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Abstract

Measurements on hadron sampling calorimeters are presented. The calorimeters consisted of lead-
or depleted uranjum plates and of scintillator plates of different thicknesses. Design properties which
influence the energy xesolutmn were investigated. It is shown that the thickness of absorber- and
scintillator plates is a very important parameter. The absorber material and plate thickness leading
to the optimum epergy resolution of a hadron calorimeter are determined.

A high energy resolution is indispensable to reconstruct precisely jets in scattering processes at high
Q? with the ZEU§ detector at the electron-proton storage ring HERA. The measurements on hadron
sampling calornnete.u show that the energy resolution of such instruments can be optimized if one
reduces parts of the strongly fluctuating fraction of nondetectable energy. This can be done indirectly
by elastic colhsnon; of the released spallation- and fission-neutrons with protons of the hydrogen atoms
in the scintillator ma,tena) In addition, the fluctuating electromagnetic fraction of the hadronic shower
due to neutral piop decays has to be compensated such that there is, on the mean, an equal response
in the calorimeter to.electromagnetic and purely hadronic showers. This is described by the fraction
e/h. The ltrength of compensation can be influenced by the choice of the absorber material and the
thickness ratio of the absorber plates to make e/h = 1. In this case the energy resolution reaches its
optimum value. .

The hadronic e.nergy resolution of a lead- scmullator calorimeter with a thickness ratio of passive

to active absorber of Ry = 0.95 is measured to 2£ (h)-— V%E'Zh + 6.1% between 3 and 9 GeV. The

e/h-ratio is < e/h'>= 1.34 and its deviation from 1 causes the large additive term in the hadronic
energy resolution. The energy resolut:on for hadrons improves for a depleted uranium-scintillator

calorimeter of Rq = 0.64 to — (h)- E G 7 + 3.2% between 3 and 9 GeV at < e/h >= 1.10.

With a depleted ura.nium scmtlllator calorimeter of Rd = 2.0 one can achieve overcompensation, i.e.
< e/h >= 0.76, at an hadronic energy resolution of E(h)-- 37; 7 + 3.4% between 5 and 40
e

GeV. The optnmu.m energy resolution of —E(h)-— ﬁré?ﬂ + 0.5% between 10 and 100 GeV at

<e/h>=1.00is achieved for Ry = 1.07.
Starting from predictions obtained from Monte Carlo calculations, compensation is also achieved

with a lead-scintillator calorimeter for Ry = 4.0. The measured energy resclution is GEB( h)= <3 P
e
between 3 and 75 GeV at < e/h >= 1.05.
The results are discussed and compared with results of other measurements and with predictions
from Monte Carla/simulations.



Zusammenfassung

In dieser Arbeit werden Messungen vorgestellt, die an Hadron-’Sampling’-Kalorimetern vorge-
nommen wurden. Die Kalorimeter bestanden aus Blei- oder abgereicherten Uranplatten und aus
Szintillatorplatten unterschiedlicher Dicke. Es wurden Konstruktionseigenschaften untersucht, die die
Energieauflsung beeinflussen. Es kann gezeigt werden, dafi die Dicke der Absorber- und Szintillator-
platten ein sehr wichtiger Parameter darstellt. Das Absorbermaterial und die Plattendicken, die zur
optimalen Energieauflésung eines Hadron-Kalorimeters fithren, werden ermittelt.

Eine hohe Energieaufldsung ist unerlafllich, um ’jets’ in Streuprozessen bei hohem Q? mit dem
ZEUS-Detektor am Elektron-Proton Speicherring HERA prézise rekonstruieren zu kénnen. Die Mes-
sungen an Hadron-'Sampling’-Kalorimetern zeigen, daf die Energieauflosung dieses Instruments opti-
miert werden hm;"yvénn der stark fluktuierende Anteil nicht nachweisbarer Energie reduziert wird.
Dies kann indirekt ber elastische St&Be der freiwerdenden Spallations- und Spaltneutronen mit den
Protonen des wasserstoffhaltigen Szintillatormaterials geschehen. Zusitzlich mufl der fluktuierende
elektromagnetische Anteil des hadronischen Schauers, der im wesentlichen von neutralen Pion-Zerfallen
herriihrt, so kompensiert werden, dafl der elektromagnetische und der rein hadronische Schauer ein
gleichgrofies Signa.f im’Kalorimeter erzeugt. Dies wird durch das e/h-Verhiltnis ausgedriickt. Die
Stirke dieser Kompensation kann durch Wahl der Absorbermaterialien und durch das Verhéltnis der
Absorberplattendic.ke‘béeinﬂuﬁt werden, um e/h = 1 zu erzielen. Die Energieauflosung erreicht dann
ihren optimalen Wert. """

Die Energieaufldsung fir Hadronen eines Blei-Szintillator Kalorimeters mit einem Verhéltnis der

passiven zu aktiven Absorberplattendicken von Ry = 0.95 wird zu %(h): 7‘%['-3-?‘7] + 6.1% zwis-

chen 3 und 9 GeV gemessen. Das gemessene e/h-Verhiltnis betragt < e/h >= 1.34 und seine Ab-
weichung von 1 verursacht den groflen additiven Beitrag in der hadronischen Energieauflosung. Die
Energieauflosung fiir Hadronen verbessert sich fiir ein Kalorimeter aus abgereichertem Uran und Szin-

tillator mit Rq = 0.64 auf %(h)z 2E9.g‘eV + 3.2% zwischen 3 und 9 GeV bei < e/h >= 1.10. Mit

y U % o . E :
einem abgereicherten Uran-Szintillator Kalorimeter mit Rgq = 2.0 1afit sn:h Uberkompensation, d.h.
< e/h >= 0.76, erreichen bei einer hadronischen Energieauflésung von f(h): 3E7.g¥eV + 3.4%
Sl

zwischen 5 und 40 tiéV;. Die optimale Energieauflosung von %(h): 731%['%?‘—,] + 0.5% zwischen 10

und 100 GeV bei < e/h >= 1.00 wird fiir Rg = 1.07 erreicht.
Ausgehend von [Vorhersagen aus Simulationsrechnungen wird Kompensation ebenso mit einem

. .. . , 9E
Blei-Szintillator Kalorimeter bei Ry = 4.0 erzielt. Die gemessene Energieauflosung betragt E(h):

484'2,61, zwischen 3 und 75 GeV bei < ¢/h >= 1.05. )
Die Ergebnisse werden vergleichend gegeniibergestellt, mit denen anderer Messungen und mit

Vorhersagen aus Simulationsrechnungen verglichen.
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Chapter 1

Introductipn

According to the present understanding the proton has a rather complicated structure, which in the
description of the theory'of the strong interaction (QCD) is constituted by valence quarks and a
sea of quarks and antiquarks, bound by the strong gluonic forces. This structure can be probed by
lepton-proton scattering, as examplified by the pioneer experiments on deep inelastic electron-proton
scattering, and later on by experiments with high energy muon and neutrino beams. The HERA
storage ring, which is presently beeing constructed, will allow such measurements at momentum
transfers and therefore at'an equivalent spatial resolution which greatly surpasses investigations that
have been carried out so far. "'~

In the final state of the inelastic electron-proton scattering process the quarks manifest themselves
as 'jets’, i.e. as particle streams of high multiplicity and high energy density.

Hadron calorimeters are suitable instruments for the detection of jets. The importance of these de-
vices as the essential part of detectors grows with the present construction of new particle accelerators
like HERA or LEP and may command the center of attention for still larger projects presently under
discussion . Several workshops on HERA experiments [EXP83, DIS85] and SSC studies for detector
research and development [SSCB86] reflect the need of hadron calorimeters for future experiments.

A calorimeter is a detector absorbing the total incident energy of a particle while generating a
signal that is proportional to this energy. One of the first large detectors of this kind built by N.L.
Grigorov and coworkers in 1957 was used in cosmic ray physics [MURSG67). It is desirable to use a dense
material in such a calorimeter in order to absorb and an active material to detect all the energy of
the incoming particle. Those features are combined in materials like Nal or lead glass; hence compact
electromagnetic calorimetershave been built by using Nal forming the Crystal Ball Detector at SPEAR
or by using lead glass for the electromagnetic calorimeter of the JADE detector at PETRA. Another
way to combine these features is to stack thin plates of dense material alternating with thin layers of
detector material. An electromagnetic calorimeter like the lead-liquid argon calorimeter of the TASSO
detector at PETRA or an hadron calorimeter out of marble and proportional tubes/scintillator plates
forming the CHARM detector at the SPS at CERN have been built in this manner.

In electromagnetic calorimeters the energies of electrons, positrons and photons are measured.
The underlying physics is’ well understood and recent developments aim at finding new materials
(e.g. BGO, CsI) with excellent energy resolution (e.g. ~ 0.02/\/E GeV] for BGO) and studying new
readout methods with new light collection (e.g. fibers) and conversion systems (e.g. photo diodes,
vacuum triodes). R

Hadron calorimeters, however, have a poorer energy resolution of 0.5-1.0/ VE[GeV], depending on
the calorimeter configuration. The reason for the poor energy resolution is attributed to the following
fact: a hadronic particle penetrating into a calorimeter deposits its energy in form of ionization loss,
in nuclear interactions liké'éxcitation, spallation and fission of nuclei and consumption of nuclear
binding energy. Only part of the deposited energy can be detected directly in the readout medium,
while fluctuating fractions of the deposited energy remain undetectable. These fluctuations may be
large, thus generating a broad distribution of the detected signal.

!SSC: Superconducting Super Collider, USA



The idea to compensate for the undetected energy due to nuclear interactions was first introduced
by W.J. Willis who proposed to use fissionable material like ¥ U in order to recover some of the
undetected energy [FAB75].

A huge effort went into the theoretical investigations to understand the shower development in
hadron calorimeters and the mechanism of compensation. By the help of simulation programs one
has tried to describe the generation and development of a nuclear cascade in a hadron calorimeter
(GABT3], including nuclear fission of ?**U later on [GAB78]. Only recently a major breakthrough has
been achieved based on extended theoretical and experimental studies.

T.A. Gabriel and coworkers improved the simulation package called CALOR, using the HETC
(High-Energy Nucleon-Meson Transport Code), a three dimensional simulation of the transport of a
nucleon and meson cascade together with the neutron transport program MORSE and the EGS code
for electromagnetic shower calculations [GAB85). This program package has also been used by J. Brau
[BRAS8S] for a comparison with measurements of different calorimeter configurations.

H. Briickmann and coworkers [BRU86] used a simulation program called HERMES that includes
a modified version of HETC (HETC-KFA), MORSE-KFA and EGS-KFA [BRU87|.

With the help of simplified simulation programs, R. Wigmans investigated the various influences
of the shower components on the energy resolution of a hadron calorimeter. Predictions for the energy
resolution of different hadrqn calorimeters have thus been made [WIG87).

On the experimental side, measurements with uranium-scintillator calorimeters have been per-
formed to investigate the energy resolution and its dependence on the electromagnetic to hadronic
response (e/h-ratio) [BOT81b, AKE85, AKE87, AND86, DEV86, CAT87a).

Furthermore, a massive uranium stack as well as different uranium-scintillator calorimeter configu-
rations have been exposed to a hadron beam by C. Leroy and coworkers and the induced radioactivity
has been measured after dismanteling the stacks [LER86]. From this measurement the total neutron
yield in the shower development and the number of fissions, the shower profile, the influence of the
readout material on the composition of the shower etc. could be deduced.

Taking the predictions of R, Wigmans and H. Briickmann, a lead-scintillator calorimeter was built
by U. K6tz and coworkers and tested in trying to achieve compensation with lead absorber as well
[BERS7], o

Many of those theoretical and experimental studies were motivated by the requirement of achieving
the best energy resolution possible in hadron calorimeters for new detectors. A high energy resolution
of a hadron calorimeter is_essential to measure the transverse momentum spectrum of scattering
processes or the missing energy carried away by neutrinos.

The Axial Field Spectrometer (AFS) at the Intersecting Storage Ring (ISR) at CERN is one
of the detectors with a hadron calorimeter of high energy resolution. This calotimeter is made of
uranium/copper-scintillator plates and achieved an energy resolution of og/E(h) = 0.36/ VE[GeV]
[AKESS). ot b

Many experimental investigations were carried out in the framework of the development of the
HELIOS and the ZEUS detector. HELIOS is a detector at the Super Proton Synchrotron (SPS) at
CERN to study reactions of heavy-ion collisions and the calorimeter used is an upgraded version of
the AFS hadron calorimeter [AKE87]. The ZEUS detector presently under construction at DESY will
be able to detect reactions of electron-proton scattering processes at HERA [ZEUS85). The kinematic
quantities of those processes, in particular of charged current events, have to be known very precisely
from the calorimeter measurements of the jet energy and the angle. A good energy resolution will
allow a precise measurement, of the cross sections in the entire possible kinematic range.

This work describes inyestigations carried out in the framework of the ZEUS collaboration

= to understand the mechanism of compensation and the dependence on the energy resolu-
tion of a hadron calorimeter on different parameters like absorber material, thicknesses of
absorber plates, light yield and uniformity of the light read-out, longitudinal and transverse
leakage, etc.; )

= to learn how to build an hadron calorimeter by eliminating the sources of detector im-
perfections like nonuniform readout, air gaps, attenuation lengths of the scintillator plate,

2



etc.;

— to come to a fundamental understanding of calorimetry, which can lead to a scientific design
of a hadron calorimeter well suited for the use within the ZEUS detector.




Chapter 2

The ZEUS Detector at the HERA
Storage Ring

2.1 Physics at the HERA Storage Ring
2.1.1 Survey

HERA is a high energy electron-(positron-) proton beam facility presently under constructjon at the
DESY laboratory in Hamburg [HER81]. At nominal beam energies of 30 GeV for electrons {positrons)
and 820 GeV for protons it will provide collisions yielding a center-of-mass (ems) energy of /3 =
314 GeV, Fig. 2.1 shows the layout of the storage ring HERA with the linear accelerators, two
synchrotrons and the PETRA storage ring as preaccelerators.

Electron-proton collisions at HERA open the opportunity to study the following malin areas of
physics (ECF80, EXPs83, ZEUSs, CAS87):

1. Measurements of Structure Functions at the Highest Momentum Transfers
and Test of Quantum Chromodynamics (QCD)
2. Test of Electroweak Interactions at the Highest Energies

¢ search for further weak bosons
® search for right handed currents

3. Se or New icles

leptoquarks
excited quarks and leptons

¢ supersymmetric particles
¢ pair production of heavy quarks
¢ substructure of quarks.

2.1.2 Kinematics

Considering the kinematics of ep-collisions at HERA energies one can derive kinematic limits for the
occurence of various processes starting from the e€p-scattering diagrams Fig. 2.2 (neutral current) and
Fig. 2.3 (charged current),



rryge

SU01}29|9
AO YL

Figure 2.1: Schematic View of the ep Storage Ring HERA with its Preaccelerators [WoL86)
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{21)

process can be described by the two variables

P o= (k:‘—"c‘.v)a
= -¢’ (22)

The inclusive scattering
q

momentum transfer squared
am of incoming electron
of scattered electron of

qt... four
k¥... four moment
e, ... four momentum

(2.3)

and
o w? = (¢ + 7’

neutrino
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W2... total mass,of final hadronic state squared

g¢*... four momentum transfer
or,
2
.. _@
2 (qu )
. @
= Tmyy (2.4)
z... in the quark parton mode! fraction of the four momentum of the proton
carried by the struck quark
my... Pproton mass
and
9u P
ke Po
2m, v
= -»-«:f-h (2.5)
with -
vzl (2.6)
mp

-
The variables Q?, z and y can be determined in the limit of small rest masses from the outgoing
lepton energy E! and its scattering angle 8,:

Q* = 4E.E! sin’% (2.7)

E! sin? 25

e

- 2

z = - (l E S oc) ] {2.8)
P (1-F <’y
! )

y = 1- % cos? ~25 (2.9)

In the case of charged currents the energy E and the scattering angle 6, of the outgoing lepton
are not measureable so one has to determine z, y and Q? from the energy E; and the angle 8; of the
current jet:

Qr = —d (2.10)

r = - . (2.11)

y = cos? 22, (2.12)

ISINS NS
S

In reconstructing the kinematics of a charged current event the problem of the missing final neutrino
and the loss of hadrons in the beam pipe arises. This problem can be solved by using a method
introduced by Blondel and Jacquet ([EXP83], and references therein): from the measurement of the



momenta of all hadrons outside the beam pipe it is possible to reconstruct the quantities z, y and Q?
from the formulae:

- Ei (Eh.i - pz.i) (213)
2E,
_ (z:.'l’fl‘.-')2
Q = Sy (2.14)
= —Q-: (2.15)
sy

where:

P:i+.» momentum component along the proton beam direction z

of the i-th final hadron
Pri... momentum components perpendicular to p;; (transverse momentum)
Ey;... energy of the i-th final hadron.

In eq. 2.13, 2.14 the sum is taken over all final hadrons. As can be seen from eq. 2.13, hadrons
travelling along the initial proton direction will not contribute to this quantity because py = 0 and
therefore E) = p,. The quantities Q% and z (egs. 2.14, 2.15) are not very sensitive to hadrons of high
energy and low pr travelling along the beam pipe. If those hadrons are missed, then z and Q2 will
only slightly be underestimated except at Q% < 1000 GeV? (ECF80].

2.1.3 Standard Model Cross Sections and Physics at HERA

The cross section of the neutral current process in terms of the quark distribution functions q(z,Q?)
and §(z, Q?) for left (right) handed electrons is:

do(y+2°  ra
dz dy T sz

;: > {= 9(z,Q%) [A, +(-y)? Bq]

+23(2,Q%) [By+ (1-9)" 4]} - (2.16)

a... fine structure constant.

It receives contribution from Z° and from y-exchange. The coefficients A, B, in eq. 2.16 are different
for left handed and right handed electrons (see [LOH83] for the explicit expression).

In the case of chﬁgéd current processes mediated by a single W of coupling G'r the cross section
for left handed electrons is:

dzd ‘fVi (;2 s 1
d(d )| - ———2 {o(,@") + (1 - y)? ﬁ(z,Q’)} (2.17)
T ay _ x 2
€y (1 + W)
Gp... Fermi coupling constant; Gy = 1.2- 1075 [GeV 2|

Mw ... mass of W boson; My = 82GeV.

The cross section for right handed electrons vanishes in the standard model because the outgoing v
has helicity ~1.
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Using these formulae the expected event rates have been calculated ((WOL86], and references
therein) for an integrated luminosity of 200 pb~! which is the estimate for 2 years of data taking with
2:10%cm~?s~?! peak luminosity. The results are plotted in Fig. 2.4, where one reads off the following
event rates:

e Neutral Current:
~ = 3-10° events with 3 < Q? < 104 GeV?
- x 10% events at Q? > 10* G'¢V? where the contribution from Z° exchange starts to dominate
- neutral current studies with event rates of the order of ~ 10 up to Q% ~ 3-10% GeV?

e Charged Current:

~ 2 10% events at Q% < 10% GeV?
~ 2 10% events at Q2 > 104 GeV?3
- charged current studies with event rates of the order of ~ 10 up to Q% ~ 4-10* GeV?,

Only precise measurements of Q?,z and y may address the physics topics mentioned previously:
1. QCD Tests and Substructure

o Test of QCD
The Feynman diagram describing deep inelastic ep-scattering in the standard model are
shown in Fig. 2.2 and Fig. 2.5. Fig. 2.5 shows the diagram in first order o, leading to a
quark and gluon jet in the final state. The determination of the strong coupling constant a,

~, 2° + v, 2°
q q

3N\
¢ o N\ g
g q

Figure 2.5: First Order QCD Diagram in ep-Scattering

at the presently accessible Q? range is difficult because of "higher twist’ effects: beside the
¢’ dependence of a, that can be calculated in perturbative QCD there are non-perturbative
*higher twist’ contributions like 1 /g2, 1 /¢* ... terms, hadron masses in the final state or
resonance formation that are not calculable at present [PER81]. At the high Q? range of
HERA those effects should become small so that a precise measurement of a, and a check
of perturbative QCD without these uncertainties should be possible.

The Q? dependence of a structure function F(z, Q?) as predicted by the standard model is
of the form [BARS7]

3\ F(z,Q2)
P00~ i@ - Q/A%on) (2.18)

The present Q2 range of the available structure function measurements is 0 — 300 GeV?
while HERA will increase it to 40000 GeV?. The QCD scale parameter Agcp can then be
measured with high reliability.

10



¢ Substructure

2. Test

At Q3 ~ 40000 GeV? HERA will be able to probe spatial distances of
2-1071
—c
QiGev] "
< 107 ¥em. (2.19)

d

If electrons and quarks are composed of common constituents one expects [EIC83) residual

4-ferm}i‘on interactions as shown in Fig. 2.6 arising, for example, from the interchange of
; 2

preoi{é with a coupling = %, where gy is the dimensionless coupling constant of the new
H

2
force and Ay the new substructure scale. Assuming a strong preon coupling, e.g. %ﬁ ~ 1,

Figure 2.6: Electron and Quark Scattering by Common Constituent Interchange

large effects in neutral and charged current cross sections are expected already at Q? < A}
[RUCS84). The structure function F3(z,Q?) should be sensitive to that.

Substructure effects due to residual interactions are characterized by the ratio of structure
functions

F2(37 Qz)|n!
, Fi(2, @)su
where -
Fy(z, Q7)|SM ... dimensionless structure function of the nucleon
in the standard model
F2(z,Q%)|g;--. dimensionless structure function of the nucleon

if residual interactions occur.

The ratio is plotted in Fig. 2.7 for left handed electrons or right handed positrons [RUCS4).

of Electroweak Interactions

Search for a second w,
In the'cross section eq. 2.17 it was assumed that the reaction is mediated by a single w

with its coupling ¢ given by
Vo 2

g
= _ = Gp. 2.20
M2, F (2.20)
A segbpd boson W, with higher mass would modify the propagator in eq. 2.17,
Q% + My, Q*+m? QT+ mi
where g1, g are chosen to retain G in the low Q? region:
2 2
_ %N 92
Cr=r3t (2.22)
1 2

11
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In Fig. 2.8 the ratio 2072+ Wa)

o(Wh)
Within the expected errors, two years of data taking leads to a sensitivity of possible W;
masses up to = 800 GeV. Similar estimates hold for neutral currents and additional Z%
[WOLss].

Right handed currents

In the standard model the right handed charged current cross section is zero. If measure-
ments with longjtudinally polarized electrons at HERA would show deviations from zero
then this would indicate the presence of a right handed charged current. From present ex-
periments there have been put lower limits on the mass of the right handed charged boson
WR, ranging from 200 to 10000 GeV depending on the underlying assumptions [WOLS86)].

For neutral current processes the contribution from right handed Z° would lead to devia-
tions from the standard model cross section as shown in Fig 2.9. The lower limit on a right
handed neutral boson Z} is Mz, > 150 GeV [WOLS6).

for different masses of W3 is shown assuming g1 = ¢3-

12
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3. New Particles

* Leptoquarks .
Leptoquarks result from superstring models, grand-unified theories, technicolor theories and
models of quark-lepton substructure [LOHB7). They occur as resonances in eg-collisions,
so HERA would be ideal to search for such particles [RﬁCB?]. They may be detected in
the inclusive g-distribution determined from the scattered electron variables, up to a mass
limit of mzq 2200 GeV [LOHST).

o Excited Quarks and Leptons
compositeness of quarks and leptons would consequently lead to excited states g%, 1* of
quarks and leptons. Masses of ¢* and I* up to 250 GeV can be studied at HERA [WOLSs].

* Supersymmetric Particles
although there is still no evidence for supersymmetric particles, HERA will open a new mass
range of their production, if they exist . Supersymmetric partners (g, €) of the standard
quarks and leptons will be produced via the exchange of 5, Z or W, the supersymmetric
partners of the standard bosons. Calculated cross sections of these reactions give a mass
limit of my +imy = 160 GeV if 10 events per 200 pb~! can be detected [WOLss).

e Pair production of heavy quarks
a heavy quark-antiquark pair can be produced by photon gluon fusion according to the
diagram in Fig. 2.10. The total cross sectjon of this process decreases steeply with the

e

Figure 2.10;59;:;& Pair Production by Photon Gluon Fusion in ep Scattering

b,
heavy quark mass as:

ofeq = gdX) ~ M;4; (2.23)
however, event rates of ~ 7000 for b-quarks and ~ 50 for t-quarks (M, = 40GeV) per

100 pb~* are expected [RI"ICSG]. HERA will be sensitive to top quark masses up to 100 GeV
(WOLS8s). s

2.2 The ZEUS Detector

The layout of the ZEUS detector is shown in Fig. 2.11 and Fig. 2.12 [ZEUS8S). It will be composed of

® a vertex detector (V)gD) with an estimated resolution of 30um

* a central track detecfér (CTD) consisting of a cylindrical stereo wire drift chamber
]

1,

08
’
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e a transition radiation detector (TRD) with 30um thick polypropylene foils acting as radiator, a
planar drift chamber (FTD) in the forward as well as one (RTD) in the backward direction

¢ all these tracking chambers are enclosed within a thin superconducting solenoid coil (SOLENOID)
with a magnetic field of 1.8 T

¢ a high resolution electromagnetic (EMC) and hadron calorimeter (HAC) of depleted uranium-
scintillator layers with wavelength shifter readout, surrounding the coil over the full solid angle

¢ a backing calorimeter (BAC) with limited streamer tube readout and iron absorber plates which
act as iron yoke for the magnetic flux '

e a barrel and rear muon detector (MU) of drift chamber and limited streamer tube type

N . . .
e a forward muon spectrometer (FMU) of plastic proportional tubes operating in the limited
streamer rmode.

Details on each of the listed ::omponents can be found in [ZEUS86, ZEU8T]. In this section the
requirements for the hadron calorimeter to measure precisely the physics quantities mentioned in the
previous section will be discussed only.

The decisive quantities of a hadron calorimeter which determine the attainable physics are:

— the relative response to electrons and hadrons (e/h-ratio)
— the energy resolution og/E for electrons as well as hadrons
~ the angular resolution

The e/h-ratio, formally &ptelsed by:
. ’ E(e)via
E(h)vis

where:

E(€)yis... visible energy of an electron or photon
in a calorimeter
E(h)yis... visible energy of a hadron in a calorimeter
PR 4

is a crucial parameter: if tho-r;ssponse to the electromagnetic component of the hadronic shower is
different from that of the pure hadronic component (e/h # 1), then the large fluctuations in the x°
fraction of the hadronic shower will deteriorate the hadronic energy resolution. This will be discussed
in more detail in sec. 3.3. "

For jets with a ﬂuctuati;if pumber of x¥ particles the energy resolution of a noncompensating ca-
lorimeter {e/h # 1) is degraded) too. A longitudinal segmentation of a noncompensating calorimeter
into an electromagnetic and hadronic compartment improves the energy resolution for jets, as can be
seen from Fig. 2.13 [ZEU85] The x° content of the jet deposits most of its energy in the electromag-
netic part and, by knowing the ‘e/h-ratio which is about 1.4 for a noncompensating calorimeter, one
can adjust the electromMc response with respect to the hadronic response, leading to a total sum
with better resolution. o

Even for compensating calorimeters a longitudinal segmentation would be advantageous because
a calorimeter subdivided igto an electromagnetic and hadronic part provides the ability of electron-
hadron separation.

For the specification of the required energy resolution of a hadron calorimeter some major aspects
of the physics to be measured have been considered [ECF80, EXP83):

— Neutral Current Events
Studies of inclusive processes require the identification of the scattered electron and a precise
measurement of its momentum (see eqs. 2.7, 2.8, 2.9); a good electron-hadron separation

18
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(top curve: without Longitudinal Segmentation; middle curve: with 20 X, Decp Longitudinal Segmen-
tation; bottom curve: Compensating Calorimeter; @ denotes quadratic addition)

is essential for the electron identification. Exclusive investigations like study of details
of the current jet or new particle observations require a good particte identification and
momentum resolution of individual tracks.

— Charged Current Events
The scattered neutrino will not be observed in this class of events. The variables z, y and
Q? have to be extracted from the current jet alone (see egs. 2.14, 2.13, 2. 15). Hence, a
hadron calorimeter with high energy resolution is important for charged current events. In
addition, an almost 4 # coverage is needed for the reasons discussed in sec. 2.1.2. Also, a
good electron-hadron separation is necessary to make sure that the scattered lepton is not

an electron. >

Table 2.1: Specified Energy Resolution for the Electromagnetic (EMC) and the Hadron Calorimeter (HAC)
for Neutral (NC) and Charged Current {CC) Events
NC [ CC ]
CE 0.1 oF 0.1
— _(e) =

E )= VE[GeV] = VEGeV]

EMC

0.6 oE 0.3

OF . A L ) — %
lf",‘.c B = VE[GeV] g ) = VE[GeV]
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Under these considerations the required energy resolution of the electromagnetic and hadron calori-
uld be specified and are

meter for the precise measurement of neutral and charged current events co
given in Tab, 2.1 [ECF80].

The general aim in the measurement of structure functions is to cover the largest range in the z,
Q? area as possible. In achiév:'iﬁg this aim one would be able to determine the slope of the structure
functions versus Q? with a large lever arm. In addition, one can put constraints on the shape of
structure functions if one covers the full z range at different Q2. One will also be able to match the
highest Q3 values reachable at HERA with the present values, provided z and Q? are measured with

high accuracy.

Q? (x 103 Gev?)

Figure 2..14: Accessible Regli;ms in the z, Q? Plane for two Calorimeter Configurations [ZEU8S);
(d_a_;bs.d_lm: og/E(h) = 35%/E[GeV], e/h = 1; full line: og/E(h) = 60%//E[GeV], e/h =
1.4

For the specifications of the hadron calorimeter the ZEUS collaboration performed further calcu-
lations with two alternative calorimeter configurations:

oF 60% e

1. —(h) = ———= — = 1.
E() BTGV and s 1.4
OF 35% €

2. —(h) = ———— — = 1.0.
E® = TG and R =10

In order to estimate measurement errors in the determination of the deep inelastic cross section,
the z and Q? plane was subdivided into bins of equal distance on the Q? scale (log Q% = 3.0 —
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4.6,A log Q% = 0.2) and of increasing distance on the z scale (x = 0.0 — 0.06,Az = 0.03;z =
0.06 — 0.10;z = 0.10 — 0.20,Az = 005z = 0.2 — 0.5,Az = 0.1). The migration of events
out or into those bins was recorded according to the criteria given by Longo {EXP83] which requires a
fraction f, > 0.6 of original events remaining in the specified z and Q? bin and in addition a fraction
f2 < 0.4 of events migrating into the bin. Fig. 2.14 shows the covered region in the z, Q? plane for
the two calorimeter configurations assumed. Obviously, a much larger area in the z and Q2 plane can
be measured with a compensating calorimeter than with a noncompensating one,

Thus the ZEUS collaboration concluded that a compensating calorimeter with the following prop-
erties provides an impo:t_ant physics gain over a noncompensating one [ZEU85]:

R

electromagnetic ener oluti aE( ) 15%
* electromagnetic energy resolution: —(e) & ————
& &y E VE[GeV]
35%
» hadronic energy resolution: a—;(h) x _TGZ_V
e
* equal response to electrons and hadrons: B= 1.0.

At the time when the. ZEUS detector was designed there was only a partial understanding of how
to build a compensating -calorimeter (e/h = 1) with the required energy resolution of og/E(h) =
35%/\/E[GeV] for hadrons. Therefore the ZEUS collaboration started a large program to study the
various parameters influencing the energy resolution and the e/h-ratio of hadron calorimeters.

Tty
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Chapter 3 -

{

Hadronic Showers in Sampling
Calorimeters

3.1 Structure and Operation of Calorimeters

Calorimeters are used to measure the energy of high energetic elementary particles. The principle of
such a detector is to absorb the entire energy of the primary particle while generating a measurable
signal that is proportional to this energy. A calorimeter can either be made out of an absorption
material that simultaneously generates a detectable signal or out of alternating passive and active
layers of different substances where the active layer produces the signal to be measured. The former is
called homogeneous, the latter sampling calorimeter. A homogeneous calorimeter can be realized with
materials like H; O, lead-glass, Nal, CsI, BGO etc., a sampling calorimeter with iron, lead, uranium,
marble etc, as passive absorber and liquid argon, gas, scintillator etc. as active detector.

Depending on the type of the primary particle that enters the calorimeter various interactions with
the calorimeter material take place, creating secondary particles and thus giving rise to a cascade or
shower. The development of such a shower and the energy deposition within the calorimeter result in
large fluctuations which limits the energy resolution.

Two kinds of showers can be distinguished, the electromagnetic and the hadronic one, with the
hadronic shower containing also an electromagnetic component.

3.1.1 Electromagnetic Showers and the Energy Resolution

Electrons and positrons within an electromagnetic shower lose their energy by collisions with atomic
electrons and by radiation of photons in the field of a nucleus. At the beginning of the shower where
the energy of the electrons is high the radiation loss dominates and determines the propagation of the
shower within the calorimeter material. The average fractional energy loss in a certain substance due
to radiation (integrated over the bremsstrahlung spectrum) in MeV per radiation length Xy is:

dE E
e 5 Y e 3.1
SET T Tk (3.1)
where:

t (Xo)... thickness of material in [X,]
E [MeV)... energy of incident electron in [MeV].

The radiation length X can be calculated using the following formula [ROS52]:

1 4a%12(z +1) r? In(18327'/3) cm? -
Xo 1 + 0.12(Z/82)? g '

with:
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e?

«. S :
A... rftllgss number of material in [g]
Z... atomic number of material
N,4... Avogadro number

Te...  classical electron radius in (cm)

Table 3.1: Values of the Radiation Length X for Some Materials

. Material z Algl | o L%] Xo [;‘:-5 Xofem)

Polystyrene | < 3.4 > - 1.060 43.8 41.3
Al 13 26.98 2.70 24.01 8.89
Fe 26 55.85 7.87 13.84 1.76
Pb 82 207.19 11.35 6.37 0.56
U 92 238.03 18.95 6.00 0.32

In Tab. 3.1 the values of X, are given for some materials of interest in this work [PDG86, LOHS5].
Approximately, 1 X is given by [AMAS1]:

g A ( AXy ' )

— | ~ — 13<Z <92 3.3

1 Xo [csz 180 7 X, < +20% for 13< Z < (3.3)

(throughout this work an abbreviation like Q[u] means that the quantity Q is given in units of u).
At lower energies of the electrons the collision loss will be the dominating process. There exists

no simple expression for the probablilty of collisions in which the electron acquires an energy of the

order of the binding energy of electrons in atoms. One therefore replaces these collision losses by a

continous energy dissipation to introduce a collision loss per radiation length [ROS52]:

M eV] o dE

_ 9B 3.4
X, <4t (3-4)

e(E) [

In a wide energy range around a certain energy ¢o the variable collision loss ¢ (E) varies only slowly
with energy E [ROS52). Therefore one replaces the variable collision loss ¢ (E) by a constant collision
loss €9 = ¢{eo), the collision loss per radiation length of electrons with energy eo. Under this
approximation ! the critical energy ¢¢ is the energy at which the radiation and collision loss of electrons
are equal. It is given by [AMAS1]:

ASO

& [MeV] ~ a (: < +10% for 13 < Z < 92) (3.5)
Values of the critical energy ¢¢ are given in Tab. 3.2 [ROS52] for some substances.

In the following a qualitative description of the electromagnetic shower development will be given
by considering a very simple model [ROS52].

It is assumed that each electron penetrating some material with an energy well above the critical
energy ¢o emits a photon after a distance of one radiation length and that half of the energy of
each electron is carried away by the photon. Let each photon annihilate into an ete~ pair after a
second radiation length and let each initial electron emit a second photon. The photon energy in
the annihilation process is supposed to be equally shared between the pair of particles. Compton
scattering and collision loss of electrons with energy greater than ¢ has been neglected 2 in the simple
model. Those electrons with energy less than ¢o are assumed to deposit their energy immediately via
collision loss without any further radiation. The particle and energy balance under this consideration
looks as given in Tab.3.3.

}This approximation is called ”Approximation B” [ROS52] under the following additional assumption: Compton
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Table 3.2: Values of the Critical Energy ¢o for Some Materials

Table 3.3: Particle and Energy Balance under the Consideration of the Simple Shower M

Material | ¢o [MeV]
[ Polystyrene = 80
Al 48.8
Fe 24.3
Pb 7.8
U ~ 6

Depth [Xp) | Number of Particles Energy Process
0 —=1— ¥ —
: 2 % + _12'2 e+
: ¥ —

Thus after ¢ radiation length":"‘the total number of electrons and photons N is:

with:

t... depth in [Xo)

N‘t'Y =

2t

while the energy ¢ of each particle decreases with increasing t:

with:

E... incident energy of primin'ry"electron [MeV].

The total number of pa.rticles; exceedm,g a certain energy ¢ increases exponentially from ¢
t = r(¢), where 7(c) is the depth in units of radiation length at which the particle energy has fallen

to ¢:

In the discussion so far the shower particles in one step have been assumed to carry all the same
energy. Actually, at a given depth ¢t they follow an energy distribution from which one can obtain

e=E.2¢

s

[ =

= 71(€) =

scattering is neglected and the bremsstrahlung and pair production processes

E.27"
In E /e
In2 °

for ’complete screening of the electric field of the nucleus by atomic electrons
This is called " Approximation A% [ROS52]
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the total number of shower particles that exceed the energy ¢, averaged over the depth in radiation
length:

T{¢)

<N, > N, dt

L ~(e)
o / 2t dt
e A

| o7(e)1n 2

In 2
E /e

= 13 (3.10)

{

This shows that the average number of shower particles exceeding ¢ is inverse proportional to their
energy €. The result is only valid for energies greater than the critical energy ¢9. As long as the
particle energies are above £ the multiplication process continues. For ¢ = ¢o the maximum number
of particles is reached at ,,4.:

tma: = T(GO)
In E /EQ
= ——t, 3.1
3 (3.11)
One expects that at the depth where the number of shower particles has its maximum the energy de-
position of the shower reaches its maximum, too. Behind this depth the remaining energy is deposited
immediately via colhstqn 1qss, according to the assumption above.
The total average number of charged particles can be determined by the use of eq. 3.10, 3.11. This
number is equal to the average total track length < T' > [X,) of charged particles in units of Xg:

2 tmar
- N, ., dt
3 /O VY

2 E

3n2 ¢

<T> [Xo]

|t

xR

(3.12)
PO €0

The factor 2/3 is the ratxo of charged (e*,e”) to neutral (v) particles under the assumption made
in the simple model that ‘they all carry away an equal amount of energy after each radiation or
materialization process.

The average total track length < 7' > [X,] of the charged particles is proportional to the energy
E of the primary particle. This is the important result that makes calorimetry possible.

The average detectable track length < Ty > [X] is always smaller than < T > [X,] by a factor
F(z):

E
< Ts > [Xo] > F(2) o (3.13)
0
where, under "Approximation B” [AMAS1],
z AF(z) )
o~ — o~ <03). 3.14
F(z)~ e {1 + zln(l53)] ( (o) 10% for z < ( )
with: -
P 2 = 2.29 Lthr (3.15)
. €0
Eihr ... threshold eh&&y (minimum detectable energy).

25



» Approximation B” is only valid for light materials, for different materials eq. 3.15 has to be redefined

to [AMAS1):
s =458 Z B (3.16)
A €0
The factor F (z) in eq, 3.13 depends upon the threshold energy E;x,, the minimum detectable energy
below which the detector is no more sensitive to electrons or positrons [AMAS81].

In the discussion so far the average behaviour of the shower has been concerned only. A description
of the fluctuations around the average shower development can not be done on the basis of a simplified
model. A quantitative investigation of the fluctuations within an electromagnetic shower and of the
resulting energy resolution is only possible by the use of the Monte Carlo technique, e.g. the EGS4
shower simulation program {NEL85].

A homogeneous lead-glass calorimeter configuration has been simulated by [LON75]. The calcu-
lated intrinsic energy resolution was:

OE 0.7%
9E (\ ~ . 3.17
5 (¢) JEGV] (3.17)
Experimentally, an energy resolution of

7z 4 5% (3.18)

was obtained with several lead-glass calorimeters large enough to fully contain the whole electro-
magnetic shower ([TWA79)], and references therein). The obtainable energy resolution with lead-glass
detectors is limited by fluctuations in the number of photoelectrons (= 400 per GeV [PRE84]) pro-
duced by the conversion of the Cherenkov light in the photomultipliers. The fluctuations in the number
of photoelectrons scales as 1/ VE[GeV] [AMAB81, HOF82].

A total energy resolution of

0.25%

W 0.1 < E < 20GeV (3.19)

o

—Eg(c) &
was measured with a homogeneous calorimeter of Nal( Tl)-crystals 24 Xo deep [HUGT2]. High light
yield can be achieved with this material, so photostatistics should not be a limiting factor [PRE84]. The
minimum detectable energy Eun, is very low in this detector and hence the contribution from shower
fluctuations, too. The major effects influencing the resolution probably come from non-uniformity
in light collection throughoi\xt the volume and leakage of shower particles out of the crystal blocks
[HUG72, PRE84].

3.2 Sampling Calorimeters

A sampling calorimeter with alternating layers of dense passive and active absorber materials has the
advantage of being

e rather compact in order to fully contain a shower in a reasonable length;

e adaptable to specific experimental requirements like electron-hadron separation or position mea-
surements [FAB85].

On the other hand, it has the disadvantage of giving an additional contribution to the energy resolution
because the total track length of the shower, which is proportional to the total energy to be measured,
is randomly subdivided (*sampled’) into visible and non visible parts of the total track. This leads to
fluctuations around the visible fraction of the total energy.

These fluctuations have experimentally been studied for electromagnetic sampling calorimeters and
compared with Monte Carlo calculations or analytic expressions.
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3.2.1 Sampling ?luctuations

Several effects confriblxté to the total sampling fluctuations [FAB85] :
e ’intrinsic’ sampling fluctuations
¢ 'Landau’ fluctuations

e 'path-length’ fluctuations.
G g

Intrinsic Electromagnetic Sampling Fluctuations

The average detectable total track length of an electromagnetic shower in radiation lengths < Ty >[Xo]
(eq. 3.13) in a sampling calorimeter is composed of the track lengths of charged particles that cross
the individual active plates of the calorimeter. With a constant thickness d[Xg] of the calorimeter
layer (one active and one passive plate) one obtains, under "Approximation B”, the average number
of charged particle C{stihgs (’semples’) N, in the scintillator plates:

< T4 > [Xo]
N> —ro——— 3.20
d [Xo] (3:20)
With eq. 3.13: E
~ F - ———, .
N~ F) (3.21)

Assuming that the number of tracks in the individual crossings are independent and that N, is normally
distributed one obtains a relative width of the distribution of N, given by [AMAS1]:

ON, 1
N T UN. (3.22)
and with eq. 3.21: - t
9E () = 3.2% v\/“wev] . 41Xo] (3.23)
E TR F(z) E[GeV] '

Equation 3.23 does not hold for very small layer thicknesses were the number, of crossings are no longer
uncorrelated. In addition, eqs. 3.20, 3.21, 3.23 are derived under "Approximation B” which is only
valid for light material, and it ignores transverse shower properties.

The transverse shower propagation scales in units of the Moliére radius [AMA81], defined by:

Ryl = Eme

Ii",;[cm’ R *

~ 74 (ARM < £10% for 13< Z < 92) (3.24)
Z Ru

with:
4x . . .
E,., = m.y/— ... constant in multiple scattering theory.
a

The Moliére radius describes the average lateral deflection of electrons with critical energy ¢o after
traversing 1 Xo. For absorber elements of high atomic number Z the transverse spread of the electro-
magnetic shower in [Xp], given by the deflection angle & of the track with respect to the shower axis,
is much larger than for absorber elements of low Z. The angle 8 depends on Ry, i.e. on E,, /€0, and
from Monte Carlo calculations one obtains [AMA81]:

< cos@ >~ cos ( Ems ) . (3.25)

x-£&g
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Equation 3.25 is valid for threshold energies not too large, ie. Ewe|MeV] < 10/e0 (M eV]: The
effective thickness of the layer for a shower particle is d [Xo)/ cos@ and, using eq. 3.23, one obtains for
the intrinsic sampling fluctuations of an electromagnetic calorimeter:

(3.26)

%’-(e) >3.2%-

Equations 3.26 and 3.21 show that one has to increase the number of charged-particle crossings in
order to decrease the contribution of sampling fluctuations to the total energy resolution. This can
be done by increasing the number of samples N, per radiation length, i.e. making the layer thickness
d [Xo) as small as possible. ¢ i

Landau Fluctuations s &

Landau fluctuations arise in thin absorbers (see Appendix A) and are small for jonization losses of a
few MeV (i.e. few mm of scintillator), but are comparable to the intrinsic sampling fluctuations if the
amount of ionization loss is in the keV range, e.g. for gaseous detectors [FAB85]. The contribution is
estimated to [AMASL]:
OE 2
—(e) = e e 1IN (3.27)
E VN, In(10* Aza [gem—2])
where:

Az,... thickness of active absorber plate in [gem™?).

Path-Length Fluctuations

Charged particles can cross the active plates of a sampling calorimeter under large as well as small
deflection angles, The large deflection is due to multiple scattering of low-energy particles. Different
crossing angles result in path-lcngth fluctuations. In addition, the increased multiple scattering in
dense materials makes straight crossings less probable and therefore reduces the path-length fluctua-
tions.

In summary the Landau as well as the path-length fluctuations are small compared’ to the intrinsic
sampling fluctuations in a sampling calorimeters with dense active absorbers of a few millimeter. The
overall sampling fluctuations ‘are dominated by the layer thickness of the calorimeter, as given by
eq. 3.26, that determines the sampling frequency of an electromagnetic shower.

Hadronic Sampling Fluctuations

Sampling fluctuations have been discussed so far only for electromagnetic showers. For a hadro-
nic shower in a sampling calorimeter no equivalent description has been given so far. However, &
parametrization has been derived by [FAB85] from measurements on different hadron calorimeters:

OE ;> [AE[MeV)
’E(h)~9% E[GeV) (3:28)

dE . 59 3
AE = % (mip) Az ... minimum jonization loss in [MeV] of all particles of the different
hadronic shower components in a calorimeter layer
(one active and one passive absorber plate)
of thickness Az in [—13]
cm

where:

Compared to eq. 3.26 one can conclude that the hadronic sampling fluctuations are considerably larger
than the electromagnetic ones.
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3.2.2 Sampling Fractions

By describing the shower development in a calorimeter using the total average track length < T >[X,)
one can define an absolute energy scale in the response to an electromagnetic or hadronic shower. In
the case of a sampling calorimgeter, the part of the energy that is carried away by the different kinds of
shower particles is deposited in the active (E,;,) and passive ( E;n,, ) layers of the calorimeter; this leads
to the definition of the sampling fraction [BRUS86, i.e. the fraction of the deposited energy detected in
the active absorber layers of the sampling calorimeter, for the different components i = e, ¥, h, mip,n

etc. of a shower: et

IR Evin ]
Eyis (1) + Einoi, (1)
, = i (3.29)
where:
Eio(3)... visible energy in the active absorber plate
of shower component ¢
Einvia (1) ... invisible energy in the passive absorber plate
of shower component ¢
e,y,h,mip,n... shower component, consisting of electrons or positrons (e),

photons (7), hadrons (h), minimum jonizing particles (mip),

where for neutrons (n) the energy deposition is understood to occur
indirectly in the form of inelastic or elastic collisions of neutrons
with nuclei or protons.

The various sampling fractions S () are usually given relative to the sampling fraction of a minimum
ionizing particle, § (mip) = mip, where:

. dE .
E (mip) = o (mip) - Az (3.30)
with:
E (mip)... energy loss of a minimum ionizing particle in the active (visible)
or passive layer (invisible)
dE
- (mip)- Az ... mean energy loss of a minimum ionizing particle (see Appendix A)

in the active or passive absorber of thickness Az, tabulated in
(LOHB5, STE84, PDG86).
In this section a discussion of the é/f;i'p-ratio for the electromagnetic shower will be given. The
ratios for the components of the hadronic shower are described in sec. 3.4.
According to the definition of the sampling fraction eq. 3.29, the é/mip-ratio is:
€ 5(e)

r—d

P mip S (mip) (3.31)

To measure the electromagnetic sampling fraction é one has to rescale from the measured average
pulse height of electrons (<. PH {e) >), mostly given in units of ADC CHANNELS, to units of
energy (GeV) by taking muons of the same energy as the electrons. The measured electromagnetic
sampling fraction is then given as follows:

S (e)

" <PH(e)> AE,(n)
B E PH (I‘)lm

411
i

(3.32)

where:



< PH (e) > ... measured average pulse height in [ADC CH ] of electrons in the calorimeter

E... incident energy in [GeV] of electrons or muons

AE,(#)-.. mean deposited energy of muons with energy E in [GeV] in the active absorber
plates of the calorimeter (see eq. 3.33)

PH (p)|pn o+ mean value of measured pulse height distribution of muons in [ADC CH.]

with energy'E(lec Appendix A for detailed discussion on mean and
most probable values of pulse height distribution of muons).

Under the us'umptlon that none of the energy lost by the muons in the passive absorber is transferred
to the active plate or vice versa, the deposited énergy of muons AE, (p) in the active layer is due to
jonization, bremsstrahlung and pair production:

dE ION dE BREMS dE PAIR
ol 5 L e . Az, MeV 3.33
AE, (4) ( T +% W +Fwl e M (3.33)
with:
dE ION
= (1) +ABgeve mean energy loss of muons due to jonization in the
y active absorber of thickness Az, in [MeV]
dE BREMS 2
-~ (1) Az, ... mean energy loss of muons due to bremsstrahlung in the
) ‘active absorber of thickness Az, in (MeV]
dE PAIR Yo @
=z (1) 'Azg.r. mean energy loss of muons due to pair production in the
e

active absorber of thickness Az, in [MeV].

é é
Instead of the —=-ratio the —-ratio of a sampling calorimeter is sometimes quoted, for example
m

ip H
in [BOT81a,b; AKE85). This ratio is defined as follows [AMAS1, FABS85):

< PH(e)> eI + ew)p™”

. ; (3.34)
B PH(W)mp E - e : '

with:

PH (p)lpp+++ most probable value of measured pulse height distribution of muons
in [ADC CH.) with energy E (see Appendix A for detailed discussion on
mean and most probable values of pulse height distribution of muons)
€ (y)I:ON ... most probable energy loss of a muon at minimum ionization in [MeV']
in the active absorber of given thickness
€ (p)lion ...  most probable enzrgy loss of a muon at minimum ionization in [MeV]
in the passive absorber of given thickness.

The &/ r;tTp- and &/ji-ratio are different because of the following effects:

e muons are only minimum ionizing at energies of 300 — 400 M eV ; normally, calorimeter measure-
ments are performed in the GeV-range so the deposited energy is larger than at the minimum

E pore”
of th <5 “curve because of the relativistic rise (Fig. 3.1);

e in addition, relativistic muons lose their energy by bremsstrahlung, et e~ pair production [LOHS8S5]
and by normal ionization where in high-energy transfers to the atomic electrons of the absorber
material §-rays are produced; depending on the thickness of the absorber plate this may lead
to a tail to high energies in the distribution, known as Landau distribution [LAN44] (see Ap-
pendix A);
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Figure 3.1: lonization Loss (dotted and dashed lines) and Tofal Energy Loss (full lines), Including lonization,
Bremsstrahlung and Pair Production, of Muons in Uranium and Polystyrene (Scintillator) as a Function

of the Muon Energy [LOH85). The most probable lonization Loss of Muons in Uranium is plotted for
Comparison

s the muon sampling fraction is therefore energy dependent and hence ‘the é/ji-ratio, too; this is
not the case for the sampling fraction of the minimum ionizing particle and hence the é/mip-ratio
does not depend on the energy;

¢ to obtain an é.pproximately energy independent muon signal the most probable value of the
muon distribution PH (#)l,,, and the most probable energy loss c(p)IRON is used which is
almost energy independent as can be seen from Fig. 3.1; the most probable value is, however,
not proportional to the thickness of the absorber that is traversed by the muon, which is true
for the mean value (see Appendix A).

As suggested also by [BRU86, WIGST7] it is therefore more convenient to express the various
sampling fractions normalized to the mip rather than to the ji sampling fraction because €/ji-ratios
of different calorimeters and different energies are difficult to compare.

Measurements with calorimeters of different sampling configuration have been performed and the
response to electrons in an absolute energy scale were given [ABR81, AKE85, BOT81a, CAT87b,
DRES3, HOF82, LORS7]. A survey is given in Tab. 3.4, the é/mip-ratios have in many cases been
recalculated according to eqs. 3.32, 3.33. Despite of some uncertainties in the quoted numbers, in
particular in the obtained values from the Cu-scintillator calorimeter, the measurements indicate that

e the é/ n’gprat;i'b is always smaller than 1 for sampling calorimeters;
o the € /r’r;{p—ratio decreases with increasing difference AZ = Z, — Z,, where Z, and Z, are the

atomic numbers of the active and passive absorber materials;
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e in addition, measurements with a lead-scintillator electromagnetic calorimeter of different lead
thicknesses [HOF82, Fig. 2] indicate that the electromagnetic sampling fraction and hence the
é/v;tTputio decreases with increasing thickness of the lead plates at a constant thickness of
scintillator plates. .{(,

Table 3.4: Recalculated ;/.r‘q_i’p-ulios from given References of Performed Measurements with Different
Sampling Calorimeters

—é— E [GeV] | AZ Calorimeter Configuration Reference

mip

0.72 10 =~ 23 | 25mm Fe/5 mm Scintillator [ABRS1]
0.78 5 ~ 26 | 5 mm Cu/2.5 mm Scintillator [BOT81a]
08 | b ~ 26 | 5mm Cu/4 mm Scintillator LORS7]
0.65 1 ~79 | 1mm Pb/5mm Scintillator DRES83]

057 | -10-40 | ~89 | 10mm U/2mm Fe/ 5 mm Sci [CAT8Tb]

1Y

The observed facts have been confirmed with EGS4-Monte Carlo calculations [NEL85] by [FLASS,
BRU86, WIGST7] and are explained with the different Z-dependences of the different processes involved:

e at the beginning of the electromagnetic shower (high energies of the shower particles) the
bremsstrahlung (o¢ 'Z?) and pair production (o Z?) processes dominate;

e as the shower develops, the total energy is shared between an increasingly larger number of
shower particles and therefore their average energies become lower (see eq. 3.10); electrons
and positrons start to lose their energy via ionization (x Z), low energy photons by Compton
scattering (x Z) or by the highly material-dependent photoeffect (x Z°; see for instance photon
mass attenuation curves in [PDG86, WIGST)).

Hence, low-energy electrons get produced in high-Z absorber materials by the photoeffect and their
small amount of energy is also deposited there, cutting off significantly the low-energy component of
the electromagnetic shower. .

Making the absorber plates thinner improves the ability of the low-energy electrons (created by the
photoeffect) to escape from the high-Z absorber plate. They therefore contribute more to the measured
signal in the active layer. ‘This effect becomes saturated with a thickness of the passive absorber plates
;frllbout > 5 mm for lead (measurement by [HOF82]) or 2 3Imm for uranium (simulation by [BRﬁSG,

G87]). viind

mild

3.3 Development and Components of a Hadronic Shower in a Samp-
ling Calorimeter

3.3.1 Hadronic Showérs

A hadronic-initiated shower in a calorimeter arises by successive inelastic hadronic interactions of the
secondary particles with the nuclei of the absorber material. Pions and nucleons are most abundant,
their relative fraction depends only weakly on the incident energy [TWA79]. Interactions with nuclei
can be considered as quasi-free collisions on bound nucleons at high energies, where the primary
energy is much larger than the binding energy of the nucleons. The inelastic cross-section for primary
nucleons is approximately proportional to A?/3 and proportional to A3/4 for mesons [TWAT9].

The scale for the longitudinal development of hadronic showers is given by the nuclear absorption
length

A g
P 3.35
% Npo; cm? ( )
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oi... inelastic nuclear coss section {cm?]
A, Ngy... seeeq. 3.2

In Tab. 3.5 values of g are listed for some materials ([PDG86, LOHSS).

Table 3.5: Values of the Nuclear Interaction Length for Some Materials

Material /\0[ i ] Ao[em]

cm?
Polystyrene 82.0 77.4
Al 106.4 39.4
Fe 131.9 16.8
Pb 194.0 17.1
U 199.0 10.5

A hadronic shower consists of two components:
1. an electromagnetic component with electrons, positrons and photons due to 7%, n- etc. decay;

2. a hadronic component consisting of protons, pions (x*), kaons (K*), neutrons, nuclear ~-rays,
light jons etc.; there are also neutrinos and muons from #- and K -decays and a certain fraction
of neutrons that escape from detection; excitation, break-up, rearrangement and recoil of nuclei
consumes & major fraction of the available energy which will not be detected (’lost’ energy).

The incident energy of the primary hadron initiating the shower is shared among these two com-
ponents:

E..
fem = E (3.36)
E,
= — 3.37
In T (3.37)
with:
fem + fh =1 . (338)
where:
fem ... electromagnetic fraction {(mostly neutral pions) of the incident energy E
available in the calorimeter from particles of the electromagnetic component
fooo. purely hadronic fraction (including "lost’ energy) of the incident energy E available in the
calorimeter from particles of the hadronic component
Eem ... available energy from the electromagnetic component
Ey...  available energy from the purely hadronic component,
including 'lost’ energy
E... incident energy of primary particle.

The relative fluctuations between f.,, and fn lead to fluctuations between the visible part of the
electromagnetic and hadronic component in a sampling calorimeter. This is one source of fluctuations
that contributes to the energy resolution of a hadron calorimeter. A further contribution to the energy
resolution comes from large fluctuations in the hadronic component caused by the fluctuating fractions
of energy consumption for nuclear binding energy, break-up and recoil of nuclei etc..

In order to optimize the energy resolution of a hadron calorimeter one has to minimize both kinds
of fluctuations. The mentioned fluctuations will be minimized if the e/h-ratio becomes equal to 1. To
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explain this one has to look at the measurable e/h-ratio that is defined as follows:

€ < PH(e) >
hlm, =~ < PH(h)>
€
- _mip _ (3.39)
x0 h
< fom > ==t < fo> ==
mip mip

where:

< PH(e) > ... measured average pulse height in [ADC CH.] of electrons with
incident energy E in the calorimeter

< PH(h) > ... measured average pulse height in {ADC CH.] of hadrons with
incident energy E in the calorimeter

v visible fraction of available energy from electrons, relative to that

of a minimum ionizing particle (mip) (sec. 3.2.2)
< fem > ... average fraction of incident energy available from the electromagnetic component
{(mostly x%) in the hadronic shower:
< fem > 0.12 In E [GeV]
for few GeV < E < few 100 GeV [FABS85] (3.40)

visible fraction of available energy from electromagnetic component

x0
mip
(mostly %), relative to that of a minimum ionizing particle (mip)
<fh>... average fraction of incident energy available from the purely hadronic component
of the shower, i.e. without the electromagnetic component
h
mip

coo visible fraction of available energy of purely hadronic component,

relative to that of a minimum jonizing particle (mip).

The visible parts of the available energy (sampling fractions) due to neutral pions {x?), electrons
(€) and hadrons (except neutral pions) (h) are determined by the kind of absorber material and the
calorimeter configuration. This was discussed in the last section for electrons and"will be described in
the next section for hadrons. If the relative sampling fractions of all three components é/ mip, x°/mip
and h/mip can be made equal by the use of the appropriate absorber material and configuration, the
measurable e/h-ratio will be equal to 1, as can be seen from egs. 3.39, 3.38. This means that the
average response of the calorimeter to hadrons would be independent of the fluctuations between the
electromagnetic and hadronic component of the hadronic shower thus improving the energy resolution,

For equal configuration of the electromagnetic and hadronic section of a calorimeter the sampling
fraction x%/mip of the elg_gtromagnetic component, (mostly neutral pions) is equal to the sampling
fraction of electrons, é/mip. This was shown by Monte Carlo simulations [AND87b, ZEUS87]. One
therefore has to compensate for the undetectable part of the available energy of the hadronic component
to achieve ¢/mip = h/mip and hence an optimum energy resolution.

The hadronic component can be decomposed into fractions with different responses in the calori-
meter [BRﬁSG]. Together with the underlying nuclear processes, this will be discussed in more detail
in sec. 3.4,

In the following some values of the energy resolution and of e/h-ratios obtained with different
hadron calorimeters will be listed to illustrate the connection between both quantities. Most of the
hadron calorimeters are sampling calorimeters but for comparison the result of a measurement with a
homogeneous liquid scintillator hadron calorimeter (8.7 Ay deep) will be given [BEN75] (no e/h-ratio
is quoted from this measurement). With this latter calorimeter an energy resolution for hadrons of

%(h) ~ 12% 20GeV < E < 150GeV (3.41)
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was measured, parametrized [AMA81] for fully contained hadronic showers as:

AR

' oE _ 11%
12t —E(h) = .‘\/-E—G—'[W_] + 9% (3.42)

with: w} e

E... energy of incident hadrons in [GeV).
With a fine grained sampling hadron calorimeter of 38 units of 8 cm thick marble (CaCO;3) plates
as passive absorber-and 3 cm thick scintillator plates and proportional tubes as active media (7.7 ),
in total) the CHARM collaboration [CHA87) achieved an energy resolution of

oE 48.7% -
-— = e 27 . t
7 (k) m +1.27% + 0.3% Scintillator (3.43)

a—E(h) = _A43% +8.10% + 1.8% Proportional Tubes 3.44
L (3.44)

VE|GeV
for hadrons in the energy range of 7.5 to 140 GeV. An additional contribution to the energy resolution
is included in the given numbers due to sampling fluctuations (see sec. 3.2.1).
A much finer sampling calorimeter with 3 modules of 5 mm copper and 2.5 mm scintillator and 3
modules of 5 mm lead and 2.5 mm scintillator (6.9 Ao deep in total) was exposed to pions of 5, 7 and
10 GeV [BOT81b). The obtained energy resolution for hadrons was:

o, (50.6— 53.8)%
5 (k)= ~EGeV] (3.45)

The presented calorimeter configurations yield a measured e/h-ratio larger than 1, i.e. for the
CHARM-calorimeter [CHA87)

Il

127 s gev — 1.13}0cev Scintillator (3.46)

= L18|;5Gey = 1.09]55G.y Proportional Tubes (3.47)

E R

i:‘. ot
and for the Cu/Pb-calorimeter [BOT81b]

s e )
£ s 142) 0 (3.48)

Il

As discussed m oec 3.3.1 a compensating calorimeter {e¢/h ~ 1) should give a better energy
resolution for hadrons. This was experimentally verified by {BOT81b] with a calorimeter configuration
of 2 and 3 mm uranium and 2.5 mm scintillator plates (total depth: 6.9 Ao). The obtained energy

resolution for hadro :
ution for ns was 33%

\/E]GeV['
The e/h-ratio was ﬁléaqu:ed to 1.09 - 1.15, but is probably influenced by transverse and longitudinal
leakage and by the light attenuation length of the wavelength shifter through which the signal is
transported to the photomultipliers (see sec. 4.5.4).

EE(") = (3.49)

3.3.2 Longitud{;{ai and Transverse Hadronic Shower Development

The average longitudinal and lateral propagation of hadronic showers will be considered first before
the individual components are discussed in more detail.

The average longitudinal distribution scales approximately in units of the interaction length X,.
The first interaction of the incoming hadron with the absorber material is important for the further
longitudinal development of the shower. Close to the shower vertex one observes an enhancement in
the longitudinal distribution due to the contribution of the electromagnetic component. For larger
distances from the shqwer vertex the distribution decreases exponentially [CATS87D).

35



The vertices of hadronic showers are distributed over the whole depth of the calorimeter. Its
number decreases exponentially as the distance from the front end of the calorimeter increases. The
resulting average shower distribution rises close to the front end of the calorimeter and falls almost
exponentially with growing depth. This behaviour results from the superposition of many showers
close to the front end of the calorimeter and a diminishing number of interactions far away.

In transverse direction the distribution depends on the longitudinal propagation with a rather
narrow core of the shower (0.1-0.5 Ao fwhm) that increases with the depth in the calorimeter [FAB85].
This core consists of high-energetic particles while it is surrounded by low-energetic ones, mainly
neutrons and photons, at a considerable distance (few ¢cm) away from the shower axis. The following
parametrizations are found from experimental data [FAB85]:

o the position of the shower maximum:
tmas[Ao] ~ 0.2 In E[GeV] + 0.7 (3.50)

where:

tmaz + -+ depth n o) at which the maximum of the shower occurs
E... energy af incident hadron in [GeV];

o longitudinal containment of 95% of the shower energy:

Los%[A0) = tmaz [Xo] + 2.5 Aate[Ao] (3.51)

where A, is the exponential decay length of the shower beyond tmas in [Ag) given approximately
by:
s 0 X.n [Ao] o~ Ao (E[GCV] )0.13;

e transverse radius for 95% of energy containment (very approximative):

£ Rosw < Ao- (3.52)

There is an additional leakage from the front side of the calorimeter called albedo. It is due to
neutrons and backscattered secondaries. The resulting energy leakage is estimated to be 2-3% with
large fluctuations because of the small number of secondaries at the early stage of the shower [[WAT79).

The energy resolution of a calorimeter is more effected by longitudinal than by transverse leakage
because the fluctuations among the average longitudinal energy deposition are much larger than that
in transverse d.irection'.:, Incomplete containment of the hadronic showers deteriorates the energy
resolution because of the following effects:

e in the case of energy leakage the total pulse height becomes smaller resulting in an asymmetric
distribution of the hadronic response;

e the average hadronic response of the calorimeter will not scale linearly with the energy E of the
incident hadron as well as the resolution will not scale with 1//E[GeV].

The total length of a hadron calorimeter should be about 8 ) in order to contain 95% of the energy
of 350 GeV carried by an incident pion [FAB85). With a calorimeter set-up described in sec. 5.2.1
more detailed criteria have been derived for the longitudinal containment of a hadron calorimeter at
different energies [KRU86, CAT87b].

3.3.3 Hadronic Shower Composition

Although the individual physical processes involved in hadronic showers are quite well understood, the
interplay of the various ‘hadronic processes, influenced in addition by the alternation of active (low-Z)
and passive (high-Z) material of a sampling calorimeter, leads to a very complex development of such
a shower. This makes a description of its various stages rather complicated. Therefore, only a brief
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Emphasis is put on those components that give a main contribution to the energy resolution; a pure
hadronic shower is assumed, i.e. without an electromagnetic component.

The first interaction of a charged pion or proton with the calorimeter material will probably be ion-
ION ION
) -Az, | and active (gg(p, %)
dz «

L . . . d
1zation loss (see Fig. 3.2) in the passive (Z@(p, r - Az,
X

P
layer. A signal will be created in the active layer only. The hadronjc interaction with the absorber

material at high energies (50 MeV) is a spallation process, i.e. a series of independent particle-
particle collisions inside the nucleus and subsequent deexcitations by particle emissions and evapora-
tion [ARM83]. For heavy nuclej, the spallation process is accompanied by high-energy proton induced
fission and by fast neutron induced fission in the case of 238U at each step of the deexcitation process,
The fraction on the total inelastic cross section due to proton induced fission js (see Appendix B):

* in p-Pb reactions [PAP66, BRA71):

9 (Pb(p,f))

= 0.05 — 0.1 (3.53)
T

where:

oy (Pb(p,f))... cross section of proton induced fission in [b)

ot .. . total inelastic cross section in [b)
¢ in p-U reactions:
s (U(p,
—’(—GM = 0.6 - 0.8, (3.54)
t

where the maximum fissionability occurs in the energy region of the protons of 100 — 300 MeV
[PAP66).

Several competing nuclear reactions occur if a high energy hadron interacts with a nucleus and,
because they are the decisive mechanisms in hadron calorimeters, they will be described in more
detail. The description is based on the cascade model for higher energies (2 50 M eV’) of the projectile,
introduced by R. Serber (see, for instance, [ARMS3, ATC79, HIN81, HYDsé4, SNQ81]} and on the
model of the compound nucleus (see, for instance, [SEG77, MAY79)) for the low energy range (few
MeV up to ~ 50 MeV). ) -

A spallation process with its subsequent steps of deexcitations develops as follows:

!

1. At high energies (2 50 MeV) the charged penetrating particle interacts with individual nucleons
inside the target nucleon because of their low binding energy (~ 8 M eV) relative to the energy
of the incoming particle; this leads to an iniranuclear cascade Propagating through the nucleus
during a short time interval of ¢t ~ 1023 while a few nucleons and mesons of relatively high
energy (~ 100 MeV) can leave the target nucleus. Some of them will excite further (internuclear)
cascades or, mostly high-energy or cascade neutrons, will leave the entire target. A long-lived
(~ 107'7s) so called compound nucleus is formed in the medium energy range (few MeV up to
~ 50 MeV) of the incoming charged projectile.

2. The excited rest nuclei undergo deexcitation within ¢ ~ 1018, [PAPG66, BRﬁ87] in successive
evaporation steps of nucleons; for heavy nuclei deexcitation is in competition with either further
evaporation, ;qggjlx neutrons because of the Coulomb barrier for protons and light jons, or
high-energy (2 100 MeV) n- as well as p- and x- induced primary fission. The highly excited
fragments will sg!?sgguently evaporate further neutrons, which in the case of 3387 will result in

secondary fissions.
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Fig. 3.3 shows the measured neutron spectrum from a moderated source, built of a Pb- or U-target
that was surrounded by light water or polyethylene for neutron moderation and bombarded by protons
of 590 MeV and 1100 MeV [HIN81]. One observes an enhancement in the neutron energy range from
~ 20 to ~ 100 MeV which is due to the high-energetic neutrons released during the intranuclear
cascade step.

The highly excited fission fragments evaporate neutrons with a higher average kinetic energy than
the evaporated neutrons from the parent **U nuclei of the same excitation energy. This is shown in

%‘ L s i i s pe e S e s s (e Gy
& T A=98 "
= A=119
g A=140 _
b

o —
& A=238
& S .
E o
L .
£ il
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EXCITATION ENERGY (3**U) [MeV]

A
Figure 3.4: Dependence of the Mean Kinetic Energy of the Evaporation Neutrons on the Excitation Energy
of the Parent 23*U Nucleus for Atomic Masses 238 (Parent Nucleus), 119 (Symmetric Fission) and 98,
140 (Asymmetric Fission) [ATC79)

Fig. 3.4 [ATC79) as a result from a statistical model calculation for a parent ?**U nucleus and is simply
because the excitation energy per nucleon is higher in the fission fragments than in the parent nucleus.
Fragments of n-induced fission of 238U have an excitation energy of 20 — 30 MeV [HUBS1]. This will
lead to neutron emissions with an average kinetic energy of the neutrons of about 1.9 MeV, according
to the parametrization of the evaporation spectrum of neutrons from fission fragments [SEG77):

E
F(E) = 20‘/07 exp(-aE) MeV-! (3.55)
where:
E.s kinetic energy in [MeV] of the evaporated neutrons from fission fragments

a = 0.775[MeV~'] ... parameter obtained from measurements.
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Those neutrons are able to induce further fissions in 23U nuclei because of the low fission threshold
at ~ 1.2 MeV. Hence, the fission capability of 23U leads to an enhancement above ~ 2 MeV in the
total neutron spectrum of spallation reactions ("hardening” of the neutron spectrum) (ARMS3).

In summary, the neutron spectrum due to spallation processes in heavy nuclei consists of the
following components:

» a low energy component (few MeV) of evaporation neutrons from compound nuclej with a
neutron enhancement above ~ 2 MeV for ?*®U (slow neutrons);

* a high energy component (~ 20 to several 100 MeV') of cascade neutrons released in the in-
tranuclear cascade process (high-energy neutrons).

During the evaporation step only very few charged particles like protons and alpha particles are

released because of the Coulomb barrier of the excited nucleus. It is proportinal to -—- and amounts
A3

to = 14 MeV for a proton in **8U. Almost all protons are therefore produced in the fast cascade step

with a fraction approximately equal to the fraction of protons to neutrons of the target nucleus, i.e.

N(p) - Z - 238
N(n)~A_Z—63%for U.
Measured spectra for secondary proton and pion production cross section for 590 MeV incident
protons on uranium and lead under two different laboratory emission angles are shown in Fig. 3.5
[HIN81]. The data are corrected for energy loss in the target material, the target thicknesses are
3.1mm (U) and 4.4 mm (Pb). Measurements with 1100 MeV protons on a 2.5 cm thick lead target
indicate that the energy of the emitted protons is almost proportional to the energy of the incident
protons [HIN81]. Integrating over the observed energy range yields the cross section given in Tab. 3.6.
At this particular proton energy and the given emission angles one observes that proton production

Table 3.6: Differential Cross Section for Secondary Proton- and Pion-Emission from Uranium and Lead for
Bombardment by 590 MeV Protons

Emission | Particle Pb U

do [mb do [mb

le [° — = | ==

Angle [°] dn 3r] dn["]
90 P 88.3 97.6
xt 5.0 7.4

157 P 25.1 26.0 )

xt 10.4 10.5

in the spallation process is more abundant than pion production.

If the remaining excitation energies of the hit nuclei or the fission fragments are less than the
binding energy of a nucleon, further deexcitation will proceed via v-emission. Most of the photons are
prompt, whereas n-capture of **U leads to a delayed v-radiation [BRUSS).

Having discussed so far only the individual nuclear reactions, their interplay in a massive 338U
as well as in a calorimeter stack of **U or Pb and plastic scintillator will now be explained. An
experimental investigation has been done by [LERS86] to study the components of a hadronic shower
and to determine the neutron yield in massive 33U, in a uranium-scintillator stack and also in lead.
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These measurements are based on the anal
and negative charged pions of 300 GeV incide
3mm and 9mm thick 2**U and 2.5 mm scintillator plates as
plates interleaved with 3 mm 238U plates to measure the neutron
radioactive isotope distribution after the dismanteling of the stack
on the hadronic shower composition at different positions (see
Protons of 591 MeV have been selected because »°

but increases with energy according to eq. 3.40.
The result of the measurements shows that after 0.6 Ap in the massive 238U stack

products are strongly concentrated near the beam axis since t
primary particles (see Fig. 3.6).
tail in the transverse direction d

nt on a massive

ysis of radioactivity induced by protons of 591 MeV
338U stack, a calorimeter stack with
well as a stack of 50 mm thick Pb
yield. From the measurement of the
one was able to deduce informations
[LER86] for details of measurements).
production is negligible at this energy [LERS6],

the spallation
hey are predominantly produced by
The same is true for fission products which in addition
ue to the n-induced

give a wider

part. This is because of the mean free path of

the neutrons, which lies in the order of a few ¢m. For the same reason the products of the neutron
capture process are widely distributed laterally.

Table 3.7: Number of Fissions generated and Number o

Energy for Different Calorimeter Configurations [LER86)

f Neutrons captured per GeV of deposited Hadronic

Calorimeter
Configuration

Incident Particle

and Energy

Massive
238 U

3mm 38y

2.5 mm Scint.

9mm B8y

2.5 mm Scint.

50 mm Pb
3mm 38yt

Total Number
of Fissions
per GeV

P (591 MeV)
x~ (300 GeV)

9.8 + 1.3
4.1+ 04

8.0+ 1.1

8.9 + 1.2

5.7+ 08

Fraction on Total
Number of Fissions
per GeV induced by

Charged Particles

p (591 MeV)

14%+2%

Neutron Induced
Fission Yield
Relative to Yield
in Massive 338/

P (591 MeV)

100 %

80% + 3%

90% + 3%

53% + 5%

Number of Neutrons
captured per GeV

p (591 MeV)

43+ 7

47 £ 8

51 + 13

14+ 3

Number of Neutron-
Induced Fission
to Number of
Neutron Captures

P (591 MeV)

20% + 1%

14%+ 1%

15%+ 2%

33%+ 3%

t The given numbers are the neutron-

uranium plates inserted in a massive lead block (see text)

induced fission or the neutron captures measured with thin

The longitudinal distributions of the spallation and fission products measured in the massive B8y

stack are shown in Fig. 3.7. The number of s
depth until a proton range of ~ 1.3 Ao,
shows its maximum and decreases until a
protons that may induce fission in the
that pion production is not significant

capture products is also shown.

Photonuclear reactions like 238U (y, n)®7U or 3By (4
surement: the transverse distribution of 37U nuclides is mu
than that of the fission products;
found at around 10 X, that was at

by the high-energy y-component.
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Figure 3.6: Transverse Distribution of Spallation, Fission and n-Capture Products in Massive **°U at a
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The results obtained from these measurements have been used [LERS86] to derive the number of
fissions per GeV for the different stack configurations, which are listed in Tab. 3.7.
The results of the fission yield measurements can be summarized as follows:

e the total number of fissions decreases if scintillator is the readout material between uranium
plates and this effect becomes stronger if the ratio of uranium plate thickness to scintillator
plate thickness becomes smaller;

e comparing the massive **U with the Pb configuration the neutron yield in lead (measured with
inserted uranium plates) is 53% of the neutron-induced fission yield in massive ?**U. Further-
more, the neutron yield in lead is 33% of the number of neutrons captured by ?**U which has
to be compared with 20% for massive 3%8U. Neutron capture by ?**U occures in the resonance
region of the neutron energy of 10 — 1000 eV [HfJBSl] (see Appendix B) while the neutrons,
capable to induce fission in 23*U, must have energies > 1.2 MeV; the conclusion is that in lead
the neutron spectr\?m is harder;

e in the measurements performed with a 300 GeV =~ beam incident on the massive **U stack one
observes that 58% £ 7% of the deposited energy results from the electromagnetic component
(in fair agreement with eq. 3.40 yielding ~ 68%); the total number of fissions obtained from the
measurements at this energy includes an estimated fraction of v-induced fissions of about 1%.

A remarkable difference has been seen between the massive ***U stack and the 3 mm #*#U-2.5mm
scintillator configuration:
Slow neutrons produced in spallation or fission reactions have, as mentioned previously, an energy of
< 20 MeV, but before they eventually induce further fissions they will scatter both elastically and
inelastically off the target nuclei. Organic scintillator material contains free protons so the neutrons
will undergo elastic np-collisions with the protons of the scintillator. The energy loss E of neutrons with
energy E, in an elastic collision under the scattering angle 0 in the center-of-mass system is given by
E _A'+1+2A%0sb
Ey (A+1)? %
in the scintillator whereas in 238U inelastic collisions dominate. Neutrons will be slowed down very
fast (moderation) if scintillator plates are inserted between the uranium plates thus dropping below
the fission threshold of 238U of 1.2 MeV and beeing captured much closer to their creation point by
3387 nuclei in the resonance region 10 — 1000 eV. As measured, the number of fissions decreases if
scintillator plates interleave the uranium plates.

Summarizing, the following hadron induced interactions take place in a cglorimeter:

. Elastic np-scattering is the dominating process of energy loss of neutrons

o the main nuclear reactions are spallation, high energy (~ 100 MeV) p-,x- and n- as well as low
energy (~ 2 MeV) n-induced fission, evaporation, n-capture and vy-emission;

e neutrons of different energy, protons, to a smaller extend pions and prompt as well as delayed
nuclear y-rays are secondary products of these reactions that can contribute to the measurable
signal in a hadron calorimeter;

o fast neutrons (~ 100 MeV) are produced during the intranuclear cascade step, neutrons of
~ 2 to ~ 20 MeV are evaporated after high-energetic p-, - and n-induced and low-energetic

n-induced fission, respectively, while neutrons are captured in the resonance region of ?3*U at
10 — 1000 eV.

Interleaving 3 mm 338U plates with 2.5 mm scintillator plates reduces the total number of fissions per
GeV from 9.8 in massive 338U to 8.0 and increases the neutron capture yield by 9% relative to the
yield in massive ?**U due to the moderation of neutrons via elastic collisions in the scintillator.

The total visible calorimeter signal will result from all these components if their relative fraction
is taken into account. This is the subject of the next section.
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3.4 Calorimeter Response to the Shower Components

The average response of the hadronic shower has been considered in terms of an average fraction on
the incident energy available from the electromagnetic and the pure hadronic component (sec. 3.3.1).
This average hadronic response has been compared to the average response of an electromagnetic
shower ((e/h),,) and it was shown that the fluctuations in the detected energy can be minimized if
the measureable e/h-ratio is 1. A discussion of the different components, of their influences on the
average hadronic response and on the e/h-ratio will be given in this section.

The purely hadronic compenent of a shower, i.e. without the electromagnetic component, will be
considered in this disqnssion; accordingly, the ¢/h-ratio to be considered here is not the measurable
but the intrinsic e/h;xatio of the calorimeter. The intrinsic e/h-ratio is defined as follows:

. €
Tel mip
) _ _ - (3.56)

< fi > ... averagefraction of the incident energy available from ionization
due t_d‘f?‘r'otons, pions and muons, excluding the electromagnetic fraction
ity

... sa.mpling fraction of protons, muons and pions, relative

to the samplmg fraction of a minimum ionizing particle (mip)
(see qc} "3,29)

< fa > ... average fractxon of the incident energy excluding the electromagnetic component
avaxla.b from neutrons with E < 20 MeV from evaporation,
from ﬁulon induced by high-energy protons, pions and neutrons and from
ﬁssxon.wduced by slow neutrons of E < 20 MeV

. sampling fraction of energy deposit of neutrons, relative

to the i'imipling fraction of a minimum ionizing particle (mip)

(see eq 3.29)

< fy>.. average ‘fraction of the incident energy excluding the electromagnetic component
avmlabie from nuclear y-rays of deexcitation i) during spallation reactions,

ii) via inelastlc (n, n' ) reactions and iii) during fission or

iv) neutron capture reactions; i) - iii) are prompt y-rays while

iv) are delayed

—_‘.y—; e sampl.mg fraction of photons, relative to the sampling fraction of a minimum
mip
ionizing particle (mip) (see eq. 3.29)
with:
'fl+fn+f'v+fL =1
' E;+ E, + E,+ EL
. = 3.57
ST E - E.., (3.57)
where: S
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fL.o- fraction ofjincident energy that is 'lost’ because it goes into nuclear binding energy
break-up of nuclei, recoil energy of the target nucleus and neutrinos
Er... available energy in form of ionization
Enooo available energy from neutrons
) J available energy from nuclear 7-Tays
Eem - available energy from the electromagnetic component (mostly 70s)
Ep... nondetectable energy that goes into binding energy,
break-up of nuclei, recoil energy of the target nucleus and neutrinos.

Both (e/h)m- and (e/h)i-ratios become identical if the é/ﬁpratio is equal to the h/mip-ratio as
can be seen from eq. 3.39 assuming that é / mip = %0/ mip. Except for low energies (<2 GeV) where
the incident hadron does not generate a hadronic shower the average fractions of the incident energy
< f1 > < fa >0 < fy > are almost energy independent and are specific constants determined by
the absorber material of the calorimeter. The intrinsic e/h-ratio is therefore a specific quantity of
a specific calorimeter configuration while the measurable e/ h-ratio contains the energy dependent
variable < fem > (egs. 3.39, 3.40). It is possible to achieve a measurable €/ h-ratio equal to 1 if the
average fraction < fem > can be measured on an event-by-event basis. Eq. 3.39 shows that in this case
the measured fraction fem has to be multiplied by a certain factor for each event in a way that (e/h)m
becomes 1. To estimate the fraction fem the sampling calorimeter has to have a fine longitudinal
segmentation to resolye the electromagnetic shower. This method of achieving a measurable €/ h-ratio
equal to 1 is known as CDHS correction [ABRS1] and has been introduced by [DIS79).

The average fractions of the incident energy available from the different hadronic shower compo-
nents have been calculated by the use of simulation programs, of which the HETC [CHAT2] can be
regarded as the most elaborate one. Various calorimeter configurations have been studied with the
program package CALOR including the HET-Code (e.g. [GABTS, GAB78, GABS85, BRABS5)), but
only results for the configurations of interest will be given here [GAB8S5]. One calorimeter consists of
3.6 mm Pb embedded into two 1.2 mm Al plates and 3 mm plastic scintillator plates, the second is a
design of 72 cells with 2mm U and 3mm plastic scintillator plates followed by 275 cells of 3mm U
and 3 mm plastic scintillator plates. In Tab. 3.8 the available energies from a proton of 5 GeV incident
on the two calorimeter configurations mentioned above are listed. The absolute values of the available
energy in the entire calorimeter (passive and active absorber plates) in M eV are given in the first
column for each configuration. There {s energy deposited directly in form of ionization energy (pri-
mary and secondary protons, charged pions and muons) and electromagnetic energy from electrons,
positrons and photons of electromagnetic interactions (mainly from x%-decay) or source energy from
neutrons during spallation and fission reactions and nuclear y-rays. For each of these forms of energy
the fractional available energy is listed in the second column. In order to discuss the average fractions
< f > of the incident energy contributing to the intrinsic e/ h-ratio (eq. 3.56) the pure hadronic energy
without the electromagnetic energy (E - Eem) Wwill be considered. Taking the pure hadronic energy
as 100% the average fractions of the different forms of available energy is given in the third column of

Tab. 3.8. The results given in Tab. 3.8, subdivided into the different forms of energy deposition, can
be interpreted as follows:

¢ Energy in Form of Ionization
The overwhelming part of the ionization loss is due to secondary protons, most of them released
in spallation processes, as explained above. The fraction on the total ionization due to secondary
protons is 71.6% for the Pb-SCI calorimeter and 70.4% for the U-SCI calorimeter (for Fe-SCI
it is 74.5%, taken from the same reference [GABS5]). As discussed above, this energy loss de-
pends on Z /A, the fraction of protons in the target nuclei and on Z/ Al , the Coulomb barrier
for charged particles. The smaller the ratio Z /A, the smaller the number of protons released
during spallation and hence the jonization loss. For 3PU, Z /A = 38.7%, which is about 2.4%

smaller than for 397Pb. Hence, the ionization loss due to secondary protons is smaller in the
U-SCI (29.4%) than in the Pb-SCI (33.4%) configuration.
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Cork .

Table 3.8: Energy Available from a 5 GeV Proton in a Pb-Scintillator and U-Scintillator Calorimeter as
calculated with CALOR (the time cut is 50 ns) [GAB85]; < f > denotes the Average Fraction of the
Hadronic Energy available from the Different Components of the Hadronic Shower (eq. 3.56); (for an
Explanation of the Differ'_e"m Components see Text)

[ [ Pb-Scintillator | U-Scintillator ]
Deposited Energy | < f > || Deposited Energy | < f >
(MeV] | [%] (%] || [MeV] | [%] (%]
Energy in Form 1077 | 100.0 | 46.7 | 1838 | 100.0 | 4L.8
of Yonization
Primary p 211 10.7 5.0 216 11.8 4.9
Secondary p 1415 71.6 33.4 1294 70.4 29.4
xd 344 17.4 8.1 323 17.5 7.4
ut 7 0.3 0.2 5 0.3 0.1
Electromagnetic 764 607
Energy (e*,y, mostly
from x°%-decay)
Neutrons 616 100.0 12.1 855 100.0 18.5
neutrons with 516 100.0 12.1 646 75.6 14.7
E, < 20MeV.
(neutrons from high-
energy p-,7- and .n-induced
fission included, but
neutrons from induced
fission by neutrons
of E, < 20MeV
excluded)
fission produced : 209 244 4.8
neutrons with
< En>= 2MeV
from n-induced fission
with B, < 20 MeV
Photons from 308 100.0 7.3 949 100.0 21.8
Nuclear Interactions
v (excitation) 106 34.4 2.5 89 9.4 2.0
4 (high-energy 0 0.0 0.0 120 12.6 2.7
p-, *-, and n-induced fission)
v (neutron capture, 202 65.6 4.8 740 78.0 16.9
(n,n’y)-reactions
and n-induced fission
(E, < 20 MeV))
EsumMm 3565 4249
E ~ Eem 4238 100.0 || 4393 100.0
E 5000 5000
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The pion yield during spallation is small (8.1% Pb-SCI, 7.4% U-SCI). In ***U, the minimum-
ionizing protons lose about 220 MeV on the average before they undergo a nuclear interaction;
below ~ 150 MeV this is the only way of energy loss for about 90% of the protons, i.e. they do
not perform any further nuclear interaction [WIG87]. This leads to a nonlinear hadron response
at low energies (< 2GeV).

¢ Neutrons vod?
The fraction on the incident energy going into neutron production in high-energy p-,x- and n-
induced fissions is higher in the U-SCI configuration because there is an additional contribution
from fissions induced by low-energy neutrons (> 1.2 MeV) if **U is used as passive absorber
material, g

b

-~ Neutrons with E, < 20 MeV from p-,7- and n-induced fission except neutrons from in-
duced fission by neutrons of E, < 20 MeV:
those neutrons are created during the intranuclear cascade or in high-energetic p-,x- and
n-induced fissions; although an energy of about 200 MeV per high-energetic p-,7- and n-
induced fission is released (almost all of it (~ 170 MeV) in form of heavy fragment recoil),
this energy remains almost invisible because it is deposited within the lead or uranium
plate [GAB78].

- Neutrons with < E,, > = 2 MeV from induced fission by neutrons of E,, < 20 MeV:
the fragments of slow neutron-induced fission of ?*®U evaporate further neutrons with a
mean energy of 2 MeV; at this energy the cross section for elastic np-scattering in }H (see
Appendix B) becomes larger than the cross section for inelastic np-scattering in uranium.

¢ Nuclear y-Rays

The deexcitation of the nucleus occurs in form of photon emission during spallation reactions,
in inelastic (n, n'y) reactions or during fission or n-capture processes. Photons from n-capture
processes are delayed because the neutrons to be captured have to be slowed down until they
reach the low energy range where the cross section for neutron capture is high. Photons emitted
in all the other deexcitation processes are prompt. The yield of v-rays is much greater in the
U-SCI configuration (21.6%) than in the Pb-SCI one (7.3%) because of the induced fission by
slow neutrons (E, < 20 MeV) and neutron capture in 38U,

After the discussion of the deposited fraction of the incident energy by the different components of
the hadronic shower the visible part (sampling fraction) of each component (see eq. 3.56) in a sampling
calorimeter will be described:

e The &/mipratio has been discussed previously (sec. 3.2.2); it decreases with increasing atomic
number Z, of the passive absorber, and the larger the difference Z, — Z, the smaller this ratio
becomes. Below a thickness of ~ 6 mm of the passive absorber plate it increases with decreasing

thickness of the passive absorber plate if the thickness of the active absorber plate remains
constant [BRU86, WIGS7).

e The JON / V;Tputio is the visible ionization loss of the protons, charged pions and muons in
the hadronic shower, relative to the sampling fraction of a minimum ionizing particle; because
protons are dominant (see Tab. 3.8), the j/mip-ratio determines this visible energy fraction in
the calorimeter. The p/mip-ratio shows the different dependences stated below [WIG87]:

1. Limited range of low energy protons in dense absorber material (e.g. a 40 MeV proton has
a range of 3 mm in uranium): therefore p/mip decreases for low energy protons.

dE
! [ 4z P
protons at low energies differs from the ratio of a minimum ionizing particle,

dE , .
2z (™mip)

, for

2. The ratio of ionization losses in the active and passive absorbers, z—E—(p)
z
P

dE . .
/ E(mzp)| , depending on the material combination. This ratio relative to
a P
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that of a minimum ionizing particle is given in Tab. 3.9 (dE/dz-values are calculated
according to the formula given in [LOHS85]). Therefore P/mip increases for proton energies
< 1GeV.

dE dE S .
Table 3.9: E(p)l / E(P) for Protons in Different Material Combinations at the given Energies,

P

of 2 Minimum lonizing Particle (a: active, p: passive absorber layer)

. dE, . dE, |
Relative to E(mzp)ra / E(mlp)

P
E Polystyrene | Polystyrene Polystyrene
[MeV] | Uranium Lead Iron
10 1.6367 1.6050 1.2233
100 1.0894 1.0893 1.0355
1000 0.9405 0.9400 0.9732

3. The light output of a scintillator does not increase linearly with the specific energy loss
of a traversing particle due to saturation effects. Those effects are caused by ionization
quenching of particles with higher ionization than fast electrons (2 100 keV) according to
the semiempirical relation {BIR64):

dE
dL, S54% om?
e (3.58)
1+kB.—= 9
dz
where:
dL, - s 1 s L
ke specific light yield in the scintillator due to the ionization loss
of protons ["——;‘i]
S.. absolute scintillation efficiency per 1 MeV electron
k... quenching parameter; £B in [m]
B- %—g ... specific density of ionized and excited molecules
z

along the particle track. .

The factor kB has a specific value for a certain scintillator type. It has been measured
by [BECB85] for three types of scintillators. The results are given in Tab. 3.10. These

Table 3.10: Values of kB for Different Scintillator Types

. Scintillator kB [m]

NE 102A 0.00893 + 0.00007
Altustipe UV | 0.00978 + 0.00009
SCSN-38 0.00835 + 0.00007

measurements show that SCSN-38 provides a higher light yield from proton ionizations
compared to the other organic scintillators because of the small kB-value. Because of the
nonlinear response of the scintillator to protons the p/mip decreases at lower energies of
the protons. ’

4. For very low-enérgy protons the influence of multiple scattering in the absorber material
with high atomic number Z will become larger: therefore p/mip decreases for low energy
protons.
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Figure 3.8: The p/mip-Ratio as a Function of the Proton Energy for 3 mm Thick Uranium and 2.5 mm

. T . dE s : y :
Thick Scintillator Pl‘,,'.“ [WIG87] (upper curve: energy deposit = lower curve: visible signal, including
saturation)

The combined effects as function of the proton energy (Fig.3.8) and thicknesses of the ura-
nium as well as the scintillator plates (Fig.3.9) have been studied by the use of a simulation

dE
program [WIGS87). At low proton energies (Fig.3.8) the energy deposition - in the 2.5 mm

scintillator plates increases before it falls steeply for proton energies below 50 MeV. The p/ mip-
ratio decreases rapidly for proton energies below ~ 100 MeV. The thicknesses of the absorber
plates influences the ﬁ/r;rp-ratio (Fig.3.9) in a way that for a fixed scintillator-plate thickness
(2.5 mm) the P/ mip-ratio increases slightly with the uranium-plate thickness until it becomes
constant above ~ 3mm. For a fixed thickness of the uranium-plate the p/ mip-ratio decreases
considerably with the thickness of the scintillator plates.

In summary, the JON/ mip-ratio and hence the hadronic calorimeter response can be increased
if one uses thin scintillator plates in connection with passive absorber material of high atomic
number Z.

e The dominating energy deposition of neutrons at low energies (< 20 MeV) is by np-scattering
(see cross section for n —] H in Appendix B) and, because 2.5 mm scintillator corresponds to the
range of a proton possessing ~ 17 MeV [WIG87), all the energy carried by recoil protons will be
deposited in the scintillator [BB.fJBS]. Again, saturation effects in the scintillator at low proton
energies according to Birk’s law (eq. 3.58) make the signal due to proton recoil less dependent
on the low energy of the neutrons. Because this signal is produced within the scintillator plate
the energy deposited in form of proton recoil due to neutron-proton collisions is not sampled
by the calorimeter in the same way as the signal of a minimum ionizing particle. Hence, in a
sampling caloﬂniéter with active layers containing free protons the 7 / ;Tp-ratio depends mainly
on the sampling fraction of a minimum ionizing particle in such a way that [BRﬁSG, WIGS7]:
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1. decreasing the scintillator thickness decreaﬂ the sampling fraction of a minimum ionizing
particle (mip) which in turn increases #t/mip and leads to a smaller value of (e/R)s;

2. this effect will be more pronounced if the fraction of free protons in the readout material is
enlarged or if its saturation tendency can be reduced. The first effect has experimentally
been observed with a uranium-gas calorimeter, where gas mixtures of different hydrogen
contents have been used (GALS86]: the higher the hydrogen content the higher the calori-
meter response to 51:’;‘1\3&{‘i'nitiat.ed hadronic showers. .

To reduce the saturation effects in the readout material one has to use scintillator materials
with small kB values, as mentioned above.

e The ¥/mipratio in a calorimeter configuration of 3 mm 38U and 2.5 mm scintillator is about
0.5 to 0.6 above a photon energy of ~ 2 MeV according to an EGS4 simulation performed by
[WIG87]. More than 90% of the prompt nuclear y-rays have an energy below 2 MeV; in this
energy region the 7/mip-ratio decreases sharply from 0.5 at ~ 2 MeV to almost 0 at ~ 0.1 MeV
[WIG87L_A!1 average value of = 0.3 is given by [BRU86) for a nuclear fission v-ray spectrum.
The 7/mip-ratio decreases with increasing atomic number of the passive absorber.

The energy deposited by neutrons and deexcitation v-rays from nuclear reactions is time dependent:
most of the neutrons are prompt, but it takes a finite time until they are slowed down by elastic
collisions with the protons in the scintillator material. The neutrons will reach thermal energies where
the n-capture cross section of 33 J becomes the dominating process. The y-rays from these processes
are delayed. The detection eﬂigency of plastic scintillator, however, is very low for v-rays (~2%
[BRUS6]), but due to the delpyé,iheutron contribution to the hadronic signal one would expect an
increase of the hadron response of the calorimeter with increasing integration time. According to
(GAB78], low energetic neutrons (E < 20MeV), high-energy particle-induced fission «-rays and
deexcitation v-rays deposit their energy in the time interval of 0 to ~ 30ns. Photons from n-
capture processes start to contribute after ~ 100ns [BRU86). The individual time dependence of
those components (p-recoil due to n ~ p elastic collisions, 7v-rays from fission fragments and n-capture

53



processes) have been simulated with the DYMO program [BRA86, BRU86). A qualitative description
according to this Monte Carlo program is shown in Fig. 3.10 where the visible energy of the three
components and the total sum is plotted versus the integration time. The simulated calorimeter
configuration consisted of 3 mm depleted uranium, cladded with 2 x 0.4 mm Cu sheets and interleaved
with 2,5 mm scintillator,

400
] (vis) sum of the 5
] dE; 3components "
300 -
iep,recoil or
y,n-capt.or

y. sec.fiss.,

200

100

Ey, s/ec. fiss. -’

..........................

Figure 3.10: Visible Energy as a Function of the Integration Time due to p-Recoil in n-p Collisions, v-Rays
from Fission Fragments and from n-capture Processes calculated with the DYMO Simulation Program
[BRU86] e L

Tab, 3.11 summarizes the discussion on the contributions to the visible signal in a sampling calo-
rimeter. From the discussion’one concludes that a passive absorber with a high neutron contribution
(< fa >) to the hadron signal has a slightly decreased contribution due to ionization (< f; >) com-
pared to other absorbers,  The thickness of the absorber plates plays a significant role in the hadronic
response of a sampling calorimeter. The (e/h);-ratio of a sampling calorimeter with scintillator readout
can be tuned to 1 by the following parameters:

1. the passive absorber has to be a material with a high atomic number Z,; in this case the é/ mip-
ratio is smaller and the neutron contribution to the hadron signal is larger than for a passive
absorber material with low atomic number Z,;

2. using thin lcintilla.fpr plates, which means that the sampling fraction of a minimum ionizing
particle is small, one can profit by the released neutrons because the ﬁ/n‘;ivpratio increases in
this case. There is, however, a practical limit in making the thickness of the scintillator plates
very thin. A

yul
In a first approximation, the sampling fraction is inversely proportional to the ratio of the thickness
of the passive to the active absorber plate, Ry = % = ? It was predicted by [BRfJSS, WIGS87]
L Za a
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Table 3.11: Components of the Visible Hadron-i_cvSignal in a Sampling Calorimeter (Ra means thickness
ratio of passive to active absorber plate; the €/mip- and ’y/r’rTi—p‘ratios are taken from [WIG87])

Calorimeter Configuration Influence of Influence of
Fe-SCI Pb-SCI U-SCI Passive Absorber Active Absorber

< fr> UBT.0%  46.7%  41.8% - -

< fa > 7.8% 121% 14.7% ~ -
< fa > of low energy 4.8%
n-induced
fission :
< fy> 8.3% 7.3% 18.9% - -

< fy > of high energy |- 2.7%

p, n-induced

fission
.increases with
é
—_ 0.84 0.61 0.59 | decreasing thickness -
mip
< 6mm
. increases with Z almost constant decreases with
é_ - of passive absorber as function of increasing thickness
mip
at proton energies thickness saturation at
< 1GeV low proton energies
increases with
ft

= - increasing
mip

Ri=2

d = 7
increases with
:7_'— T'0.74 0.42 0.36 | decreasing thickness -
mip v :
< 6mm

that in the case of a 2.5 mm organic scintillator plate and a varying thickness of the uranium plate
the following relation hold between the (e/h);-ratio and the thickness ratio Ry

(e/h)i~1 if Ryg=1
(e/h)i <1 if Rg21
(e/h),' >1 if Rg<1.
A similar relation holds for lead plates with a scintillator plate thickness as above. A higher ratio
R; is needed in order to reach compensation:
(e/h); =1 if Ry =~ 4
(e/h)i <1 if Ryg2 4
{e/h); > 1 if Ry X 4.
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3.5 The Energy Resolution of a Hadron Calorimeter

The energy resolution of a hadronic sampling calorimeter can be expressed as the sum of several terms
listed below:

e intrinsic energy resolution .
The total nuclear binding ‘energy loss in a hadron shower is a huge source of fluctuations that
contributes to the total energy resolution. If neutron and 7-ray detection is neglected these
contributions give rise to an intrinsic energy resolution of [WIG87]:

a_g(h) _ 30 -35%
E'' " JE[GeV]

The amount of the nuclear binding energy loss is correlated with the amount of energy going into
neutron and nuclear y-ray production. The detection efficiency of the scintillator for photons
is very low (~ 2% [BRU8S5)), so only a good neutron detection in a calorimeter will lower the
fluctuations in the amount of nuclear binding energy loss. For a calorimeter with hydrogenous
readout material, i.e. where elastic np-scattering occurs, the total intrinsic energy resolution has
been calculated [WIGS7] to be of the order of:

(3.59)

&1 2 PTS 20%

E (8] VE[GeV)

for a compensating calorimeter ((e/h); = 1). The neutron detection capability of a calorimeter
influences the intrinsic e/h-ratio via the ﬁ/rm'p-ratio. Improving the neutron detection in a way
that the intrinsic e/h-ratio becomes 1 leads to minimized fluctuations in the deposited fraction
of the incident energy due to the electromagnetic component (see eq. 3.39).

(3.60)

e sampling fluctuations:
The contribution of sampling fluctuations in hadron calorimeters have been estimated from
measurements with different hadron calorimeters, given by eq. 3.28. Those fluctuations are
proportional to \/AE[MeV]/E[GeV], i.e. to the thickness of the calorimeter layer.

In sec. 3.1.1 the shower development has been described under simplifying assumptions. One of the
results was that the total average number of shower particles which is proportional to the number of
jonizations in the active absorber plates of a sampling calorimeter increases with the incident energy
(eq. 3.10). The width of the corresponding distribution then decreases with 1/vE. The average
deposited energy fraction due to the electromagnetic component (eq. 3.40) depends on the incident
energy, but in the case that the intrinsic e/h-ratio is 1 these fluctuations will not contribute to the
energy resolution, Any deviation from (e/h);=1 results in a deteriorated energy resolution which can
be expressed as follows (WIG8T7]:

OE _ a E
E(h)————-+b(

e - 1) (3.61)

with [WIG87):

32% for 2.3mm U-25mm PMMA (e/h)i=1
39% for 4.3mm U-5.0mm PMMA (e/h);=1
57% for 24.0mm Pb-5.0mm PMMA (e/h);=1
44% for 12.0mm Pb-2.5mm PMMA (e/h);=1
1.7% if |(e/R); = 1| = 0.1
4.8% if |(e/h); — 1| = 0.2

oo R R AR
AR /SR S S S 4

Simplified calculations have been performed by [WIG87] to predict the energy resolutions according
to eq. 3.61 for calorimeters with different passive and active absorber materials of different thickness

56



ratios Ry. The parameter a is a quadratic addition of the contribution from the intrinsic energy
resolution and the sampling fluctuations. The given values for a are obtained from [WIG87] for
(e/h)i=1, the quoted values for b are also taken from {WIG87).

There are two independent predictions for the measurable e/ h-ratio of different calorimeter configu-
rations, based on the simplified calculations by [WIG87] and more elahorated Monte Carlo simulations
by [BRU86, BRUS7, ZEUST).

The predictions for the'measurable e/A-ratio and the hadronic energy resolution for the calorirmeter
configurations on which experimental results will be presented in the following chapters, are stated
below, calculated for 10GeV ([BRU86, BRU87, WIG87, ZEUS87]) and 100 GeV [WIGS7] incident
energy. All e/h-ratios have been calculated for an integration time of 100 ns.

S L
(a) 4.75 mm Pb - 5 mm Scintillator SCSN-38:
e < Rg> =0.95

. ‘ ~ 121" [ZEU87]
. \ ~ 1. 17 [WIG87)
. —E(h),/E[GeV ~ 48% for E = 10GeV [W1G87)

(b) 10mm Depleted Uranium (DU) - 5 mm Scintillator NE110
(DU plates with 1 mm Fe cladding on each side [BRU86] as used for the measurement;
PMMA scintillator [WIG87] similar to NE110 used for the measurement):

o Ry = 2.00
. % = 0.82 [BRUS7)
. %' ~ 0.81 . [WIGST]
. %(h)\/E[GeV] ~ 51% for E = 10GeV [WIG87)
. %(h),/E[GeV] ~ 63% for E = 100 GeV [WIGS7]
(¢) 3.2mm DU - 5 mm Scintillator SCSN-38:
o Ry = 0.64
. %1 ~ 1.08 [BRU87)
. %’ ~ 1.02 [WIGS7]
. -—(h),/ [GeV] ~ 38% for E = 10GeV [WIG8T)
(d) 3.2mm DU - 3mm Scintillator SCSN-38:
e Ry = 1.06
e 2l =103 [BRUS7]
him
. 5‘ ~ 0.96 [WIGST]
hlm
. %(h) E[GeV] ~ 34% for E = 10GeV [WIGST)
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oE o .
. f(h)\/E[Cy‘;;,V] ~ 36% for E = 100 GeV [(W1G87)
(e) 10 mm Pb - 2.5 mm Scintillator SCSN-38:

e Ry = 4.00 .

e
. 5 =113 . [ZEUS8T)
. %l ~0.95. : . [W1G87)
. -E-(h)\/E[GcV] ~ 40% for E = 10GeV [WIGS87]

100 GeV [(W1GS7).

. %(h)\/E[GeV] ~ 41% for E

There are contributions to the energy resolution resulting from detector imperfections, namely:
 fluctuations in transverse and longitudinal leakage of energy out of the detector;

o fluctuations of the u'ghal from the active layers resulting from the finite number of photoelectrons
in the photomultiplier [HOF82]:

OF _ L
(k) L TE (3.62)

with: ,

et
c... few percent, depending on the readout system.

Because these contributions on the energy resolution are detector dependent they will be determined
from the measurement for the individual calorimeter configurations.
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Chapter 4

Measuremel}ts with a
Noncompensating Lead-Scintillator
Calorimeter

4.1 The T60 Lead:iS'c.:‘intillator Calorimeter and the Beam Set-Up

3 ’
To study the influence of ahsorher material and scintillator thickness on the energy resolution of
hadron calorimeters the ZEUS collaboration started the investigation by exposing a lead-scintillator
calorimeter to a beam of different particles at different energies.

The entire calorimeter consisted of 4 identical modules with dimensions and specifications given
in Tab. 4.1, while in Fig. 4.1 one of these modules is sketched.

In this measurement (T60Pb) 30 layers of 4 mm thick lead plates were inserted in the first module
(downstream), alternated with 5 mm thick scintillator layers, while the last 3 modules contained 5 mm
thick lead plates instead, again alternated with § mm scintillator layers. In total the calorimeter was
103.7 X¢ or 4.3 Ap deep. R

One scintillator layer consists of 12 strips, each of them with a sensitive area of 50 x 600 mm?,
Each strip was wrapped first in white paper and additionally in aluminized mylar foil in order to
achieve good reflectivity and to decouple each scintillator strip optically.

At both 50 mm wide ends the light was collected by a 50 mm wide and 3 mm thick wavelength
shifter bar almost perpendicular to the scintillator ends. The wavelength shifter bars were wrapped
in a similar manner as the scintillator strips with the open side area pointing to the scintillator edge.
A 0.3mm nylon thread serves to maintain a small air gap between the wavelength shifter bar and
the passive absorber plates. This-air gap is required to ensure the total internal reflection of the light
trapped into the wavelength shifter.

At one end the wavelength shifter bars were glued to a plexiglass lightguide that was bent by
180° with a radius of ~ 11 cm.. The lightguide was fed into a XP2011 type photomultiplier. In total
there are 12 readout channels-on the left and 12 on the right side of each module, and a group of 12
photomultipliers at one side was supplied by the same high voltage.

The analog output signals of the photomultipliers were digitized by the ADC?! type 2282 A
{LeCroy), a current integrating ' ADC with a dynamic range of 12 bits and a gain of 4 counts/pC
% 10 %. One module has 48.input channels so that for the entire calorimeter 2 modules were nec-
essary in addition to a 2280 CAMAC? System Processor module (LeCroy). The CAMAC crate was
connected to a PDP 11/73 online computer acted as a supervisor of three microprocessors. The read-
out of the ADCs, the histogramming and the control of run parameters has been done by the three
microprocessors while the PDP 11/73 performed the tape writing.

! Analog Digital Converter
?Computed Automated Measurement And Control Standard
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Table 4.1: Dimensions and Specifications of the T60Pb Calorimeter inserted with 4 and 5mm thick Lead
and 5mm thick Scintillator Plates

( Calorimeter B
Lateral Dimensions 600 x 600 mm? Mod 1 | 46.13X, | 1.97)
. 18 \ Mod 2-4 | 51.92X, 2.11)0
Number of Modules 4
Number of Layers per Module 30
Total Depth of 1 Layer 13mm Mod1 | 0.73X, | 0.031),
Mod 2-4 | 0.91X, | 0.037A¢
Total Depth of 1 Module 390 mm Mod 1 21.92Xo | 0.93)¢
Mod 2-4 27.26Xo 1.1 le
Total Depth of Calorimeter 1560 mm 103.7X, | 4.3X
Airgap per Layer 3.5mm Mod 1
y 2.5 mm Mod 2-4
. Passive Layer
Lateral Dimensions - 600 X 600 mm?
Thickness of Plates 2mm Pb Mod 1
, in 0.5mm Al
2mm Pb
Total ) RS ¢ 4.5mm 0. 72Xo 0.025Ao
Thickness of Plates 3mm Pb Mod 2-4
H 0.5mm Al
iy 2mm Pb
Total 5.5mm 0.90X, 0.031A°
Material Pb
j aig Active Layer - ]
Dimension of Scintillator Strip 50 X 600 mm?
Number of Strips 12
Thickness of Plates 5mm 0.01X, | 0.007Xo
Material SCSN-38 (Polystyrene Base)
srvd | Readout
Wavelength Shifter /.. 50 x 390 mm?
Thickness of WLS 3mm
Material ¢d ba: PMMA Base, UV absorbant
tid K27 (120 mg/1)
Lightguide Bent Plexiglass
Photomultiplier XP 2011
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Figure 4.1: Top and Side View of a T60 Calorimeter Module as used for this Measurement
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The measurement was done at the T7-beam in the East Hall at the Proton-Synchrotron (PS) at
CERN. The PS operated at a magnetic field cycle time of 1.2 s including a spill time at the flat top of
~ 300 ms. Only every 7th burst was used for the beam lines in the East Hall because of the multiple
tasks of the PS. The primary beam was slowly extracted by a septum magnet and hit an external
target. Fig. 4.2 shows the described beam line. The experimental set-up is sketched in Fig. 4.3 with
beam defining scintillation counters; for electron-hadron separation a threshold Cherenkov counter
filled with CO; was installed. The beam halo was suppressed by the B; counter, having a hole of 2em
in diameter. The whole calorimeter was put on a moveable stage in order to reach different scintillator
strips of the calorimeter.

Particle selection was done by a trigger defined as follows:

Beam: BEAM = B;-B;-B;
Electrons: e = BEAM-C
Muons: M = BEAM-$,-85;
Typical event rdtés'at 5 GeV for example with a collimator width of + 8 mm were:
B, - By = 67 500
By-B;-By = 50000

The beam content has been measured using the calorimeter as well as the beam counters. The
results are given in Tab. 4.2.

Table 4.2: Contcnts of T7- Beam at the CERN PS, measured with the T60Pb calorimeter
E [GeV] | 4 [%] [« [%] | k(%]

1 0.5 83.9 | 15.6

C 3 0.9 29.6 | 69.6
‘- 5 3.1 6.8 90.1
A 7 1.9 2.9 95.2
0 8.75 3.6 2.0 94.4

T60 Calorimeter

I 0.9
. 1 (1.1)}| 21 {11 || 11 Iron
I 2 || 2o || 2o |1 Ao
Bl Bz Sl 2
n Q- B, 80cm

At

Flgure 4 3 Beam Set-Up for the T60 Measurements at the CERN PS

Measurements ha.vp ern performed as follows:

1. first the pedestal values were determined for each ADC input with the high voltage (HV) of
the photomultiﬁl:ie'r; switched on. Thus the pedestals include possible effects from the pho-
tomultipliers, C'af'.bles_, ADCs and cosmic ray particles. The pedestal values were stored in the
memory of the System Processor 2280 and subtracted from the actual measured values before
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transfered to the computer. The gate width was 150 ns for the pedestal and the actual measure-
ments. Pedestals have been determined in regular time intervals of about 1/2 hour in order to
correct for fluctuations due to temperature variations. The pedestal values were stable within
5 - TADC CH., with a few input channels of greater variation < 16 ADC CH.;

2. actual measurements have been done under one of the trigger conditions mentionend above;
usually 500 electron or muon triggers and 1000 hadron triggers could be taken per run (~ 30

resp. ~ 60 bursts).

4.2 Calibration and Particle Selection

4.2,1 Calibration

The relative response of each channel has to be calibrated to a certain reference signal in order to
obtain a uniform response of each readout channel. For this purpose muons with an energy of 5 GeV
have been selected. The modules were mounted individually on the moveable stage. The stage was
moved to various vertical positions so that the beam could hit the center of each scintillator strip.
Due to the low beam height the two outer strips 11 and 12 at the top could not be reached. They
have been calibrated in a different way to be described below. For the measurements with electrons
and hadrons all four modules were put behind each other.

A final check of all modules in this arrangement has been done with muons traversing the center
of the entire calorimeter.

To determine the calibration constant of each readout channel the most probable value (E,,op) of
the muon distribution was taken from a Moyal function [MOY55] convoluted with a Gauss function
(see Appendix A) that has been fitted to the data. As an example such a distribution with the fitted
function is plotted in Fig. 4.4. The statistical error on the obtained most probable value was 1%.

The calibration with muons was compared with that of electrons. Therefore the central strip of
each individual module has also been exposed to electrons of 5 GeV immediately after the muon run.
The ratio of the muon response (most probable value) of the left to the right side in the central strip
was compared to that of the electrons (mean pulse height). The deviations are given in Tab. 4.3 for
the central strip of each module.

Table 4.3: Deviations of the Signal Ratio of the Left to the Right Side in the Central Strip for Muons from
that for Electrons at 5 GeV

| Module | Deviation in [%)] |
1 +2.01 +£1.40 %
2 —6.47+ 1.66 %
3 +3.254+1.38 %
4 -0.86 £1.34 %

Strip 11 and 12 were calibrated by using the transverse hadronic shower distribution (see sec-
tion 4.3.1) at 8.75 GeV; the pulse height distribution was assumed to be symmetric with respect to
the central strip. This allowed a very rough calibration of strip 11 and 12 of each module. Because
of the very low pulse heights in module 4 in the outer strips the calibration is not very precise for
those strips. From the left-over-right ratio of the average pulse height of hadrons the accuracy of the
calibration for the outer strips was estimated to be 7% and 10% for strip 11 and 12.

The intercalibration between the 4 modules was checked by taking the electron response in the
central strip of each individual module when this module was put in front. The modules were calibrated
with the constants obtained from the muons as described above. Tab. 4.4 shows the deviation of the
mean pulse height in the frop.t module from the average pulse height of all four modules for electrons
at 5 GeV., For module 1 the deviation is large because the different thicknesses of the lead plates have
been taken into account by a fpctor of 0.8, i.e. 4mm /5 mm. Necessarly the modules had to be moved
which may have disturbed tye‘system after having measured the electron reference signal. The effect
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Figure 4.4: Muon Signal at 5 GeV in one Readout Channel (E.u0p denotes the most probable energy loss
of the muons) 1

Table 4.4: Deviations of the Mean Pulse Height of the front Module from the average Signal of all 4
Modules for Electrons at S GeV the Modules are calibrated with Muons

[ Module ] Deviation in (%)

- 1 -3.92 1 0.23%

.- 2 +0.79 + 0.29%

i 3 +0.71 £ 0.23%
s 4 +2.42 £ 0.26% .

on the calibration constants due to the movement of the modules can be seen from Tab. 4.5. In this
table the deviations of the calibration constants obtained with muons for the central strip of each
module before and after the rearrangement are given. There is no deviation for module 1 because it
has not been moved. ~’

After the calibration procedure with muons the corrected pulse heights have been used throughout
the whole analysis. v

ok
4.2.2 Particle Selggtion

With the trigger described in the previous section almost clean electron, hadron and muon samples
could already be selected online. Inefficiencies of the trigger made some additional selections necessary:

1. Random Trigger
During normal runs a few random trigger occured. The few events (< 0.4 %) are observed

around 0 in the total sum PHr (e, s, h) 50 a cut of less than 1% of the total sum rejected those
events.

2. Pile Up due to High Particle Rate
The high particle rate at the T7-beam caused pile up effects. More than one particle within
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Table 4.5: Deviations of Calibration Constants obtained with Muons after moving the Calorimeter Modules
| Module | Deviation in (%] |

1 =

2 +0.25 + 2.17 %

3 -2.91+2.07 %

4 +5.03 +3.67 %

the 150 ns of the ADC gate causes higher pulse heights in the calorimeter than a single particle.
These events could be rejected by a cut in a scatter plot

PHMAX (e,h) vs PHr (e, h)

where PH}AX (e, h) is the pulse height of the module that contains the maximum pulse height of
the shower, Events with a pulse height almost twice as large as the mean pulse height were clearly
separated. They have been rejected by a cut of 30 above the average values of PH MAX (¢, h)
and PHr (e, h).
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Figure 4.5: Muon Separation: the Pulse Height for Muons, Electrons and Hadrons from the last 3 Modules

relative to the Pulse Height for all Particles from Module 1 versus the Pulse Height for all Particles from
the last 3 Modules (see text)

3. Muons
Muons have been identified with a cut indicated in Fig. 4.5 where the following correlation is
plotted: ,
4
> PHy (u,e,h) .
M=2
PHpr—y (py€,h) o "Z__:z PHy (pye,h)
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4. Electrons
They were separated from hadrons by their different longitudinal a.nd transverse energy depo-

sition in a calorimeter. Longitudinally 98% of the electromagnetic shower is contained within
21 Xo at 5GeV, i.e. within the first module of the considered calorimeter. Transversally a
cylinder of radius 4 R encloses 95% of the total electromagnetic energy which is a diameter of
~ Tem for the present calorimeter. Accordingly, two quantities of transverse and longitudinal
energy deposition have been defined:

G 3
e PHYA s (n,e,h)
£ Sgl vs PHM=1(“ve,h)'
it PHr (p,e,h) PHr (p,e,h)
with: NI
i
PHp (py€,8) onids - pulse height for muons, electrons and hadrons in one module
PHy (pye,h) vusvr - pulse height for muons, electrons and hadrons in entire calorimeter
3

a2

Z PHMA] sif;fah) muon, electron and hadron signal from 3 adjacent strips
$=1

with maximum pulse height in module 1.

YL
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They are plotted in Fig. 4.6: electrons are located in 3 adjacent strips of the first module
3
so the quantity y = Z PH:,':{S (p#,e,h)/PHr (p,e,h) is about ~ 1 as well as the quantity

z = PHpz (e, h)/s}-"ﬂr (i, e, h); the cut for electron selection around this region is indicated
in the figure; muons are located at z =~ 0.25 but because of the low muon rate they are hardly
visible; hadrons which do not interact in the first module deposit their minimum ionization
energy in one strip of the first module, i.e. y = 1; because of the huge total pulse height PHr
they are observed at very low values of z; hadrons that interact already in module 1 are located
below the electron region.

5. Hadrons
The hadron sample consists of all the events left over from the rejection (1.,2.) and the separation
(3., 4.).

4.3 Transverse and Longitudinal Leakage of Hadronic Energy

4.3.1 Transverse Leakage

The vertical segmentation of the modules into 12 scintillator strips each 5 cm wide allows to determine
the amount of energy leaking out of the calorimeter in form of hadronic shower particles in transverse
direction.

For this purpose the transverse shower profile of the whole calorimeter was determined by summing
up the pulse height PHy; (h) of the selected hadrons in the i-th strip of all 4 modules:

4
CS;= Y. PHy(h). (4.1)
M=1

This results in the plot given in Fig. 4.7. Note the logarithmic y-scale and that on the x-axis the lower
strip (1) of the calorimeter is on the left and the upper strip (12) on the right side. Excluding the
central strips on which the beam was directed the pulse heights of the neighbouring strips decrease
towards the top and bottom sides of the calorimeter.

The shower is radial symmetric with respect to the beam axis but the distribution is measured
in a calorimeter of quadratic cross section. It is found that the transverse distribution in rectangular
coordinates of the calorimeter is described by the exponential function f(z):

T — X
b

f(z)x exp (-

) , (4.2)

with:

z... transverse coordinate in [cm)
Zo... impact point of the shower.

The function was fitted to the data (full line) taking b as free parameter. Values of the parameter b as
obtained from the fit are given in Tab. 4.6 together with the values of x? for 3 (top) and 2 (bottom)
degrees of freedom. ,

The dashed areas (left and right) represent the amount of energy leaking out of the top and
bottom side of the calorimeter and, under the assumption mentioned above, this is almost half of the
transverse leakage of the whole calorimeter. Note that the transverse leakage in diagonal direction
from the central strips is not taken into account by this method. Therefore the determined amount
of transverse leakage is less than half of the transverse leakage of the whole calorimeter. In Tab. 4.7
the values of transverse leakage in percent of the measured energy are given for all energies. The
first two columns of the table give the values of transverse leakage from the top and bottom side of
the calorimeter, determined by integrating over the dashed areas. Under the assumption of radial
symmetry of the shower the leakage from the left and right sides of the calorimeter should be the same
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il
Table 4.6: Values for the Parameter b as obtained from a Fit of eq. 4.2 to the Transverse Shower Distribution

E b (top) x* | b (bottom) | x?
[GeV] {cm] {em]
3 8.75 £ 1.05 ; 0.9 | 8.60 + 1.45 | 0.2
5 9.20 + 0.85 | 1.2 | 9.05 + 1.15 | 1.3
fod 7 8.90 + 0.70 { 1.5 | 8.45 + 0.90 | 0.1
1" 875 | 8.80 £ 0.60 | 0.8]9.40+0.95 (0.1

P TN

i;u T

as the leakage from the top /And bottom sides. The sum of the leakage from the top and bottom sides
is given in the third column,iof Tab. 4.7 while the total transverse leakage given in the fourth column
is twice the sum of the top and bottom leakage.
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Figure 4.7: Transverse Sh ?rofile at 5 GeV: the Curves are Fits of an Exponential Function to the
Data, the Dashed Areas md!cate the Amount of Transverse Leakage out of the Top and Bottom Side of
the Calorimeter
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Table 4.7: Transverse Leakage out of the Top and Bottom Side of the Entire T60Pb Calorimeter

E top bottom | top + bottom | total
Gev]| (% (%] (%) (%]
3 "]1.0.841+0.40 ] 1.10 % 0.64 1.94 1+ 0.75 3.88
5. [103%£037{140£060| 2431+0.70 | 4.86

7 ]096+0.30|1.10+0.41 | 2.06%0.51 | 4.12
8.75,]0941+0.26 | 1.421: 047 | 2.361+0.54 | 4.72

fl
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The average transvérse lhower profile has ‘been described by the exponential function eq. 4.2.
Assuming that it also describes the transverse propagation of the shower on an event-by-event basis

one can correct the total pulse height of each individual event for the leakage from the top and bottom




sides. Therefore for each hadronic event one calculates the pulse heights in the two outér strip at the
bottom and the top (strip 1 and 12) of the entire calorimeter, i.e.

4
CSsa1,(s=12) = 9 PHs=1, (s=12m(h)- (4.3)

M=1

The value of CSs= (from now on the correction for the bottom side will be considered only; for the
top side it is similar) is compared for each hadronic event to the function value of eq. 4.2 with the
parameters as obtained from the fit. If CSs-, is less than the function value f;(z) then z is increased
until CSg=; is equal or greater than fi(z = z5). The integral of the function f;(z) from z = z; to
z > z, which is the amount of leakage from the bottom side of the calorimeter under the assumption
mentioned ahove, is added to the total pulse height of the individual shower. The difference between
the total average pulse height corrected in this way (for the top and bottom sides) and the uncorrected
one is given in Tab, 4.8. The quoted errors reflect uncertainties in the calibration, especially for the
outer strips 11 and 12, and statistical errors.

Table 4.8: Corrected Hadronic Response on an Event-by-Event Basis for Transverse Leakage out of the
Top and Bottom Side of the T60Pb Calorimeter

without Trans. Leak. Corr. with Trans. Leak. Corr.
) 2: (03T
E |<PH(hno>| o(hh-e |<PHMR: 4> | o(h)-a | ﬁ;( h);f‘,‘)‘", S
(Gev] | [ADC CH.] | [ADCCH] | [ADC CH.] | [ADC CH] (%)
3 1119.5 £ 11.1 326.9 + 8.6 1124.2 + 11.6 338.3+ 9.3 0.42 +1.43
5 1879.2 4 16.2 | 443.4+ 12.7 1917.4 + 16.5 448.1 + 13.2 2.03+1.23
7 2543.1 + 20.5 | 582.6 + 15.6 2584.3 + 20.1 567.0 + 14.7 1.62 +1.13
8.75 3236.5 + 28.5 | 681.5+ 22.8 3288.2 + 28.6 683.2 + 23.0 1.60 + 1.25

4.3.2 Longitudinal Liakage

The total depth of the lead calorimeter is 4.3 Ao (Tab. 4.1); at 10 GeV the fraction of energy beyond
this depth is about 6% while ~ 80% of all events are contained in the entire calorimeter with > 95%
of their total energy, according to [CAT87b].

Because of the strong fluctuations in the hadronic shower development the fraction of leaking
_ energy also fluctuates thus deteriorating the energy resolution. Correction for longjtudinal leakage is
thus necessary and can be done in two ways:

1. a cut in the last module; this, however, effectively reduces the total depth of the entire calorimeter
by ~ 1.1 A because only those events contained in the first 3 modules (3.2 Ag) with some small
contribution from the 4. module depending on the cut will be accepted. The event sample
selected this way is biased toward showers with a dominant electromagnetic part. The shower
vertices are distributed over the whole calorimeter depth.

2. selection of showers with their vertices located within the first module. The shower vertex
selection has been performed in the following way:

o for each event the module i with maximum pulse height was tagged. If this was already
module 1 the event was added to the sample of showers with the vertex in this module. If
not, the pulse height of the module in front of the tagged one (i-1) was checked whether it
exceeded a certain threshold value. If this was found to be the case the shower was assumed
having started already in module i-7 and the event was attributed to the appropriate event
sample. Otherwise, module i with the maximum pulse height was considered as the one
containing the vertex.

e the threshold pulse height was determined in two ways:
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(a) non-showermg particles deposit an energy equivalent to a minimum ionizing particle
(mip) in the calorimeter modules; the threshold energy was set to a value of 2 times
the ener de.?opmon of a muon: this corresponds to ~ 1.1 GeV of incident energy.

(b) the numbT of vertices should decrease exponentially; by varying the threshold value
iteratively thq ‘distribution of the vertices was thus mﬂuenced and the deviation from
an expon function was minimized by comparing the x2-values of the fit. The
threshold vnlues found in this way are listed below and are almost consistent with the
one of method 1.

| Lo
v #x [E [GeV] | Threshold Value [GeV] |
3 1.0
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Flgure 4.8: Longitudinal Shower Development at 3 and 8.75 GeV for i) all Events; ii) Events of Showers
Depositing less than 10 % of the total Energy in Module 4; iii) Events of Showers with their Vertices in
Module 1 2O
FU
The different longltudinpl phower developments are shown in Fig. 4.8 at the lowest (3 GeV; right
scale) and highest (8.75 GeV; wleft scale) energy point of this measurement. For comparison the dis-
tribution for all hadronic evmtl, i.e. without any treatment of the longitudinal leakage is given, too.
Note that the lines are only.drawn to guide the eye and that the 3 GeV points are shifted in y-direction.
The showers starting in the first module show an almost exponential decrease. The longitudinal profile
of those showers selected by?_”xilethod 1 is similar to the one of all showers except in module 4 where
the cut against pulse heights exceeding 10% of the total pulse height has been performed.
For reasons of longitudinal nonuniformity in the wavelength shifter readout that will be discussed
in section 4.5.4 the longitudinal leakage correction was done according to the first method. The effect
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Table 4.9: Effect of the Longitudinal Leakage Cut which rejected Hadronic Events that deposited 10% or
more of the total Energy in Module 4 of the T60Pb Calorimeter

without Long. Leak. Cut with Long. Leak. Cut
T E [<PH(h)1-«> [ o(h)is < PH(h)y-4 > | o(h)1-« [ Event Rejection
[GeV] | [ADCCH. ['[ADCCH.) | [ADCCH. | [ADC CH.] (%)
3 1119.5 + 11.1 326.9 + 8.6 1110.2 £ 11.7 326.3 £+ 8.9 6.5
5 1879.2+ 16.2 | 443.4 £ 12.7 | 1861.6+ 17.9 | 443.7 + 14.3 13.8
7 2543.1 1+ 20.5 | 582.6+ 15.6 | 2514.8+21.6 | 560.7 + 16.3 15.0
8.75 | 32365+ 28.5 | 681.5+22.8 | 3200.8+31.6 | 677.7 + 25.4 18.5

of the longitudinal leakage cut can be read off from Tab. 4.9. The width of the distribution (o(h))
improves at 7 and 8,75 GeV due to the longitudinal leakage cut that rejects those hadron events which
are not fully contained in the first 3.2 A\o. However, the mean pulse height decreases slightly for all
energies if the longitudinal leakage cut is applied. One would not expect this decrease because the
low energy tail in the distribution that includes leakage vanishes if fully contained events are selected.
For this measurement the last module of the calorimeter was used to cut on high pulse heights in this
module. This results in a lower total pulse height of the calorimeter as can be seen in Fig. 4.8: the
area under the curve of all events is larger compared to that under the curve of the events remaining
after the longitudinal leakage cut in module 4.

4.4 Energy Resolution of the T60 Lead-Scintillator Calorimeter

The electron and hadron response of the lead calorimeter was determined at the different steps of the
leakage correction, i.e.

without leakage correction,

with longitudinal leakage ‘cuts according to method 1,

e with transverse leakage correction for the top and bottom sides of the calorimeter,

with both longitudinal leakage cuts and transverse leakage correction.

The measured distributions for electrons and hadrons at 3,5, 7 and 8.75 GeV are shown in Fig. 4.9,
The hadronic distribution is the sum of the pulse heights of all 4 modules after a cut dgainst longitu-
dinal leakage (method 1) of < 10% of the total sum and after a correction of transverse leakage for
the top and bottom side of the calorimeter, as described. The distributions for electrons and hadrons
were fitted by a gaussian function over +3¢ around the mean.

Table 4.10: Mean Response and Encrgy Resolutions for Electrons and Hadrons ;t 1 (Electrons only), 3,

5, 7 and 8.75 GeV as measured with the T60Pb Calorimeter (Resolutions quoted are within +30; only
Statistical Errors are given)

ELECTRONS HADRONS
og(e)-2 op(h)i1-4
E < Pq(C)l-g > m < PH(’I);-. > ’W‘]
GeV] | [ADC CH] (%) [ADC CH.] (%]
1 460.2 + 2.7 12.2+ 0.5 - -
3 14316 + 4.9 121+ 04 1115.2 + 8.7 52.7+1.1
5 23874+ 7.5 13.6 £ 0.6 1879.6 + 21.7 534113
7 3274.7+ 6.6 13.5+ 0.4 2547.4 £ 15.9 599+ 14
8.75 4151.4+11.9 13.7+0.7 3234.7 + 22.2 60.6 + 1.7
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The results given in Tab. 4.10 are mean values and standard deviations from the fits. The muon
response of the calorimeter at 5 GeV is also shown in this figure with a convolution of a Moyal- and
a Gauss-function fitted to it (see Appendix A).

For electrons the pulse height sum of module 1 and 2 only (43.8 Xo) was considered in order to
add no further signal from module 3 and 4 due to pedestal fluctuations around 0. The difference
between the mean pulse heights for the sum of module 1 to 2 and module 1 to 4 is negligible within
the statistical errors, as can be seen from Tab. 4.11. The energy resolution should improve if the sum
of module 1 to 2 is taken, but this is not significant in this measurement because of the large statistical
errors. -

!

Table 4.11: Relative Deviation in [%] of the Mean Pulse Height and the Energy Resolution for Electrons

if the Sum of Module 1 and 2 is considered instead of Module 1 to 4
E Tl < PH(C)]-; > — < PH(e)1-4 > 0’(’!)]-3 - d(h)]..4
< PH(E)1..4 > d(h);-q
[GeV} (%] (%]
1 +0.29 £ 0.60 —4.07 + 3.82
3 -0.29 1+ 0.35 ~2.58 + 3.48
5 -0.23 1 0.31 +6.49 + 4.26
7 +0.04 £+ 0.20 -0.37 + 2.82
8.75 +0.001 £ 0.29 +4.00 + 5.10

Within the quoted statistical errors there is no significant improvement due to longitudinal leakage
corrections even in the case of showers that start in the first module the values of which are not given
in Tab. 4.10. There is a slight improvement in the energy resolution if transverse leakage correction is
applied. ‘
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Figure 4.10: Energy Resolution of the T60Pb Calorimeter for Electrons and Hadrons as a Function of the
Energy, and the Contribution from Photostatistics
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However, the energy resolution deteriorates with higher energies which is a clear indication of the
fact that the described lead calorimeter does not compensate. Fig. 4.10 shows the energy resolution
for electrons and hadrons as a function of energy, parametrized for electrons as

= ———0b
E YT JECeV) (4.4)
yielding
a = 11.7% 1 0.8%
b = 2.5%+0.4% (4.5)
while for hadrons the parametrization
a

oE
W= JEGeV] + b (4.6)

according to eq. 3.61 has been used, yielding

]

41.0% + 4.8%
6.1% % 2.1%. (4.7)

f)_fr“ b

The quoted errors are obtained from the fit. The uncertainty of the calibration which is supposed to
have the largest influence on this measurement has been estimated to be about 7%.

The values of the'energy resolution for hadrons are those with longitudinal leakage cut and trans-
verse leakage correction (see Tab. 4.10). The large constant term b = 2.5% +0.4% in the parametriza-
tion for electrons may;be: caused by different effects: the uncertainty in the calibration with muons,
the crude calibration of the first module that was equipped with thinner lead plates than the other

A
modules, the contribution from momentum spread of the beam of ~p£ = 1% [TIE87] and contribu-

tions from imperfect light readout (sec. 4.5.1). The errors quoted on the mean pulse heights and the
energy resolution are statistical errors. The systematic error is mainly due to the uncertainty of the
calibration and is estimated to be about 7%.

The contribution from photoelectron: statistics is also shown in Fig. 4.10. The determination will
be described in the next section. .

The response to 'tHe incident energy is linear within + 2.5% as can be read off from Fig. 4.11
showing the deviation'from the mean linearity.

b VL

4.5 . Light Yield and Influence of the Readout System
: apy

4.5.1 Light Yield;, ,,,.
The amount of light “ﬁ?gdﬁ'ced in the scintillator plates of a sampling calorimeter is proportional to
the deposited energy in the calorimeter. The light will be collected via the wavelength shifter bars
and converted into a measureable signal.

The light yield of a calorimeter can be expressed in the average number of photoelectrons per GeV
of incident energy, < n >, converted at the photocathode of the photomultiplier:

<n>= i.{VEE'_Z (4.8)

with: uir

< Npe > ... mean number of photoelectrons
E... incident energy in [GeV]
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Figure 4.11: Deviation from Linearity in [%] for Electrons and Hadrons in the T60Pb Calorimeter

It is important to know the fluctuations around this average value because they give rise to an addi-
tional contribution to the energy resolution of a calorimeter. The relative width of those fluctuations
are given [HOF82] by:

Ope(< Npe >)  _ 1
< Npe > < N>
Fage— (4.9)

VE[GeV]

One can use eq, 4.9 to determine the mean number of photoelectrons of a photomultiplier by measuring
the width of the distribution of a monochromatic light source. This can be done by illuminating the
photocathode with an light emitting diode (LED).

In order to measure the number of photoelectrons per deposited energy in a calorimeter one can
use a method proposed by [KLA86] if the calorimeter is readout from two edges of the scintillator
plates. Under the assumption of equal light transport and quantum efficiencies of the left and right
photomultipliers the relative width of the difference spectrum of the left and right readout channel is
related to the mean number of photoelectrons collected by both photomultipliers by:

_ov-rle) _ 1 (4.10)
< PHp,p > V< Npe > '
_ ar-R
= JETe (4.11)
where:
< Npe > ... average number of photoelectrons per GeV of incident energy
collected by both photomultipliers
QL R+ photostatistical contribution to the

energy resolution of the calorimeter in (%)
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St et Y :
The contribution of photogta.tistics to the total energy resolution as measured with electrons in
the T60Pb calorimeter according to eq. 4.11 is:

LR (2.95 £ 0.09)%
P €)= 0.80 + 0.07)%. .

The sampling fluctuation calculated with EGS4 is:

g.(e) _ (11.85+0.16)%

L T Bloov] (4.13)

The quadratic sum of the sampling fluctuations and the contribution from photostatistic yields:
Coye) | (12.214 0.18)%
E* VElGeV)

~© (0.80 £ 0.07)%. (4.14)

and is compatible with the measured energy resolution given in eq. 4.5.

With eq. 4.11 the average number of photoelectrons of the T60Pb calorimeter per GeV of incident
energy has been calculated to < Npe > = 1070 70. This corresponds to 11 photoelectrons per MeV
of visible electromagnetic shower energy at an electromagnetic sampling fraction of é = 9.52%, as

calculated with EGS4. I

4.5.2 Influence of the Readout System

The quoted absolute values pf;the measured electron and hadron response {Tab. 4.10) are influenced
by nonuniformities of the:light -collection system which have to be taken into account in order to
determine the correct e/h-ratio. The main sources of nonuniformities are:

e transversal:

— attenuation length of the scintillator following an exponential function,
= deviation from exponential behaviour at the scintillator edges with an increase of light yield,
— nonuniformities because of tolerances (scintillator, absorber thicknesses);

o longitudinal:

— attenuation length of the wavelength shifter, which includes the following items:
* influence of the reflectivity at the edges, essentially at the far end from the readout
side (end reflector),
» influence of the reflectivity at the side face of the wavelength shifter bar (back reflector).

4.5.3 Nonuniformity of tP_e Scintillator

The attenuation length of SCSN-38 scintillator used in the T60 calorimeter was measured by scanning
the calorimeter horizontally witﬁ electrons and muons. Determining the light yield from the left and
right side of the scanned scintillator strip one can deduce the attenuation length of the scintillator from
the ratio of both pulse heights, assuming that the light absorption follows an exponential function far

away from the edges: oo :
T PHp ( 2—2) - | (4.15)
o PHg * Aatt .

PHygp)... pulse height at the left (right) side of the scintillator strip
z... beam impact position
Aatt - - attenuation length of the scintillator
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Figure 4.12: Logarithm of the Ratio of the Pulse Heights at the Left and Right Side of the Scintillator Strip
from Muons and Electrons, Relative to the Pulse Height Ratio at zo = 0cm (Muons) and zo = —15¢m
(Electrons), as a Function of the Beam Impact Position z

The logarithm of the ratio relative to the pulse height ratio at zo = 0 cm (muons)andzo = —15em
(electrons) is plotted in Fig. 4.12 as a function of z for both muons and electrons as incident particles.
The logarithm of the function 4,15 was fitted to the data points, from which the attenuation length
of the scintillator was obtained:

ALy = 109.8+3.6cm v
Al 115.3 £+ 0.5 cm.

The result is in fair agreement with other measurements which have been done for SCSN-38 scintillators
with different geometry:

b Lo 91.0 £ 11.5¢em [KAMS3|
ALy, = 821+16em [KLASS6)
by = 86.0+249cm [BERS6).

} AW

The superscripts e, 4, Ru denote the kind of light generating sources in the scintillator.

Assuming again an exponential light attenuation, one expects the product PHy - PHR to be
independent on the position z:

PHy - PHp x exp (—ﬁ) . (4.16)

Deviations from this constant value should reflect nonuniformities caused by deviations from the
exponential light attenuation in the scintillator. Fig. 4.13 shows the square root of the product of
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the pulse height at the left, apd right side of the scintillator strips which is normalized to the pulse
height at 29 = O0Ocm (muons) and 29 = ~15em (electrons). The deviations from a uniform light
collection along the scintillitor are -2 to 7% as obtained with muons and -1 to 3% as measured with
electrons. This may be oneé source of detector imperfections that limits the energy resolution leading
to the constant term in the:parametrization given above.
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Figure 4.13: Deviations from Uniform Light Yield in one Scintillator Strip measured with Muons and
Electrons .
alihe ’ '
nasefun

4.5.4 Nonuniformity of the Wavelength Shifter

The energy deposition and hence the amount of light produced along the wavelength shifter depends
on the depth of the shower within the calorimeter.. As the electromagnetic and hadronic shower
distributions are quite d.iﬁ';;ﬂ&,}léngitgdinal nonuniformities will effect éle;t;onmgnetic and hadronic
showers differently. The corpection for this nonuniformity is thus important for a determination
of the e/h-ratio. In the qg 3{ the T60 calorimeter the mean response of the electron shower is
significantly influenced by this nonuniformity because the electron shower penetrates only partially
into one calorimeter module {i‘v £#2 Xo in depth, T60Pb) with its maximum at the ~ 10 th layer (see
Fig. 4.14). The electromagnetic shower curve is convoluted with a small part of the attenuation curve
which means that the mean electron signal will be suppressed (Fig. 4.14). The hadronic shower, on the
other hand, is averaged over the attenuation curves of all modules and hence the mean pulse height
will not be influenced significantly. However, the fluctuating longitudinal depositions of the hadronic
energy will be suppressed or enhanced with different attenuation factors depending on the longitudinal
position. This leads to a stronger influence on the spread of the pulse height distribution than for the
electromagnetic shower.

A correction for the wavelength shifter nonuniformity in the T60 measurements has been done by

two methods:

1. The relative light yield across the wavelength shifter bar was measured by scanning one calorj-
meter module with a ®Co source (185 M Bg) in longitudinal direction. The light response curve
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measured this way was used for an offline correction of the average electron and hadron response.
1

2. A more precise measurement of the light response curve have been performed with a dismantled
wavelength shifter bar scanning across it with a scintillator plate irradiated by a " Ru source.
According to this curve an optical grey filter was produced and put in between the edges of the
scintillator strips and the wavelength shifter bars.

B0 o S——————— PC——— Pe— SO — .
L e Profile |
1 — h Profile i
[ 1 PM e WLS Profile |

1.5 e l d

1.0

LIGHTOUTPUT (norm.)
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.
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LAYER NUMBER

Figure 4.14: Light Response Curve of Wavelength Shifter Bars in the 4 Modules of the T60 Calorimeter
measured with a ® Co Source by scanning along one Module (EGS4 simulated Electron Shower Profile
and Hadronic Shower Profile Parametrization at 5 GeV for the T60 Pb/SCI Calorimeter overlayed for
llustration; PM; Photomultiplicv{ §ide)

The second method wu ap hed only during the measurement with 3.0 mm thick scintillator plates
and will be described later. For the measurement with lead the offline correction (method 1) was done
using the measured light mpome curve shown in Fig. 4.14 together with an EGS4 simulated shower
profile at 5 GeV for electrom md the shower parametrization eq. 5.7 for hadrons. The correction was
done as follows:
the average measured pul:élﬁ’e'ia;t of the entire calorimeter, < PH™(e, k) >, influenced by the wave-
length shifter nonumformlty c‘nn be written as:

[} NL
< PH"‘(c,h) >= —p : S PHMOSF (e,h). ; (WLS) (4.17)
Zf.(WLS)'—l
Ay 1—1
with:
Np. number of scintillator layers

fi (WLS )... measured light response curve of the wavelength shifter.
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For electrons the pulse height PHMC(e) in the i-th layer according to the EGS4 Monte Carlo is:

Mc(,\ _ pMcy < PH'(e) >
PH""(e) = E;""(e) W (4.18)
where:

EMC(e)... deposited energy in the i-th scintillator plate

according to the electron shower profile

simulated with EGS4
< PH'(e) > ... mean electron pulse height not influenced by the nonuniformity of

the wavelength shifter
EMC(e)... total deposited energy of electrons in

the scintillator plates.

For hadrons the shower paraﬁelirization eq. 5.7 has been used:

< PH'(h) >

PHFP(h) = BP™/(h) g5
Er (k)

(4.19)

E‘H Prof (h)... deposited energy in the i-th scintillator plate
according to the hadronic shower profile
parametrization (see eq. 5.7)
< PH'(R) > ... mean hadron pulse height not influenced by the nonuniformity of
‘ the wavelength shifter
Eg Pref(h)... total deposited energy of hadrons in
the scintillator plates.

The corrected {true) pulse height follows from eq. 4.17, 4.18 and 4.19:
R

TP

. N
< PH™(e,h) > -Ex(e,h) ¥ f; (WLS)

< PH'(e,h) >= - i=1 (4.20)

, . NLZ E; (e,h)- f; (WLS) .

=1

4.6 The e/h- and é/mip-Ratio of the T60 Lead-Scintillator Calori-
meter

In Tab. 4.12 the values of Tab. 4.10 (< PHps —1432(e) >) for electrons and (< PHps—1-4(h) >, LLK
Cut 10%, TLK Corr t+b) for hadrons, corrected for the longitudinal nonuniformity are given; the
values for hadrons were additionally corrected for the transverse leakage out of the right and left side
of the calorimeter under the assumption mentioned in section 4.3.1.

These corrections led to the e/A- and é/mip-ratios quoted in Tab. 4.12 and are plotted as a function
of energy in Fig. 4.15. The total errors on both ratios result from the propagation of the statistical
errors on the measured pulse heights, the errors on the measurement of the light attenuation curve,
the statistical errors on the electromagnetic shower simulation and the errors on the parametrization
of the hadronic shower profile.

The &/mip-ratio of this calorimeter configuration given in Tab. 4.12 was calculated using eqs. 3.32,

3.33; the values for the muons quoted are mean pulse heights of the whole calorimeter; the ——-values

z
inserted in eq. 3.33 are listed in Tab. 4.13; they are taken from [LOH85, PDG86), interpolated to
the corresponding beam energies. Also given in Tab. 4.13 are the measured electromagnetic sampling
fraction defined by eq. 3.32 in comparison with results from EGS4 simulations. The cut-off energies
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Table 4.12: Electron, Muon and Hadron Response of the T60Pb Calorimeter, Corrected for Longitudinal
Nonuniformity (e, h) and for Leakage (h), and the resulting e/h- and é/mip-ratio at 1, 3, 5,7 and 8.75

GeV
E e h £ é_ m
h mip

[GeV] | [ADC CH.] [ADC CH.] [ADC CH.]
1 504.9 + 6.4 - - 0.60+ 0.13 | 193.0 + 41.3
3 1549.1 + 18.6 | 1138.3+46.6 | 1.36 +£ 0.06 | 0.74 £ 0.12 | 172.8 + 26.9
5 2563.9 + 32.7 | 1933.0+ 78.4 | 1.33 £ 0.06 | 0.65+ 0.08 | 206.3 + 25.9
7 3504.1 + 42.9 | 2598.5 + 104.9 | 1.35+ 0.06 | 0.65 + 0.07 | 204.4 £+ 19.7

8,75 | 4432.8+ 56.1 | 3315.4 + 134.6 | 1.34 + 0.06 | 0.62 + 0.08 | 221.6 + 28.8

Table 4.13: Values for lonization Loss of Muons in SCSN-38 and the Resulting Electromagnetic Sampling

Fraction from the MWMM&MM'OM of the T60Pb Calorimeter
dE |TON

E z ([l) in SCSN-38 é [%]

[GeV] [M%ﬂ’] measured EGS4

mip 1.950 + 0.034 . -
1 2.027 £ 0.035 8.43 + 1.81 | 9.54 £ 0.04
3 2.206 + 0.038 10.48 + 1.65 | 9.55 £+ 0.02
5 2.298 + 0.040 9.41 + 1.16 | 9.56 £ 0.02
7 2.353 + 0.041 9.44 + 0.90 | 9.55 % 0.02

8.75 2.388 + 0.041 9.48 + 1.14 | 9.56 £ 0.02

for this simulations were chosen to E¢c =

1000 keV (electrons) and Pc = 10 keV (photons). The

agreement of the measured values with the ones predicted from EGS4 is quite well.

From the measurement with the T60 4.75 mm Pb - 5 mm scintillator calorimeter one can draw the
first conclusion that an e/h-ratio # 1 is correlated with an unsatisfying hadronic energy resolution; on
the other hand, it became not clear from this measurement whether only another absorber material
or a different ratio of scintillator to absorber plate thicknesses would improve the energy resolution.
Therefore, as a next measurement, only the absorber plates were changed while staying with the same
scintillator thickness.
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Chapter 5

Measurements with
Uranium-Scintillator Calorimeters

5.1 Replacing Lead by Uranium

The measured hadronic energy resolution as well as the e/h-ratio of the lead calorimeter described in
the previous section shows that with this configuration compensation could not be achieved. A way to
reach e/h = 1 is to use depleted uranium plates as proposed by [FAB75]. However, the thickness ratio
of the passive to the active absorber plates plays an essential rule in achieving compensation. There-
fore measurements on hadron calorimeters with depleted uranium and scintillator plates of different
thickness ratios have been performed.

The first measurement has been carried out with the same equipment as used before leaving the
active layers unchanged but replacing the 4 and 5mm thick lead plates by depleted uranium (DU)
plates of 3.2 mm thickness.

5.1.1 The T60A Uranium-Scintillator Calorimeter Characteristics

In Tab. 5.1 the dimensions and specifications of the T60A calorimeter are given in the 3.2mm DU-
5.0 mm scintillator configuration used in this measurement (T60UA). Details of the readout system
which remained unchanged can be found in Tab. 4.1. i

The measurements have been performed in the same beam line as the ones with the T60Pb calo-
rimeter with identical trigger definitions (see sec. 4). The beam rate as measured by the coincidence
of the beam counters B, - B; was 45 000 per spill at a collimator setting of + 8 mm. The contents of
the beam during this period was estimated after applying the particle selection cuts in the calorimeter
and is listed in Tab, 5.2, It is different to the contents during the period of the T60Pb calorimeter
measurement because of the uncertainties in the calibration of the T60Pb calorimeter.

5.1.2 Calibration and Particle Selection

The natural radioactivity of depleted uranium (see Appendix C) used as passive absorber provides an
elegant source of calibration and monitoring the stability.

The major part of the measurable uranium noise is due to electrons from the [B-decay in the energy
range of 0 — 2310 keV [PEGS5) penetrating a few millimeters into a scintillator plate, dependent on
their energy. One can estimate the energy deposition at the surface to be a factor of ~ 40 higher than
the overall energy deposition in a scintillator plate of 5 mm. Hence the calibration with uranium noise
has a different dependence on the scintillator thickness than the response from muons, hadrons and
electrons.

The following procedure of pedestal determination and calibration has been used during this mea-
surements:

o Pedestal Determinatio.
the pedestal values that have been subtracted during the physics runs were measured when the
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Table 5.1: Dimensions and: Specifications of the T60UA Calorimeter inserted with 3.2mm thick Depleted
Uranium and S5mm thick Scintillator Plates

| - Calorimeter |
Lateral Dimensions 600 x 600 mm? 70.21X, | 2.56X0
Number of Modules 4
Number of Layers per Module 30
Total Depth.of 1 Layer 13mm 1.02X, | 0.037Xo
Total Depth of 1 Module 390 mm 30.68X, | 1.11X¢
Total Depth of Calorimeter 1560 mm 122.7Xo | 4.4Xo
Airgap per Layer 4.8mm
Passive Layer ]
Lateral Dimensions 600 x 600 mm?
Thickness of Plates 3.2mm DU 1.01Xo | 0.031)¢
Material DU:
~ 0.2% 33*U
~99.8% 33U
[ Active Layer ]
Dimension of Scintillator Strip 50 x 600 mm?
Number ‘of Strips 12
Thickness of Plates smm 0.01Xp | 0.007X0
Material SCSN-38 (Polystyrene Base)

N
TR

beam was off, but with the high voltages (HV) applied to the photomultipliers. The gate length
was 150 ns for the pedestal measurement as well as for the physics runs. In this way, the uranium
noise was measured, $00, integrated over 150 ns and randomly triggered. This increased the true
pedestal values (HV off) by approximately 5 ADC channels, while the width of the pedestal
distribution has become broader. Because the uranium noise is also present as background
signal during physics runs the pedestal values including the contribution due to uranium noise
have been subtracted.
bt o
o Calibratjon

as a reference signal for the calibration the randomly triggered signal from the uranium plates
were accumulated with an integration time of 10us. For this purpose the ADC 2282 B {Le Croy)
was used throughout the whole measurements capable to extend the gate to a time interval of
this order. Be{or)eﬂgﬁch calibration run the pedestal values at the 10us gate were determined by
disconnecting the signal cables in order to avoid switching off the HV of the photomultipliers.
The difference in the pedestal values determined by disconnecting the cables and switching oft
the HV is abouf_ ;0 ADC CH.. The uranium noise distribution of one photomultiplier measured
this way is shown in Fig. 5.1. The mean value of the individual spectra were taken as reference
to calculate the|calibration constant for each readout channel. The calibration procedure has
been done regulasrly thus monitoring possible drifts. The relative calibration of the 4 modules

TR
hi’_
Table 5.2: Contents of T7-Beam at the CERN PS as measured with the T60UA Calorimeter
T 3 25 | 39.0 | 58.5
e die 5 3.2 | 17.7 | 79.2
o FT 7 31 | 95 | 874
i 8.75 33 | 54 | 914
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was checked with the most probable value from the muon spectrum of each module (Fig. 5.2).
Deviations from the average of all modules were found to be +0.3% (mod. 1), +7.0% (mod. 2),

-8.6% (mod. 3) and -0.7%

(mod. 4). No global calibration constant for all strips of each module

could be derived because the muons hit only the central strips of the modules.

the particle selection was done in the same manner as described already for the T60Pb calorimeter
(sec. 4.2). The same cuts have been applied including those for pile-up and random triggers.

5.1.3 Transverse and Longitudinal Leakage of Hadronic Energy

Transverse Leakage

The method for determining the transverse leakage was already described in sec. 4.3.1. Applying the
same method here results in the amount of transverse leakage listed in Tab. 5.3.

Table 5.3: Transverse Leakage out of the Top and Bottom Side of the Entire TGOUA Calorimeter

B top bottom top + bottom | total
[GeV] (%] (%) [%] (%)
3 3.24+1.75 [ 1.16 + 0.59 440+ 1.85 8.80

5 2.57+ 1.06 | 1.40 £+ 0.54 3.97+t1.19 7.94
-7~ | 2.03+0.68 | 1.46 + 0.45 3.49 + 0.81 6.98
8.75 | 1.821+0.55 | 1.48 + 0.42 3.30 + 0.69 6.60

The fraction of transverse leakage slightly decreases with increasing beam energy in that energy
range; the same is true if one applies a cut against longitudinal leakage of 10% of the total energy in
the last module before estimating the transverse leakage so the decrease is not effected by longitudinal

leakage.
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The correction for the transverse leakage from the top and bottom side (see sec. 4.3.1) enhances
the mean pulse heights by simultaneously narrowing slightly the width of the distribution (Tab. 5.4).

Table 5.4: Corrected Hadronic Response on an Event-by-Event Basis for Transverse Leakage out of the
Top and Bottom Side of the T60UA Calorimeter

without Trans. Leak. Corr. with Trans. Leak. Corr.
E | <PH(h)-¢> a((;),_. <PH(hj-4> | o(hh-e |- ﬁ ;(;gf‘fl};,‘,; >
[GeV] | [ADCCH.] |[ADCCH]| [ADC CH. |[ADC CH.] (%)
3 1079.6 £ 3.6 | 228.1+2.8 | 1120.3+3.5 | 225.8 % 2.7 3.77 % 0.46
5 17495+ 6.4 |[309.6+5.0 | 1812.7£6.4 | 312.2+ 5.1 3.61 £ 0.52
1 2460.5 + 4.3 383.8 + 3.3 2538.1 + 4.3 384.3 £+ 3.3 3.16 + 0.25
8.75 3039.5 + 4.8 425.1 + 3.6 3131.2+ 4.8 423.1+ 3.6 3.02 + 0.22

Longitudinal Leakage

The longitudinal leakage of the T60UA calorimeter has been investigated by the two methods described
in sec. 4,3.2, i.e,

1. a cut against events with an energy deposition in module 4 of > 10% of the total energy and
2. selection of events with the shower vertex within the first module.

Again, the effect of the longitudinal nonuniformity makes the second method less applicable for
the treatment of longitudinal leakage: the maximum of the showers starting in module 1 coincidences
with the step from a maximum to a minimum of light output deteriorating again the energy resolution
that primarly improves if longitudinal leakage is absent.

Thus the first method has been applied leading to the improvement of the energy resolution given
in Tab, 5.5,

Table 5.5: Effect of the Longitudinal Leakage Cut which rejected Hadronic Events that deposited 10% or
more of the Total Energy in Module 4 of the T60UA Calorimeter

without Long. Leak. Cut with Long. Leak. Cut
E <PH(h)y—¢«>| o(h)i-¢ | <PH(h)1—¢> | o(h)i-4 | Event Rejection
[GeV] | [ADCCH.] |[[ADCCH.| [ADCCH. |[ADC CH,] (%)
3 1079.6 + 3.6 228.1 + 2.8 1069.1 + 3.7 223.0+ 2.9 10.7
5 1749,5 + 6.4 309.6 £+ 5.0 1741.6 £+ 6.8 303.4+ 5.2 14.6
7 2460.5 £ 4.3 383.8 + 3.3 2458.6 + 4.6 373.6 £ 3.5 17.4
8.75 3039.5 + 4.8 425.1 + 3.6 3045.3 + 5.1 409.8 + 3.8 18.9

5.1.4 Energy Resolution of the T80 Uranium-Scintillator Calorimeter

The electron and hadron response of the T60UA calorimeter with 3.2mm DU and 5 mm Scintillator
plates at 3, 5, 7 and 8.75 GeV together with the muon response at 5 GeV is illustrated in Fig. 5.3.
The electron response is the sum of the pulse heights in the first two modules in order to avoid
contributions from pedestal fluctuations and uranium noise of the last two modules. The effect on the
mean pulse height is negligible while the energy resolution improves. This can be seen from Tab. 5.6
where the relative deviations of the mean pulse heights and the energy resolution for electrons are
given if the sum of module 1 to'2 and the sum of module 1 to 4 is considered. For hadrons the pulse

heights of all four modules were added, corrected for the transverse (top and bottom) and longitudinal
leakage (< 0.1 E,,, in Module 4).
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Figure 5.3: Electron-, Hadron- and Muon-Response of the T60UA Calorimeter at Different Energies
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The curves shown in Fig. 5.3 are gaussian fits with a cut of 430 for electrons and hadrons and a
fit of a Moyal-Gauss convolution for muons. The mean values obtained from the fits on the electron

Table 5.6: Relative Deviation in [%] of the Mean Pulse Height and the Energy Resolution for Electrons if

the Sum of Mod i idered i lelto4d
op(e)i-2 _ oE(e)1-4
B < PH(e);-2 > — < PH(e);_¢ > E E
< PH(e);-4 > og(€)i-4
E
GeV) (%) (%]
3 -0.29 £ 0.12 —2.87+ 1.04
5 +0.19 + 0.22 -2.24 + 2.64
7 —0.22 + 0.08 —1.91 + 1.03
8.75 +0.10 £+ 0.11 —1.31 + 1.48
0v5 ==V | T T T T T T T
[ & HADRONS |
[ = ELECTRONS ]
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(@] - :
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N . J
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Figure 5.4: Energy Resolution of the T60UA Calorimeter for Electrons and Hadrons as a Function of
Energy and the Contribution from Photostatistics

and hadron distributions as well as the energy resolutions are listed in Tab. 5.7.

The values for the energy resolution are plotted as a function of energy in Fig. 5.4. The parametriza-
tion eq. 4.4 was fitted to the electron data with the result as follows:

]

14.2% + 0.6%
1.6% + 0.4%. (5.1)

b
For hadrons the parametrization eq. 4.6 was used, yielding

29.6% + 1.2%
3.2% + 0.5%. (5.2)

a
b

Il
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Table 5.7: Mean Response and Energy Resolutions of the T60UA Calorimeter for Electrons and Hadrons
at 3,5, 7 and 8.75 GeV At

ST ELECTRONS HADRONS
E | <PH(e)z> %A < PH(hhi_¢ > %‘/_[Glle;t"]
(Gev]| [ADC cH| (%) (ADC CH.] (%]
3 1150.1+ 1.4 14.5+ 0.2 1110.8 + 3.7 34.71+ 0.5
5 1893.3+ 4.2 14.3+ 0.4 1806.0 £+ 6.8 37.7+ 0.7
7 . 2654.2 + 2.2 14.8 + 0.2 2537.0+ 4.5 38.6 £ 0.4
8.75 | 3246.2+ 3.6 15.0 £ 0.2 3136.8 + 5.1 385+ 04

o
=)

M T M t T 1 M |

i .
ey 3 HADRONS -
E - & 'ELECTRONS : 1
= 25 1
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z .“z i i
- | ' 5 ]
g 00 i i .
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s X it
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Figure 5.5: Deviation from Linearity in [%] for Electrons and Hadrons in the T60UA Calorimeter

The estimated error given for parameter a of 4% is mainly due to calibration uncertainties, the error
on the additive constant is obtained from the fit. For electrons the value for b of 1.6% is caused by

the beam momentum spread of Ap = 1% and due to imperfect light readout. In the case of hadrons

the constant term of 3.2% reﬂectf the fact that the intrinsic e/A-ratio is not equal to 1.

The contribution from photoelectron statistics to the total energy resolution shown in Fig. 5.4 has been
determined from the differenice signal due to electrons of the left and right photomultipliers (eq. 4.11).
The obtained result is: "%

X

enm ., _ (3424 0.08)%
§PHLR > VEI[GeV]
According to EGS4 clllél;hiions the sampling fluctuations are:
‘ ou(e) _ (145 0.2)%
E \/ E[GeV)
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Using eq. 4.11 the average number of photoelectrons per GeV of incident energy in the T60UA
calorimeter has been determined to < N, > = 820 + 27. With the electromagnetic sampling frac-
tion of é = 7.31% calculated with EGS4 this corresponds to 11 photoelectrons per MeV of visible
electromagnetic shower energy, which can be compared with the same yield obtained with the T60Pb
calorimeter. Summing eq. 5.3 and eq. 5.4 quadratically yields:

oufe) - (14.92 £ 0.23)%

E = [E[Gev)

in good agreement with the measured energy resolution for electrons (eq. 5.1).
The response of the calorimeter is linear within + 2% for both electrons and hadrons. Fig. 5.5
shows the deviation from the mean linearity.

® (0.71 £ 0.04)%, (5.5)

5.1.5 The e/h- and é/mip-Ratio of the T60 Uranium-Scintillator Calorimeter
The calculation of the e/h- and &/mip-ratio has been performed with the corrected values of electron
and hadron responses. The correction for longitudinal nonuniformity as described in sec. 4.5.4 was

Table 5.8: Electron-, Muon- and Hadron-Response of the T60UA Calorimeter, corrected for Longitudinal
Nonuniformity (e, h) and for Leakage (h), and the resulting e/k- and é/mip-ratio at 3, 5, 7 and 8.75 GeV

E e h m < —=
h mip
(GeV] | [ADC CH.] [ADC CH.] [ADC CH.)
3 1274.3+13.8 | 1162.1+42.9 | 155.7+ 6.1 | 1.10 4+ 0.05 | 0.71 £ 0.03
5 2089.8 + 24.4 | 1880.8 + 64.2 166.2+ 7.8 | 1.11 £ 0.05 | 0.68 + 0.04
7 29209 30.9 | 2629.2 + 86.3 170.0 £ 8.6 [ 1.11+0.05 | 0.68 + 0.04
8.75 | 3565.4 & 37.7 | 3244.1 £ 105.5 | 174.3+ 10.1 | 1.10 £+ 0.05 | 0.66 £ 0.04

applied to both electrons and hadrons. The averaged hadron response was additionally corrected for
transverse leakage out of the left and right sides of the calorimeter (see sec. 4.3.1). The results are
given in Tab, 5.8. The ¢/h- and the é/mip-ratio as a function of energy is plotted in Fig. 5.6. The
errors have been determined in the same way as for the T60Pb calorimeter (sec. 4.6). ~

Table 5.9: Electromagnetic Sampling Fraction from the Measurement and from EGS4 Simulations for the
T60UA Calorimeter

E é (%)
[GeV] | measured EGS4
3 9.57+0.42 | 7.31 £ 0.02
5 9.19+0.47 | 7.321 0.03
-7 9.18 £ 0.50 | 7.30 £+ 0.01
8.75 | 8.871+0.55 | 7.29 & 0.01

Tab. 5.9 gives the measured and simulated (EGS4) electromagnetic sampling fractions, showing
that the agreement is not as good as in the case of the lead calorimeter with the same scintillator
thickness. The cut-off energies for electrons and photons were chosen to Ec = 1000keV and Pc =
10 keV. The simulation was repeated for 5 GeV with much lower cut-off values, namely Ec = 10keV
and Pc = 1keV; furthermore, the fractional energy loss per step was set to 0.5% in high-Z and 0.1%
in low-Z materials. Because of the CPU-time consumption for the calculations the statistics is very low
(10 events). The result of ¢ = 8.05% is much closer to the measured value, but still with a deviation
of about 10%. Because of the dependence of the calculated electromagnetic sampling fraction on the
cut-off energies and on the fractional energy loss per step one can not say what causes the discrepancy
between the measured and calculated electromagnetic sampling fraction.
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Figure 5.6: ¢/h- and &/mip-Ratio of the TGOUA Calorimeter as a Function of the Energy

The conclusion to be drawn from this measurément is that depleted uranium as passive absorber in
a hadron calorimeter together with scintillator plates as active aborbers improve the hadronic energy
resolution compared to a lead calorimeter of similar thicknesses of the passive and active absorber
plates. However, the influence of those thicknesses on the energy resolution and the e/h-ratio had still
to be investigated. Therefore the ratio of the scintillator to the uranium plate thickness was varied in
the next steps of the measurements.

5.2 Varying Thicknesses

ST S LIk
The measurements with the P§0, 3.2 mm DU-5 mm scintillator calorimeter described in the previous
section showed that a significant improvement in the energy resolution was obtained compared to the
T60 4.75 mm Pb-5 mm scintillator calorimeter. Simultaneously the e/h-ratio changed from ~ 1.35 to
~ 1.10 indicating that both quantities are related and that the material of the passive absorber is one
crucial parameter in optimizing the energy resolution of a hadron calorimeter.

Results from the WA78 collaboration [DEV86) from measurements with a DU-scintillator calori-
meter show that the e/Ah-ratio also depends on the thickness of the absorber plates. In the energy
range from 135 to 210 GeV an g/}-ratio of 0.8 (20 x 10 mm U, 32 x 15 mm U, 48 x 25 mm Fe) and 0.9
(20 x5mm U, 32x 15mm U, 48 x 26 mm Fe) was measured which shows that the hadronic response
can even be tuned to be grea.t than the electromagnetic one (overcompensatlon)

To confirm this’ dependenc’: of the e/h-ratio in a much wider energy range, i.e. 5 to 210 GeV, the
measurements witk the WA?S‘Af#lonmeter to be described in the next section were carried out.

5.2.1 Description of the WA78 Calorimeter and t_he Beam Set-Up

The WA78 calorimeter consisted.of two sections, the uranium section with 48 plates of depleted
uranium ( DU) and scintillator plates grouped into 12 modules, and the iron part also with 48 elements
in 12 modules (Fig. 5.8). The uranium plates, cladded with 1 mm steel, were 10 mm thick, the thickness
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of the iron plates was 25 mm; both sections used 5 mm thick scintillator plates (NE 110).

Table 5,10: Dimensions and Specifications of the WA78 Calorimeter using 10mm thick Depleted Uranium
and S5mm thick Scintillator Plates

[ Calorimeter |
Lateral Dimensions 600 x 600 mm?
600 x 600 mm2t DU 96.58 X, | 3.34)p
600 x 600 mm? Fe 28.67Xo | 3.11A¢
Number of Modules 12 DU
13 Fe
Number of Layers per Module 4
Total Depth of 1 Layer 17mm DU 3.28X, | 0.114)¢
30 mm Fe 1.43X, | 0.156)o
Total Depth of 1 Module 68 mm DU 13.14X, | 0.45)
120 mm Fe 5.73Xo | 0.62)¢
Total Depth of Calorimeter 816 mm DU 157.6X,o | 5.4X
1560 mm Fe 74.5X, 8.1
Passive Layer ]
Lateral Dimen?iom 500 x 500 mm? DU
1 600 x 600 mm? Fe
Thickness of Plates 1mm Fe Mod 1-12
10 mm DU
i 1mm Fe
Total 12mm 3.27Xp | 0.107X¢
Thickness of Plates 25mm Fe Mod 12-24 | 1.42X, | 0.149)¢
Material DU, Fe
[ vies Active Layer |
Dimension of Scintillator 600 x 600 mm?
Thickness of Plates 5mm 0.01X, | 0.006)Ag
Material NE 110
(Polyvinyl Toluene Base)
Readout
Optical Fibre @1.5mm, ~ 90cm long
Material © DUPONT Crofon OE-1060
Number of Fibrers per 200
Module
Photomultiplier Thorn EMI D254A
Preamplifier LeCroy VV100 BTB

0

t The DU absorber bla"le: are 500 x 500 mm?, surrounded by a 50 mm Feframe
The light generated in 4 iéi'ntillator plates was collected in one low-gain photomultiplier by optical

fibres; the analog signal of‘t'hé photomultiplier was amplified by VV100BTB (LeCroy) preamplifiers.
FERA 4300 Analog Digital Converters (LeCroy), current integrating with a dynamic range of 11 bits
with a gain of 4 counts/pC + 3%, recorded and digitized the signals that have been split in order to
measure with two gate length, namely 45 ns and 75 ns.

Tab. 5.10 shows the specifications of the WA 78 calorimeter; more details can be found in [CAT87a).
The H3-beam line of the SPS (Super Proton Synchrotron; 2200 m,p < 450 GeV/c) at CERN (West

Area) was used for this measurement. The SPS cycle has a duration of 14.4 s with a flat top over
~ 2.8sat450GeV/c. .0 -,
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On the flat top the slow extracted primary proton beam (~ 10*? protons) hits the target T1 and
produces ~ 10! secondary pa;érivéles per spill of 2.1, a small fraction of which is transported along
the H3-beam line. Fig. 5.7 gives a schematic layout of the beam lines at the West Area at CERN.

A secondary target was installed for this measurement in the H3-beam line in order to reach low
particle momenta. This left onlyvv'a small range of magnetic bending behind the secondary equipped
target resulting in a poor momentum resolution. .

The muon, electron and h;d::bn content of the beam is listed in Tab. 5.11 [KRU86, CAT87b]. A

Table 5.11: Contents of H3-Beam at the CERN SPS as determined with the Cherenkov Counter
o LEGeV] [ 4 %] | e ]| A1)

' A 5.1 3.5 | 52.6 | 43.9

10.1 3.7 22.4 73.9

20.2 3.9 7.2 88.9

30.3 4.3 4.5 91.2

40.3 3.5 2.7 93.8

t

beam particle trigger had to fulﬁ].l the following coincidence condition:
" BEAM = B,-B;- B, - B, - 4,
where B, B; etc. denote the ;iél;als from the scintillator counters sketched in Fig. 5.8.

dad
i

¢ Cerenkov Counter : . B, Beam Trigger 1
A Anticounter §: By Beam Trigger 2
F Finger Hodoscope L H, Veto Wall 1
AC Albedo Counter L H, Veto Wall 2
EM  Electromagnetic Cn]orimgt‘er HAD Hadronic Calorimeter
H, Hy I HH-Calorimeter WA 78-Calorimeter
AC .
A By| :
Beam ¢ ’ I
i
—{ ] :
Lif
B, F
EM HAD
Uranium Part Iron Part

Figure 5.8: Experimental Set-Up of the WA78 Calorimeter Measurement
The 11m long threshold Cerenkov Counter filled with He gas was used for electron and hadron
separation. .
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One module of the WAT8 calorimeter is sketched in Fig. 5.9 showing 4 layers of DU-scintillator
plates with the fibre conpections to 1 photomultiplier; the modules are assembled on two iron rails
and can be moved longitydinally.

SN

Figure 5.9: Sketch of a WA78 Calorimeter Module -

IS LI
5.2.2 Calibration anhd Particle Selection

The calibration of the individual photomultipliers has been performed with hadrons according to the
method described in [DEV86)]. It is based on the assumption that the average longitudinal shower
development is independent of the position of the shower vertex. The hadron sample is subdivided
into samples of showers with. their vertices located in the individual modules. The average shower
development in each sample is similar under the given assumption, hence for each sample the mean
pulse height of 2 module can be taken as a reference signal for calibration. The threshold pulse
height which defines the position of the shower vertex was determined iteratively by requiring that
the number of vertices has to follow an exponential decrease [KRU86] (see also sec. 4.3.2).

The mean energy loss of muons was used to check this calibration method, especially for the first
module where the signal is influenced by backscattered hadrons. The first module needed a small
correction according to the ‘muon signal, for all other modules the agreement was found to be good
[KRﬁBG}. T et :

The two calorimeter sections (DU-SCI, Fe-SCI) were intercalibrated by requiring the same pulse
height for a particle completely contained in either the DU-SCI or in the Fe-SCI section.

Electrons and hadrons were identified using the signal of the threshold Cherenkov Counter. Muons
were identified from the calorimeter response in a similar manner as described in sec. 4.2 (for details
see [KRU186]), electrons could be separated from hadrons by a cut in the Cherenkov spectrum.

The combined information from the Cherenkov counter and the calorimeter was used for final
particle separation. A

a?




5.2.3 Longitudinal Shower Development

The fine longitudinal segmentation of the WA78 calorimeter allowed a precise measurement of the lon-
gitudinal development of a hadronic shower. This is not only of general interest for the understanding
of hadronic showers but also for the design of hadron calorimeters. The study has been done by

50'00 Ll 1 1 1 1 1 | § ] 1 : 21[() Gev ]
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2 £ ' + 40 GeV
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Figure 5.10: Longitudinal Shower Distribution in a Uranium-Scintillator Calorimeter at 5, 10, 20, 30, 40,
135 and 210 GeV for Events with their Shower Vertex in the first Module

[KRU86) and is fully described in [KRU86, CAT87b]. Here it is restricted to the l;ngitudjnal shower
distributions which are shown in Fig. 5.10 for events with their shower vertex in the first module.

The distribution represents the energy deposition %(c) of the hadronic showers as a function of the
distance z from the shower vertex. It has been parametrized as follows:

9E ) sgdra e bz) + (1 (5.6)
o=(e)= ar(a+1)z exp (—bz) + (1 — a)c exp (—cz) .
where:

E... incident energy in (GeV]

I'(a+1)... gamma function.

The first term has the form of an electromagnetic shower while the second term describes the expo-
nential behaviour of the shower at large distances from the shower vertex. The parameters a and b
were chosen to describe electromagnetic showers in uranium at 20 GeV, where a is a constant and b
describes the slope of the electromagnetic shower:

a = 3
b[Xo™Y] 19.5.

The description of the data was found to be not very sensitive to those values because of the coarse
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Figure 5.11: Longitudinal Sllower Distribution in a Uranium-Scintillator Calorimeter for 5, 10, 20, 30, 40,
135 and 210 GeV for all Evcnts

Ct:

longitudinal segmentatxon with respect to the electromagnetic shower development. The remaining
parameters a and ¢ have bum obtained by fitting eq. 5.6 to the distributions of the events with their
shower vertex in the first module. This resulted in the follwing values:

ST ’
ot a = 0.13%0.02
Vil e = e am 250
alhl = 067+0.08
T ele] = —0.1664 0.003.

The parameter a is related to the electromagnetic fraction of the hadronic shower while ¢ describes
the slope of the hadronic component.

In Fig. 5.11 the shower distributions for all events in the energy range 5 to 210 GeV are shown.
Taking the obtained parameter values given above, the phenomenological function eq. 5.7 was deduced
to parametrige the data: .

dE 1 ¢ z , dE
dE 1 _ENeE 5.7
o E S [ e e-nd (5.7)
with:
R
Aw{Ao]... interaction lepgth of the incoming hadrons in units

of the nucleay,interaction length Ao of protons; A, = 1.11.
It describes the shower distributions for all particles (without vertex selection) measured from the
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front end t of the calorimeter. The exponential decrease of the interaction probability is convoluted
with eq. 5.6, i.e. with the energy deposition of hadronic showers along the distance z from the shower
vertex.

5.2.4 Energy Resolution of the WA78 Calorimeter

The emphasise on this measurements was to extend the previous investigations of the WA78 collab-
oration performed with the uranium calorimeter in the high energy range 135 to 350 GeV [DEV86]
to lower energies [CAT87b]. In this section the results from the measurements at low energies are
discussed; they will be compared with the ones at higher energies in chapter 7.

In Fig. 5.12 the pulse height distributions for electrons, hadrons (5 to 40 GeV') and muons (30 GeV)
in the uranium section of the WAT78 calorimeter are plotted. A Gauss-function has been fitted to the
electron and hadron distribution while the muon data have been described by a convoluted Moyal-
Gauss-function, For electrons and hadrons the fits were performed with a cut of +3¢ resulting in the
mean pulse heights and widths listed in Tab. 5.12 [CAT87b). Quoted are systematic errors of +5%
mainly due to the uncertamty of the calibration [PET86]. The mean pulse height for hadrons have been

Table 5.12: Mean Response and Energy Resolutions of the WA78 Calorimeter for Electrons and Hadrons
at 5, 10, 20, 30, and 40 GeV

ELECTRONS HADRONS

L *4

op(e)1-12 op(h)i1-12
P t ol 28t [ St ) . A e A
E < H(e), 12 > \/ETW < PH(h)) 12 > ECeV

[GeV] | [ADC CH.) (%) [ADC CH.] (%)

5.1 176.6 + 8.8 41.0+ 2.9 236.8 +11.9 53.56 + 2.7
10,1 337.2+16.9 40.1 + 2.8 438.9 + 21.9 55.7+ 3.9
20,2 638.8 & 31.9 43.8 + 3.1 835.5 + 41.8 61.5 + 4.3
30,3 955.1 + 47.8 46.1 + 3.3 1260.2 + 62.9 66.6 + 4.7
40.3 1236.4 £ 63.2 48.8 + 3.5 1672.4 1 83.6 70.8 £+ 5.0

corrected for longitudinal and transverse leakage. The amount of longitudinal leakage was determined
by calculating the fraction of energy on the incident energy deposited beyond a certain calorimeter
depth [KRU86, CAT87b]. The values given in Tab. 5.13 have been obtained for the fraction of energy
deposited beyond the depth of the uranium section (5.4 Ag). The amount of transverse leakage was

Table 5.13: Fraction of Hadronic Energy Deposited beyond the Uranium Section (5.4 Ag) of the WA78
Calorimeter (Longitudinal Leakage)

E Longitudinal Leakage
[GeV] (%]
o 5.1 1.86
10.1 2.89
20.2 4.05
30.3 5.22
40.3 5.91

estimated to be 3%. This estimation is based on the measurement with the T60UB1/2 calorimeter
(Tab. 5.24, 5.22) having comparable lateral dimensions.

The small amount of magnet bending after the target in which these measurements have been
performed provided a poor momentum resolution as mentioned in sec. 5.2.1. Therefore the measured
energy resolutions for electrons and hadrons have to be corrected for the contribution of the momentum
spread of the beam. Two independent methods are used:
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Figure 5.12: Electron-, Hadron- and Muon-Response of the WA78 Calorimeter
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1. Method 1: I .
From beam optics calculations taking multiple scattering into account the momentum resolution
was estimated to be approximately [CAT87b]:

o(p)  14%
28 9 1%. (5.8)
P VP °

Using this parametrization the values of the momentum spread at the different energies have
been subtracted quadratically from the measured energy resolution for hadrons. However, the
estimation is not very precise; it can not be applied for electrons because of the constant term
in eq. 5.8 which is larger than the measured one.

2. Method 2:
A part of this measurement has been performed together with an electromagnetic calorimeter
installed in front of the WAT7S8 calorimeter (HH-Calorimeter in Fig. 5.8) [GEN87]. This electro-
magnetic calorimeter has been exposed before to an electron beam at DESY so its well known
energy resolution for electrons could be used to determine the momentum spread of the H3-beam
line at CERN. For the measurement at DESY the electromagnetic calorimeter was used in the
following configuration [GEN8T}:
6 modules, each with 8x3 mm Pb and 9 x 4 mm SCSN-38 scintillator plates, enclosed in 2x 4 mm
Al boxes per module; the total length is 26.8 Xo.
For the measurment at CERN the lead plates have been replaced by uranium plates:
6 modules, each with 8 X 1.57mm 2387 4+ 1mm Fe plates, with scintillator and Al enclosure as
above, yielding the same total length in Xo.
The obtained energy resolution for electrons from the measurement at DESY was (GEN87]:

(9.7£0.1}%

V E[GeV]

The measurement at CERN yielded an energy resolution for electrons of:

%’(e) = @ (0.9 £ 0.3)%. (5.9)

(26.0 + 0.3)%

=
B VE[GeV)

In a first approximation the energy resolution for electrons is supposed to be independent of the
absorber material because the energy resolution is mainly determined by the sampling frequency
which is the same in units of Xo for the lead and the depleted uranium configuration. Under
this consideration the quadratic difference of the measured energy resolution eq. 5.10 and eq. 5.9
gives the measured momentum spread of the H3-beam line used for the measurement with the
WATS8 calorimeter:

® (4.6 % 0.1)%. (5.10)

o _ _MI% o4 s3%. (5.11)

E ~ [E[GeV)

In Tab. 5.14 the values of the energy resolutions of the WA78 calorimeter for electrons and hadrons
are listed, corrected according to both methods mentioned above.

The parametrization of the measured energy resolution according to eq. 4.4 for electrons and eq. 4.6
for hadrons before and after the corrections for the beam momentum spread yield the following values
for the parameter a and the additive constant b:
for electrons:

SELECTRONS a (%) b (%)
uncorrected 386+ 1.9} 4.6+10.2
Correction Method 2 | 28.7+£1.9{1.9+1.2
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and for hadrons: it

yrbd oy

¢ » HADRONS a (%) b [%]
uncorrected 43.1+56 | 43+1.3
Correction Method 2 | 37.7+ 4.8 | 3.4 1 1.1

Table 5.14: Energy Resolut% of Electrons and Hadrons at 5, 10, 20, 30, and 40 GeV after two Correction

Methods for the Momentum Spread (see text)

... ... | ELECTRONS HADRONS

Method 2 Method 1 | Method 2
E og(ch-12 og(h)i_132 | og(h)112
VE[GeV] VE[GeV] | /E[GeV]

[GeV] [%]) I [%) (%]
.p,l . 31.6 123 49.21+ 3.5 | 46.7+ 3.3
. 10,1. 26.9+1.9 49.11+ 3.5 | 47.21+ 3.3
20,2 30.5 + 2.2 50.9+ 3.6 | 52.8 + 3.7
303 30.5+ 2.2 52.4 1+ 3.7 | 56.8+ 4.0
40,8 . 314122 53.31 3.8 | 60.0 4.2

The measured values of the energy resolution of the WA78 calorimeter for electrons and hadrons are
shown in Fig. 5.13 as a functlon of energy. The values corrected according to method 2 are also shown
and the parametrizations eq, ‘4. 4 (electrons) and eq. 4.6 (hadrons) with the obtained parameters a and
b given above are fitted to thé'measured and corrected data.
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Figure 5.13: Energy Resol'l’;t.l‘o;;':of the WA78 Calorimeter for Electrons and Hadrons as a Function
of Energy and the Contribution from Photostatistics; open Circles and dashed Lines: measured Values,
full Dots and Lines: Beam Momentum Spread subtracted according to Method 2 (see text)

103




To measure the contribution from photoelectron statistics to the total energy resolution the light
of a LED was distributed to the photomultipliers via optical fibrers. From the width of the measured
distribution the number of photoelectrons was determined by using eq. 4.9:

1
[ 1Ope(< Npe >)

N = (10.74£0.03)%.
pe

(5.12)

The average number of photoelectrons per GeV of incoming energy is < Ny > = 87 % 1, which cor-
resonds to 4.3 photoelectrons per MeV of visible electromagnetic shower energy at an electromagnetic
sampling fraction calculated with EGS4 of é = 2.04%.
The contribution from samPhng fluctuations to the energy resolution calculated with the EGS4
Monte Carlo is: —
i . oale) _ (28.9%1.5)%
E VE[GeV]

Adding the contribution from photoelectron statistics quadratically to the calculated sampling fluc-
tuations results in a total energy resolution for electrons of 30.8% which is larger than the measured
energy resolution for electrons after the correction for the beam momentum spread (method 2). This
indicates the uncertainties in the correction for the beam contribution. However, the energy resolution
for electrons at 10.1 GeV seems to be too low compared to the values at other energies. This may
underestimate the value of the energy resolution obtained from the parametrization.

(5.13)

5.2.5 The e/h- and é/mip-Ratio of the WA78 Calorimeter

For the WAT8 calorimeter long'i_t:ud.‘inal nonuniformities are a minor effect as each scintillator plate
is read out by optical fibres and only 4 scintillator plates are read put by one photomultiplier. The
transverse nonuniformity due to the absorption length of the scintillator plates is small.

Table 5.15: The e/h- and é r;sz-ntio measured with the WA78 Calorimeter at 5, 10, 20, 30 and 40 GeV

bl e é
E A % m
[GeV] [ADC CH.] .
5.1 0.746 + 0.053 | 0.651 + 0.061 | 5.91 + 0.45
10.1 0.768 + 0.054 | 0.641 + 0.064 | 6.06 + 0.50
20.2 | 0.765 £ 0.054 | 0.627 + 0.063 | 6.15 + 0.51
30.3 | 0.758 + 0.054 | 0.619 + 0.060 | 6.37 + 0.50
40.3 | 0,755 + 0.053 | 0.607 + 0.056 | 6.59 4+ 0.49

Table 5.16: Values for lonization Loss of Muons in NE110 and the Resulting Electromagnetic Sampling
Fraction of the WA78 Calorimeter (Measured Values and EGS4 Calculations)

dE ION
E i (¢) in NE110 é (%)

(GeV] [MeVem?) measured | EGS4
5.1 2.3040 2.79+ 0.26 | 2.03 £+ 0.01
10.1 2.4151 2.75 % 0.27 | 2.03 % 0.01
20.2 2.5274 2.68 £ 0.26 | 2.04 £ 0.01
30.3 2.5966 2.65+ 0.25 | 2.03 + 0.01
40.3 2.6462 2.60  0.24 | 2.04 £ 0.01

The measured electron and hadron response can thus be taken directly for the calculation of the
e/h-ratios. They are listed in Tab. 5.15. The mean values of the hadron response have been corrected
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for longitudinal and transverse leakage (sec. 5.2.4). The é/mip-ratios are also given in this table,
calculated by using the values for the ionization loss of muons in NE110 scintillator listed in Tab. 5.16.
Both ratios are plotted versus energy in Fig. 5.14. The electromagnetic sampling fraction measured
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Figure 5.14: e/h- apd &/mip-Ratio of the WA78 Calorimeter as a Function of the Energy

with the WA78 ca.lorimevt‘q;cihd calculated with the EGS4 Monte Carlo program for this configuration
are compared in Tab. 5.16." The cut-off energies for the simulation had been chosen to 1000 keV for
electrons and 10 keV for photons. For 10.1 GeV the simulation has been performed with lower cut-off
energies, namely 10 keV for electrons and 1 keV for photons. The fractional energy loss per step has
been reduced to 0.1% in the scintillator material and 0.5% in the uranium plates. The obtained value
for the electromagnetic sampling fraction is € = 2.28%, which is still lower than the measured value.

The most important result of this measurement is the e/h-ratio: the use of uranium plates 2 times
thicker than the scintillator plates enhances the hadron response beyond the electron response. This
result has already been found in the high energy region (135 to 350 GeV, [DEV86)) and is now also
confirmed at Jower energies (5 to 40 GeV).

Cabesine,

Dependence of the ¢/h-ratio on the Gate Time

omaly
In sec. 3.3 the different mechanisms contributing to hadronic showers and the time dependence of the
energy deposited by neutrons and nuclear y-rays were discussed. This time dependence was actually
measured with the WA T8 icalorimeter, as can be seen from Fig. 5.15. The e/h-ratio decreases with
increasing gate time of thg ADC. The effective gate length is smaller by about 15 ns than indicated
in the plot because the rising edge of the gate pulse preceeded that of the photomultiplier signal by
this time. At integration times < 100 ns one reduces the signal from the photomultiplier which, after
amplification has a typicalJepgth of about 100 ns. This effects the electron signal in the same way as
the hadron signal so that thjsieffect cancels out in the e/h-ratio. The time dependence of the e/hA-ratio
is then only due to the increase of the hadronic signal with time.
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Figure 5.15: The e/h-Ratio of the WA78 Calorimeter at 30 GeV as a Function of the ADC Gate Length

5.3 Achieving Compensation

The measurements described'so far together with calculations done by [BRUSS, WIGS86] predicted
a thickness ratio of passive to active absorber of Ry =~ 1.0 - 1.2 (sec. 3.5) for the optimum energy
resolution of a uranjum-scintjllator calorimeter. In order to confirm this prediction two measurements
have been done by the ZEUS collaboration:

- 3.0mm DU
1. d ' T 25mmscr T
T35 [ANDS86) " Ra= s se1 =12
2. T60B: S Re= 22mmBDY g

" 3.0mm SCI

Ret dts of the first measurements can be found in the reference stated above, in the following the
second neasurements will be discussed.

5.3.1 The T60B1 Uranium-Scintillator Calorimeter Characteristics

The thin absorber plates proposed to be inserted into the T60 calorimeter modules required some
mechanical modifications in order to make air gaps as small as possible and to increase the depth of
the calorimeter to reduce longitudinal leakage.

The overall T60UB1 calorimeter consisted of 4 identical modules stacked with 45 layers of 3.2 mm
DU and 3.0 mm scintillator (module 1-3) and 45 layers of 3.0 mm DU and 3.0 mm scintillator (module
4). One module of the previous’ measurements, namely 3.2mm DU and 5.0 mm scintillator, was
followed to measure longitudinal leakage.

Specifications of the calorimeter are given in Tab. 5.17, a top and side view of the fifth module is
drawn in Fig. 4.1 which is almost identical to the first 4 modules except that the number of layers and
the longitudinal dimensions are different (for specifications see Tab. 5.1).

Additionally, each photomultiplier of module 1-4 was fed by individual high voltages instead of
module § where a group of 12 photomultipliers was provided with common high voltage.
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Table 5.17: Dimensions and Specifications of the T60UB1 Calorimeter inserted with 3.2mm and 3mm
thick Depleted Uranium and Jmun thick Scintillator Plates

( Calorimeter ]
Lateral Dimensions i 600 x 600 mm? Mod 1-3 | 98.51 X, | 3.32)
: Mod 4 | 95.48X, | 3.25X¢
Number of Modules 4
Number of Layers per Module 45
Total Depth of 1 Layer. ~9mm Mod 1-3 | 1.02X, | 0.034X¢
LA Mod 4 0.95X0 0.033Ao
Total Depth of 1 Module" 405 mm Mod 1-3 | 45.81 X, | 1.55X,
. i Mod 4 | 42.97Xo | 1.46)¢
Total Depth of Calorimeter 1620 mm 180.4X, [ 6.1
Airgap 2.8mm Mod 1-3
o 3.0mm Mod 4
= Passive Layer |
Lateral Dimensions 600 x 600 mm*
Thickness of Plates 3.2mm DU Mod 1-3 | 1.01X, | 0.031)¢
‘ 3.0mm DU Mod 4 0.95Xq | 0.029),
Material DU:
- 0.2% ¥3%U
e 99.8% 1%#U
| : Active Layer |
Dimension of Scintillatgr Strip 50 X 600 mm?
Number of Strips 12
Thickness of Plates | 3mm 0.01X, | 0.004)g
Material ‘ SCSN-38 (Polystyrene Base)
{ Readout ]
Wavelength Shifter 50 x 405 mm?
Thickness of WLS 3mm
Material PMMA Base, UV absorbant
K27 (120 mg/1)
Lightguide Bent Plexiglass
Photomultiplier XP 2011

The T60UB1 calorimeter'was exposed to the X5-beam line of the SPS at CERN (see Fig. 5.7) which
is the extended H3-beam nﬂ:er‘i splitter system (the H3-beam line was already described in sec. 5.2.1).
The tertiary low intensity béani (10° — 10* particles) after the secondary target in the X5-beam line
consists of electrons, hadrdni"&nd muons and covers the momentum region of 10 to 100 GeV/c. Lead,
beryllium or copper could 'Bé Cliosen as secondary target material in order to enhance the electron or
hadron component in the beam.
Fig. 5.16 shows the expérimental set-up. Two 10 m long threshold Cherenkov counters filled with
He (C;) and N; (C3) are used for tagging beam particles. The scintillation counters By, By, By and
B3 as an anticounter to lupprus the beam halo define the beam particles.

Particles have been selected by the fol]owmg trigger definitions:

b5 Y SRS

x5 Hadrons:

Electrons:

.. Muons:

h = B, -B;-Bs: C:'I'C?S
€ = Bl'Bz'Bs'Cl'Cz
po= Bl'Bz'Es'Bq.

At a collimator width of + 5 mm the event rates per spill at 10 GeV/c were:
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Figure 5.16: Beam Set-Up for the T60 Measurements at the SPS at CERN

B, - B, = 70 Cu target
B, - B, = 250 Pb target
bol ‘By-B;-Bs = 25 Cu target
B,-B,-B; = 100 Pb target

The beam content has been determined using the Cherenkov counter efficiencies according to the
method described in [KRU86). The values are given in Tab. 5.18.

Table 5.18: Contents of X the CERN SPS as i ith the Cherenkov Counter
E (GeV] [ u (%] | e [%] [ h (%] | Target

10 29.0 7.3 63.7 Cu
23.0 29.0 48.3 Be

20 16.2 | 43 | 79.5 | Cu

v 9.0 | 31.4 | 59.6 | Be
30 146 | 3.5 | 81.8 Cu ’
50 16.3 | 2.7 | 81.0 | Cu

5.5.2 Calibration andJP'article Selection
Calibration

To calibrate each individual module the procedure used for T60UA (sec. 5.1.2) was applied. A
precalibration was already done by adjusting the high voltages of the photomultipliers to give equal
average pulse heights for the, uranium noise signal in all readout channels. Thus one could follow
shifts in the gain by Mgh-vqltg‘gg readjustments. The mean value of the uranium noise signal was
at ~ 300 ADC CH, with a rms of ~ 25 ADCCH.. In addition, calibration runs have been taken
regalarly for a precise offline calibration.

An intercalibration of all 5 modules, individually calibrated with the uranium noise, was tried with
hadrons in the same way as the calibration of the WA78 calorimeter has been performed (sec. 5.2.2).
For this procedure hadronic eyents have been selected according to their shower vertices (sec. 4.3.2)
leading to 5 subsamples (1 per module) of the total hadronic event sample. With this calibration the
hadronic energy resolution was found to be worse than with the uranium noise calibration alone. It
seemed that because of the coarse longitudinal segmentation of the T60 calorimeter the information
on the longitudinal shower profile was not sufficient.

Because the fourth module of the T60UB1 calorimeter was equipped with thinner uranium plates
than module 1-3 the need for an additional calibration was investigated. First of all it was calibrated
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in the same way as module 13 using the uranium noise signal.- A calibration with hadrons resulted
in a deterioration of the energy:resolution, as described above. In jts simplest way the thickness ratio
of the uranium plates was taken as calibration constant for module 4 because the shower propagates
through less denser materialiwith respect to module 1-3. The same effect on the energy resolution for
hadrons has been observed, i.e.. it became worse than taking the uranium noise calibration only.

The calibration constant-of:module 4 has then been varied to find a minimum in the relative width
of the hadronic response of:module 1 to 5. The minimum was found at 1, i.e. for the calibration done
with the uranium noise. Therefore, no additional calibration constant was used for module 4.
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Figure 5.17: Pulse Height Distr:lmﬁon in Module 5 as a Function of the Pulse Height Distribution in
Module 1-4

Module 5, which had § mm]thick scintillator plates compared to 3 mm of module 1-4, was calibrated

as follows: TS

o the average pulse hught:f ﬂxe uranium noise in each readout channel was adjusted to the same
value as that of module:1-4;/the uranium noise signal is not very sensitive on the scintillator
plate thickness (sec. 5.1.2); :

e calibrated this way -thg'r‘:[ "tf probable value of the muon pulse height distributions of module
1-4 was compared to thy éf module 5; it is expected that the signals of module 1-4 should be
3/5 times the signal of module 5, which was found to be the case:

RV b aE

AT+ < PH(uh-a> _ 934
ST PR < PH(u)s > =~ 152.7
g = 0.61;

S

o the muon calibration is: mot suited for hadrons because the fraction of energy visible in the
detector is different for hadrons and muons. To ensure that module 5 yields the same response
for hadrons as module 1 to 4 one has to determine a calibration factor for module 5 using the
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hadronic signal. Therefore the pulse height distribution of hadrons in module 5 has been plotted
versus the sum of the hadronic pulse height distribution of module 1 to 4 (Fig. 5.17). For different
intervals in the pulse height distribution of module 5 the corresponding mean pulse height of the
distribution in module 1'to 4 has been determined. The values obtained are listed in Tab. 5.20
(second and third column); With decreasing mean pulse height in module 1 to 4 (< PH(h)1-4 >)
the weighted mean pulse height of each interval in the distribution of module 5 (< PH(h)s >)
increases. The sum of both quantities should be constant for all intervals if module 5 is properly
calibrated which corresponds to a straight line in the plot < PH(h);_4 > versus < PH (h)s >
with a slope of 1. In this way one can calibrate module 1-4 relative to module 5. This is
shown in Fig. 5.18 where the measured quantity < PH(h);-4 > is plotted versus < PH(h)s >;
the straight line is a fit to the data yielding a slope from which one determines the calibration
factor for module 5. The described calibration method was performed for different energies. The
obtained values are listed in Tab. 5.19. Note that module 5 was precalibrated with the ratio
0.61 derived from muons.

Table 5.19: Calibration Constants for Module 5 obtained from Hadrons (see Text for Description of the
Method)

< PH(h)1_4 >

E(CeVI | P >

10 0.78 + 0.06

20 0.86 + 0.01

30 1.02 + 0.02

: 50 1.02 + 0.01

L mEe 75 1.05 + 0.02
-';f © [ 100 1.26 £ 0.04

PRY

Table 5.20: Values for the Mean Pulse Height of the Hadron Distribution at 50 GeV in Module 1-4
(< PH(h);-4 >) for Different Energy Intervals of Module 5 (< PH(h); > denotes the weighted Mean in
Interval i). The obtained Energy Resolution and the Number of Events per Energy Interval are also given.
The Values for Module 1-5 after the Calibration are given for Comparison.

Elff. < PH(h)§ > <“PH(h)1_. > oe(th-« < PH(h) -5 > oe(hh-s Events
VE[GeV) \ E|(GeV)
(%] [ADC CH.] [ADC CH.] (%] [ADC CH.] (%)
< 0,25 -1.1 +1:9152.3 + 5.8 41.6 +£ 0.3 9145.7+ 5.9 41.5+ 0.3 4436
0.25-1 68.8 9114.1 £ 12.2 40.7 £ 0.7 9182.0+ 12.1 | 40.7+ 0.7 986
1-2 142.9 9001.4 + 15.4 439+ 1.0 9149.4 + 16.1 43.2+ 1.0 663
2-5 316.8 8854.4 + 15.8 47.21+ 1.0 9162.0 + 15.8 | 45.3+ 1.0 736
5-10 651.5 8465.9 + 20.9 51.5+ 1.4 9123.7 £+ 20.1 46.7+ 1.3 508
10 - 20 1266.2 7879.1 + 27.0 57.4 £ 2.0 9159.8 £ 23.5 | 444+ 1.5 362
20 - 30 2191.6 6830.7 + 72.2 | 100.1 + 8.3 | 9016.8 + 59.0 68.5 + 4.5 157
30 - 40 3130.8 5704.0 + 138.2 - 8960.0 + 128.6 - 56
> 40 4178.8 4467.0 + 188.8 - 8845.0 + 160.1 - 28
< 9082.7 >
+116.2

The calibration method has been checked by determining the mean pulse height of module 1-5
at 50 GeV for the different energy intervals of the calibrated signals of module 5. One finds that
< PH(h);_5 > is constant within +1.3% (Tab. 5.20).
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Figure 5.18: Mean Pulse Height of Moadule 1-4 as a Function of the Weighted Mean Values of the Energy
Intervals in Module 5

Particle Selection

The X5-beam that has been used for this measurement contained muons, electrons and hadrons
with the relative fractions quotedjig{Tab. 5.18. The particle selection has been done bS/ means of
the calorimeter 'and .the Cherenkayounter. To separate muons from the overall event sample the
calorimeter information has been used as described in sec. 4.2. The electron-hadron separation during
this period has been done indepepdently from the calorimeter by the use of the signal from the
threshold Cherenkov counter. For.x given beam momentum the pressure of this counter was adjusted
to a value just below the muon threshold. In this way, only electrons produced a Cherenkov signal
but not the particles of higher mass. The efficieny to produce a signal when an electron passed the
threshold counter was determined according to the method described in [KRU86). A clean electron and
hadron sample is selected using the tdi:)rimeter information; each of the two integrated pulse height
spectra of the Cherenkov counter for both electrons and hadrons is equal to a detection efficiency of
100%. A cut at a certain pulse height separates electrons and hadrons with an efficiency equal to the
area of the integrated spectrum that P leftover above the cut.

Fig. 5.19 shows the pulse heig'h?%t}um of the Cherenkov counter for hadrons and electrons of
10 GeV as they were separated by the cut indicated at ADC CHANNEL 30. This value was selected
in order to have < 1% of electrons in the hadron sample without reducing the hadron statistics
significantly. The detection efﬁcienc‘i‘ Yor electrons at this cut was determined to be 98.5%. The beam
content at this energy was already giver'in Tab. 5.18 where for the particular run a beryllium target
has been used. ' é'f)h{.n'i.‘v <

For hadron runs the copper t&g‘bt"i:ris used instead of the beryllium target because of the lower
electron fraction (see Tab. 5.18). Thé'measured electron and hadron fractions for the runs at 10 —
50GeV as well as the detection effiiésities of the Cherenkov counter for electrons at the given cuts
are listed in Tab. 5.21. The perce'n't_'ggﬂ'e ‘of electrons still contained in the hadron’ sample increases
with energy because of the reduced’detection efficiency of the threshold counter at higher energies. It
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Figure 5.19: Pulse Height Spectrum of.the Threshold Cherenkov Counter at 10 GeV. The Electron-Hadron
Separation results from the indicated Cut'at ADC CHANNEL 30 (dashed histogram: Electrons)

does, however, not exceed ~ 3 %. This clean electron-hadron separation is necessary to determine the
e/ h-ratio.

[ 7 B

Table 5.21: Detection Efficiency for Electrons (third column) of the Threshold Cherenkov Counter used
for Electron-Hadron Separation, Electron  Contamination of the 'Hadron’ Sample {fourth column) and
Electron-Hadron Fractions of the Beam' (fi

fth column
E Cut Electron Electrons in Electrons Hadrons
(GeV] | [ADC CH.] Efficiency’{%)] "Hadrons’ [%) | in Beam {%) | in Beam [%}

10 90 i 807 | 1.2 ] 10.3 89.7
20 100 | 54.2 ' 2.4 i 5.1 94.9
\"30 30 | 273 3.1 { 4.2 95.8
50 40 | 29.6 . 23 | 3.2 96.8

+.3.3 Transverse and Longitudinal Leakage of Hadronic Energy

Transverse Leakage

The transverse leakage of hadronic en_c;;tgy out of the T60UB1 calorimeter W

as determined according
‘o the method discussed in sec. 4.3.1. Ina

] first step the amount of transverse leakage was determined
+hile in a second step a correction according to the obtained values was applied. The obtained values
‘or the top and bottom sides of the calorimeter are listed in Tab. 5.22. The values of total transverse
cakage are twice the values of the leakage out of the top and

bottom side of the entire calorimeter.
In the second step the correction for transverse leakage on an event-by-event basis for the top and

sottom sides has been applied (sec. 431). In Tab. 5.23 the obtained mean pulse height values of
he calorimeter (< PH{h)h-¢ >) are given together with the width of the pulse height distribution
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Table §.22: Transverse Leakage out of the T60UB1 Calorimeter
. B top bottom | top + bottom total
[GeV] (%) (%] (%] (%]
+ 10 1.7+ 0.6 | 1.8+ 0.6 3.6+0.8 7.2+ 1.6
~20 10£03]0.7+0.2 1.7+ 0.3 34106
“30 [09+0.2]0.710.1 1.6+ 0.2 3.2+04
) 0.8+0.2)0.610.1 1.43+0.2 2.8+04
7, {09+0.1]07+0.1 1.5+ 0.1 3.2+02
0.81+0.1}0.710.1 1.6+ 0.1 3.0+0.2

\ |8

Table 5.23: Corrected Hadronic Response on an Event-by-Event Basis for Transverse Leakage out of the
Top and Bottom Side of thé T60UB1 Calorimeter

without Trans."Leak. Corr. with Trans. Leak. Corr.

E | <PH(Mhs> | colbhos | <PH(b1s> | olhas | 2 ﬁ;(;gg‘)j;;; -
[GeV] [ADC CH.]__V[ADC CH.] [ADC CH.] [ADC CH.] (%)
10 18099+ 6.7 | 219.0+5.2 | 1859.2+6.7 | 217.8+ 5.2 2.7
20 3665.4+8.1 | 811.2+6.4 | 3734.9+8.0 | 309.5+%6.1 1.9
30 5530.4 + 4.6 4022+ 3.6 | 5631.7+4.6 | 4073+ 3.6 1.8
50 9147.21 6.5 | 562.2+5.2 | 9305.6+6.6 | 566.9% 5.2 1.7
75 | 13746.9 £ 12.8 | 6940+ 9.9 | 14032.8 & 13.0 | 702.0 £ 10.1 2.0
100 | 18556.5 + 26.2 | 861.8 & 20.5 | 18994.3 + 26.5 | 876.9 + 20.8 2.3

oy SELL

o{h},_5. For companson, the uncorrected va.lues are quoted, too, and the difference of the mean pulse
heights in %.

338 .')L'
IR
Longitudinal Leakage ;...
The measurements with the T60UB1 calorimeter (4 modules, 6.1 g total depth, Tab. 5.17) have been
performed with an addxt’i&x’fﬁ’module of the T60UA calorimeter (1.1 Ap, Tab. 5.1) placed behind in
order to receive informatigni on the longitudinal leakage of the T60UB1 calorimeter. The intercal-
ibration of the T60UB1 'éAlbrimeter with the T60UA modile was discussed in sec. 5.3.2. The mean
pulse height of each module is plotted as a function of the calorimeter depth in units of )¢ in Fig. 5.20
for different energies. Thi§ ‘are taken from ‘the measurements with the T60UB2 calorimeter which
was identical to the T6QUB1 calorimeter but equipped with graded light filters in order to improve
the longitudinal umform.l}y,q{ the wavelength shifter readout (sec. 5.4).

Table 5.24: Fraction of To%Euetgy beyond 7.2 Ao at Different Energies according to the Shower Profile
Parametrization e

E Fraction of Energy

DS beyond 7.2 Ap
:l; - [GeV] (%]
T 10 0.9
20 1.3
e 30 1.7
;: . 50 2.3
’!;\ | 75 3.2
,‘ f 100 3.9

The parametrization of the longitudinal hadronic shower profile was done using eq. 5.6 with the
given parameters (see also [C'AT87b]) and is plotted in Fig. 5.20. The agreement with the data is quite
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Figure 5.20: Longitudinal Shower Profile measured in the T60UB2 Calorimeter
b wl)

good except for the last data point which is that of module 5. This can be attributed to the fact that
this module is quite different (3 mm DU-5mm SCI, 1.1 A in depth, uncorrected for the longitudinal
nonuniformity) compared to the other modules and that the intercalibration with hadrons has still
some uncertainties, "

From the parametrization of the measured shower profile one can calculate the longitudinal leakage
out of the entire calorimeter, The entire calorimeter is 7.2 Ao deep if module 5 is included. The fraction
of longitudinal energy Ieaka"q _direction beyond 7.2 Ag is given in Tab. 5.24 for different energies.

ti3gmb

5.3.4 Energy Resolution of the T60B1 Uranium-Scintillator Calorimeter

The response of the T60UB1 ‘calorimeter to electrons and hadrons at 10, 20, 30, 50, 75 and 100 GeV
and to muons at 10 GeV is plotted in Fig. 5.21. The pulse height distributions of electrons and hadrons

Table 5.25: Relative Deviation'in [%] of the Mean Pulse Height and the Energy Resolution if the Sum of

Module 1 is considered only as the Electron Response in the T60UB1 Calorimeter
og(e)1  og(e)i-4
E < PH(e); > - < PH(e)1_4 > E - E
4 PH(C)]_. > 05(3)1—4
E
(GeV] (%] (%]
10 +0.32 £ 0.11 —5.14 + 1.43
20 —0.19 £ 0.08 —3.18 + 1.45
30 +0.48 1+ 0.07 —2.85 % 1.50
50 +0.40 £ 0.06 -1.29 + 1.55

are fitted by a Gauss functibn".'vﬁth a cut of + 3o while that of the muons is fitted by a convoluted
Moyal-Gauss function. The fitted curves are also drawn in Fig. 5.21.
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The distribution of electrons shown in Fig. 5.21 is obtained from module 1 only in order to suppress
the uranium noise contribution from module 2-5. One module is deep enough (46 Xo) to contain the
entire electromagnetic showez so no leakage will effect the total signal. The effect on the mean pulse
height and the energy resolution if the signal from module 1 is taken as the electron response can
be seen from Tab. 5.25. In this table the relative deviation of the mean pulse height and the energy
resolution in module 1 from that in module 1 to 4 is given.

30 T _
— [ ELECTRONS )
E 2.0 | 20 GeV _ i
: y
O ; :
o o} 1.0 ™ . -‘
(s D) I i
i L ;
é 0.0 | ]
Y -1.0F ]
e g i
&, : :
I ® E
e 3 ". . HHH p
30— . 0 . ]

2500.0 3000.0 3500.0 4000.0 4500.0

PH(e)yop; [ADC CHANNELS]

Figure 5.22: The Ratio R=In(PH(e)srrrpe/PH(e)sTrip7) versus the Total Pulse Height for Electrons
at 20 GeV (see text for explanation) ’

In a first glance the energy resolution for electrons was slightly worse than expected from the
previous measurements with the T6OUA calorimeter. At 20 GeV, for example, an energy resolution of
19.6%//E[GeV] was determined from the T60UB1 measurement while 15%//E[GeV) was measured
with the T60UA calorimeter (see Tab. 5.7). A careful study of this deterioration of the energy
resolution for electrons showed that it was caused by a mechanical imperfection of the calorimeter:
the dimension of the delivered depleted uranium plates used for the T60 calorimeter were 600 x 300 x
3.2mm?, 600 x 200 x 3.2mm?>, 600 x 100 x 3.2mm? and 600 x 200 x 3.0 mm?®. In order to obtain
the lateral dimension of 600 x 600 mm?, 2, 3 or 6 plates were needed per layer. Because of the
slightly undulated edges of the uranium plates they could not be mounted totally flush to form one
layer. During the measurements at the SPS the beam with energies up to 100 GeV has been directed
in between the two central strips 6 and 7 of the T60 calorimeter module to share the total signal
among both strips. In this way the ADC was prevented from saturation and the muon signal was well
separated from the pedestals. However, the beam hit also the small gaps between the uranium plates.
The reduced density of the calorimeter module in that small region caused higher pulse heights for
particles that penetrate exactly into this region, as Fig. 5.22 illustrates. In this figure the ratio

PH(e)sTriPe
R=In——MD——
PH(e)sTrip7

is plotted versus the total pulse height of the calorimeter for electrons at 20 GeV. The region of R
>| 0.6 | is due to electrons that deposit their energy in either of both strips totally while the region
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of R <| 0.6 | is due to electrons striping both scintillator edges. The average total pulse height of
region R < | 0.6 | is ~ 6% higher than that of R > | 0.6 |. Electrons of the region R < | 0.6 | have been
cut out thus improving the energy resolution to 18.0%/+/E[GeV] for electrons at 20 GeV. This cut
has been applied for electrons at all energies and the resulting pulse height distributions are shown in
Fig. 5.21. The energy resolution for hadrons was not influenced by this effect.

The hadron distributjons shown in Fig. 5.21 were obtained by summing the pulse heights of module
1-5 where module 5 has been calibrated in the way described in sec. 5.3.2. In addition, a cut of
PH(h)M=5 £ 0.02- < PH(h)p=1-4 > against longitudinal leakage has been applied in the pulse
height distribution of module 5. The effect of this cut on the mean pulse height and the width of the
distribution can be read off from Tab. 5.26. For the transverse leakage from the top and bottom side

Table 5.26: Difference Between the Mean Pulse Heights of Module 1 to 4 (A < PH(h);_4 >) with
and without a Longitudinal Leakage Cut in Module 5 of 2% of the Total Energy, relative to the Signal in
Module 1 to 4 without the Cut; the equivalent Difference (Aca(h);_4) is also given for the Width of the
Distributions, Relative to the Width of the Distribution in Module 1 to 4; the Fraction of Events rejected
by this Cut is given in the fourth Column

A< PH(h)1_4 > Ad(h)1_4 ..

E < PH(h)1-¢ > o(h)1-e Event Rejection
[GeV] (%] (%) (%]

10 +0.08 + 0.38 —0.63 + 2.35 10.2

20 +0.48 + 0.23 -2.09+1.99 11.2

30 +0.86 + 0.09 —6.67 + 0.89 20.5

50 +1.10 + 0.08 -10.91 £ 0.90 23.4

75 +1.33 £ 0.11 ~15.29 £ 1.64 31.2

100 +1.93 £ 0.16 -21.49 £ 2.41 43.0

the correction method deséribed in sec. 4.3.1 has been performed.

The values of the energy resolution for electrons and hadrons as obtained from the Gauss fits with
+3 ¢ cut are listed in Tab. 5.27. For hadrons the values without any leakage correction are given for
comparison. The ol‘:!mg'_c'l v'a.lues for the energy resolution for electrons and hadrons are plotted in

Table 5.27: Mean Response and Energy Resolutions of Electrons and Hadrons at 10, 20, 30, 50, 75 and

100 GeV obtained . U alorimeter
ELECTRONS HADRONS
ag(e): og(h)-s
E |<PH(eh> JEGeV] < PH(h)1-5 > JEGY]
[GeV] | [ADC CH.] (%) " [ADC CH.] (%]

10 | 1730.1+1.9 | 17.3+0.3 | 18522+7.1 | 38.4+1.0
20 | 3504.8+29 | 17.9+03 | 3731.1+84 | 36.9+0.8
30 | 53166+3.7 | 186+0.3 | 5609.9+4.9 | 39.1+0.4
50 | 88849+ 5.5 | 19.7+0.3 | 930821+ 7.2 | 414104
75, |, 14038.8 £ 14.8 | 41,0+ 0.7
100 4. 18989.3 + 30.3 | 40.0 £ 1.2

L  hatabiol = ‘ i
Fig. 5.23. The pa.rqﬁ\‘?‘s:-‘i;#@ion eq. 4.4 for electrons and eq. 4.6 for hadrons results in the follwing
values for a and & ' :

for electrons

16.7% + 0.5%
1.5% + 0.1% (5.14)

o B
|
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and for hadrons

a = 355%+1.1%
b = 0.7%+ 0.2%. (5.15)
The quoted errors are 3% for parameter a while the error for b is obtained from the fit. The
0.5 A T T T T v T T T ]
[ HADRONS ]
5 - .
04f 3 T Po-
v - o
(&) - 4
K [ ELECTRONS ]
~N - p
m 0.2 .
\6‘ - -
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: F - YUROTOO o I L eereerresnsenisnsirnenes - SO L :
0.0 [ 1 ! ) I . | N ] . i
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| ENERGY [GeV]

Figure 5.23: Energy Resolution of the T60UB1 Calorimeter for Electrons and Hadrons as a Function of
Energy and the Contribution from Photostatistics :

contribution from photostatistics to the energy resolution was taken from the difference signal of
electrons (eq. 4.11) yielding:

{n

" oL-R o) = (6:8240.09)%
S PHiir > VEIGeV]

The sampling fluctuations according to the EGS4 calculations are:

® (0.51+ 0.04)%. (5.16)

o.e) _ (16.97 % 0.03)%

E VE|[GeV)

From eq. 5.16 one oBtaim the number of photoelectrons per GeV incident energy according to
eq. 4.11: < N, > = 214 £ 6, corresponding to 4 photoelectrons per MeV of visible electromagnetic
shower energy at an electromagnetic sampling fraction of € = 4.74%, as calculated with EGS4.

The total energy resolution for electrons obtained from the quadratic sum of the sampling fluctu-
ations and the contributions from photostatistics is:

(5.17)

oile) _ (18.29 £ 0.09)% & (0.51 £ 0.04)%. (5.18)
E VE[GeV]
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The value is larger than the value obtained from the parametrization of the measured resolution
(eq. 5.14). This reflects still remaining uncertainties in the energy resolution for electrons after the
applied cut since the beam was directed between two central strips and into the gap between the
uranium plates.

The response of the calorimeter is linear within + 1.5% for both electrons and hadrons. Fig. 5.24
shows the deviation from the mean linearity.

5.3.5 The ¢/h- and € /mip- Ratio of the T60B1 Uranium-Scintillator Calorimeter

The mean electron and hadron response measured with the T60UB1 calorimeter had to be corrected
for the nonuniformity of the wavelength shifter as described in sec. 4.5.4. The mean pulse height of

Table 5.28: Mean Electron-, Muon- and Hadron- Response of the T60UB1 Calorirtlg_t_er. corrected for
Longitudinal Nonuniformity (e, h) and for Leakage (h). and the resulting e/h- and é/mip-ratio at 10, 20,
30, 50, 75 and 100 GeV

é

E e h Im

(GeV] | [ADC CHJ] [ADC CH. | [ADC CH]

10 1922.2 + 20.3 1925.5 + 63.6 | 107.3+ 1.7 | 0.998 4 0.035 | 0.710 + 0.022
20 3878.3 + 40.9 | 3807.5+121.7 113.56 + 4.5 | 1.019 £ 0.034 | 0.707 + 0.034
30 5866.8 + 61.8 | 5731.3 % 181.8 106.6 + 3.3 | 1.024 + 0.034 | 0.779 + 0.032
50 9778.8 + 102.6 | 9458.5 & 300.8 111.3 + 4.4 | 1.034 + 0.035 | 0.774 + 0.037
75 14269.8 + 453.5
100 19319.4 + 614.2

S

mip

o) Mt 2

hadrons was corrected for transverse leakage out of the right and left edge of the calorimeter with the
values obtained from the leakage from the top and bottom edges according to the method described in
sec. 4.3.1. The obtained mean pulse heights for electrons, hadrons and muons are given in Tab. 5.28
together with the determined e/h- and é/mip-ratios. The total errors on both ratios result from the
propagation of the statistical errors on the measured pulse heights, the errors on the measurement of
the light attenuation curve, the statistical errors on the electromagnetic shower simulation and the
errors on the parametrization of the hadronic shower profile. The e/h- and the é/ mip-ratio are plotted
in Fig. 5.25 as a function of energy.

5.3.6 Dependence of the Electron- and Hadron-Response on the Integration
Time

The time dependence of the neutron component in a hadronic shower leads to a rise of the hadronic
response of a calorimeter if the integration time of the hadronic signal increases (see sec. 3.4). The
electron and the hadron response of the T60UB1 calorimeter was therefore measured as a function of
the integration time. The result is plotted in Fig. 5.26 together with the e/h-ratio. The mean electron
and hadron response has been corrected for Jongitudinal nonuniformities (sec.4.5.4), the mean hadronic
pulse height was also corrected for longitudinal and transverse leakage (sec.5.3.3). The effective gate
length is shorter than the one given in Fig. 5.26 because of two effects: the rising edge of the gate
pulse preceeded the photomultiplier signal by ~ 20ns; the width of the analog signals from the
photomultipliers give rise to an additional time offset.

The starting point o of the shower was defined by the electron signal, supposing that the peak of
the analog pulse from the electrons at to gives 50% of the total pulse height. Under this consideration
the effective gate length is reduced in total by 30 ns, as can bee seen in Fig. 5.26.

. This time offset has been subtracted for comparison with predictions of a simulation program that
will be discussed in sec. 7.4.2.

u
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5.4 Improving the Longitudinal Uniformity

The optical fibre readout of the WA 78 calorimeter (sec. 5.10) has the advantage that the light produced
in each scintillator plate travels the same distance before reaching the photomultiplier. This readout
method provides a good longitudinal uniformity of a calorimeter because of equal light attenuation in
each readout channel. . ..

In order to build a compact detector witheut introducing large dead spaces the wavelength shifter
readout of scintillator has been developed. However, a longitudinal nonuniformity is implemented
in this readout system because of the different distances the light has to travel within the wave-
length shifter bar from different scintillator plates to the photomultiplier. This nonuniformity will
be transformed into the signal that is longitudinally distributed according to the shower profile (see
sec, 4.5.4), It is therefore necessary to correct for the longitudinal nonuniformity of a calorimeter with
a wavelength shifter readout system.

5.4.1 The T60B2 Uranium-Scintillator Calorimeter with Graded Light Filters

In the measurements dé&::rib«:d previously with the T60Pb, T60UA and T60UBI1 calorimeter a correc-
tion for the longitudinal nonuniformity has been done offline according to the measured light attenu-
ation curve (sec, 4.5.4, 5".1‘.5). The method could only be applied to the measured mean pulse heights
of electrons and hadrons. In order to reduce the influence of the longitudinal nonuniformity on the
energy resolution, especially for hadrons, the longitudinal readout has been made more uniform. This
was done by using a light filter with a gradient that is inverse to the attenuation curve. This filter
was placed between each wavelength shifter bar and the readout edges of the scintillator plates of the
T60UB1 calorimeter.

The attenuation curve that was needed to produce the light filter has been obtained by scanning
along a wavelength shifter bar with a scintillator plate radiated by a ' Ru source. According to
the attenuation curve graded light filters with a pattern shown in Fig. 5.27 were produced for each
wavelength shifter bar.

The light response curve of one wavelength shifter bar after inserting the graded light filter has
been measured on one calorimeter module. Fig. 5.28 shows the obtained curve. The measurement

PM . :

e
- —— e
1} e bt
_U - __ ——
———— e —— e
— e e ——
e m——— - ———— —————
- s T ‘ . ——— e s

Figure 5.27: Pattern of a Graded Light Filter used to improve the Longitudinal Nonuniformity of the
Wavelength Shifter Bars in the T60B2 Calorimeter (PM: Photomultiplier Side)

was done with a %°Co source that was moved along the top of the T60 module leaving the module
unchanged. The light response curve of the wavelength shifter bar without the filter is also given
in Fig. 5.28. It was obtained in the same way as with the light filter. This curve was used for the
offline correction after it has been corrected for the decrease in the first and last layers (see Fig. 5.28)
using informations from the ' Ru-source measurement mentioned above. In both cases the signal-to-
uranium noise ratio was low thus making the measurement less precise which leads to some uncertainty
in the offline correction method of the longitudinal nonuniformity.
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PrXid
5.4.2 Energy Resolution of the T60B2 Uranium-Scintillator Calorimeter

L (RS T
The calibration a.nd p&rtl(de 1‘nelct:lon for this measurement was done in a similar way as for the

measurement with the T60UA/T60UB1 calorimeter. Due to the insertion of the graded light filter
the mean value of the uranium noise distribution decreases to ~ 205 ADC CH. with a rms of ~
18 ADC CH.. The electron-hadron separation could not be done with the threshold Cherenkov counter
because of deffiencies of the counter. The information from the calorimeter was used to separate muons,
electrons and hadrons according the method described in sec. 4.2.

The applied leakage corrections are identical to that of the T60UB1 measurernent:

— transverse leakage correction for the top and bottom sides of the calorimeter on an event-
by-event basis

— calibration of module 5 with muons and hadrons (see sec. 5.3.2)
— cut of PH(h)a=s < 0.02- < PH(h)p=1-4 > in module 5 against longitudinal leakage.
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Table 5.29: Transverse Leakage in [%] of the T60UB2 Calorimeter, determined for the Top and Bottom

Side of the Calorimeter
E top bottom | top + bottom total

(GeV] | (%] (%] (%] (%]
10 [08+04]07+£03] 15+05 [3.0+1.0
20 |09+03|07+02| 16+04 [3.2+08
30 |08+0.207+02| 15+03 |3.0£0.6
50 [0.7+0.206+0.1| 13+02 |26+04
75 |0.7+0.1]06+0.1| 13+02 |2.6+04
100 [08+0.1]06+0.1| 14+02 |28+04
v G

The amount of transverse energy in [%] leaking out of the top and bottom side of the calorimeter is
quoted in Tab, 5.29. The total transverse leakage has been obtained by doubling the top and bottom
leakage (sec. 4.3.1).

The entire signal for hadrons is obtained by summing all 5 modules after the corrections have been
applied, The distributions are shown in Fig. 5.29 for energies from 10 to 100 GeV. The curves drawn
in this figure are fitted Gauss functions with a cut of +30. For electrons the signal from module 1
was taken only in order'to suppress the uranium noise contribution from module 2-5. Gauss functions
with a +30 cut have been fitted to the distribution (Fig. 5.29). The muon distribution for 10 GeV'
also shown in this figure is the response of the entire calorimeter (module 1-5); the fitted curve is a
convolution of a Gauss with a Moyal function.

The values of the energy resolution for electrons and hadrons obtained from the fits are listed in
Tab. 5.30. The values of .she energy resolutions are plotted in Fig. 5.30 for electrons and hadrons.

Table 5.30: Mean Response and Energy Resolutions of Electrons and Hadrons at 10, 20, 30, 50, 75 and
100 GeV for the T60UB2 Calorimeter

ELECTRONS HADRONS
E |<PH(e) > _9oE(e) < PH(h)y_s > og(hh-s
\/ElG Fl VE[G Vl
(GeV)'| [ADC CH.] %) [ADC CH.] il

10 1335.5 + 2.0 | 18.1 £ 0.3 1239.4 + 2.0 36.9+ 0.4
20 2717.4 £ 2.7 | 17.6 £ 0.3 2542.1 £ 2.3 34.5+ 0.3
30 4056.6 + 3.1 | 18.0 + 0.3 3782.5 + 2.6 34.8+ 0.3
50 6780.6 + 4.2 | 18.9+ 0.3 6288.9 + 4.1 36.5 + 0.3
75 9566.0 + 5.3 3781+ 0.4
100 12707.9+ 4.9 | 38.6 £ 0.3

RTRL
They were parametrized according to eq. 4.4 (electrons) and eq. 4.6 (hadrons) and the following values
have been achieved: 2 R

for electrons

u _.“ a = 17.4%i0.5%
b = 1.0%+0.2% (5.19)

and for hadrons

= 32.9%+1.0%
b = 0.5%+0.1%. (5.20)
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Figure 5.29: Electron-, Hadron- and Muon-Response of the T60UB2 Calorimeter at Different Energies
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The estimated errors are found to be of the same order as for the T60B1 calorimeter (sec. 5.3.4).
The contribution from photostatistics is also plotted in Fig.5.30. It was taken from the difference
1O
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Figure 5.30: Energy Resolution of the T60UB2 Calorimeter for Electrons and Hadrons as a Function of
Energy \

signal of electrons eq. 4.11 and the parametrization yields:

oL-r .\ _ (5:94%0.09)%

= @ (0.52+ 0.04)%. (5.21)
<PHLn> 0T Jpe %

The total energy resolution for electrons obtained from the quadratic sum of the sampling fluctuations
and the contributions from photostatistics is:

oue) _ (17.98+ 0.09)%
£ VE[GeV]

@ (0.52+ 0.04)%. (5.22)

The sampling fluctuations are identical to the value calculated for the T60UB1 calorimeter (eq. 5.17).

The number of photoelectrons per GeV of incident energy has been determined according to
€q. 4.11, yielding < N, > = 281 = 8, corresponding to 6 photoelectrons per MeV of visible electro-
magnetic shower energy. The determined number of photoelectrons for the T60UB2 calorimeter is
higher than that of the T60UB1 calorimeter although a light filter was inserted in the T60UB2 calori-
meter. This can be explained by the width of the difference distribution measured with the T60UB1
calorimeter to be to large caused by the beam that was directed between two scintillator strips (see
sec. 5.3.4). 2

The response of the calorimeter is linear within + 2% for hadrons and + 1% for electrons. Fig. 5.31
shows the deviation from tll'te mean linearity.
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Figure 5.31: Devigtion from Linearity in [%] for Electrons and Hadrons in the T60UB2 Calorimeter
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5.4.3 Influence of Transverse and Longitudinal Leakage on the Energy Resolu-
tion

R

The energy resolution of hadrons obtained from the previously described measurements with the T60
calorimeter were influenced by longitudinal and transverse leakage. The longitudinal segmentation of
the T60B calorimeter into 5 modules as well as the transverse segmentation into 12 strips allowed a
systematic study of the influence of leakage on the energy resolution.
The investigation of Ehis influence has been performed in the following way:
VLR
- the transverse leakage of hadronic energy has been increased stepwise by reducing the
number of strips that contribute to the total pulse height of the calorimeter;

— to increase the longitudinal leakage the number of modules that contribute to the total
pulse height of the calorimeter has been reduced stepwise.

Table 5.31: Influence of the Transverse Leakage on the Mean Pulse Height and on the rms of the Pulse
Height Distribution for Hadrons at 20 GeV

Lateral

Size | < PH(hh-s > rms
Ao [ADC CH.] [ADC CH.]
ol 3.24 2492.3 + 2.5 233.9 + 28.7
. 2.70 2458.5 £+ 2.5 235.4 + 28.9
2.16 2391.9+ 2.5 238.6 £ 29.3
i A i 1.62 2270.5 + 2.8 251.1 + 30.8
o 1.08 2062.9 + 3.0 | 280.7+ 34.4
s 0.54 1620.1 + 3.7 341.2 &+ 41.9

shsiny.
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The mean pulse heiFhQ and the rms of the pulse height distribution obtained for hadrons at 20 GeV
are given in Tab. 5.31 and Tab. 5.32. Fig. 5.32 shows the relative width rms/ < PH(h)ror > of the
total pulse height distribution in %) (left scale) as a function of the lateral size of the calorimeter,
given in units of Ag. “'As the lateral size of the entire calorimeter (3.2 Ao effective) shrinks, the
resolution deteriora.te;l while the mean pulse height decreases (right scale; values are normalized to
the mean pulse height obtained from the entire calorimeter). The same behaviour is observed if the
longitudinal size of the calorimeter (7.2 Ao) shrinks (Fig. 5.33), but with a much stronger variation of
the resolution and the mean pulse height. Fig. 5.34 shows the deterioration of the energy resolution for

Table 5.32: Influence of the Longitudinal Leakage on the Mean Pulse Height and on the rms of the Pulse
Height Distribution for Hadrons at 20 GeV

Longitudinal
Size < PH(h)1_5 > rms
Ao [ADC CH.] [ADC CH.]

7.22 2492.3+ 2.5 233.9 + 28.7
6.11 2453.3 1+ 3.2 299.4 + 36.7
4.65 2330.7 + 4.9 458.0 1+ 56.2
3.10 2004.4 £ 7.5 703.8 + 86.4
1.55 1230.2 + 9.2 867.6 + 106.4

an increasing fraction of leakage and the values are given in Tab. 5.33. The hadronjc energy resolution
at 0 is the energy resolution obtained with a longitudinal leakage cut in module 5 of 2% of the total
energy and with a correction for transverse leakage from the top and bottom side of the calorimeter
(sec.5.3.3). Obviously, the longitudinal leakage deteriorates the energy resolution much stronger than
transverse leakage of the, same amount.

3

Table 5.33: Influence of the Transverse and Longitudinal Leakage on the relative rms of the Pulse Height
Distribution for Hadrons at 20 GeV

LATERAL LONGITUDINAL
Fraction ma Fraction ms
no r T
of Leakage TPEM S PH(A)s > of Leakage PR % PA() s >
%) (%] (%) (%]
0.0 8.44 + 1.07 0.0 8.44 + 1.07
0.34 9.39 +1.15 0.34 9.39+ 1.15
1.69 9.58 + 1.17 1.90 12.20 + 1.50
4.35 9.98 + 1.22 6.80 19.65 &+ 2.41
9.21 11.06 + 1.36
17.51 13.61 + 1.67 19.85 35.11 £ 4.31
35.22 21.06 + 2.59 50.81 70.52 + 8.67

This behaviour has also been observed with the CHARM calorimeter [CHA80). It is explained by
the fluctuations about the average longitudinal energy loss that are much larger than the ones for the
transverse energy loss [FABS5).

5.4.4 The e/k- and é/mip-Ratio of the T60B2 Uranium-Scintillator Calorimeter

After the improvement of the longitudinal uniformity of the T60UB1 calorimeter by inserting graded
light filters between the scintillator plates and the wavelength shifter bars a nonuniformity of +£5%
could still be observed (see Fig. 5.28). In addition, the light response very near the photomultiplier
side drops down rapidly which is assumed to be due to the bent light guide.

To investigate the influence on the average electron response the first module was turned by 180°
so that the response of the electromagnetic shower at the far end of the photomultiplier could be

S
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Figure 5.34: Deterioration of the Hadronic Energy Resolution as a Function of the Fraction of the Total
Energy Leaking into Longitudinal or Transverse Direction; the Hadronic Energy Resolution at 0 is the
Energy Resolution obtained with a Longitudinal Leakage Cut in Module 5 of 2% of the Total Energy and
with a Correction for Transverse Leakage from the Top and Bottom Side of the Calorimeter

compared with that of the near end. The obtained values deviated by about 10%. Assuming that the
nonuniformity curve decreases almost linear by this amount one can take the average of both mean
pulse heights to get the nearly actual electron response.

The mean pulse height for hadrons has been corrected for the transverse lea.kage from the left and
right side of the calorimeter (the top and bottom correction was done event-by-event), as in the case
of all other T60 measurements (sec. 4.6, 5.1.5, 5.3.5). The resulted values of the mean pulse heights
for electrons, hadrons and also for muons, for which no correction is needed, are listed in Tab. 5.34.
Also given in Tab. 5.34 is the e/A- and the é/ r;fpratio with quoted statistical errors; the total error
is 3%. The e/h- and the &/mipratio as a function of energy are plotted in Fig. 5.35.
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Table 5.34: Electron-, Muga+and Hadron-Response of the T60UB2 Calorimeter, corrected for Longitudinal

Nonuniformity (e, h) and for.Leakage (h), and the resulting e/h-
and 100 GeV; Statistical Esvors are q

and é/mip-ratio at 10, 20, 30, 50, 75

uoted, the Total Error is 3%

E :d:sira h L % é
. mip
GeV] | [ADC'CH: ADC CH.] | [ADC CH.
10 1273.0 . 1257.7 + 6.0 65.2+ 2.0 | 1.012+ 0.005 | 0.774 % 0.031
20 | 2575.24,1.9 ] 2583.519.6 | 71.8% 3.4 | 0.997 £ 0.004 | 0.742 £ 0.039
30 ) 3805.9%2.2 ] 3839.6%10.7 | 69.3%3.3 | 0.991 £ 0.003 | 0.777 = 0.042
50 |6452.4%2.5 ] 6371.6+12.2 | 71.81 6.6 | 1.013 £ 0.002 | 0.799 £ 0.077
75 9693.2+ 16.4
100 .o;. | 12888.5 £ 20.0

oo
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Chapter 6

Compensation with a Lead-Scintillator
Calorimeter

6.1 The Proposed Calorimeter Configuration

The measurement of the induced radioactivity in different calorimeter blocks by C. Leroy and coworkers
[LERSS] has been briefly discussed in sec. 3.4. In addition to a massive block of depleted uranium they
also exposed a massive lead block interleaved with a few thin uranium plates to the beam. In this way
the neutron yield of lead was measured and informations on the neutron spectrum had been derived.
Compared to the massive 3387 block the measured neutron yield is smaller in Pb and the total neutron
spectrum is harder (Tab. 3,7). The neutron yield of lead is sufficiently high so that it should also be
possible to achieve compensation with a hadron calorimeter built of lead plates as passive absorbers
and an active absorber that is able to generate a signal via np-collisions. This has been proposed by
R. Wigmans (WI1G87] and H. Briickmann [AND87a]. For a compensating lead-scintillator calorimeter
the ratio of lead to scintillator thickness is unusual high, namely 3 to 5, as predicted by R. Wigmans
and H. Briickmann. ~ nud o

A calorimeter with 10mm Pb and 2.5mm scintillator (TPb) has been built and exposed to a
hadron beam by U. Kotz and coworkers [BER87] in order to find out if compensation can also be
achieved with a lead-scintillator calorimeter. :

6.2 Description of the Lead-Scintillator Calorimeter

The entire calorimeter consisted of 9 towers arranged in a 3 x 3 matrix, with 3 towers combined to 1
module (see Fig. 6.1). One tower was subdivided into a 1 Ao (29 Xo) deep electromagnetic and a 4 Ao
deep hadronic section. The electromagnetic section consists of 16 layers and the hadronic section of
65 layers. One layer is made of a 10 mm thick lead plate and a 2.5 mm thick scintillator plate.’

The lead plates contained 4% antimony for mechanical stability. They were kept parallel at a
distance of 3.5 mm by 2 spacers at the top and bottom of each plate. The whole stack in one module
was held together by steel rods fed through the spacers and the lead plates.

The scintillator plates have been polished at all edges and wrapped into white paper leaving the
l('eado;:xt edge)open. The tm?cintmator plates in one module are separated by 2mm thick PVC rods

see Fig. 6.1). . :

The lead and scintiﬂa&%‘i' ylates in the hadronic section are smaller in lateral direction by 7Tmm
than in the electromagnegﬁ.;sfction because each section is read out separately on each side by two
wavelength shifter bars of 2mm thickness; therefore space has to be granted for the wavelength shifter
bars of the hadronic part (see Fig. 6.1).

The collected light in the wavelength shifter bars was transmitted via plexiglass light guides to the

photomultipliers (XP 2011). In Tab. 6.1 the dimensions and specifications of the TPb calorimeter are
compiled.

\
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Figure 6.1: Schematic View of the TPb Calorimeter
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Table 6.1: Dimensions and Specifications of the TPb Calorimeter inserted with 10mm thick Lead and
2.5mm thick Scintillator Plates

( Calorimeter 1
Lateral Dimensions . 660 x 684 mm?
of Calorimeter |
Lateral Dimensions ! 660 x 228 mm?
of Module !
Lateral Dimensions | | 220 x 218 mm? EM Section | 88.47X, 3.14)
of Tower (Al Front Plate
Included)
e 220 x 211 mm? HAD Section | 90.54X, 3.13)0
[ Total Depth of 1 Layer 13.5mm 1.79X, 0.062X,
Total Depth of 1 Tower EM Section 28.8X, 1.04),
(Al Front Plate
Included)
HAD Section 116.2X, 4.01)p
1093.5 mm EM + HAD 145.0X, 5.05A¢
. Passive Layer |
Lateral Dimensions 660 x 218 mm? EM Section
(Effective)
Lateral Dimensions 660 x 211 mm? HAD Section
(Effective)
Number of Layers | 16 EM Section
L | 65 HAD Section
Thickness of Plates | |- 10 mm
Material 96 % Pb, 4% Sb .
[i== Active Layer ]
Lateral Dimensions = | ' 218 x 218 mm? EM Section
Lateral Dimensions |~ 218 x 211 mm? HAD Section
Number of Layers ,.,,1 o 16 EM Section
65 HAD Section
Thickness of Plates 2.5mm
Material ~|"'SCSN-38 (Polystyrene Base)
Airgap te. 1.0mm
[ e Readout |
Wavelength Shifter <[~ 310 x 220 mm? EM Section
! 918 x 220 mm? HAD Section
Thickness of WLS |- 2mm
Material PMMA Base, UV absorbant
K27 (125 mg/1)
Lightguide Plexiglass
Photomultiplier - - XP 2011
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To measure in the low energy range from 3 to 10 GeV the calorimeter was exposed to the T7-
beam at the CERN P$! ﬂ;be same set-up was used as for the measurements with the T60Pb and
T60UA calorimeter (sgc, 4.1) except for the data aquisition system which was a computer based on
the Motorola 68020 CP ”ead of the PDP 11. In addition, two Cherenkov counters filled with CO,
gas have been used for electron identification. The set-up is sketched in Fig. 4.3 where instead of the
T60 calorimeter the TPb calorimeter has been installed. The TPb calorimeter was put on a moveable
support. This allowed a horizontal scan of the central towers of the calorimeter.

For the high-energy range of 10 to 100 GeV the calorimeter was moved to the X5-beam at the
SPS at CERN. In this environment the measurments with the T60UB1/2 calorimeter were performed.
The same set-up was ugefl (see Fig. 5.16) with the TPb calorimeter replacing the T60 calorimeter.
One module of the T60UB2 calorimeter (1.5 A in depth) was placed about 80 cm behind the lead
calorimeter in order to gain information on the longitudinal leakage. The TPb calorimeter was installed
on a moveable stage for a horizontal and vertical scan of all towers.

In order to avoid a saturation of the ADC at the highest energies and to measure the muon
signal well separated from the pedestals the analog signals of the photomultipliers have been splitted
passively into a 3/4 and a 1/4 fraction.

6.3 Calibration and Particle Selection

6.3.1 Calibration
The TPb calorimeter has been calibrated with three different methods:

¢ a%Co source of 3mCi (111 M Bg), inserted into a hole in the middle of the lead plate separating
the electromagnetic from the hadronic part, was used for online calibration and to monitor the
gain stability. Thesignal of each tower due to this source was integrated over 10 us and the high
voltage was adjustédd according to the mean pulse height;

e the electromagnetic sections of each tower were calibrated by equalizing the mean pulse heights
of electrons at 10 GeV. Similarly, the hadronic sections were calibrated by equalizing the mean
pulse heights of hadrons at 10 GeV; :

o the intercalibration between the electromagnetic and hadronic sections was done by varying
a multiplication factor a for all hadronic sections, demanding that the energy resolution for
hadrons will becomeminimal. This calibration has been compared with the muon response at
50 GeV in both sections. The ratio of the muon response of both sections should almost be
equal to the ratio ofithe number of scintillator plates, namely 65/16 = 4.06 if ionization loss is
the only process of energy deposition of the muons. At 50 GeV, however, one has to correct the

. energy loss of muons for; bremsstrahlung and pair production which has been estimated to be
about 5% {BERB?]«' JHAE

At the T7-beam the 3 W&l towers of the TPb calorimeter could be calibrated only with beam
particles because the en qulonmeter was only moveable in horizontal direction. The outer towers
have been calibrated witl, 89Co source. The calibration of the central towers with the % Co source
has been compared with the ‘electron, hadron and muon response, showing differences of 5%. These
differences are attnbutﬂ m:%e fact that the ® Co source irradiated only the closest scintillator plates
while the beam particles’ ed almost all plates.

At the X5-beam all 9 towers were calibrated with beam particles. A first online calibration by
adjusting the high voltages was done with the signal from the Co source. The difference between the
electron and hadron calibntxon of the electromagnetic section was +1%, the difference between the
muon and electron calibration was £5%. The hadron and muon calibration in the hadronic section
differed by £2%. C

s
N v Al
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6.3.2 Particle Selection

In addition to the online"]':'a;rticle separation according to the trigger conditions given in sec. 4.2
and sec, 5,1.2 a particle selection by means of the Cherenkov counter and the calorimeter itself has
been performed in the offline’ analysis. Two quantities were mainly used for the selection, namely

T T T T T T T T T T T T T T
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600.0 |

400.0}
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CHERENKOV COUNTER PULSE HEIGHT [ADC CHANNELS]

Figure 6.2: Spectrum of both Cherenkov Counters at 10'GeV used for Electron Separation from Hadrons
and Muons

Cy2 = C; + Ci, which is the sum spectrum of both Cherenkov counters (Fig. 6.2), and Eoyr =
Sour PH(e, u, h)our (Fig. 6.3), where the sum of the pulse height for electrons, muons and hadrons
is performed over all outer towers (OUT), i.e. except the central one. In Fig. 6.2 one observes well
separated electrons from hadrons and muons while in Fig. 6.3 muons are well separated from hadrons.

For muons it was required that the deposited energy in the outer towers was smaller than ~ 100 MeV.
An equal response in the left and right photomultiplier of the central tower was also demanded from
a muon event, ‘

Electrons were separat&l from hadrons by a cut in C;;. Electron events had to fulfill the ad-
ditional condition that the total energy deposited outside the electromagnetic section in which the
electromagnetic shower was contained should be less than ~ 500 MeV. The contamination of the
electron sample with hadrons was estimated to be about 0.1 %.

For the selection of hadrons the muons have to be separated by a cut in Fig. 6.3. Electrons have
already been separated with Cy;.

6.4 Uniformity and Light Yield of the Readout System

6.4.1 Transverse Uniformity in the Scintillator

The transverse uniformity of light collection in the scintillator plates has been determined by horizontal
and vertical scans of the central tower with the beam.
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The horizontal scan was performed with 5GeV electrons at the T7-beam in steps of 2cm, the
vertical scan with 10 GeV electrons in steps of 1 cm at the X5-beam. The response was found to be
uniform within 1% ig a-region of +6 cm around the centre of the scintillator Plate (Fig. 6.4). At the
edges of the plates in vertical direction the light yield increased by about ~ 20% which is attributed
to nonexponential effects in addition to the attenuation in the scintillator plates. These effects have
also been observed with the T60 modules and explanations are given there (sec. 4.5.3).

At the edges of the scintillator plates in vertical direction the light yield decreased by 8% (Fig. 6.5)
due to the dead area introduced by the PVC rods and the influence of the close reflecting edge.

6.4.2 Longitudil‘:;lmﬁniformity of the Wavelength Shifter

The longitudinal uniformity of the wavelength shifter has been optimized in a similar way as for the
T60UB2 calorimeter (sec. 5.4.1). The attenuation curve of the wavelength shifter has been measured
on a dismanteled wavelength shifter bar and according to this curve a graded light filter has been
produced. e
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Figure 6.6: Longitydinal Light Response of the Wavelength Shifter without any Correction

The separate readout of the electromagnetic and hadronic section introduced a sharp decrease
of the light yield in the direction of the penetrating particle (Fig. 6.6). To reduce this effect the
wavelength shifter bar of the hadronic section overlapped that of the electromagnetic section by 10 cm
(see Fig. 6.1). However, this correction was insufficient, but with the light filter inserted between the
readout edges of the scintillator plates and the wavelength shifter bars an overall uniformity of +5%
has been achieved (Fig.8.7). ;

i 9ilt i
6.4.3 Light Yield of-one Tower of the Lead-Scintillator Calorimeter

The amount of light that'is collected from the left and right side of one tower of the TPb calori-
meter is given by the average number of photoelectrons converted by the photomultipliers per in-
cident energy. The average number of photoelectrons has been determined from the relative width
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Figure 6.7: Longitudinal Light Response of the Wavelength Shifter after a Correction with a Graded Light
Filter

or-R(e)/ < PHLiR >(e) of the difference distribution of electrons in the electromagnetic section us-
ing eq. 4,11. The measurements done at the SPS have not been included for the determination since
or-r(e)/ < PHy4p >(e) is sensitive to the beam spot size and no finger counter has been used for

the SPS measurements. The ohtained relative width of the difference distribution is:
T | v
e OL-R ) = (6.6 £0.1)%

<PHur>"""  [g[Gev]

(6.1)

From this the number of photoelectrons per GeV of incident energy has been determined to < N, >
= 230+ 7. This corresponds to 10 photoelectrons per MeV of visible electromagnetic shower energy
at an electromagnetic sampling fraction of é = 2.4% calculated with EGS4.

6.5 Transverse and Longitudinal Leakage of Hadronic Energy in
the Lead-Scintillator Calorimeter

6.5.1 ‘Transverse Legk"_.ﬁg'e

The amount of hadronic energy leaking into the tranverse direction has been measured by shooting
into the central tower of each module and determine the energy in the outer towers. A fraction of
~ 80% of the total signal is contained in the central tower within the energy range of 3 to 75 GeV. The
average transverse leakage was determined from the energy deposition in the individual towers when
the beam was directed to the center of the outer towers. An average transverse leakage of 4-5% has
been observed which is independent of the incident energy. The obtained values for different energies
are given in Tab. 6.2. .
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Tabl‘eoéa Transverse Léakage measured with the TPb Ca!t;rimeter

zsnin | E | fhansv.erse Leakage in
Adivia.r. LIGeV] | Fraction of Total Energy [%)
B TR . 5 ’ 4.8

i 10 4.4
ik 20 : 4.7

ST 30 4.2

T 50 4.6

eyt 75 . 4.5

* . Taplren!
6.5.2 Longltudma%#ﬁ%k?ge

The longitudinal leakage of hadronic energy out of the TPb calorimeter has been measured with the
T60UB2 calorimeter moq_n.}cg placed behind. The determined fraction of total energy leaking into the
longitudinal direction isf{hﬁ in Tab. 6.3,

Table 6.3: Longitudinal Leakage out of the TPb Calorimeter measured with the T60UB2 Calorimeter
Module placed behind -~

" [TE Longitudinal Leakage in
'::'I'\'l\/ '[GeV] | Fraction of Total Energy [%]
T 10 0.8

rer |20 3.2
g 30 4.7
3.0 [ 50 65
Ay 18 1.7

. 0.2h

Because of the signifi influence of the longitudinal leakage on the hadronic energy resolution
one tries to select only thase hadronic events which are almost fully contained in the TPb calorimeter.
Two different methods hgvhbeen applied as in the case of the T60Pb and the T60UA calorimeter
(sec. 4.3.2, 5.1.3): ey ‘ E

1. All events that deposit less than 1.5 GeV in the T60UB2 calorimeter module have been included
in the hadronic event:sample. The fraction of hadronic events decreases due to this cut from 4%
at 10 GeV to 50% at T8 GeV, as can be seen from Tab. 6.4. The rejected events are mainly those

aY by

Table 6.4: Event Reduction due to Longitudinal Leakage Cut according to Method 1 (see text)

E Fraction of Hadronic
[GeV] | Event Reduction [%)

10 3.5

20 12.7

30 21.1

50 36.6

75 49.3

with a large shower length or those which start to shower only very deep in the calorimeter.

2. All events that deposit less than 1.5 GeV in the electromagnetic section of the calorimeter have
been rejected from the hadronic event sample. The rejected events are those hadrons which
cross the scintillator plates of the electromagnetic section under minimum ionization loss before
their nuclear interactions generate a shower. In this way the hadron sample consists of showers
with their start vertex placed within the first nuclear interaction length of the entire calorimeter.
About 55% of the total hadron sample passed this cut, rather independent of the beam energy.
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6.6 Energy Resolution of the Lead-Scintillator Calorimeter

The pulse height distribution for electrons and hadrons obtained from the measurements at the PS for
3 to 10 GeV are plotted in Fig. 6.8 together with the muon pulse height distribution at 5 GeV. The
same distributions obtained from the measurements at the SPS are shown in Fig. 6.9 in the energy
range 10 to 75 GeV (electrons and hadrons) and at 10 GeV for muons. The pulse height distribution
of hadrons are obtained from the event sample left over after the longitudinal leakage cut according
to method 1. The curves fitted to the electron and hadron distributions are Gauss functions, where
for hadrons a +2¢ cut around the mean value has been applied to suppress the small tails mostly due
to leakage. The muon distribution in the same figure is the response of the electromagnetic section
only. A convoluted Moyal-Gauss function has been fitted to the data.

The mean values and the widths of the pulse height distributions to calculate the energy resolution
of the calorimeter have been obtained from the fits. They are quoted in Tab. 6.5.

Lot

Table 6.5: Mean Values and'éhetgy Resolutions of Electrons and Hadrons at 3, 5, 7 and 10 GeV (PS
measurements) and 10, 20, 30, 50 and 75 GeV (SPS measurements); (< PH(e, h)r > denotes the total
pulse height in the calorimeter, i.e. in the EM plus the HAD section)

T ELECTRONS ~ HADRONS
E | < PH(e)r > —‘3—’-’% < PH(R)r > %
(GeV] | [ADC CH,] (%) (ADC CH.] (%)

3 7504+ 1.4 | 23.9+03 | 6308+1.8 | 43.11+0.5

5 1259.8+ 1.9 | 23.7+£0.3 | 1084.6+2.1 | 45.0+ 0.5

7 17426 + 2.1 | 23.1+0.3 [ 1506.2+1.3 | 46.0£ 0.5
10 25080+ 2.9 | 23.8+0.3 | 2213.3+29 | 45.810.5
10 1924.0+ 3.4 | 242404 [ 1726.0+3.0 | 45.6£0.7
20 | 3933.0%+5.1 | 23.9+0.5 | 35350+6.0 | 42.010.7
30 | 5877.0+£6.0 | 24.3+05 | 53860+ 7.0 | 43.710.7
50 9691.0+ 16.0 | 25.1 + 0.6 | 8839.0+10.0 | 42.51 0.7
75 | 14537.0+31.0 [ 25.9+ 1.3 [ 13371.0+13.0 | 44.2 £ 0.8

B¢ I

The values for the energy resolution are plotted in Fig. 6.10 as a function of energy. The con-
tribution to the energy resolution from the photoelectron statistic (eq. 6.1) is also plotted. The
parametrizations eq. 4.4 (electrons) and eq. 4.6 (hadrons) have been fitted to the data. The achieved
parameters a and b for electrons are

= 23.5%+0.7%
b = 1.2%+0.2% (6.2)

and for hadrons

a = 44.2%+1.3%
b = 0.0% < 0.0%. (6.3)
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Figure 6.8: Pulse Height Disirfliuﬁiom for Electrons and Hadrons at 3 to 10 GeV and for Muons at §
GeV obtained from the Measureiments at the PS. The Curves are Fits of Gauss Functions (Electrons and
Hadrons) and of a Convoluted Moyal-Gauss Function (Muons)
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Hadrons) and of a Convoluted Moyal-Gauss Function (Muons)
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According to EGS4 calculations the Qanipling fluctuations are:
a,(e) _ (22.010.5)%

E  /[EGev) ©4)
Summing eq. 6.1 and eq. 6.4 quadratically yields: ’
e (65
 mgitas. . €

in good agreement with the Wuied energy resolution for electrons.
The response of the calorimeter is linear within + 1% for electrons and + 2.5% for hadrons.
Fig. 6.11 shows the deviation Jﬁ:om the mean linearity. .

6.7 The e/h- and iéw'1"’;?;,-{;')'-R.atio of the Lead-Scintillator Calorimeter
nleuwd

From the measured mean —Lfﬁﬂthe electron and hadron pulse height distributions the e /h-ratio has

range from 3 to 75 GeV. The major influence on this ratio, the longitudi-

longitpginal leakage, have both already been corrected: the nonuniformity

has been improved by a gr dight filter with a remaining nonuniformity of +5% while for the lon-

gitudinal leakage a cut (meth%ga_pn the hadrons sample has been applied. The transverse leakage

that was found to be of the qrrig;p{S% independent of the incident energy has still to be taken into

account for the mean hadroq'mgnse quoted in Tab. 6.5. The mean values of the hadron response

corrected for the transverse leakage are listed in Tab. 6.6, Also listed are the mean values of the muon

response and the calculated e/h- and é/mip- ratio. The total error on the e/h-ratio was estimated to
be about 4%. The e/h- and &/ r—;fp-ratio are plotted in Fig. 6.12 as a function of the energy.
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Table 6.6: Mean Response of Muons and Hadrons (corrected for Transverse Leakage), e/h- and é/mip-ratio
for 3, 5, 7 and 10 GeV (PS measurements) and for 10, 20, 30, 50 and 75 GeV (SPS measurements);
(< PH(u)gm > denotes the Mean Pulse Height of Muons in the EM Section while < PH(h)r > denotes
the Mean Pulse Height of Hadrons in the Total Calorimeter; Statistical Errors are quoted)

E | < PH(uem > | < PH(h)r > : —

h mip

[GeV] [ADC ch.] [ADC ch.]

3 84,2+ 1.0 659.2 +£ 1.9 1.138 +£ 0.004 | 0.717 £+ 0.020
5 84.6 1.0 1133.5 + 2.2 1.111 £+ 0.003 | 0.749 + 0.020
7 . 86.1% 1.0 1574.1+ 1.4 1.107 + 0.002 | 0.745 + 0.020
10 87.9+ 1.0 2313.0+ 3.0 1.084 + 0.002 | 0.753 £ 0.020
10 68.6 + 1.2 1803.8 + 3.1 1.067 + 0.003 | 0.740 £ 0.022
20 TIT+1.2 3694.3 + 6.3 1.065 + 0.002 | 0.755 + 0.022
30 715+ 1.2 5628.6 + 7.3 1.044 + 0.002 | 0.774 £ 0.023
50 74.0 £ 1.2 9237.2 + 10.5 | 1.049 + 0.002 | 0.768 £ 0.023
75 75.6 £ 1.2 13973.4 + 13.6 | 1.040 + 0.002 | 0.779 + 0.023
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Chapter 7

Comparison of the Results

(£ |

In this chapter the presented results of the described measurements will be discussed and compared
with results from other measurements and predictions from Monte Carlo calculations. The values
obtained from the previously described measurements for the energy resolution, the e/h- and the

Compilation of the Results

é/mip-ratio averaged over all energies are compiled in Tab. 7.1.

Table 7,1: Compilation of the Results obtained from the presented Measurements

og(e)

ag(h)

€
<+ >

é

= gt "y SN e
CALORIMETER * Ry 7 | TEGe] 7 < = >
CONFIGURATION (%) (%)
L3
4.75mm Pb 11.7+ 0.8 | 41.0 + 4.8
T60Pb 0.5mm Al 0.95 ® + 1.34 + 0.05 | 0.65 + 0.10
5.0 mm SCSN-38 25+04 | 6.1+2.1
10.0 mm Pb 235+ 0.7
TPb | 2.5mm SCSN-38 | 4.00 ® 44.2+ 1.3 | 1.05+ 0.04 | 0.75 + 0.03
1.2+ 0.2
3.2mm DU 142406 | 29.6 + 1.2
T60UA | 5.0 mm SCSN-38 | 0.64 ® + 1.10 4+ 0.04 | 0.68 + 0.04
1.6+04 | 3.2+05
3.2mm DU 16.7+0.5 | 355+ 1.1
T60UB1 | 3.0 mmSCSN-38 | 1.07 ® + 1.02 + 0.03 | 0.74 £ 0.03
without 1.5+0.1 | 0.7+0.2
lightfilter
3.2mm DU 174+ 0.5 | 329+ 1.0
T60UB2 | 3.0 mm SCSN-38 | 1.07 ® + 1.00 + 0.03 | 0.77 + 0.05
with 1.0+0.2 | 0.5+0.1
lightfilter
10.0 mm DU 38.6+1.9 | 43.1+% 5.6
2.0 mm Fe (&3] .
WA78 cladding 2.00 | 46+0.2 | 43+1.3 |0.76 + 0.05 | 0.63 + 0.06
5.0 mm NE110
28.7+1.9 | 37.7+ 4.8
1.9+1.2 | 3.4+41.1
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7.2 Discussion .oj_the Presented Results

A first comparison of ihéWnted data is done for the e/h-ratio as a function of the ratio of the
passive to active plate thitkness R; = d(passive) /d(active) (Fig. 7.1). The e/h-ratios of the two

1.50 e B L A e e e e e B S
[ ¥ T6OPb  $ TBOUA |
. ¥ TPb ¥ TSOUB1 -
1.25 L 3 T60UB2 ]
- I WAT8

0.75

0‘50-....-1....]....I..,.I...-
0.0 1.0 2.0 3.0 4.0 5.0

SIGE R 4= d (paSSive) / d (aCtive)
Figure 7.1: The mean ¢/ h-Ratic as a Function of Ry, the Thickness Ratio of the Passive to Active Absorber

Plate (Curves are only drawiif}i'g gide the Eye)
i P 1Y { FIE

calorimeters using lead as passive absorber are clearly distinguishable from the ones of the calorimeters
assembled with depleted uranium plates. Because the active absorber is the same in both cases, the
passive absorber material is one of the essential parameter that influences the e/h-ratio. For a given
absorber material the results’in:Fig. 7.1 show that the ratio Ry is the crucial parameter to tune the
e/h-ratio: increasing Ry of w!depleted uranium-scintillator calorimeter from 0.64 to 1.0 and 2.0 varjes
the e/h-ratio from 1.10 (no ‘compensation) to 1.00 (compensation) and 0.76 (overcompensation). The
same behaviour is observed for the lead-scintillator calorimeter, but with different values of Ry for
R4 =0.94,e/h =1.34 (no cqnpﬁpgation), where for Rq = 4.00 compensation has almost been achieved
(e/h = 1.05). o

Comparing the lead-scintilJator with the depleted uranium-scintillator calorimeter at almost equal
ratio of Ry (T60Pb: Ry = 0,95;, T60UBL: Ry = 1.07) one observes that the hadronic response has
been amplified by exchanging the lead with depleted uranium plates. A similar amplification of the
hadron response was obtainad, with a lead-scintillator calorimeter of Ry that is 4 to 5 times greater
than that of a uranium-scintjllgtor calorimeter. The variation of the e/A-ratio with the thickness ratio
Ry is stronger for the uraniunyscintillator calorimeter than for the lead-scintillator calorimeter.

The dependence of the hadrpnic energy resolution on e/A is plotted in Fig. 7.2. The values are
calculated for 10 GeV using the parametrization given in Tab. 7.1. For the WA78 measurement the
parametrization subtracted by the contribution from the beam momentum: spread has been taken.
The influence of the longitudinal nonuniformity of the T60UB1 calorimeter is clearly visible. The
correction for the nonuniformity in the T60UBI1 calorimeter could only be applied for the mean electron
and hadron response. The hadronic energy resolution is therefore still influenced by the nonuniform
readout. The measured e/h-ratio of both the T60UB1 calorimeter and the T60UB2 calorimeter are
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Figure 7.2: The Hadronic Energy Resolution at 10 GeV as a Function of the mean e/h-Ratio (Curves are
only drawn to guide the Eye)
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still slightly different, althoix'gh the intrinsic e/h-ratio should be the same. The difference reflects
the uncertainty in the different corrections for the longitudinal nonuniformity. The optimum in the
hadronic energy resolution of the uranium-scintillator calorimeters is achieved at an e/h-ratio of 1.
Although there are only two measurements with lead-scintillator calorimeters of different ratios Ry one
observes that the hadronic energy resolution of lead-scintillator calorimeters improves if one approaches
C/ h=1, 14 of 8¢ v

The measured energy resolution for electrons are plotted in Fig. 7.3 as a function of Ry. It
is mainly determined by the gontribution from the sampling fluctuations that is proportional to the
thickness of a sampling layer,,One observes that the energy resolution for electrons increases with
increasing thickness ratio R4, independent of the passive absorber material.

'
Wiw

7.3 Comparison of the Presented Results with Predictions

In chapter 3.5 the predictions‘of H. Briickmann and R. Wigmans for the e/h-ratio [BRU87, WIGS7,
ZEUST] and the hadronic energy resolution [WIG87) for different calorimeter configurations are given,
The presented measurements can now be compared to those numbers. The predicted values by
(WIGST7] are approximately only because they have been taken from the figures. The simulated T60Pb
configuration simulated by [BRU87) is different from the one used for the measurement, namely 6 mm
Pb and 5mm scintillator (SCSN-38). The Ry ratio is 1.2 for which the predicted e/h-ratio is 1.13
[AND87b, ZEU87). The quoted value in Tab. 7.2 is an extrapolation to Ry = 1. The quoted é/;;{'p
ratio is the one for Ry = 1.2.' '
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7.4 Comparison with other Measurements

7.4.1 Results obtained ‘with Lead-Scintillator Calorimeters

The results obtained with ﬂi‘e‘lead-scinti]]ator calorimeters can be compared with the result of a
measurement done by O. Botner and coworkers. A 3.1 A, deep lead-scintillator calorimeter module
surrounded by copper-scintillator calorimeter modules has been exposéd to a electron and hadron
beam of 5.6, 7.7 and 9.9 GeV [BOT81b]. Each of the calorimeter modules consisted of 100 layers with
5mm thick lead and 2.5 mni'thick scintillator plates (Rg = 2.0) per layer. The achieved hadromic
energy resolution was parametrized as:

Cirnap 0.522
= (B) = === + 0.004,/E[GeV
' M= JEgey * 000V ECeY]

The additive term is caused by'the non-containment of hadronic energy. The measured e/h-ratio is
1.37£0.03 at 5.6 GeV and 1.381 0.02 at 7.7 GeV where, according to [BOT81b)}, the hadron response
is slightly overestimated because of the surrounding copper modules.

7.4.2 Results obtained with Uranium-Scintillator Calorimeters

There are more data available from measurements with uranium-scintillator calorimeters. In the
following the calorimeter configurations are described briefly before the obtained results for the energy
resolution and the e/k-ratios will be compared with the presented measurements.

1. O. Botner et al. performed measurements with three different uranjum-scintillator calorimeter
configurations [BOTSI_P], namely:
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Table 7.2: Comparison of the e/h-Ratio, the é/mip-Ratio and the Energy Resolution for Hadrons of the

presented Measurements with Predictions
Prediction Measurement
% (b) ey -
x\/E[GeV] < % > < m_—i—ip > || x\/E|GeV] < % > < méip >
(%) (%)
(WIG87] | [BRU87| | [WIGS87] | [BRUS87|
[ZEU8T)

41.0 + 4.8

T60Pb ~ 48 ~ 1.21 ~ 1.17 ~ 0.60 + 1.34 +£ 0.05 | 0.65 + 0.10
6.1+ 2.1

TPb 40 - 41 1.13 ~ 0.95 0.62 44.2+1.3 | 1.05+0.04 | 0.75 £ 0.03
29.6 + 1.2

T60UA ~ 38 1.08 ~ 1.02 0.57 + 1.10 £+ 0.04 | 0.68 + 0.04
3.2+£0.5
. 35.5+ 1.1

T60UB1 ~ 34 1.03 ~ 0.96 0.59 + 1.02 £ 0.03 | 0.74 £+ 0.03
0.7+ 0.2
Vi 329+ 1.0

T60UB2 ~ 34 1.93 ~ 0.96 0.59 + 1.00 £ 0.03 | 0.77 £ 0.05
ik 0.5+ 0.1
37.7+ 4.8

WAT78 ~ 51 - 63 0.82 ~ 0.81 0.50 + 0.76 + 0.05 | 0.63 + 0.06
34+1.1

- Configuration I: 187 x (1.7mm U, 3mm PMMA) R4 = 0.57

- Configuration A: "'160 x (2.0 mm U, 2.5 mm PMMA) Ry =080 -
- Configuration B: 10 X (2. 0mm U, 2.5 mm PMMA)
125x(30mmU25mmPMMA) < Rg>=11T7.

2. The HELIOS collaboration used 3.0 mm uranium and 2.5 mm scintillator plates for their calori-
meter of ~ 9 A in depth; Rg = 1.2 [AKES87).

3. B. Anders et al, [AND86)] also performed measurements with a uranium-scintillator calorimeter
of 133 x (3.0mm U, 2.5 mm SCSN-38); Ry = 1.2.

4. The WAT8 group exposed two different calorimeter configurations to a hadron beam of 135 and
210GeV [DEV86): (.
- Us: 20 x (5mm U, 2mm Fe, 5mm NE110);
32 x (15mm U, 2mm Fe, 5mm NEI110);
48 x (25 mm Fe, 5mm NE110);
< Ry (uranium part)> = 2.23
(the steel cladding of 2 mm Fe has been neglected in Ry)
= Ul0: 20 x (10mm U, 2mm Fe, 5mm NE110);
32 x (15mm U, 2mm Fe, 5mm NE110);
48 x (25 mm Fe, 5mm NE110);
< Ry (uranium part)> = 2.62 .
(the steel cladding of 2 mm Fe has been neglected in Ry).
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5. A uranium-copper mixture was used in the calorimeter of the Axial Field Spectrometer (AFS)
[AKEB85) with the following characteristics:
10 x (2mm U, 2.5 mm PMMA);
76 x (3 mm U, 2.5 mm PMMA) and
38 x (5mm Cu, 2.5mm PMMA), alternatively stacked;
< Rqg > = 147, Coyeer

Energy Resolution and e¢/h-Ratio

The e/h-ratios of the measurements mentioned above are plotted in Fig. 7.4 as a function of en-
ergy (open symbols) together with the ones presented in this work (filled symbols). Part of them
((BOT81b, ANDS6]) are not corrected for longitudinal nonuniformity. Fig. 7.5 shows the e/h-ratios of
the presented measurements as a function of Ry in comparison with the measurement listed above, In
Fig. 7.6 the energy resolution for hadrons at 10 GeV is plotted versus the e/h-ratio as obtained from
the presented measurements in comparison with the results of the measurements mentioned above,
The agreement of the measurements presented in this work with the results from the measurements
listed above is quite good if one takes the uncertainties of longitudinal nonuniformity, different leakage
corrections ete, into account.
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Figure 7.6: The Hadronic Energy Resolution at 10 GeV as a Function of the mean e/h-Ratio, as obtained
from these Measurements, compared to the Values of other Measurements according to the given References
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Time Dependence of the e¢/k-Ratio

The variation of the e/h-ratio with the integration time has been measured with the WA78 and the
T60UB1 calorimeter. Fig.,7,7 shows the results in comparison to measurements by [AKE85] and
[AND86). Results from calculations done with the DYMO program [BRAB86| are also given in this
figure [AND87a] for the configuration mentioned in sec. 3.4, Fig. 3.10. The gate length of the T60UB1
measurement has been reduced by 30 ns for the reasons explained in sec. 5.3.6. For the same reasons,
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the gate lengths of the other me’surements (WAT78, [AKES85, ANDS86)) had to be reduced, but because
there is no informations on the effective gate time an estimated offset of 20 ns has been assumed and
is subtracted in Fig. 7.7.
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Chapter 8

Conclusion

wt

This work presents results of measurements on hadron sampling calorimeters. The calorimeters con-
sisted of Jead- or depleted uranium plates of different thicknesses, interleaved with scintillator plates
of different thicknesses. From these measurements the kind of absorber material and the optimum
thickness of hoth the active and passive absorber plates could be determined in order to optimize the
energy resolution of hadron sampling calorimeters.

The energy resolution of a hadron calorimeter is influenced by the strong fluctuations in the
fraction of nondetectable energy. The presented results clearly demonstrate that one can compensate
for this fluctuating energy fraction by making use of the spallation- and fission-neutrons released in the
hadronic shower. The neutrons generate a measurable signal by elastic np-collisions in the hydrogen
containing scintillator material.

Comparing the measurements of different calorimeter configurations one observes a relation be-
tween the hadronic energy resolution and the e/h-ratio. This is because of the fluctuating electro-
magnetic fraction in hadronic showers. A calorimeter with an e/h-ratio of 1, i.e. equal response to
electrons and hadrons, compensates for these fluctuations leading to the optimum energy resolution
of a hadron calorimeter.

The measurements presented here have been performed to investigate how compensation can be
achieved, The results for the ha‘gi'r'opjc energy resolution and the e/h-ratio are summarized as follows:

e 4.75mm Pb, 5 mm Scintillator

0 4.8)% :
(_%9 +(6.1£2.1)% < % >=1.34 £ 0.05

e 10mm Pb, 2.5 mm Scintillator

oE
Z(h) =

(44.24 1.3)% e
BTGV < 3 >=1.05£0.04

¢ 3.2mm DU, 5 mm Scintillator

OF _
F (k) =

o . _ (29.6%+1.2)% e
£ (h) = /BT +(3.24 0.5%) < 4 >=11040.04

3.2mm DU, 3 mm Scintillator, without graded light filter

35.5 1.
L%\/_FE.%_%% +(0.740.2)% < % >=1.02 £ 0.03

3.2mm DU, 3 mm Scintillator, with graded light filter

g
7 )=

oE (32.9+ 1.0)% e
—(h) = ———— 0.510. —>=1. .
E() JEGV] +(0.5%0.1)% < >=1.00£0.03
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¢ 10mm DU, 8 mm Scintillator

37.7 + 4.8)%
2B (p) - BTT248)% (3.4%1.1)% < 2 >=0.76 + 0,05,
E VEGeV] A
One concludes that
— the optimum energy resolution of a hadron calorimeter has been achieved with a uranium-

scintillator calorimeter of 3.2 mm DU and 3 mm scintillator where the longitudinal unifor-

mity has been improved by inserting a graded light filter between the scintillator and the
L TN .

wavelength shifter; .

— the e/h-ratio depends on the ratio R4, i.e. on the thickness ratio of the passive to the active
absorber plate of a sampling calorimeter; the ratio R4 can be used to tune e/h;

-~ the haq"ogic epergy resolution of a sampling calorimeter depends on the e/h-ratio; for
e/h = l‘m hadronic energy resolution reaches its optimum;

= compengation has almost been achieved with a lead-scintillator calorimeter of Ry = 4.0;
the dependence of the e/A-ratio on R4 and of the energy resolution on e/h are similar to
that of & granium-scintillator calorimeter;

= an equal'efergy response for electrons and hadrons has been achieved by varying the thick-
ness ratio!R; of the passive to the active absorber plate. In this way the mean electron
responsé:has been decreased while the hadronic response increased via the signal from
neutronst'-' -

= the amplification of the hadron response in a calorimeter is due to slow neutrons that
deposit their energy in the scintillator by elastic np-collisions; the moderation of the re-
leased neutrons to low energies is time dependent leading to a rising hadronic signal with
increasing integration time. This behaviour is observed in two measurements (WA 78 and
T60UB1 calorimeter) and is compatible with other measurements and with predictions from
calculations,

The results of the presented measurements are in good agreement with previous measurements,
They are also compatible with predictions of simplified [WIG87] and more elaborated [BRUse, BRUs7,
ZEUS7) calculations, ' .

ceftuy fs

: 8 (199

aVEY

-
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Appendix A

Energy Loss of Muons in Matter

The mean energy loss of heavy charged particles like protons or muons in matter results from inelastic
scattering of the charged penetrating particle with the atomic electrons of the medium. A first quantum
mechanical treatment of:this problem by ignoring the dielectric properties of the medium has been
done by C. Mgller (1932), H.A. Bethe (1930, 1933) and F. Bloch (1933) (ICRI70], and references
therein). The influence of the dielectric properties of the medium on the ionization loss was evaluated
with classical methods, at first quantitatively by E. Fermi (1940) and has lateron been calculated
numerically by R.M. Sternheimer (1961) with several improvements ([STE84], and references therein).
The resulting stopping power formula, known as the Bethe-Bloch formula, for a single incident particle
of charge z = 1 can be written as follows [STE84], ignoring the shell correction term:

2322 \ 4 2
ldE b Z 1n2m,cﬂ7_2ﬁ2_6 MeV cm (A1)
p dt ,67 A I(Z)? g
where !
1 dE : 3 MeV cm?
-~ ; PR mean energy loss per unit path length in [T]
t... thickness of material in [—‘1 ]
p Jens:ty of the medium in [—’-y]
b = 0.153536 ... constant in {MeV cm?}, calculated from different natural constants
v
g = pRRL velocity of the incident particle in units of
the velocity of light
1
v = T\/_—_m{;; ... relativistic quantity
Z... charge number of the atom of the traversed medium
A mass number of the atom of the traversed medium in [g]
m,... electron mass in sz
1(Z)... mean ionization potential of the medium in [eV]
é... density correction.

In eq. A.1 it has been assumed that the maximum energy transfer E,, between a heavy particle, i.e.
M » m,., and the atomic electrons is approximately given by:

En.~2m.c?B*~y* MeV. (A.2)

The density correction as a function of the parameter X = log ( mp ) is given by:

€

5(X) 4.605X + a(X; - X)™ + C for (Xo < X < X4) (A.3)
§(X) = 4605X + C for (X > X)) (A.4)

158



§(X) 5 g (Xo) x 107X %) for (X < Xo) (A.5)
‘..ia ((Jor metallic conductors)
(A.6)
where:

I 1) Sk

a, m, C, Xq, X, . material specific constants (see [STE84]).

1dE TSI
Values of - o for some materials have been given in the text; a more quantitative description will

be considered here.

As a function of q;.e‘fneligy E of the incident particle the ionization loss decreases with 1/E in
the medium energy a.n’go'I(Z ) € E « Mc?, where M is the rest mass of the penetrating particle.
At E ~ 3Mc? a minimum in the ionization loss occurs while at higher energies the In 1/(1 - B8%)
term dominates, leading to a relativistic rise in the ionization loss. This rise js due to an increase
in the maximum transferable energy in a single collision and an increased transverse component of
the electric field of the incident particle. The polarization of the medium by the electric field of the
incoming particle becomes effective for distant collisions, an effect that is known as density effect. The
density effect is much stronger in easily polarizable materials like organic scintillators than in gaseous
media which leads to a less pronounced relativistic rise in organic scintillators. In the stopping region
at very low energies the jonization loss becomes high before the particle reaches the end of its range
and the ionization loss dnops rapidly to zero.

So far the mean energy,Joss of heavy charged particles passing through matter has been discussed.
However, the process is & statistical phenomenon with a distribution that in general may have large
fluctuations leading to a tail at higher energies. This high-energy tail is due to collisions in which a
large amount of energy itg&mfmed to the atomic electron of the target material. The thinner the
absorber material, the la; the fluctuations in the total energy loss and hence the more pronounced
the tail in the resulting ibution.

An estimation on of large energy-loss collisions during the passage of the particle
through matter can be dclnjved from the quantity K, which is defined by [CRI70]:

fo: £

- = = » (A.?)
A Em
with: [ P
g'i':z". -
Pl 2
e €= bAL;,—-t MeV. (A.8)

For a single charged incident particle of charge number z = 1, K is the ratio of the total energy loss
to the maximmum possible gﬁe{:gy loss, approximately given by:

e K= _bZ_ ot A9
silfparaf AP En (*-2)

The quantity K is useful to distinguish between the different probability distributions that are valid
for different estimated numbers of high energy transfers in single collisions of the incident particle.
The probability distribution of the energy loss has been developped by L. Landau {LAN44], and a
generalization of this distribution was given by P.V. Vavilov ([SCHT74, CRI70], and references therein).
The Vavilov distribution takes the maximum allowed energy transfer into account. Three cases can
be distinguished:

1. K < 0.01: i
Here the number of collisions with high-energy transfer in each energy-loss interval is small,
resulting in a relatively'large statistical variation in this number that leads to large fluctuations

in the energy loss per interval. The resulting distribution is asymmetric with a long high-energy
tail and a broad peak, known as the Landau distribution.
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2,001 € K < 1.0: =
The energy loss distribution of this intermediate region is well described by the Vavilov distri-
bution, In addition, the distributions are practically Landau (K < 0.01) and Gaussian in shape
(K > 1.0) [CRIT70].

3. K > 1.0:
The number of collisions with high-energy transfer in each energy-loss interval is large and the
effect of fluctuations is negligible. The distribution is Gaussian.

The most probable energy loss corresponding to the peak of the asymmetric Landau distribution
is given by: s

Z
wi2m.c?py3(b—1t) 2
b Z . MeV em
L T 15 Iy A4 _ 52 40198 - § ) —— A.10
I 1(Z)? e g LA=10)

-
il
where:
vl

¢_,:£ «++ most probable energy loss in [Mf‘;—‘""] per absorber plate of thickness ¢

S thickness of absoxfbé;xf in [#,]

Y ‘!‘1 )
Values for K are given in Tab. A.1 for two energies and for the materials of interest here. However,
the smallest layer unit of all the calorimeter configurations described previously read out more than

a single scintillator plate. The resulting muon distribution is a convolution of individual Landau

y at |

Table A.1: Values of K as' caléulated according to eq. A.9 for Uranium, Lead, Iron and Polystyrene

Material | Energy of incident Muon K
[GeV]
m——————
o o 1.0 . 0.013567
Pb 1.0 0.008320
Fe 1.0 0.000679
Polystyrene 1.0 0.000264 .
U 10.0 0.000235
Pb 10.0 0.000144
Fe 10.0 0.000012
Polystyrene 10.0 0.000005

distributions. In addition, the measured signal of muons in a calorimeter layer is influenced by different
other effects: i) the statistical distribution of photoelectrons; ii) variations in the amount of light
collected from different regions of the scintillator; iii) variations in the path length etc.. If all these
fluctuations are assumed to be distributed gaussian one can try to describe the measured muon
distribution with a convolution of a Landau with a Gauss distribution.

The Landau density distribution function can approximately be calculated with a program package
developped by B. Schorr [SCH74). For easier handling an analytic expression of the energy-loss
distribution given by J.E. Moyal [MOY55] has been used for a convolution with a Gauss function to
fit the measured data. The Moyal function is given by:

XN = Z—exp { -3 (3 + exp(- )] (A1)

The Moyal function is an a.pprbximation of the Landau distribution. Deviations from the Landau
distribution have been discussed in [MOY55).
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Appendix B

Cross Sections for 338U, 297Pb and 10

i IR

The following nuclear interactions occur in a hadronic shower that arises in a calorimeter with 337Pb
or 33*U as passive absorber and scintillator as active absorber containing } H:

o high-energy proton induced fission: 337Pb (p, f) and 3BU N
[ mguce
fast neutron (E, > 1.2 MeV) induced fission: 3BU(n, f)

® neutron capture: 33'0’ (n,7)
o elastic np-collisions: 1H (n, n)

The cross-sections a7 (p, f) for nuclear binary fission of heavy nuclei induced by protons in the
energy range from 0.59.GeV to 23 GeV have been measured by R. Brandt and coworkers [BRAT1).
Details of the measurement. can be found in [BRAT1], here only the results obtained for 3*U, B'u
and 337Pb t are given (Tab. B.1).

Table B.1: Fission Cross Sections for (p,f) Reactions in 332U, 335U and 297Pb

Target Incident Proton Energy [GeV]
Nucleus || 059 [ 29 | 11 [ 18 [ 23
| o1 (p, f) [mb] '
3°U | 1060+ 140 | 1070+ 160 | 1090 + 140 | 910+ 90 | 752+ 70
#°U | 1600+ 320 - - 1050 + 200 | 850 + 130
¥Pb 1;1{ 18 149 + 23 ~ 132+ 20 | 105+ 13
. 15 T o

The fraction of the fission-cross section o¢(p, f) on the total inelastic cross-section o, called
fissility is plotted in Fig. B.1 as a function of the proton energy in GeV for 33*U and 337Pb.

The eross-sections 010 (1, X ), 0y (n,7), and o4 (n, f) for 3%V is plotted in Fig. B.2, B.3 and B.4
(GART76) as a function of the neutron energy in MeV,

The total and elastic cross-section ¢ (n, X) and o, (n, n) for 1H is plotted in Fig B.5.

133 Pb means the natural occurence of Pb with 4 =

207.21; the most abundant isotopes are 33¢Pb (26%), 23" Pb
(31%) and 33* Pb (52%) '

161




T trrYyyy T Y LA A A 1 Y T T

el 1 132 a0l L [T

as 1 2 S 0 20
Proton energy (GeV)

Figure B.1: Fissility (0 (p, f) / #in)in 33°U and 337 Pb as a Function of the Proton Energy in GeV [BRA71]
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Appendix C

AXwaE

Properties and Decay Schemes of 238y

cdf et
N T B

Teeier oy

Some of the properties of depleted uranium metal are compiled in Tab. C.1 [BNF74, HOLs8).

el e Table C.1: Properties of Depleted Uranium Metal

Composition ~ 99.7 — 99.8% =8y
o wol s, ~ 0.2 - 0.3% 3%y
Melting Point 1132°
Boiling Point 3700 ~ 4200°
Metal derties thermal conductive
UL electrical conductor
opaque
malleable
Colour Slow oxidation in air converts the colour
through golden-yellow and brown to black
Reactivity Very reactive with all non-metals

Turnings and powder are capable of self-sustaining
combustion in air, oxygen, nitrogen and carbon dioxide
. Slow reaction with water and most acids
~‘Tlfadiom:tivity Low specific radioactivity (see below)

. a~, B—, and y-radiation:
. - radiation dose mainly from B-radiation
" v - 7-radiation accounts for less than 5%
D of the B dose at the surface
' - a-radiation is of particular significance
if material is ingested or inhaled
When inhaled on a mass conceniration basis in air
comparable with lead

In its massive form not easily burnable, but in

form of swarf or finely divided metal

The decay scheme, of B*U is sketched in Fig. C.1 [PEGS5]. It decays via fourteen steps into the
stable 32°Pb. The specific activity has been given by [PEGSS5):

T15(**U) = 45x10°y (C.1)
d
a = 23x10° % (C.2)
N = 3.5x 10 2ecays
: cm3s
(C.3)
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In eq. C.3 a density of p = 19.04 g/cm?® for ?*8U has been inserted. N gives the measurable number
of events on one side of the uranium plate under the assumption of a 27- geometry.

The radiation of 3 mm thick ?**U plates has been measured by C. Pegel and H. Prause [PEG85]
using a Si(Li)-detector for a- and 3-particles and a Ge-detector for y-rays. Fig. C.2 shows the measured
a- and f-spectrum of ?*®U, Fig. C.3 the 7- (X-ray)-spectrum of ?*U in the energy range of 10—100 keV
and Fig. C.4 the y-spectrum of ?*U in the energy range above 100 keV.

The event rate calculated from eq. C.4 of all 4-transitions in ?3®U with energies greater than
0.7MeV (1.4%) is:
decays
cm?s

. N(Ey > 0.7MeV) = 3.84 (C.5)

The transition with the maximum energy of 2.29 MeV in the f-spectrum is the one from 3}*Pa
to the ground state of 33*U (96.8%). It corresponds to a range of nearly 1 mm in uranium. The

approximate countrate of this 3-decay with a mean energy of 0.92 MeV and a mean range of about
0.4 mm is; PAH]
decays

e (C.6)
The number does not include the low energy (-decays (< 0.2) which have been found with very low
intensity (< 1%). The countrate is expected to be slightly enhanced in the energy region below 60 keV’.

The a-particles do not contribute to the total countrate because of their low range of 7 um in
uranium,

N (B) ~ 2600

0.0 gs.
g 23% ) 235U T,, = 4.468:10°a
2: g 0.05 77% a4, e
0 0.0
23411 83 0.213
90 s 0,17-0.19
T2 24.1d ] L
or\S — 008 T,,=1.175m (7: 99.87%) .
A 0.0 22
(T,,z=‘§3’{5‘h) 234 _(m) o2
)L; g] =T "877
o — 20 1.738
=w
o 1.590
= 1.554
0.7%(1.25 MeV) &
-% 95
3832 1.045
~ 5 0.989
6%0.53) 58 0810
0.786
98.6%
“old (2.29MeV)
% | Ll
S 0.043
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Figure C.1: The Decay Scheme of 33U [PEG8S5)
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