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Abstract 

A hadron colorimeter comprising 10 mm depleted uranium plates and 5 nun plastic 
scintillator wa,; exposed to el<-ctrons. hadrons and muons in the energ~· range 5 to 210 
GE'\'. The measured ratios of sampling fractions are 0.8 for "c,';:'' and 0.6 for ''e/mip''. 
The add it ion of a fine grained electromagnetic calorimeter with 1.6 Imn depleted uranium 
plates and 4 mm plastic scintillator in front of the hadron calorimeter leads to a slightly 
worse hadronic energy resolution. Result~ on the longitudinal shower development and 
energ~- coni ainment for hadron showers are given. 
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1 Introduction 

Experimentation at future high energy colliders requires the development of hadron calorime

ters with finp granularity and excellent energy resolution. This work is part of a systematic 

program investigating the energy resolution of sampling calorimeters using depleted uranium 

as absorber and plastic scintillator as detector materiaL Such a calorimeter is proposed by 

t.he ZEUS collaboration at the HERA electron proton storage ring [1]. 

This paper presents results obtained in the energy range from 5 to 210 GeV with the 

WA-78 calorimeter (10 mm depleted uranium and 5 mm plastic scintillator) alone, and to

gether with a fine grained electromagnetic calorimeter (1.57 mm uranium and 4 mm pla,;tic 

scintillator) in front. It is an extension of the previous work of the 'i/llA-78 collaboration 

[2,3], which has investigated different uranium thicknesses and uranium·iron combinations as 

absorbers in thl" enl"rgy range 135 to 350 GeV. 

In this paper WI" compare the response of the calorimeter to muons. hadrons and electrons 

in a wide energy range. The choice of the material thicknesses (10 mm nranium and 5 mm 

plastic ,;cintillat.or}, although not optimized for energy resolution, is of particular interest 

for the understanding of compPnsat.ioll in <alorimetry. VVith these parameters, the slow 

neutron component of hadronic showers. which can bt> used to opt.imizc tht> hadronic energy 

resolution by equalizing electromagnetic and hadronic response, is detected with particularly 

high efficiency. As a result the relative response of electrons to hadrons - significantly bigger 

than 1 in non<'ompensating calorimeters- is 0.80. Its value as a function of energy and signal 

integration time is investigated in this paper. Using the muon response to normalize the 

scale of deposited energy. the sampling fraction of elPctromagnetic showers is determined. 

and compared to the sampling fraction of minimum ionizing particles. 

Finally, longitudinal shower distributions arc presented as a fundi on of energy, and criteria 

for shower containment are discussed. 

2 Experimental Set-Up 

A schematic view of the experimental set-up is shown ill Fig. 1. It consists of beam defining 

('OUnters, a threshold CerenkoY counter for particle identification, an electromagnetic and a 

hadronic calorimeter. Details of the layer structure of tlw calorimeters are given in Tab. 1. 

Incoming beam particles are defined by the following coincidence of signals from scintil

lation ('Ounters: 

BEA~I = Bl · B2 · Hl · H2 ·A 

The scintillat-or array F (5 w·rtical elements of 1 em width each) is used to measure the 

horizontal beam position. 

The hadroni<' calorimeter ("HAD'' in the figure), readout. elet'tronics and calibration pro· 

cedures have already been described in [2], and we only repeat the most significant features. 

Longitudinally it consists of two sections. The upstream "Uranium Part" is made of 48 ele

ments (absorber and scintillator) grouped in 12 modules, each viewed by one photomultiplier. 

This part. was designed to permit easy exchange of absorbers, and has previously been used 

with iron and uranium plates of different thicknesses. In the present. work uranium layers 

(60 x 60 x 1cm3 ) enclosed in 1 mm steel, and 5 mm scintillator (NE 110) have been used. 

The downstream "Iron Part" consists of 52 elements with 2.5 em iron plates as absorber and 

0.5 em plastic sdntillat.or, grouped in 13 modules. Optical fibres couple the scintillator to 

low gain photomultipliers (THORI\'-EMI D254A), followed by LeCroy VVlOOBTB amplifiers. 

The signals are split and recorded by LeCroy FERA 4300 ADCs with 45 ns and 75 ns gate 

length. The gain of the photomultipliers was monitored using light emitting diodes. 

The calibration of the individual photomultipliers was done by the method described in 

;21: the average longitudinal shower development for hadrons is independent of the st.arting 

point of the shower. This results in an over-determined system of linear equations relating the 

calibration constants to the measured average pulse heights when data samples of showers, 

starting in the different modules, are selected. Analysing the data at various beam momenta 

indicates that the calibration constants thus ddennined have a maximum uncertainty of ±4% 

for the first module and ±3~ for the other modules. The calibration has been checked using 

muons of various momenta. The stability of the system was sufficient that the entire data 

could be analysed with a single set of calibration constants. 

The ek·ctromagnt>tic calorimeter "ElVC [4.12·. is made of six identical modules: each one 

consists of a mt><hanical frame (4 mm Al) supporting light guides and photomultipliers, 9 

scintillator plates (SCSK-38. 31.2 x 31.8 x 0.4cnY1 J. interspaced with 8 depleted uranium 

plates (30 x 30 x 0.151cm3 
) enclosed in 0.5 mm steeL The light from the scintillator is 

collected by waYelenf;th shifter plates (3 mm plexiglas,; doped with Y-1) on both sides, which 

transport the light t.o the photomultipliers (Philips XP-2011B). Again the signals are split 

and rewrded hy Lt>Croy FERA ADCs. Light emitting diodes arc used to monitor thP stability 

of the gain of the photomultipliers. 

Each module can be moved out of the lwam line independently. In thi,; way it is easy to 

change from running conditions with the electromagnetic calorimeter in or out of the beam. 

For ,alibration the six modules arc moved one by one out of the beam, and the average 

pulse height is normalized when the particular module is the first module in the beam. The 

t>stimakd calibration nncertaint_;· is about 1%. This was checked with interading hadrons, 

using tht> same Ill<'! hod as for the hadron calorimeter. The relative calibration of the two 

calorimeters is di,;cnssNI in section 3.3. 

fht> experiment used tht> H3 heam line of the CER"N" SPS. In order to reach low momenta. 

without inkrferinp: ;\·ith other beam lines in the hall, a secondary target was introduced in 

the downstream part of thP H3-hcam. Behind the target only a small amount of magnetic 

bending was left. This rPsulkd in a poor momentum resolution, which has been estimated 

by beam optics calrulntions including multiple scattering to be approximately: 

) ' - ' (~~ = (0.0•) ... (0~1;r. I 11 

For particle identification an 11 mlong threshold Cerenko\· counter C (Fig. 1) filled with 

He was used. Its gas pressm:c was adjust I'd to obtain the best electron-hadron separation at 

thP different momenta. The particlt> cont.~Cnt of the beam was measured using the Cerenko\· 

counter and the longitudinal energy distribution in the calorimeter. The results are given in 

Tab. 2. 
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3 Experimental Results 

Data have been taken in the two different configurations: 

L hadronic calorimeter (HAD) 

2. electromagnetic calorimeter followed by the hadronic calorimeter (EM+ HAD) 

The beam momenta were 5, 10, 20, 30 and 40 GeV Jc. Data were also taken at 135 and 210 
GeV /c to compare with previous results [2]. 

3.1 Response to Hadrons, Electrons and Muons 

As an example, Fig. 2 shows the pulse height measured for configuration 1 (HAD only) at 30 
GeV for hadrons, electrons and muons. The responses for electrons and hadrons are fitted by 
Gaussian functions: for muons a Landau curve convoluted by a Gaussian is used. Fig. 3 shows 
the response for electrons and hadrons of different momenta. To determine mean values and 
standard deviations we performed a Gaussian fit over± 3 standard deviations. The resulting 
values of standard deviations and mean values for the configurations HAD and E:~d + HAD 
are given in Tab. 3 in units of ADC-channels. For the hadronic calorimeter alone the rat.io of 
electron t-o hadron resporise ( e/n) is also given. The value is about 0.8. It should be noted 
that the transverse size of the calorimeter is not sufficient t-o fully contain hadronic showers. 
From data of the ZEUS-test-calorimeter l5J, we estimate a transverse leakage of about 5 %, 
mainly due to slow neutrons, which leads to an inc-reased, observed e/;r-rat.io. 
Fig. 4 displays e /-rr-ratios for different hadron calorin1eters using uranium as absorber and scin
tillator as detector. It should be noted that the dat.a are measured e/-rr-ratios, not corrected 
for experimental effects like inhmnogenities of readout or leakage. \Vhereas for calorimeters 
with Fe or Pb as absorbers t-/-rr is greater than 1 [9,10], uranium scintillator calorimeters 
can achieve ej-rr = 1 (compensating) or even e/-rr < 1 (overcompensating) as in the present 
calorimeter, depending on the choice of absorber and scintillator thickness. 
At high energies, compensating calorimeters achieve the best energy resolution, as their re
sponse does not depend on the fluctuations between the elec.tromagnetic and the hadronic 
components of hadron showers. It is generally agreed that the increased response for hadron 
showers in uranium calorimeters is dominantly due to slow neutrons from spallation and fis
sion. \Yhich scat.t.er elastically off the free protons in the plastic scintillator !10,11]. In contrast 
to the prompt signal from the relativistic particles in the shower, the neutron signal is de
layed sinee the neutrons deposit their energy in several succesive interactions. \\1ith increased 
integration time. more and more oft he neut.ron signal will be recorded and the e /-rr-ratio will 
decrease. Fig. 5 shows the dependence of the t/71"-ratio on the gating time of the ADC which 
shows the expected. behaviour1

. 

Tab. 3 also gives the energr resolution o-E(e)1E I'· ·!kctrons and o-E(;r)JE for hadrons. As 
discussed in section 2. this has a large contrihnti··•!: :·-om the momentum spread of the beam. 
The elect.roma.gnet.ic calorimeter EM equipped ,v:d 3 mm lead plates has achieved an energy 
resolution of 10.2%/V£ in the 1 to 5 GeV energy range at tests done at DESY [4,12]. The 
measured energy resolution for hadrons of tlie hadronic calorimeter HAD can be parametrized 

the measurement, tht> start of the gate precedt>d tht> photomultiplier pulse by about 15 ns, which rt>duces 
the effective gate length. 
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by: 

)' 2 0.51 (qEi~)) ~(007)'+ (v'E . (2) 

This includes the momentum uncertainty of the beam (1), which gives a significant contribu
tion particularly at high energies. 

3.2 Electromagnetic Sampling Fraction 

The simultaneous measurement of muons and electrons allows a determination of "e", defined 
as the fraction of incident energy measured in the active medium of the calorimeter for 
electromagnetic showers. Fig. 6 displays the muon spectrum at 30 GeV in the electromagnetic 
calorimeter. In table 3 we give the average response for muons of the different energies. To 

estimate the mean energy .6.E(J1)isc! in MeV det.ected in the scintillator for muons traversing 
the calorimeter we use two methods which we exped. to give an upper and lower estimate of 
the correct value. 'Ne prefer to use the mean value of the deposited energy .6.E(J1 L which is 
proportional to the absorber thickness (not the case for the most probable value). 

• Method 1 assumes that. none of the energy lost by the muons in the absorber is trans
ferred to the scintillator and vice versa. The values for the energy loss including ion
ization (Ion). bremsstrahlung (Brems) and pair production (Pair) are taken from [13] 
by interpolation and are listed in table 4. We do not take into account hadronir inter
actions of muons, as these events are removed by cuts in the analysis: 

(
dE 1/oo dE IB"m' dE lp"") .6.E(It)l';;~h.t = ~d (It) + ~d (Jl) + ~d (J.t)i 

X SCI X SCI X ISCJ 

. 6xsc1 (3) 

• method 2 assumes that the energy seen in the scintillator is the sum of ionization loss 
in the scintillator plus the energy lost by bremsstrahlung and pair production in the 
entire calorimeter (absorber plus detector) multiplied by "e", the sampling fraction of 
eleetromagnetic showers: 

/on 

I '''"lh.2 .6.E(p 'su 
dE , 
--(rdi · 6xscJ 
dx !sn 

~ ,, .. { "E( )l""m' , 'E( )IP"''} , E w. fl CAL ' w. J.l ICAL 

(4) 

with: 
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t,E(!')[~AL dE (!l)l' . D.xscJ 
dx SCI 

dE I' + L -(!') . DXABS 

ABS dx ABS 

where we sum over the different types of absorber materials in the calorimeter. 

(5) 

Given the measured pulse heights PH( e) and P H(lt) for electrons and muons and the calcu

lated energy loss L'lE(I-disn using the values from [13], the sampling fraction is 

• method 1: 

• method 2: 

"e" = 

,.( .. mrth.l 
.3.E(J-1):sq __ 

PYi1~;j 
PH( c) 

E 

t,E(1')[~7:1 PH(<) 

PH(JI) · {1- (~E(Jl)j~~eru .; ~E(p)i~~;~) · t:~~~}. -e-· 

(6) 

(7) 

The results are given in Tab. 4. \:Ve estimate a sytematic error of!(:-'(. due t-o uncertainties in 

calibration constants (2%), absorber- and scintillator thickness (4~( for the- EM- and 1o/c. for 

the HAD- calorimeter), beam energy (2%) and non-linearity of the- ADCs (5%). 

At an energy of E=-10.14 Ge\' the electron sampling fraction "e" has he-e-n cakulated with 

EGS4 shower simulations for the HAD-calorimeter. yielding "e'· "---- 2.28 t;\ .. Thf" cut-off ener

gies chosen are 10 keV for electrons and 1 keV for photons. In addition, the fractional energy 

loss per step was set to 0.1 o/i. for low-Z and 0.5 S~. for high-Z absorbers. 

For the comparison of calorimeters wit.h different layer structures, "e" is often normalized 

to the sampling fract-ion "'tnip'" of a hypothetical minimum ionizing particle with an energy

loss at. the minimUm of the ionization curve throughout. the ealorimet.er. The result. and the 

constants needed for its calculation are given ill Tab. 5. For both ealorimeters "e/mip" is 

smaller than 1. The reasons have beeu explain{-"d iu !10.1(. The different electromagnetic 

processes have very different Z-dependences (e.g. Z1 for ionization loss, Z2 for pair production 

and Z'"- 5 for the photo effect). In particular most of the low energy electrons from the photo 

effed get produced in the high-Z absorber and due to their small range they also deposit 

practically all their energy there. Thus t.hf' low energ? component of electromagnetit· showers 

gets only poorly sampled in the scintillator. The difference in the measured ''e/mip'' ratios 

of the two different ealorimet.ers is expec-ted too. The main effect is not due to the thickness 

of the absorber plates but due to the relatively small fraction of uranium absorber in the EM 

calorimeter 1 resulting in a reduced effective Z. 
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3.3 Combined Electromagnetic and Hadronic Calorimeter 

To study questions related to the performance of a calorimeter consisting of two parts with 

different sampling, data have been taken with the fine-grained electromagnetic calorimeter 

(EM) in front. of the coarse hadronic calorimeter (HAD). Results are only given for the data 

at 30 GeV/c. the results at the other energies being similar. For the calibration within the 

two calorimeters. the constants of section 2 have been taken. The pulse heights from the 

electromagnetic and the hadronic calorimeter have been combined according to: 

PHror = PHEM +a· PHHAD· (8) 

Fig. 7 shows the energy resolution for electrons and hadrons as a function of the relative 

calibration constant a. The energy resolution for electrons is constant, as most of the energy 

is contained in the eledromagnetic section. The resolution for hadrons is best. foro:= 2.25 

with a value of 12.5o/c. The corresponding energy resolution of the hadronic calorimeter 

alone is 12.1%. The value o = 3.45, which gives t.he same pulse height for elect.rons in 

both calorimeters. yields 17~{ resolution. Kormalizing to equal ratio of muon signal over 

''mip"-sampling fraction givf>s o = 2.72 and 13.5'1( re-solution. Another calibration method 

freque-ntly used requires that the total pulse height. br:- independent of the energy sharing in 

the t.wo calorimeters. This give-so= 2.17 and 12.5o/(. resolution. 

VVe conclude therefore, that there is quite- some arbitrariness in the relative calibration if 

a calorimeter consists of two parts with different sampling resulting in different resolution 

Yalues - all of them. however, being worse t.han the- resolution of the coarse ealorimeter alone. 

This result agrees with expectations, as the "£_/-rr" ratios of the t.wo calorimeters are very 

different and fluctuations in the energy sharing betwe-en them have a big effect.. Given the 

fine-longitudinal segmentation of both calorime-ters, an extension of the weighting t.eehnique 

use-d in [2: wuld have- bee-n applied to reduce the effects of the different ''e/'rr" ratios of the 

two calorimeters and thus obtain the best energy resolut.ion. 

3.4 Longitudinal Shower Distributions 

For the optimization of the length of a hadron calorimeter, longitudinal shower distributions 

have- to be known. They are- shown in Fig. 8 for the hadronic ealorimeter for energies from 

5 to :no GeV for all e-vents, and in Fig. 9 for_ the events with the interaction Yert.ex in the 

first module(~ 0.45 int.eradionlengthsl. The- curves are normalized. so that their integrals 

give the incident energy. The horizontal axec: are nominal interaction lengths AtrvT as given 

in thf' Particle Data Group tables. The corresponding cumulative distributions are shown in 

Fig. 10 and Fig. 11. lt should be noted that only the first 5.4 interaction lengths contain 

uranium as absorbe-r. thf' rest consisting of iron. 

The data han: been fitted by a. phenomenological function. which allows extrapolation t.o 

other energie:-, than the measured ones. For the- energy deposit dE/dx as a function of the 

distance x fron1 th(" :,bower ve-rtex, we use the following parametrization: 

a { lf·• · } 
d;(x)=E a r(a+1)xaexp(-bx) T (1-et)ce:rp(-cx) (9) 
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The second term describes the exponential dependence, obvious from Fig. 9 for large distances 

from the shower vertex. The first term, which has the shape used to parametrize electromag

netic showers [14], describes the electromagnetic energy close to the shower vertex. 
Given the readout segmentation of 0.45 >..1Nr and 13,5 X 0 , coarse on the scale of electro

magnetic shower development, the description of the data is not very sensitive to the exact 

values of the parameters a and b. We have chosen values [14] which describe electromagnetic 
showers in uranium at 20 Ge V: 

a 3 

b [-I[JTJ ~ 19.5 

The remaining parameters have been determined by fitting equation ( 9) to the measurements. 

Above 5 GeV reasonable fits, as shown by the solid lines in Fig. 8, have been obtained for: 

Q 

c [,\[JT.] 

0.13 ± 0.02 
E [GcVj 

(0.67 ± 0.03)- (0.166 ± 0.003) In ---
50 

The chosen parametrization minimizes correlations between the errors of the parameters. 
The shower distributions measured from the front end of the calorimeter ( t) for particles with

out selection of shower vertices are given by the convolution of dEjdx (x) with the shower 

vertices: 

dE 

dt 

1 

.\, 1' x dE 
ap(-~)- (t- x) dx 

o >..,. dx 
(10) 

where >..,. = 1.11 is the int.erartion length of the incoming hadrons in units of the nominal 
interaction length as given in the Particle Data Group tables2 • The curves in Fig. 8 are 

obtained from equation ( 10) using the parameters determined above. 
For the determination of the optimum length of a calorimeter, the fraction of events with a 

c.ertain shower leakage has to be known. The fraction of events which have 95% containment 
;_ o'h~ 'h~A~~~;~ ~~l~~;~~~•~r ~r ~ f .. ~~•;~- ,...; +hn ~..,J,..._;~,~•~- ln-~+'h ;_ .. .-.;J.r ,...; \ ____ ""'" h~ ... ... , ··~-.. ~···- --~·······-· -~ ~ ·-··-"·~·· ~· "'"' ----····---"-· ····e··· ......... ~ ~·, '"' ..... "' 
obtained from Fig. 12 and Fig. 13. These distributions have been used t.o define the length of 
the uranium calorimeter of the ZEUS detector for the HERA acrelerator. More details can 

be found in [15]. 

4 Conclusions 

From the measurement of the response to hadrons, eledrons and muons in the energy range 

between 5 and 210 GeV in a sampling cal~rimeter with 10 mm uranium plates and 5 mm 

plastic scintillator we find: 

20ne module of the hadronic calorimeter corresponds to 45% of an interaction length for protons and 37 % 
for pions. 

7 

• the response of electrons relative to hadrons ''e/1f '' is about 0.8 independent of the 
incident energy for 75 ns integration time, increasing for shorter integration times. 

• the sampling fractions of electrons divided by the sampling fraction of minimum ionizing 
particles "ejmip" is about 0.6. 

• an electromagnetic calorimeter with 1.57 mm uranium plates and 4 mm plastic scintil

lator in front of the above calorimeter does not improve the hadronic energy resolution. 

• the longitudinal shower development and criteria for containment to optimize the length 
of actual calorimeters are given. 

Together with data from other experiments [2,3,6,7,8], our data confirm that the relative 

response of electrons to hadrons can be tuned in a uranium scintillator calorimeter by varying 
the thickness of absorber and detection material. 
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Table Captions 

Tab. 1 Layer structure of the calorimeters 

Tab. 2 : Particle content of the bea.m, the hadrons are mainly pions 

Tab. 3 : . Response of the electromagnetic (EM) and the hadronic 
calorimeter (HAD) for different particles. Given are the mean pulse 
heights (PH) in ADC channel numbers, the standard deviations 
erE of the measured electron and hadron distribution, and for the 
HAD-calorimeter the uncorrected response ratio ej-rr. 
The contribution pf the beam spread to CTE has not been 
subtracted. 

Tab. 4 : The electron sampling fraction "e'' for the EM- and the 
HAD-calorimeter determined with the two different methods 
described in the text. dEjdx(J.L)Isci is the specific energy loss 
in the scintillator due to ionization, bremsstrahlung and pair 
production obtained by interpolating the values given in [13]. 
L::l.E(p )I sci is the corresponding energy loss for the entire 
calorimeters. 

Tab. 5 : Material densities and the specific energy loss of a hypothetical minimum 
ionizing particle "mip" in the different materials of the calorimeters and 
the "e/mip" ratios of the EM- and the uranium part of the 
HAD-calorimeter. 
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Figure Captions 

Fig. 1 : 

Fig. 2: 

Fig. 3 

Fig. 4: 

Fig. 5: 

Fig. 6 

Fig. 7: 

Fig. 8 

Fig. 9 

Fig. 10 

Schematic layout of the experimental set-up. 

Response of the hadronic calorimeter (HAD) to 30 GeV hadrons, 

elec.trons and muons. The curves are Gaussian functions 

for hadrons and electrons and a Landau curve convoluted by a 

Gaussian for the muons. 

Response of the HAD-calorimeter to hadrons and electrons 

for different energies. The data are normalized to the number of 

entries of each distribution. The curves are Gaussian fits to the data, 

which give the mean values and standard deviations listed in 

Tab. 3. 

Ratio of electron t.o hadron response for different scintillator 

sampling calorimeters. The references of the different measurements 

are given in square brackets. For the detailed configuration 

(e.g. A,B,U5 ... ) see referen\,es. 

Ratio of eledJ,"0n to hadron response for the HAD-calorimeter 

at 30 Ge V as a function of the ADC integration time. 

In the measurement, the gate P,receded the pulse by about. 15 ns which 

reduces the effedive gate length. 

Muon response at. 30 GeV in the electromagnetic calorimeter (EM). 
The \urve is a fit of a Landau function convoluted with a Gaussian. 

Energy resolution for 30 Ge V electrons and hadrons for the 

combined set-up of EM- and HAD-calorimeters as a function of the 

intercalibration constant a. 

·Longitudinal energy deposihion in the HAD- calorimeter for hadrons 

between 5 and 210 GeV. The curves are normalized to an area equal 

to the incident energy. The horizontal s\ale is the calorimeter depth 

in nominal interaction lengths. The transition between the uranium and 

iron section of the HAD-ealorimeter oc\.urs at 5.4 ).INT· The curves 

are the phenomenological shower parametrizations described 

in the text. 

Similar to Fig. 8 but for events with shower vertices in the first 

module of the calorimeter. The shower vertex is selected via a 

pulse height cut of more t.han n minimum ionizing particles. 

(n = 4 for 5- 40 GeV, n = 8 for 135 a!'Jd 210 GeV). 

Integral energy deposition. The fraction of energy in % 
deposited beyond a given calori.meter depth in units 

of ).TNT is given. 

11 

Fig. 11 

Fig. 12 

Fig. 13 

Integral energy deposition for events interacting in the first 

0.45 ).!NT of the calorimeter. The fraction of 

energy in o/o deposited beyond a given calorimeter depth 

in units of >.TNT is given. 

Fraction of events with 95% energy containment as a function 

of the calorimeter depth for hadrons. 

Identical" to Fig. 12 but for hadrons interacting in the first calorimeter 

module. These distributions correspond approximately to the 

containment of jets (more details can be found in [15]). 

' 
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Tables 
Table 3: Response to Different Particles 

Table 1: Layer Structure of the Calorimeters EM-Calorimeter HAD-Calorimeter 
Enetgy PH(p) PH( e) ~(e) PH(p) PH( e) ~(e) PH(") ~(1r) e/" 

EM-Calorimeter HAD- Calorimeter [GeV} [ehj [ehj [%} [ehj [eh} [%} [eh} [%} 
Uranium Part Iron Part 5.1 56 576 12.2 79.2 176 18.2 226 23.7 0.78 

10.1 53 1200 10.0 80.4 337 12.5 414 17.5 0.81 
20.2 81.5 639 9.7 780 13.7 0.82 
30.3 55 3300 6.7 84.1 955 8.4 1163 12.1 0.82 

sampling 0.5 mm Fe 1 mm Fe 25mmFe I 

layer 1.57 mm U lOmm U 5 mm NE 110 
0.5 rum Fe 1 mm Fe 

4.0 mm SCSN 38 5 mm NE 110 40.3 56 4415 6.3 86.5 1263 7.7 1533 11.2 0.82 
------- -------

readout 4.0 mm AI 4 sampling 4 sampling 
layer 4.0 nun SCSN 38 layers layers 

8 sampling 
layers 

4.0 mm Al 
total 6 readout 12 readout 13 readout 

Table 4: Electron Sampling Fraction 

calorimeter layers layers layers I ·- I EM-Calorimeter HAD-Calorimeter: Uranium Part 

Energy dE I Jl ' t:.E( Jim"'·' e [%] f:j,E(J.L)[;~~h.t e [%] dx J-L Sf! ! II SCJ 

[GeVJ [Yu;;m J [MeV} Metb.l Meth.2 [MeV} · Meth.l Meth.2 

5.1 2.30 52.7 10.6 10.7 57.0 2.48 2.48 
10.1 2.41 55.2 12.4 12.8 59.7 2.48 2.56 

Table 2: Particle Content of Beam 
20.2 2.51 

I 

57.5 

1;8 1 

62.2 2.41 2.59 
30.3 2.58 59.1 11.6 63.9 2.39 2.67 
40.3 2.63 60.2 11.7 13.4 65.1 2.37 2.75 Fraction {%} 

Energy Electrons Muons Hadrons Mean I 11.6 1z.4 1 2.43 2.61 

{GeV} 
5.1 52.6 3.5 43.9 

10.1 22.4 3.7 73.9 
20.2 7.2 3.9 88.9 

I 

30.3 4.5 4.3 91.2 
40.3 2.7 3.5 93.8 

I 

Table 5: Matt'!rials in Calorimeter and Energy loss for Minimum Ionizing Particle (mip) 

Material Density EnergY, Loss mip Total Thickness (em} 

/c!,,} rMeVcm' I ,--,-, EM-Calorimeter HAD-Calorimeter 
Ura.nium Part 

] Aluminium 2.70 1.62 4.8 
i Uranium 18.50 1.09 7.5 48.0 

Iron 7.87 1.48 4.8 9.6 
SCSN 38 1.06 1.95 21.6 

I NE 110 1.032 1.95 24.0 

I Average ejmip Method 1 0.71 0.57 
Average e/m.ip Method 2 0.76 0.61 
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Figures 

c Cerenkov Counter B, Beam Trigger 1 
A Anticounter B, Beam Trigger 2 
F Finger Hodoscope H, Veto Walll 
AC Albedo Counter H, Veto Wall 2 
EM Electromagnetic Calorimeter HAD Hadronic Calorimeter 
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Figure 1: Experimental Set-Up 
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Figure 2: Hadron, Electron and Muon Response in the HAD Calorimeter at 30 GeV 
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Figure 4: e/n--Ratio for Different Hadron Calorimeters 

Figure 3: Hadron and Electron Response of the HAD-Calorimeter for Various Beam Energies 
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Figure 8: Longitudinal Energy Deposition for Beam Momentum of 5 to 210 GeV for all Events 
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Figme 9: Longitudinal Energy Deposition for Beam Momentum of 5 to 210 GeV for Events with 

Shower Vertices in the First Module 
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Figure 10: Cumulative Distributions of Longitudinal Energy Deposition for all Events 
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Figure 11: Cumulqtive Distributions of Longitudinal Energy Deposition for Events with Shower 
Vertices in the First Module 
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Figure 12: Fraction of Events with 95 % Containment in the Calorimeter for all Events 
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Figure 13: Fraction of Events with 95 % Containment in Calorimeter for Events with Shower 

Vertices in the First Module 
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