, spallation process or proton elas-
tic scattering are calculated from the energy dependent cross section of [5]
for the energy range from 30 to 600 MeV. The 30 MeV proton is assumed to
stop. The energy loss by proton in the elastic scattering on uranium is cal-
culated from the coherent elastic formula [17]. For the spallation processes
or p-induced fissions only the emission of secondary neutrons is considered.
The number of emitted neutrons is chosen randomly from a Poisson distri-
bution with the average values for neutron multiplicities taken from [38].
Their momenta are sampled from the energy dependent parameterization
of the differential cross sections given in [39]. The secondary neutrons can
undergo sequential interactions governed by the energy dependent total and
differential cross sections from [5] and [39], or are followed in the ONMC
model if their energies are below 20MeV. To reproduce the measured spa-
tial distributions of spallation products the multiple scattering of primary
protons is not sufficient although it widens the beam radius by ~0.3 cm at
0.6A4;. The predictions agree well with the experimental data if the width
of the proton beam at the entrance point is described by a Gaussian with
0zy ~ 0.8 cm. This is deduced from the lateral profile of spallation products
measured at the depth of 0.64; (marked as dots in Fig. 10).

Longitudinal profiles of spallation, fission and n-capture products are
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Fig. 10. The measured lateral profiles of spallation products (circles), fission prod-
ucts (squares) and n-capture products (triangles) for 591 MeV protons at a depth
of 0.6A; in a U-block [8] are compared with the ONMC prediction (histograms).

presented in Fig. 11, while lateral profiles at a depth of 0.6 A are given in
Fig. 10. Radial distributions in the plane of the U-plates, i.e. perpendicular
to the beam direction, for fission and n-captures are given in Figs 12-13.
The experimental profiles are well reproduced by the calculation.
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Fig. 11. Longitudinal distribution of spallation, fission and neutron capture
products from 591 MeV protons. The ONMC prediction (histograms) is compared
to the measurements [8] (dots); the measured concentrations of fission products
193Ru are presented as circles while 3] — in a form of two lines each marking
edges of the experimental errors.
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Fig. 12. Radial distribution, R, of neutron capture products from 591 MeV
protons for an infinitely large block of uranium in the U-plates (#02, #20, #41,
#63, #83) and for 20 x 120 x 40 cm® block in the U-plates (#41, #63). The
ONMC prediction (histograms) is compared to the measurements [8] (dots) which
are normalized to the simulation in the infinite U-block.

The longitudinal distribution for fissions beyond 1.5A4; has a long tail
caused by secondary fast neutrons (E, >20 MeV). This confirms that the
contribution of the fast neutrons is substantial and that they can carry, be-
sides neutrinos, energy out of heavy material calorimeters. The fact that the
longitudinal profiles of fission and spallation products are well reproduced
shows that the description of interactions in uranium at several hundred
MeV is satisfactory.

The beam spread contributes to the lateral profile of fission products
(Fig. 10), therefore, it makes it less sensitive to the assumption of the ONMC
model on the interactions of neutrons of E,, <20MeV. However the much
broader distributions of n-capture products (Figs 10~11) are totally due to
the model. For the radial distributions (Figs 12-13) the assumed beam
spread dominates the short distances near the beam, R <3cm, whereas the
ONMC model dominates the region R >5 cm leading to the long tails. The
distributions are successfully described by the ONMC model.

The distributions might be affected by the leakage of neutrons. Neu-
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Fig. 13. As in Fig. 12 but for the fission products.

trons travel relatively far from their production point. The lateral size of
the U-block of 20cm is not sufficient to prevent the leakage of slow neu-
trons. The measurements are corrected for this leakage. In order to study
the amount of leakage, the simulation has been done for an infinitely large
U-block and for the experimental setup, i.e. a 20 x 120 x 40 cm® U-block.
The obtained profiles are consistent within the accuracy of the simulation
except for the radial distributions. Some obvious differences in the lat-
ter stem from the R >10 cm events partially recorded for the limited size
U-block, see Fig. 12 for the plate #41 and the plate #63. Their relative
normalization is defined per one primary proton.

Although the spatial distribution are well reproduced, the description of
the beam interactions may be too simplified to allow a precise prediction of
the number of n-captures or fissions per incoming proton. Nevertheless, the
ratio of the number of n-induced fissions, E;, <20 MeV, to the number of n-
captures predicted from the ONMC model should agree with the measured
values for different compositions of U-plates and scintillator material(Sc).
The result is:

Nﬁssion / N™ capture

Experimental data ONMC prediction
U-massive 0.20+0.01 0.20
U(0.3cm)+Sc(0.25¢m) 0.14 4 0.01 0.12

U(0.9cm)+Sc(0.25cm) 0.15 + 0.02 0.16
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Good agreement is observed, although some discrepancies are expected due
to the difficulty to correct for the leakage of neutrons in the experiment and
the lack of accounting for the 235U-isotope contribution in Monte Carlo.

We conclude that the distributions of fission products and n-capture
processes, mainly dominated by the low energy neutron processes, are well
reproduced. The ONMC code is a reliable and satisfactory description of
neutron-uranium nuclear processes.

6. Neutron detection

The main interest in neutrons for calorimetry comes from the possibility
to tune their contribution to the signal in such a way that an equal response
is obtained for electrons and hadrons and thus achieve an optimum energy
resolution [3-8, 31, 33, 34] in uranium(lead)-scintillator calorimeters.

The precision of the energy measurement in a compensating calorimeter
is partially defined by the event-to-event fluctuations coming from the large
variety of possible nuclear reactions and from nuclear binding energy losses.
Efficient neutron detection reduces considerably the effect of these fluctua-
tions since the number of emitted neutrons is strongly correlated with the
binding energy loss. To achieve the best resolution it is necessary to under-
stand in detail the fundamental processes of hadronic shower detection as
well as the effects of inactive material required for structural reasons and
the effects of the finite size of the detectors and the finite signal integration
time.

In this section we shall try to express the contribution of the neutron
component to the calorimeter signal and to the calorimeter resolution in the
form of a single neutron signal, that is, we want to calculate the one-neutron
signal, (signal)1n, and the one-neutron resolution, 036!/ (signal);5. On the
basis of the one-neutron signal we shall then examine effects related to the
physics of neutron production and neutron transport, and to the details of
the calorimeter design. Finally, a few comments on the full hadronic shower
are given.

As discussed in Section 2 the neutron component produced in a hadronic
interaction is determined by the amount of nuclear excitation energy which
is left after the emission of the internuclear cascade particles. The fraction
of the deexcitation energy converted into neutrons varies from interaction
to interaction. It depends strongly on the energy and the type of the in-
teracting hadron, on the number of cascade particles emitted and on the
type of secondary particles. It produces a kind of statistical fluctuations
constrained by energy and momentum conservation. The dispersion of the
neutron component signal can be assumed to be given by the dispersion of
the multiplicity of evaporation neutrons and by the neutron detection. The
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latter, i.e. the one neutron resolution, has contributions from the natural
spread of the evaporation neutron spectrum, ongaxwen/En = 0.8, plus con-
tributions related to the neutron cascade development and to the efficiency
of the readout material.

dN/dE Carb. units]

0 2 A 6
" E CMeVv]

Fig. 14. The signal E of a single neutron and the signal created by a group of
N-neutrons (in arbitrary units) for N=10 and 100.

For a better understanding of the problem it is instructive to compare
the signal generated by one neutron to the signal created by a group of neu-
trons in a uranium compensating calorimeter, Fig. 14 (see also Fig. 6). The
one-neutron signal is subject to large non-Gaussian fluctuations. The distri-
bution, however, approaches a Gaussian distribution with increasing number
of neutrons, N, contributing to the signal. To illustrate this, the fourth mo-
ment of the signal distribution minus three, called kurtosis, is presented in
Fig. 15 as a function of N for the uranium compensating calorimeter, gas-
uranium ones and lead compensating calorimeter. In a 10 GeV hadronic
shower the number of evaporation neutrons in heavy materials is above 200
[2, 7). This number is large enough to justify the statistical averaging of
the signal, proposed above. However locally, with the mean number of neu-
trons per interaction of around 5-15 [12, 38|, the averaging needs a cautious
treatment at least due to the lack of “symmetry” in the signal distribution.

In the simulation a point-like source of neutrons is situated at the cen-
ter of a calorimeter but spread homogeneously along the thickness of the
absorber plate to avoid any local effects. The calorimeter has an infinite
depth,200 x 200 cm? lateral size interspersed with 0.26 scintillator plates
and uranium plates of variable thickness. if not stated otherwise.
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Fig. 15. The kurtosis of neutron signal distributions in a uranium compensating
calorimeter (full line), the lead compensating calorimeter (dotted line) and the gas-
uranium calorimeters (methane — dashed-dotted line, isobutane — dashed line)
as a function of number of neutrons, N, creating the signal. It is expected to be
zero for a Gaussian distribution.

The crucial role of the so-called e/h-ratio for the energy resolution and
the way to “tune” the hadron response by varying the ratio of uranium plate
thickness to scintillator thickness [7] is a well recognized fact. Our attention
is concentrated on the dependence of the one-neutron response on the ratio
of the thicknesses of the absorber plate and the scintillator, Fig. 16. It is
also of interest to study effects caused by (i) the different mean energy of
evaporation neutrons for lead (see Sect. 2) and by (i) gaseous readout.

The efficiency of the neutron signal collection, called the sampling frac-
tion ay, is defined here as the fraction of the kinetic energy of the emitted
neutron observed as signal after taking into account the light saturation
effects, ap, = C- < signal > [E,; in the studies, the efficiency C of the
signal conversion into the detected photons is assumed to be equal to 1.
In Fig. 16a we show the sampling fractions for neutrons as a function of
the ratio of the absorber to scintillator plate thicknesses. For the ZEUS
calorimeter, where d,p,;/dsc = 1.27, we see that the neutron sampling frac-
tion is around 10.8%. For comparison, the charge sampling fraction for a
minimum jonizing particle is 7%. As discussed before the slow change of
efficiency with the amount of absorber is due to the important contribution
of the first n—p scatter to the energy transfer. The efficiency is similar for
lead and uranium. It increases slightly with decreasing energy of the evap-
oration neutrons. This is due to changes of the amount of the energy loss
in inelastic scattering processes.
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Fig. 16. The neutron sampling fraction oy {(a), and the one neutron resolution,
o388/ (signal)i,, (b), as a function of the ratio of thicknesses of absorber and
scintillator, dapsr/dsc, per evaporation neutron for uranium and lead calorimeters.
For lead the calculations are done for mean neutron energies of 3.55 MeV and 2 MeV
(see Sect. 2). A scintillator thickness of 0.26 cm is taken for all the calculations. For
a visual comparison the results of gas-uranium calorimeters are added and placed
at dabsr/dsec =(0.33 cm/0.66 cm)=0.5 as squares for isobutane and as triangles for
methane. It should be scaled as (du/Au)/(dreadout/ Areadout), but it leads to an

unclear graph.

Fig. 16b shows the spread of the one neutron signal which increases
as a function of d,ps,/dsc. For the thick uranium layers the resolution of
neutrons becomes worse due to the increasing importance of fluctuation
introduced by fission processes. The tendency is visible by looking at ura-
nium calorimeters with gaseous readout: the fluctuations are huge due to
fission and undetected neutrons, the signal is tiny. From the numbers given
in Table IIT and the discussion presented in Section 4.3 one expects that
evaporation neutrons are a significant source of fluctuations in hadronic
showers.
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In contrast to uranium sampling calorimeters, the fluctuations of neu-
tron detection in lead (Fig. 16b) are less pronounced. However, the essential
differences in the neutron component produced by a hadron shower in lead
and in uranium originate from the difference in yield of evaporation neutrons
(see Sect.2). Neutrons are abundantly produced in uranium by high-energy
fission induced by hadrons in the energy range of several hundreds of MeV.

The work presented here, was motivated by a series of experimental
investigations performed by the ZEUS collaboration [33, 34]. One of the
prototype calorimeters consisted of 4 modules, each of the 60 X 60 cm? lateral
size and a depth of about 1.5 interaction length of absorber interspersed with
thin layers of air and/or iron, in addition to the scintillator and absorber.
In this setup, the neutron detection efficiency is limited by:

— the transverse size of the calorimeter;

-— the leakage through the front wall of the calorimeter and effects of
inactive material inside the calorimeter needed for construction;

— the size of a slot between consecutive modules;

— the air gaps between absorber and scintillator.
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Fig. 17. The fraction of the detected neutron signal S (dashed line) and the reso-
lution (full line) as a function of the size of gaps inside the uranium compensating
calorimeter.

In our simulation a uranium sampling calorimeter of 60 x 60 cm? lateral
size is taken with 0.33 cm thick absorber plates and 0.26 cm scintillator
plates. The neutron leakage out of a calorimeter affects the efficiency of
their detection. It has already been shown that gaseous readout causes
a leakage due to the small stopping power of gases. A similar leakage is
expected if there is a gap after each sequential layer (Fig. 17), which affects
the full neutron component. One can see that a sequential gap of 0.2 cm
thickness leads to the loss of 8% of the signal, whereas for a 0.5cm gap the
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loss is larger than 20%. The bad resolution measured for the gas-uranium
sampling calorimeters of [32] is not only due to the small sampling fraction
of gas readout but also to the gaps which are, at least, 0.5 cm wide. The
same effect is observed around any kind of module boundary like the front,
side walls or its end (Fig. 18). It affects a region of RSlsnal /v/2 em. Another
detector put next to the module under investigation (here, at the distance
of 10 cm) diminishes but does not cancel this leakage.
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Fig. 18. Studies of the effects of mhomogenelty in calorimeter geometry (a front
wall, dead material, limited transversal size of a calorimeter); this figure presents
the neutron sampling fraction (a) and neutron resolution (b) calculated as a func-
tion of the distance X of the evaporation neutron source from inhomogeneous point
for the uranium compensating calorimeter. The dashed line — if another detector
is nearby, here at a distance of 10 cm.

In summary, the neutron component is very sensitive to the mechanical
details of the calorimeter in a quite large area. This is in contrast to the
charged component of hadronic showers, which is influenced only by mate-
rials placed within a few centimeters (~ 3 cm) around the incident beam;
the neutron component is affected by materials within tens of centimeters
around it.
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The neutron contribution to the hadron shower detection in a uranium
calorimeter has been discussed in Ref. [3]. Using the one-neutron signal,
the authors studied the resolution of an infinitely large uranium scintilla-
tor calorimeter. A energy resolution of 0.30/,/E[GeV] has been obtained
for a calorimeter consisting of 0.3 cm thick U-plates and 0.25 cm scintilla-
tor plates. A similar analysis, repeated here for the above infinitely long
calorimeter with a lateral size of 60 x 60 cm? interspersed with 0.5 cm thick
gaps between each sequential plates, shows a degradation of the resolution
to 0.37/VE for 5 GeV pions. The calorimeter signal decreases by about
15%. The leakage of neutrons affects strongly the calorimeter signal and
the energy resolution.

7. Conclusions

Based on experimental as well as on theoretical studies, the crucial role
of neutron detection for hadron calorimetry is now generally accepted. To
investigate the neutron component of a hadron shower and the neutron con-
tribution to the calorimeter signal, the detailed “One Neutron Monte Carlo”
programme has been developed to simulate the behaviour of neutrons with
energies below 20 MeV. The code allows a fast and easy estimation of con-
tributions of various effects and their consequences. It allows to determine
which processes are the dominant ones.

The ONMC has been compared in detail with the available experimental
information. It agrees quite well with them. Even when agreement is not
totally perfect it can guide the user to make correct decisions.

The code can be used for other purposes than discussed here, e.g.
to simulate photoneutrons and their consequences in the electromagnetic
shower development or to get a parameterization of the neutron cascade for
any hadron shower model.

The calculations presented here indicate that the efficiency for detec-
tion of an evaporation neutron in lead and in uranium is comparable. The
signal from neutrons in calorimeters with gaseous readout exhibits large
fluctuations.

The neutron contribution to the calorimeter resolution is very sensitive
to the technical details of the detector construction such as lateral size,
depth, gaps and inactive material. Any effect which leads to extra leakage,
neutron absorption, or a reduction of the neutron detection worsen the
resolution. It has been found that sequential air gaps between sampling
layers deteriorate the resolution significantly.
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