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ABSTRACT 

le main goals, performance requirements and design considerations of the HERA
calorimeter are described in view of the LHC-B calorimeter. The first 360 towers 
scintillator/lead sandwich type sampling calorimeter "shashlik" of the HERA-B 

-tector have been constructed and tested with electron and proton beams in terms 
light yield, uniformity of response and energy resolution. The measurements of 

e phototubes aging and radiation hardness studies of the scintillator and wave-
19th-shifting (WLS) fibres are also presented. 

Introduction 

)th HERA-B 1, 2) and LHC-B 3) experiments are proposed to detect and study 

P-violation in the B-meson system. The HERA-B detector is presently under con

ruction. It is foreseen to achieve a phase of efficient data taking in two years 

)m now. LHC-B is planned as a 'more 'general purpose B-physics experiment 

l1ich should provide the ultimate precision in the field during the LHC opera

)n. Obviously HERA-B will have a long-term impact in developing technology 

ld methodology for LHC-B including the calorimetry aspects. The benchmark for 

l electromagnetic calorimetry is the detection and tagging of B -+ J /'Ij;Kg decays 

order to observe CP-violating asymmetry. 

This paper is outlined as follows. The main goals and performance re

lirements of the HERA-B calorimeter are described in section 2 with a reference 

, LHC-B calorimeter requirements. Overall system aspects for both calorimeters 

'e overviewed in section 3. Section 4 contains selected test results obtained for the 

ERA-B calorimeter. 
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2 Performance requirements 

The calorimetry will playa key role in the electron identification and the formation 

of the first level trigger. The main goals of the calorimetry are: 

• To provide a pretrigger signal for the first level trigger 

• To provide the discrimination of hadrons against electrons and positrons at 

the level of ~ 100. 

These major goals define a set of requirements on the calorimeter performance. 

2.1 Acceptance 

Both HERA-B and LHC-B calorimeters are positioned at rather large distances from 

the primary vertices. A large geometrical acceptance is of particular importance for 

the HERA-B experiment due to relatively small cross-section of bb pairs production. 

In order to have high detection efficiency both for the electrons produced in J It/J de

cay and for the tagging electrons, the calorimeter should cover the range Ixl < 312 cm 

and Iyl < 234 cm. The resulting angular coverage is 220 x 160 mrad. The calorime

ter has an asimmetrical shape because the magnetic field in HERA-B spreads charge 

particles in horizontal direction. The geometrical acceptance to detect both electron 

and positron from J It/J decay is found to be 68%. The corresponding acceptance 

for the tagging electron is 82%. The acceptance loss is caused mainly by the inner 

hole of the calorimeter 22.3 x 22.3 cm2
• However the geometrical acceptance of the 

calorimeter is still higher than that of the tracker system. Showers initiated by the 

tracks with angles as low as 10 mrad (which is the lower boundary of the tracker 

system acceptance) will be completely confined in the calorimeter. Therefore the 

calorimeter itself does not contribute to the loss of geometrical efficiency. 

The transverse dimension of the LHC-B calorimeter is 8.1 x 8.1 m2 cor

responding to the angular coverage of 300 x 300 mrad. The resulted geometrical 

acceptance to recontruct electron and positron from J It/J decay is ~ 25%. 1 

2.2 Trigger performance 

To avoid pile-up and to provide the first level trigger the signal collection time has to 

be below 100 ns for the HERA-B calorimeter and 25 ns for the LHC-B calorimeter. 

LHC-B is planning for more general trigger based on high-Pt electrons and 

hadrons using both electromagnetic and hadronic calorimeters. A possible use of 

ITo compare with HERA-B geometrical acceptance one has to take into account that half of 
BB pairs produced at LHC collider is lost in the backward hemisphere. 

'''' 
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eshower detector, placed in front of the electromagnetic calorimeter, in formation 

electron pretrigger is presently under consideration. 

Occupancy 

Ie rates of photons and charged particles at the front face of the HERA-B and 

IC-B calorimeters are shown as a function of x- and y- distances from the centre of 

e calorimeter in fig.1 and fig.2 respectively. In HERA-B environment one expects 

,10 energetic photons per bunch crossing which pass energy threshold cut of the 
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igure 1: The expected rates of particles per 1 cm2 and bunch crossing at the 
ERA·B calorimeter front face as a function of x and y. 

Llorimeter. These photons can overlap accidentally with charged tracks, thus dete

orating the trigger capability of the calorimeter. In order to minimize the number 

. fake electron candidates the occupancy for charged particles per calorimeter cell 

lOuld not exceed the 10% level. 

4 Transverse segmentation 

he fine transverse segmentation of the calorimeter serves as an essential tool to im

rove the discrimination of electrons and charged hadrons overlapping with photons 

'il 
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Figure 2: The expected rates of particles per 1 cm2 and bunch crossing at the LHC-B 
electromagnetic calorimeter front face as a function of x and y. 

from rro decays. The latter process represents the main limitation for the electron

pion separation. The transverse segmentation gives also a .measure of the spatial 

resolution and consequently the capability to separate two showers. The following 

factors favour a small size of the ECAL cell: 

• The smaller size of the cell reduces pile-up effects and hence improves elec

tron/pion separation . 

• The photons resulting from rro decays should hit different cells. This require

ment is important to ensure both the rro reconstruction and a more efficient 

rejection of photons at the first level trigger using the energy threshold cut. 

On the other hand, the cost considerations and reliability of the system set a limit 

on the number of calorimeter channels. 

The steep radial dependence of the track density requires a variable cell 

size in order to limit the number of readout channels. In order to minimize occu

pancy per shower area the Moliere radius of the calorimeter media should be kept 

at a reasonably small level, varying as a function of the radial distance and the 

calorimeter cell size. 
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5 Energy resolution 

he energy resolution of the HERA-B calorimeter should be sufficient to provide 

!quired electron/pion separation by comparing energy deposition measured in the 

Llorimeter and momentum of the track measured in the tracking system. The 

lergy resolution for electron candidates is determined to a large extent by the pile

p noise from the neighboring tracks, rather than by the intrinsic energy resolution 

. the device. Due to that reason the requirements on the energy resolution of the 

ERA-B calorimeter are rather modest: 

a(E) = 10 - 15% 15(11 
E -IE ffi. 10 (1) 

HC-B puts more challenging requirements on the calorimeter energy resolution: 

a( E) 7% a( E) 50% ---e- = -IE ffi 1% for ECAL and ---e- = -IE ffi 2% for HCAL (2) 

. good energy resolution is particularly important at LHC-B for CP-violation search 

l B-decays into D mesons in order to reconstruct D mesons in the final states 

mtaining rrQ's . 

. 6 Radiation environment 

'he expected radiation dose for the calorimeter depends drastically on the distance 

'om the beam pipe. The annual radiation load of the HERA-B calorimeter accu

lUlated at the shower-max position is shown in fig.3 as a function of the distance 

'om the beam. For the innermost part peak doses of up to 5 Mrad can be accumu

Lted within one year of HERA-B operation. According to radiation damage studies 

, 5) (see section 4.3), a perforated injection molded polystyrene based scintillator 

nd standard WLS fibres such as Kuraray Y-ll show no substantial degradation of 

ght conversion efficiency and transparency after irradiation with such a dose. Nev

rtheless a few (up to 16) innermost HERA-B calorimeter modules are considered 

) be replaced after each year of HERA-B operation at nominal luminosity. The 

,HC-B calorimeter is planned to operate during 10 years without any replacement 

f its components. The expected radiation dose, which innermost modules have to 

rithstand, is "" 20 Mrad. 

The maximum radiation dose accumulated by the phototubes in the vicin

;y of the beam pipe is expected to reach up to 1.5 Mrad per year. The dose is 

ecreasing rapidly with the increase of the distance between PM and the beam 

ipe. Since the conventional borosilicate glass window of a PM looses its trans

arency in the lie;ht wavelength range of 480-500 nm after an irradiation up to such 

dose, HAMAMATSU-R760 with radiation hard silica window will be used for the 

mermost calorimeter modules (see section 4.3). 
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Figure 3: Expected annual radiation dose collected at the shower-maximum position 
of the HERA-B calorimeter. 

3 .Design considerations 

The main parameters of the HERA-B electromagnetic calorimeter are summarized 

in tab.1 (see table at the end of the text). An isometric view of the HERA-B ECAL 

is shown in fig.4. The calorimeter consists of inner, middle and outer sections. 

All sections employ the same technology of sampling scintillator/absorber sandwich 

structure read out by plastic WLS fibres ("shashlik"). This is a well proven tech

nology which offers the combination of ease of assembly and integration, possibility 

to adjust variable cell size and Moliere radius, good time characteristics and ade

quate energy and spatial resolution. Moreover the "shashlik" technology represents 

a cost-effective solution simple in production. 

The basic ECAL unit is a module (shown in fig.4 as a rectangular block) 

with transverse dimensions of 11.15 x 11.15 cm2
• The middle and outer calorimeter 

modules use standard lead absorbers while the inner modules use tungsten alloy 

absorbers in order to reduce the Moliere radius. The steep radial dependence of the 

track density requires a variable ECAL granularity in order to limit the number of 

readout channels. Thus the inner, middle and outer modules comprise 25, 4 and 

1 cell respectively. The cell sizes, as well as the numbers of readout channels, are 

presented in tab.1 separately for each part of the calorimeter. The modular geome

try allows straightforward integration into the HERA-B detector. Mechanically the 

modules form a self-support structure with 42 horizontal rows, each containing 56 

modules neglecting the cut-outs for the proton and electron beam pipes. The actual 
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'igure 4: An isometric view of the HERA-B calorimeter. Inner, middle and outer 
~gions are separated by the bold plotted lines. The numbers are in mm. 

reight carried by a single module in the bottom row is about 800 kg. In total, there 

re 2344 calorimeter modules . The total length of the calorimeter in the z-direction 

; 86 cm. 

The LHC-B calorimeter system comprises electromagnetic and hadronic 

,arts . The hadronic component is required to provide a hadron transverse energy 

1easurement for selection of high-PI pions and to improve particle identification by 

sing longitudinal segmentation of the hadron calorimeter. 

Analogous to the HERA-B calorimeter the electromagnetic calorimeter for 

he LHC-B detector is also subdivided into the inner and outer part. The summary 

If its parameters is presented in tab.2 (see table at the end of the text). The outer 

tart has a modular structure of the shashlik-type calorimeter modules of identical 

xternal dimension. There are three types of modules differing by the transverse 

egmentation which can be determined by the different grouping of WLS fibres onto 

he photo detector . 

In contrast to HERA-B, the innermost part of the LHC-B calorimeter is 
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Figure 5: Cell-to-cell uniformity in light response measured at ITEP 3 GeV proton 
beam. 

not considered to be replaced during the operation. Therefore the inner module has 

to be made of more radiation hard material than plastic scintillator and WLS-fibres. 

The recently developed PbW04 scintillating crystal 6, 7) is considered as a possible 

solution. 

4 Selected test results of the HERA-B calorimeter modules 

The "shashlik" technology has been extensively studied within the CMS Collabora
tion at CERN 8, 9, 10) and the PHENIX Collaboration at BNL 11) . Beam tests 

of several prototypes, including HERA-B modules, demonstrated a g~)Qd agreement 

between measured and calculated energy and spatial resolution. In this paper only 

selected test results are presented specific to the HERA-B case. 

4.1 Measurement of the light yield and energy resolution of the HERA-B modules 

A total of 360 towers of the middle calorimeter section have been constructed and 

tested in terms of uniformity of the light yield and energy resolution achieved in 

mass production. 

The light response of the calorimeter tower to 3 GeV protons was measured 

at ITEP test beam using a single phototube for the readout. The resulting response 

amplitude distribution (shown in fig .5) has a mean value corresponding to 250 p.e. 

per MIP which is in a good agreement with Monte Carlo prediction. The observed 
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Igure 6: Cell-to-cell uniformity in energy resolution measured for 3 GeV electrons 
the DESY test beam. The energy resolution is given in percents. 

l% cell-to-cell variation is explained mainly by the fibre polishing procedure and 

ne-to-fibre response variation. 

The uniformity in cell-to-cell energy resolution was measured using 3 GeV 

ectrons at DESY electron test beam. The on-line data (see fig.6) for 360 calorime

'r towers show 6.5% non-uniformity . 

. 2 Measurement of the long-term drift of the phototube gaiu 

'he measurement of the long-term gain degradation is of particular importance 

lr the phototubes reading out the scintillating light in the innermost HERA-B 

alorimeter modules. An average energy deposition in the innermost calorimeter 

~gion is expected to be as large as 1.6 GeV per cell per bunch crossing. This value 

orresponds to the total charge delivered to the photocathode per one year of HERA-

1 operation of ,...., 3 mC. The phototube gain degradation can be caused by either 

hotocathode or dynode system fatigue. In order to perform aging test FEU-68, 

nvisaged for the readout of the inner calorimeter section, was exposed by the light 

rom a green LED. The photocathode response is shown in fig.7(a) as a function 

f the charge collected at the first dynode of FEU-68. No degradation is observed 

Dr collected charges up to 0.3 C. This amount is equivalent to the operation in the 

IERA-B environment during 30 years. A relative variation of the FEU-68 gain is 

hown in fig. 7(b) as a function of the charge passed through the anode. The shown 

nterval of the x-variable corresponds to 30 years of HERA-B operation. A total 

;ain degradation of FEU-68 after this time is expected to be at 10% level. A sharp 
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Figure 7: (a) Relative photocathode response of FEU-68 as a function of the charge 
collected at the first dynode. (b) Relative variation of the FEU-68 gain as a function 
of the charge passed through the anode. 

rise of the phototube response at the beginning of exposition is explained by the 

training effect of FEU-68. 

4.3 Study of radiation hardness of the calorime~er components 

The innermost modules of the HERA-B calorimeter will encounter a considerable 

amount of radiation. According to ~he HERA-B requirements the detector compo

nents must withstand radiation doses collected after one year of operation without 

any significant degradation of performance, The predicted maximum annual doses 

for the calorimeter module components are as follows: 

- Up to 5 Mrad for the plastic scintillators and WLS fibres (at the shower max

imum position); 

- Up to 1.5 Mrad for the HAMAMATSU-R760 phototubes installed at the mod

ules in the vicinity of the beam pipe; 

- Up to 1.5 Mrad for the PM dividers and preamps; 

- Up to 0.1 Mrad for the FEU-68 phototubes. 
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~igure 8: The relative light output as a function of collected dose for the BICRON 
closed circles) and Vladimir (open circles) scintilla tors. 

3.1 Radiation hardness of plastic scintillators and WLS fibres 

he irradiation of fibres and plastic scintillators was performed using calibrated 

Co ,-source. The dose map in the vicinity of the source was measured with", 2% 

:curacy. An irradiation was possible with dose delivery rate in the range from 

to 50 krad/hour depending on the position of irradiated sample relative to the 

-source. The dose rate profile along the sample can be well approximated by the 

niform distribution. Measurements of the light output of irradiated scintillators 

nd fibres with respect to the non-irradiated ones were made using MIPs at ITEP 

!st beam and blue LEDs correspondingly. In order to reproduce the conditions 

r light collection in the calorimeter module the tested scintillator tiles of 2 x 2 

m2 size and 1 mm thickness were assembled into the stack identical to the inner 

alorimeter cell without absorber plates. The scintillating light was read out via 9 

VLS fibres of l.2 mm diameter penetrating the entire body of the stack. The fibres 

'ere bounded together, polished and coupled to the phototube as in the calorimeter 

1odule. The light output as a function of collected dose is presented in fig.8 for 

he BICRON scintillator (shown with closed circles) and polystyrene based moulded 

cintillator (shown with open circles) produced in Vladimir (Russia) for the HERA

I calorimeter. The dose delivery rate was 50 krad per hour which is 25 times higher 
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Figure 9: The relati've light output of various WLS fibres after irradiation. 

than expected in HERA-B environment. Even at such high dose rate the scintillating 

plastics of small transverse size and thickness, used in the HERA-B inner modules, 

can stand up to 5 Mrad with less than 20% degradation of initial light yield. 

In order to select the most radiation hard candidate we have performed a 

comparative study of various WLS fibres. Since the length of the inner HERA

B module is rather short small worsening in the attenuation length should not 

affect much the performance. Samples of 15 cm length WLS fibres were irradiated 

and measured with respect to the non-irradiated sample using blue LED for the 

excitation. Each sample consisted of 5 fibres bound together into the bundle and 

coupled to the phototube. The results of this study are summarized in fig.9. For each 

collected dose the light output was measured right after and in more than 70 hours 

after the irradiation. 2 The upper set of data points in fig .9 for the BCF91-A and 

RK-27 WLS fibres corresponds to the light output after annealing. The KURARAY 

Y-ll WLS fibres choosen for the HERA-B inner modules show only minor decrease 

in the light yield after irradiation up to 5 Mrad. 

4.3.2 Radiation hardness of tlle phototubes and dividers 

The darkening of the PM window was measured as a function of collected dose using 

a 60Go ,-source. The relative PM signals after irradiation are presented in fig.lO for 

2 According to our dedicated study some of the tested fibres show a substantial annealing which 
saturates in 50 to 100 hours after irradiation depending on the dose delivery rate, 
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sample of FEU-68 (shown with triangles and squares) and HAMAMATSU-R760 

10wn with circles) equipped with a silica fused window. The output current of 

~U-68 drops by 50% after 500 krad while HAMAMATSU-R760 stands up to at 

ist 1.7 Mrad without noticeable degradation of the signal. 

The HV supply system of the HERA-B calorimeter phototubes is based 

. the Cockroft-Walton solution 12) . The HV distribution on the Cockroft-Walton 

vider stages was measured to be stable within 1 % accuracy after irradiation of up 

5 Mrad. 
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Table 1: Parameters of the HERA-B calorimeter. 

Inner Middle Outer 

Outer size 156 x 89 cm2 446 x 268 cm2 624 x 468 cm2 

Type Shashlik Shashlik Shashlik 
# of channels 2100 2128 1728 
Absorber Tungsten Lead Lead 
Volume ratio W /Scint = 2/1 Pb/Scint = 3/6 Pb/Scint = 3/6 
Moliere radius 1.4 em 4.2 em 4.2 em 
Radiation length 0.56 em 1.68 em 1.68 em 
Cell size 2.23 x 2.23 cm2 5.575 x 5.575 cm2 11.15 x 11.15 cm2 

Depth 12.8 em (23 Xo) 34 em (20 Xo) 34 em (20 Xo) 
Weight 2.1 tons 11 tons 36 tons 
A bsorb. weight 1.63 tons 8.5 tons 27.6 tons 
Scinto weight 52 kg 1600 kg 5180 ~g 

(1 mm plates) (6 mm plates) (6 mm plates) 
WLS fibres Y-ll BCF-91A BCF-91A 

(3.8 km) (42 km) (137 km) 
Phototube FEU-68 FEU-84-3 FEU-84-3 

R760 
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Table 2: Parameters of the LHC-B electromagnetic calorimeter. 

Radiator 
Dimensions 
Beampipe hole 
Depth 
Moliere radius 
Module size 
Channels per module 
# of modules 
Crystal size 
Phototube 
# of channels 

Type 
Dimensions 
A verage thickness 
Moliere radius 
Module size 
Sampling structure 
Holes per module 
Fibre per module 
Module weight 
16 cell modules 
4 cell modules 
1 cell modules 
Phototube 
# of channels 

Inner 

PbW04 crystal 
80 x 80 x 40 cm3 

30 x 30 cm2 

25 Xo 
2cm 

7.5 x 7.5 x 40 cm3 

16 
128 

18.75 x 18.75 x 225.0 cm3 

Hamamatsu R5189 or FEU-68 with amplifier 
1824 

Outer 

Shashlik 
8.1 x 8.1 x 0.5 m 3 

22.5 Xo 
34 mm 

15 x 15 x 50 cm3 

125 layer (1 mm Pb+ 2 mm Scinto + 0.2 mm paper) 
20 x 20, 7.5 mm spacing, 1.2 mm dia, 2.9% 

,..., 200 m 

42.4 kg 
3.75 x 3.75cm2

, 220 (3520 cells) 
7.5 x 7.5cm2

, 768 (3072 cells) 
15 x 15cm2

, 1892 (1892 cells) 
Hamamatsu R5600 or FEU-115M 

8484 
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ABSTRACT 

Electromagnetic calorimeters will play a crucial role at the CERN Large 
Ldron Collider (LHC). The numerous requirements coming from physics are dis
ssed in this paper. In particular, the physics potential of the electromagnetic 
lorimeter of the ATLAS experiment is described. 

Introduction 

lysics requirements for the LHC electromagnetic (EM) calorimeters have been dis

.ssed for more than ten years 1). Today, a vast R&D activity has been completed, 

Ld several prototypes of the future calorimeters have been built and tested with 

!ams. Detailed simulation studies of the most interesting physics channels have 

!en performed, and the detectors optimised accordingly 2, 3). The design of the 

ElC calorimeters, both for the ATLAS and CMS experiments, is well advanced or 

'en frozen. For instance, the construction of the so-called "module zero" of the 

rLAS EM calorimeter has started. 

Therefore, we have today a much deeper understanding of how an EM 

Jorimeter should operate at the LHC, and revisiting the physics requirements in 

Le light of our present experience is not a mere repetition. 

LHC physics requirements 

he role of the EM calorimeters at past and present hadron colliders has been and 

: to measure the energy and the position of electrons and photons; to measure, 
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together with the hadronic calorimeter, the energy of jets and the event missing 

transverse momentum (PT)j to identify particles, namely recognise electrons and 

photons from hadrons and jets. 

These will be the principal calorimeter tasks also at the LHC, made more 

difficult, however, by the two main parameters of the machine: the large centre

of-mass energy (16 TeV), which requires good pedormance over an energy range 

extending from 1-2 GeV up to the TeV scale and demands a much larger dynamic 

range of the readout electronics than in existing calorimetersj and the-high lumi

nosity. At the LHC design luminosity (1034 cm-2s-1), twenty soft collisions will be 

produced, on average, every bunch crossing (i.e. every 25 ns), giving rise to the 

so-called "pile-up" both in space and in time. Fast detector response « 50 ns) and 

fine granularity are required to minimise the impact of the pile-up on the physics, 

as well as high radiation resistance given the huge particle fluxes expected over a 

period of operation of at least ten years. 

The LHC physics goals set challenging detector pedormance specifications. 

This is the subject of the next sections. 

2.1 Benchmark physics channels 

Although the LHC EM calorimeters will be involved in a variety of measurements, 

the most stringent performance specifications come from a few channels: the search 

for a Higgs boson through the decays H--+ II and H--+ 4ej the search for heavy Vector 

Bosons (W', Z') with masses up to 5-6 TeV decaying into W'--+ ell and Z'--+ e+e-j 

the detection of inclusive electrons with PT ~ 20 GeV. These channels set the most 

severe requirements in terms of energy resolution, position/angle resolution, particle 

identification capability and dynamic range. . 

Figure 1 shows the LHC discovery potential of a Standard Model Higgs 

boson for masses up to the upper limit set by the theory (1 TeV). It can be seen 

tha.t if the Higgs mass is larger than two times the mass of the Z, Higgs discovery 

at LHC is relatively easy, thanks mainly to the "gold-plated" decay mode H--+ 

ZZ --+ 4l. On the other hand, the most difficult region (lowest significance) is for 

Higgs masses between the expected LEP2 limit of 98 GeV and ,..., 180 GeV, where 

decay channels with large branching ratios (H--+ bb) are difficult to extract from 

the background, while channels with clear signatures (for instance H--+ ,,) have 

small rates. This region is mainly covered by two decay modes, H--+ II and H--+ 4l, 

and the possibility of observing the Higgs in this mass window through these two 

channels sets very stringent requirements on the EM calorimeter performance in 

terms of energy resolution and particle identification capa.bility. As an example, the 

H -+ II channel is discussed in more detail in the next section. 
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gure 1: Expected significance of a Standard Model Higgs signal over background 
the LHC as a function ofthe Higgs mass for an integrated luminosity of 105 pb-l

• 

Ie two experiments ATLAS and CMS are combined. Different symbols refer to 
[erent decay channels. 

1.1 H-+ 'Y'Y 

his decay 4) gives rise to two high-1'7' photons (1'7' ~ 50 GeV) in the final state. 

he signal cross-section is about 50 fb, while the backgrounds have much larger 

Ltes: 

• The 'Y'Y irreducible background has a cross-section 30 times larger than the 

signal cross-section. Since the intrinsic width of the Higgs is a. few MeV in this 

mass region, the possibility of observing a signal peak in the 'Y'Y invariant mass 

distribution over the background continuum depends crucially on the energy 

and angular resolution of the EM calorimeter. A mass resolution of the order 

of 1% or less is needed . 

• The 'Y-jet and jet-jet production is more than six orders of magnitude larger 

than the 'Y'Y continuum, and is a.f£ected by large theoretical and experimental 

uncertainties. Therefore, a rejection of the order of 5000 against jets faking 

photons is needed, with high efficiency for isolated photons, in order to reduce 

this background safely below «20%) the 'Y'Y rate. This requires adequate 

transverse and longitudinal segmentation of the EM calorimeter (better than 

tl.TJ x tl.rjJ = 0.05 x 0.05), and a fine-grained preshower-like detector to reject 
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photon pairs from high-PT 'lr°'S produced &IIlong the jet fragments. 

2.2 Summary of the physics requirements 

The main EM calorimeter requirements set by the LHC physics are listed below. 

These requirements have guided the design of the ATLAS and CMS calorimeters. 

• Rapidity coverage over at least 1"71 ~ 2.5. A coverage limited to the region 

1"71 ~ 2 would decrease the significance of a H- 'Y'Y signal over the background 

by'" 10%. The loss would be even larger for the H- 4e channel. For the S&IIle 

reason, regions of the acceptance with deteriorated energy response (transition 

between barrel and end-cap, border between calorimeter modules, etc.) should 

be kept smaller than 10% of the total coverage. 

• Electron reconstruction and identification capability from 1-2 GeV up to 

3 TeV. The lower limit comes from the possibility of reconstructing low-PT 

electrons produced in the semileptonic decays of b-quarks, which would allow 

to increase the total b-tagging efficiency by 10%. This lower limit is therefore 

important for the search for a possible H_ bb decay 2), and for many aspects 

of B-physics 5). The upper limit is set by electrons from Z' and W' decays. 

• Excellent energy resolution over the range 10-300 GeV, in order to achieve 

a mass resolution of 1% for the H- 'Y'Y and H- 4e channels in the mass 

region 90-180 GeV (see section 3.1). In particular, the constant term of the 

energy resolution must be kept smaller than 1%, which is not an easy task 

since the LHC EM calorimeters will be equipped with more than 106 readout 

channels. A small constant term is needed not only for Higgs physics, but 

also for the search of a heavy Z'. This is because the constant term dominates 

the calorimeter resolution at high energy, and the contribution of the detector 

resolution to the width of the reconstructed Z' mass should be kept smaller 

than the Z' intrinsic width (rZ' ~ 10 GeV for mz/ ~ 1 TeV according to 

Extended Gauge Theories). 

• Total thickness of at least 24 radiation lengths, in order to keep the con

tribution to the energy resolution coming from longitudinal fluctuations of 

high-energy showers (E > 500 GeV) not fully contained in the calorimeter to 

an acceptable level «0.4%). 

• Dynamic range between 30 MeV and 3 TeV, where the lower limit corresponds 

to the typical electronic noise per channel and the upper limit to the maximum 

energy deposited per cell by electrons produced in the decays of Z' and W' 

with masses 5-6 Te V. 
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• Response linearity of better than 0.5% in the energy range up to 300 GeV, to 

preserve the mass resolution for the H-+ 11 and H-+ 4e channels. A linearity 

at the level of 1 % is adequate at higher energy. 

• Capability of measuring the shower direction in 8 with a resolution of 

'" 50 mrad/..j E(GeV). The energy resolution is not the only contribution to 

the width of the reconstructed 11 invariant mass in the case of the H-+ 11 
channel. There is also a contribution coming from the measurement of the pho

ton direction in 8. This is because at the LHC the position of the interaction 

vertex along the beam axis will have a spread of 5.6 cm. At low luminosity, 

charged tracks belonging to the underlying event associated with the H-+ 11 

event can be used to determine the vertex position with high accuracy. But 

at the design luminosity, the pile-up will significantly reduce the efficiency of 

this method, so that in most cases the directions of the two photons will be 

known with poor accuracy, which would spoil the 11 mass resolution. There

fore the EM calorimeter has to provide an independent measurement of the 

photon direction in 8. This requires good transverse and longitudinal segmen

tation of the calorimeter (see section 3.2) or, in the absence of longitudinal 

segmentation, the use of a preshower detector 3). 

• 1/jet separation capability. As discussed in section 2.1.1, a jet rejection of 

5000 (for a photon efficiency of 80% or more) is required for PT :: 50 Ge V 

in order to suppress the 1-jet and jet-jet backgrounds to the H-+ 11 channel. 

In particular the calorimeter, or a dedicated preshower detector, must be able 

to reduce the rate of isolated 1I"°'S produced in the quark fragmentation by a 

factor of at least three (see section 3.5). 

• e/jet separation capability. At the LHC, the rate of isolated electrons with 

1'7' = 20 - 50 GeV, coming for instance from W, Z and heavy flavour decays, 

is five orders of magnitude smaller than the rate of QCD jets of the same 1'7' 

(e/jet", 10-'). For comparison, the same ratio is e/jet", 10-3 at the Tevatron 

pp collider. As a consequence, the electron identification capability of the 

LHC experiments has to be two orders of magnitude better than at present 

hadronic machines. In particular, a jet rejection factor of about 108 will be 

needed to extract a signal due to genuine electrons. This rejection will be based 

on the information of the EM and hadronic calorimeters, combined with the 

information from the inner detector (see section 3.5). 

• T /jet separation capability. For a large part of the parameter space of the Min

imal Supersymmetric extension of the Standard Model (MSSM 6», the heav-
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iest Higgs bosons (A, H, H±) decay preferentially to T'S. Therefore, powerful 

separation of T jets from QCD jets is mandatory to fully explore the MSSM. 

Simulation studies 2) have shown that a rejection of at least 400 against QCD 

jets, for a T efficiency of 30%, is needed to achieve this goal. This rejection 

may be obtained by combining the information of the EM calorimeter (iden

tification based on the shower shape), of the hadronic calorimeter and of the 

inner detector. 

• Fast response. The detector integration time should be as short as possible, 

in order to minimise the impact of the pile-up on the detector performance 

issues listed above. 

• Coherent noise per channel smaller than '" 3 Me V. A larger coherent noise 

would spoil the measurement of the event missing-pr, as it is demonstrated in 

section 3.4. Good PT resolution is needed at the LHC to observe, for instance, 

the aheady mentioned decays of the MSSM Higgs bosons into pairs of T'S, 

since the PT resolution determines in most part the width of the reconstructed 

TT invariant mass. 

• Bunch-crossing identification capability down to 1 GeV of deposited energy in 
a trigger towerl, in order to identify electrons and photons at the trigger level 

by applying isolation cuts in the trigger towers surroundig the electromagnetic 

shower. This requires a calorimeter time resolution of a few nanoseconds at 

1 GeV. 

This unprecedented list of requireme~ts is complicated by several addi

tional difficulties: the LHC EM calorimeters will be very large systems (> 106 

channels); they will have to stand neutron fiuences of up to 1016n/ cm2 and radia

tion doses of up to 200 kGy (integrated over ten years of operation); they must be 

built within reasonable cost constraints. 

The solution to the above list of requirements is not unique, since the AT

LAS and the CMS calorimeters are based on two completely different technologies. 

The main design features, the expected performance and the physics potential of 

the ATLAS calorimeter are discussed in the next sections. 

3 The ATLAS electromagnetic calorimeter 

A view of the ATLAS calorimetry is presented in fig. 2. The electromagnetic section 

is a lead-liquid argon calorimeter with Accordion geometry, covering the rapidity 

IThe me of a trigger tower ill .tl.TJ x .tl.fjJ = 0.1 x 0.1 in ATLAS. 
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igure 2: Three-dimensional view of the ATLAS calorimeters. The inner detector 
, also visible. 

a.nge \"1\ ~3.2. It surrounds the inner detector (also shown in fig. 2), which is inside 

2 T solenoidal field. The superconducting coil producing this field is located in 

.ont of the EM calorimeter, and will be integrated in the vacuum of the barrel 

ryostat in order to reduce the amount of material and the dead space in front of 

he calorimeter. 

Over the region \"1\ < 2.5, which is devoted to precision physics (Higgs 

earches, etc.), the EM calorimeter is divided into three longitudinal compartments. 

~he first compartment is segmented in narrow strips in the "1 direction (4 mm pitch), 

7hich are used to separate single photons from 11'0 -+ II decays and contribute to 

he measurement ofthe shower direction (see section 3.2). The second compartment 

las a granularity A"1 x A,p = 0.025 x 0.025 (corresponding to a 4 cm cell size in both 

lirections), while the third compartment has a granularity A"1 x A,p = 0.05 x 0.025. 

rhis segmentation, which is finer than in most of the existing calorimeter systems, 

~ves rise to a total of 170000 channels, which are read out by electronic chains 

ocated outside the cryostats. 

The lead thickness in the absorber plates changes from 1.1 mm to 2.2 mm 

loS a function of rapidity, so as to optimise the calorimeter performance in terms 

If energy resolution 7). The liquid argon (LAr) gap is 4 mm thick in the barrel 

)art (\"1\ < 1.47) and smaller in the end-cap. More details about the calorimeter 
~eometry and mechanics can be found in 7, 8, 9). 
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In the barrel part the EM calorimeter is preceded by a pres ampler detector. 

The pre&ampler is a LAr active layer with independent readout, located behind the 

cryostat cold wall. Its main purpose is to recover the energy lost by electrons 

and photons in the material in front of the EM calorimeter (see section 3.1.1). A 

pres ampler is probably not needed in the end-cap region, where the amount of 

material in front of the calorimeter is less (no coil) and the shower energy larger for 

a given transverse momentum. 

3.1 Energy resolution 

The energy resolution of a generic calorimeter can be parametrized as 

fT a b 
-=-ffi ffic 
E VE E· sin8 

(1) 

where the first term on the right-hand side is the sampling term, the sec

ond one is the noise term (which includes also the contribution of pile-up at the 

LHe design luminosity), the third one is the constant term, and 8 is the particle 

polar angle with respect to the beam ms. In the energy range 10-300 GeV, where 

excellent resolution is required at the LHe, none of these terms is negligible, so all 

of them have to be kept as small as possible. 

3.1.1 Sampling term 

A liquid argon sampling calorimeter has a typical sampling term of 10%/"; E(GeV). 

This is what has been measured with barrel and end-cap prototypes of the ATLAS 

Accordion calorimeter (see fig. 3 left). 

Although homogeneous calorimeters, such as the eMS crystal calorimeter, 

have better sampling terms 10), ATLAS has chosen a LAr calorimeter in order to 

satisfy, in a balanced way, several requirements at the same time: the LAr technique 

is intrinsically radiation hard; it allows for a fine longitudinal and lateral detector 

segmentation (which improves particle identification); it is uniform, stable and rela

tively easy to calibrate (which improves the constant term in the energy resolution). 

Furthermore, when operating at the LHe the EM calorimeter will be pre

ceded by several layers of material: by the coil and the cryostat walls in ATLAS, by 

a preshower detector in eMS, by the inner detector (inside a magnetic field) in both 

experiments. This environment will unavoidably spoil the calorimeter performance, 

thus reducing the advantage of the calorimeter with the better resolution. 

The effect of the upstream material on the calorimeter energy resolution 

has been studied with test beam data. The result is shown in fig. 3 (right) and 

indicates that the r.m.s. of the energy lost in 3.5 Xu of material, which is much 



_77=0.28 

077=0.90 

D.77=2.66 -t 
0=9.90 x -10.4 " J b=280 MeV - 520 MeV 

c z O.27 " - 0.35 " 
W ... 
J 
w 

50 tOO 150 200 250 30C 
Beam energy (GeV) 

Z4 

20 

18 

12 

• 
4 

o 

F. Gianotti 

• IVlrag • 
0 ImI 

30 eo 90 120 150 
Bum energy (GeV) 

gure 3: Left: Energy resolution as a function of the incident beam energy for test 
~ctrons incident at three rapidities: 11=0.28 and 11=0.9 (barrel prototype), and 
=2.66 (end-cap prototype). The three terms of the energy resolution (see text) 
easured at these rapidities are also indicated. llight: Average and r.m.s fraction 
energy lost by test electrons in 3.5 Xo of passive material in front of an Accordion 
ototype, as a function of the incident beam energy. 

ore than the material in front of the ATLAS EM calorimeter over most of the 

.pidity coverage, can be parametrized as '" 20%/ J E(GeV). These fluctuations, 

IUch are a factor of two larger than the intrinsic sampling term of the Accordion 

ee fig. 3 left), would ruin the calorimeter resolution if these energy losses were not 

easured. Both simulation studies and test beam results 11) have demonstrated 

lat an almost complete recovery is possible, for instance by using a massless gap 

. a presampler, if the upstream material does not exceed 2.5-3 Xo. With more 

aterial, the resolution of the calorimeter is fully dominated by the fluctuations of 

Le energy lost in front of it. 

Furthermore, the layers of the inner detector, which are located at a large 

Istance from the EM calorimeter and are inside a magnetic field, contribute to the 

,rmation of low-energy tails in the electron and photon energy spectra reconstructed 

I the calorimeter. This is because electrons and photons interacting in the inner 

etector produce secondary particles (for instance e+ e- pairs in the case of photon 

>nversions). These secondaries are opened up in tP by the magnetic field and reach 

le EM calorimeter at a distance of a few centimetres from each other. In order 

) collect the full energy of these secondaries, and therefore of the original particle, 

.usters of many calorimeter cells should be used. On the other hand, clusters of 

:w cells are required in order to minimise the contribution to the energy resolution 
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coming from the pile-up ILIld electronic noise, which scales approximately as the 

square root of the cluster size. The best compromise between these two competing 

factors consists in using asymmetric clusters, larger in the tP thlLIl in the." direction. 

Clusters of 3 x 5 cells in ." x tP are used in ATLAS, corresponding to a calorimeter 

area of 11 x 20 cm2 • Even with such large clusters, low-energy tails at the level of 

a few percent persist. At the test beam (no inner detector in front, no magnetic 

field, no coil) ILIl electromagnetic shower in the Accordion calorimeter is contained 

in 8 x 8 cm2 ILIld no tails are observed. The problem of tails is more seriou~ in CMS 

thlLIl in ATLAS (see section 3.3) because ofthe stronger magnetic field of CMS (4 T, 

as compared to 2 T in ATLAS) ILIld of the better intrinsic resolution. 

A lot of effort has been invested in ATLAS to minimise the amount of 

material in front of the EM calorimeter 7). In the present layout (fig. 4 left), the 

total material seen by ILIl incident particle from the interaction vertex up to the 

calorimeter front face is 1.7 Xo at ." = 0, increasing to 3.5 Xo at the end of the 

barrel (." = 1.47) due to the effect of the ILIlgle. On the other hand, the material in 

front of the presampler never exceeds 2.5 Xo, which allows for ILIl almost complete 

energy resolution recovery. 
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Figure 4: Left: Total material (in radiation lengths) seen in ATLAS by ILIl inci
dent particle before reaching the pres ampler detector (closed symbols) ILIld the EM 
calorimeter (open symbols), as a function of rapidity. Right: Sampling term of the 
energy resolution of the ATLAS EM calorimeter as a function of rapidity for photons 
of transverse energy ET = 50 GeV. 

At the transition between the barrel and the end-cap region, the presence 
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two cryostats (housing the barrel and the end-cap EM calorimeters), of the coil, 

ld of cables and services of the calorimeter and inner detector, produces spikes of 

aterial reaching 6-8 Xo. At larger rapidity in the end-cap, the material goes down 

a more acceptable level of 2 Xo or less. 

The sampling term of the energy resolution, as obtained from a full simu

tion of the ATLAS calorimeter and of the inner detector, is shown in fig. 4 (right). 

his term is about 9%h/E(GeV) in the barrel and 10%IJE(GeV) in the end-cap, 

le difference being due mainly to the larger lead thickness in the absorber plates 

. the end-cap calorimeter. A strong deterioration of the resolution is visible at the 

ansition between barrel and end-cap, reflecting the increased amount of material. 

ptimisation studies are still going on to improve this region. 

The expected contribution of the sampling term to the reconstructed 

-+ 11 mass resolution is 820 MeV for a Higgs mass of 100 GeV . 

. 1.2 Noise term 

'he contribution of the electronic and pile-up noise to the energy resolution depends 

n the detector technique and on the performance of the electronic chain. 

The expected noise in the ATLAS EM calorimeter is shown in fig. 5. The 

lectronic noise decreases with the shaping time as ""' t;3/2, while the pile-up noise 

lcreases as ""' t;/2. There exists therefore an optimum shaping time at which the 

otal noise (sum of the electronic and pile-up contribution) is minimised. This 

ptimum shaping is 45 ns in the ATLAS calorimeter at high luminosity, which is 

quivalent to integrating over two bunch crossings. At the optimum shaping, the 

otal noise in a calorimeter region of 3 x 5 cells is expected to be 350 MeV, and the 

loise contribution to the reconstructed H-+ 11 mass resolution is expected to be 

,80 MeV for a Higgs mass of 100 GeV. 

1.1.3 Constant term 

\.S aheady mentioned, the constant term of the energy resolution must be smaller 

han 1%, since otherwise it would become the dominant contribution to the recon

.tructed mass resolution for a Higgs decaying to two photons or to four electrons in 

,he mass region 90-180 GeV. ATLAS aims at a constant term of 0.7% over the full 

'apidity coverage of the EM calorimeter. The strategy to achieve this goal is the 

'ollowing: 

• With a 2 m long prototype of the Accordion calorimeter 12), a position scan 

over a region of 150 cells has been collected with test electrons of 287 GeV. 
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Figure 5: Electronic, pile-up and total noise (r.m.s.) expected in a region of 3 x 5 
cells in the ATLAS EM calorimeter at the LHe design luminosity, as a function of 
the shaping time of the electronic chain. 

The response variation from cell to cell had an r.m.B. of 0.6%, which trans

lated into a constant term of 0.7%. Instrumental sources contributing to this 

constant term were identified: they are listed together with their estimated 

contributions in tab. 1. As it can be seen, they can explain to a large extent 
the origin of the measured constant term . 

• Based on the experience gained in the construction and test of the 2 m pro

totype, it is expected that in the ATLAS EM calorimeter, over a region with 

a similar number of cells as scanned in the prototype (~"1 x ~~ = 0.2 x 0.4), 

the various contributions to the constant term listed in tab. 1 reduce to the 

values given in the third column: 

1. Residual qrmodulation. Due to the Accordion geometry, the calorimeter 

density changes as a function of <p, giving rise to a periodical modulation 

of the response. This modulation can be corrected for. In ATLAS, an 

optimisation of the Accordion geometrical parameters will allow to reduce 

the residual modulation after correction, and therefore the contribution 

to the constant term, from 0.3% (2 m prototype) to 0.2% (ATLAS). 

2. Absorber non-uniformity. The sensitivity of the calorimeter response to 

the lead thickness in the absorber plates has been studied with test beam 

data 8). It was observed that 1% more lead produces a response drop of 
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.ble 1: Contributions to the constant term of the energy resolution measured with 
e 2 m prototype and expected in the ATLAS calorimeter over a region of about 
o cells. 

I Source 12m prototype I ATLAS I 
Residual qrmodulation 0.3% 0.2% 
Absorber non-uniformity 0.3% 0.2% 
Gap non-uniformity 0.15% 0.15% 
Calibration accuracy 0.25% 0.25% 
Timing accuracy 0.2% 0 
Cross-talk problem 0.15% 0 
Total 0.57% 0.4% 

0.7%, mainly due to the decrease of the sampling fraction. This result 

allowed to determine the tolerances required on the absorber uniformity 

and the best way for assembling the plates 8), in order to achieve a 

contribution to the constant term as small as 0.2%. 

3. Gap non-uniformity. In a slow LAr calorimeter, with integration time 

equal or larger than the electron drift time in the gap ('" 400 ns), the 

detector response depends linearly on the gap thickness. With fast shap

ing, the response sensitivity to the gap thickness is largely reduced: a 1 % 

thicker gap produces a response increase of only 0.3%. 

The gap uniformity achieved with the 2 m prototype is shown in fig. 6 

(left). Away from the boundary between two calorimeter modules the 

measured gap dispersion was 50 p.m, which translated into a contribution 

to the constant term of 0.15%. This contribution is acceptable, therefore 

50 pm was chosen as the requirement on the gap uniformity for ATLAS. 

At the module boundary the gap is 7% larger (7% drop in the gap capac
itance in fig. 6), hence one expects a response drop of 2-2.5% with fast 

shaping in this region. This is what has been observed with test beam 

data (see fig. 6 right). 

The support system of the ATLAS EM calorimeter 8) has been designed 

in such a way as to obtain an inter-module gap similar to all other gaps 

in the rest of the calorimeter, in order to eliminate this problem. 

4. The calibration system of the ATLAS calorimeter has been designed to 

deliver uniform pulses within 0.2%. However, a contribution to the con

stant term of 0.25% from calibration inaccuracies (as in the prototype, 

where the system was not fully optimised) has been assumed conserva
tively. 

77 
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Figure 6: Left: Double-gap capacitance, normalised to the average, as a function of 
the gap position in the stack, measured with the 2 m prototype at four different .,., 
positions. Right: Normalised calorimeter response, as a function of 1/>, to 287 GeV 
electrons hitting the 2 m prototype a.t the boundary between the two upper modules 
of the stack. The dashed curve is a fit to the energy response away from the boundary 
region . 

• In conclusion, a constant term of 0.4% is expected, by construction, over a 

region of size A.,., x AI/> = 0.2 x 0.4 of the ATLAS calorimeter. However, long
range non-uniformities, due for instance to temperature effects, mechanical 

deformations, variation in the ma.terial in front of the calorimeter, cannot be 

a priori excluded. These can be controlled with the following tools: 

1. Several calorimeter modules will be t~sted with beams before being as

sembled. This will a.llow to check the uniformity within a. module, and 

to control the module-to-module reproducibility. 

2. In situ calibration at the LHC by measuring the E/p ratio (the ratio 

between the energy reconstructed in the calorimeter and the momentum 

measured in the inner detector) for electrons. This method, which has 
been demonstrated by CDF 13) to be a powerful tool for the calorime

ter calibration, consists in determining first the momentum scale in the 

inner detector (by using for instance J /.,p ~ p.+ p.- decays), and then 

in transferring the momentum scale from the inner detector to the EM 

calorimeter by requiring that the E/p ratio for electrons be equal to one. 

3. In situ calibration by using Z---+ e+ e- decays, which are abundantly pro

duced at the LHC: one event per second is expected in the initial phase 

at low luminosity (10" cm-2s-1 ). Using the Z-mass constraint has the 

advantage of being a. standalone calorimeter method independent of the 
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inner detector, but the disadvantage that correlations between the two 

electrons from the Z complicate the procedure. Simulations studies have 

shown that with 60000 Z---+ e+ e- decays, which will be collected in about 

four days of data taking at low luminosity, an overall constant term of 

0.6% can be achieved over the ATLAS barrel calori~eter. 

The expected contribution of the constant term to the reconstructed 

-+ 'Y'Y mass resolution is 490 MeV for a Higgs mass of 100 GeV. 

1.4 Total energy resolution 

Ie total energy resolution for photons of ET = 50 GeV, which is the typical 

Ulsverse energy of photons produced in H---+ 'Y'Y decays, is about 1.5% in the 

.rrel region and 1.1% in the end-cap region 7). Since the constant term does not 

ange with rapidity, and the total noise is constant with.,., for a fixed ET , the 

tal resolution improves at large rapidity because the sampling term improves (the 

ower energy increases with rapidity for fixed ET). 

2 Angular resolution 

tie good longitudinal and lateral segmentation of the ATLAS EM calorimeter allows 

r an accurate measurement of the photon direction in 8 (see section 2.2). This 

tter is determined by measuring the shower centroid in z at two positions in depth: 

the strip compartment (with a precision of 3 mm/"; E( Ge V» and in the second 

Impartment (with a precision of 8 mm/"; E( Ge V». The angular resolution which 

m be obtained in this way is shown in fig. 7 (left). 

For a fixed transverse energy of the photon, the precision of the angle mea

lIement improves with rapidity, because the shower energy increases. The points in 

~. 7 can be parametrised as tT, '" 45 mrad/"; E( Ge V), which satisfies the resolution 

:quirement discussed in section 2.2. On the other hand, the resulting accuracy on 

Ie vertex position along z, obtained by extrapolating the photon direction from the 

uorimeter back to the beam axis, deteriorates from 1-2 cm in the barrel to 5-6 cm 

1 the end-cap (fig. 7 right), mainly because of the larger distance of the calorime

~r from the interaction centre. Therefore in the end-cap the vertex measurement 

rovided by the EM calorimeter is not more accurate than the vertex spread itself. 

[owever, most H ---+ 'Y'Y decays are expected to contain at least one photon in the 

arrel calorimeter. 

The expected contribution of the photon direction measurement to the 

econstruded H ---+ 'Y'Y mass resolution is 590 Me V for a Higgs mass of 100 Ge V. 

7() 
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Figure 7: Angular resolution (left) and vertex position resolution in z (right) as a 
function of rapidity, obtained with the ATLAS EM calorimeter for simulated single 
photons of ET = 50 Ge V. 

3.3 Higgs mass resolution 

The reconstructed mass spectra for the decays H-+ TY (mE = 100 GeV) and H-+ 4e 

(mE = 130 GeV), obtained with a full simulation of the ATLAS detector, are shown 

in fig. 8. The mass resolution is 1.24 GeV (1.02 GeV) at high (low) luminosity for the 

H~ 'Y'Y channel, and 1.67 GeV (1.52 GeV) for the H~ 4e channel. The dominant 

contribution comes from the sampling term. 

Tails in the mass spectra due to detector effects (material in front of the 

calorimeter) are at the level of 2% in both cases. The H~ 'Y'Y spectrum includes 

unconverted photons, but also photons which converted in the inner detector. 

With the eMS crystal calorimeter, the mass resolution for H~ 'Y'Y events 

with mE = 100 GeV is 775 MeV 3), however when only unconverted photons are 

considered. In fact the energy measurement for converted photons is significantly 

spoiled, in eMS, by the effect of the 4 T field (see section 3.1.1). Part of the 
converted photons have been recently recovered by an improved analysis 14). The 

mass resolution for the H-+ 4e channel in eMS 3) is similar to the ATLAS resolution, 

despite the better sampling term of the eMS calorimeter, because of the effect of 

electron bremsstrahlung in the 4 T field. This effect is responsible also for more 

low-energy tails in the reconstructed spectrum than in ATLAS. 

In ATLAS, the expected signal significance over background is 4.8 for a 

H~ 'Y'Y signal with mE = 100 GeV and an integrated luminosity of 106 pb- l
, and 5.2 

for a H-+ 4e signal with mE = 130 GeV and an integrated luminosity of 3.104 pb- l
• 

lUI 
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Igure 8: Reconstructed 'Y'Y invariant mass for H-t 'Y'Y events with rnH = 100 GeV 
~ft), and reconstructed four-electron invariant mus for H-t 4e events with rnH = 
10 GeV (right), obtained with a. full simulation of the ATLAS EM calorimeter and 
ner detector. 

4 Missing PT mea.surement 

he quality of the PT measurement in ATLAS has been studied with a full detector 

mulation and is shown in fig. 9 (left). 

The PT resolution is dominated by the energy resolution of the hadronic 

u.orimeter. However, LHe EM calorimeters will have many more channels than 

ldronic calorimeters, and the presence of coherent noise (which scales linearly with 

Ie number of channels involved in the energy measurement) in the readout elec

onics of the EM calorimeter could have a serious impact on the PT measurement. 
he effect of the coherent noise has been studied in ATLAS and is shown in fig. 9 

ight). It can be seen that a coherent noise of 5 MeV per channel deteriorates the 

r resolution by a factor 1.5 and the significance of a possible A -+ TT signal witI 

~.A = 150 GeV by 20%. Therefore, the coherent noise in the EM calorimeter has to 

e kept below 3 Me V per channel. 

.5 Particle identification 

'wing to a good lateral and longitudinal segmentation, and in particular to the 

resence of a strip compartment, the ATLAS EM calorimeter is expected to provide 

ICcellent performance for particle identification. This is complemented by the inner 

etector which has also been designed for powerful particle identification, and which 

lcludes, in particular, a Transition Radiation Tracker. Therefore, when combined 
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Figure 9: Left: Resolution of the two components of the Pr vector (P .. , P.,,) at low 
luminosity, as a function of the total transverse energy in the ATLAS calorimeters. 
Right: Deterioration of the PT resolution and of the significance for a A -+ TT signal 
with rnA = 150 GeY, as a function of the coherent noise per channel in the EM 
calorimeter. 

together, the EM calorimeter, the hadronic calorimeter and the inner detector are 

expected to be able to achieve the desired rejection of the jet background (see 

section 2.2) for high electron and photon efficiency. 

Electron and photon identification in ATLAS is discussed more extensively 

in 7, 15). Here the main aspects of the expected performance are only briefly 

summarised. 

Figure 10 (left) shows the residual jet-jei and I-jet backgrounds to the 

H -+ II channel at different levels of the 'Y/jet separation procedure. 

After cuts in the hadronic calorimeter and in the second and third com

partments of the EM calorimeter (dashed line), based on the different lateral and 

longitudinal shape of showers produced by jets and by single photons, the total jet 

background (jet-jet plus "I-jet), which at this level consists mainly of isolated ?r°'s, 

is of the same order as the II irreducible background. It can be further reduced 

to below 20% of the 1"1 rate (see section 2.2), provided that the surviving ?r°'s are 

rejected by a factor of three. This is achieved in ATLAS by using the information of 

the strip compartment (full line). The efficiency of these I/jet identification criteria 
for single photons is 80%. 

The e/jet separation capability of ATLAS in the PT range 20-50 GeY is 

shown in fig. 10 (right). It can be seen that the EM and hadronic calorimeters alone 
provide a jet rejection of 1000, for more than 90% electron efficiency. Another factor 
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Igure 10: Left: Expected ratio between the residual jet background and the 'Y'Y 
reducible background, as a function of the invariant mass of the pair of photon 
IJldidates, before (dashed line) and after (full line) 11"0 rejection in the strip com
utment. llight: Jet rejection as a function of the electron efficiency, obtained with 
le calorimeters and inner detector (see text) at high luminosity . 

. ten in the rejection is obtained by combining the EM calorimeter information with 

le inner detector, that is by requiring a track in the inner detector pointing to the 

lower in the EM calorimeter, with momentum matching the shower energy. A 

Ilal rejection of more than 106 (see section 2.2) is achieved by using the Transition 

adiation Tracker to recognise charged hadrons faking electrons, and by rejecting 

mverted photons. The overall electron efficiency for these selection criteria is 75%. 

Figure 10, which was obtained from a full simulation of large samples of 

vo-jet events in the ATLAS detector, shows that ATLAS has the capability to 

:ject the hadronic backgrounds to the desired level. 

Conclusions 

lectromagnetic calorimeters will playa very important role at the LHC. They will 
e used for a variety of measurements, involving electrons, photons, jets, neutrinos, 

's, b-jets, etc. They will also playa crucial role in the search for channels of prime 

lterest, such as H-+ 'Y'Y, H-+ 4e and Z'-+ e+e- decays. 

Their task will be more difficult than at present colliders. Most of the 

ew channels are expected to have low rates, and even standard processes will often 

ave smaller signal-to-background ratios than at present machines. Furthermore the 
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detectors will operate in a.n extremely harsh environment {ra.diation, pile-up}, which 

demands challenging technical specifica.tions {speed, radiation hardness, dynamic 

range}. 
The ATLAS LAr EM calorimeter is based on a robust a.nd stable technique, 

well suited to this difficult environment. It is a versatile detector, allowing for good 
energy resolution, excellent response uniformity, powerful particle identification and 

accurate position a.nd a.ngle measurements. 
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THE DOMINANT ROLE OF TECHNICAL PROGRESS 
(FROM THE ELECTROSYNCHROTRON TO DAcI>NE) 

Giorgio Salvini 

ABSTRACT 
One specific point of my opening address to this conference dedicated to 

alorimetry is to recall the primary importance of instruments, detectors and laboratories 
the progress of physics. This has been particularly evident in these last fifteen years, 

Ir technical progress has succeeded in clarifying and deeply renewing our general 
eas. The fact is that, in the past, we have never been so modest (or conscious of the 
nits of our understanding) as in this period. In the following we recall some present 
'oblems connected to the limits of our detectors (part I) and the contribution of Frascati 
,art II), from past results to present expectations for the measurements of DAcDNE. 

ltroduction 

I would like on this occasion to recall the importance of experiments, instruments 

ld laboratories in the progress of physics. This is obvious, and none of us believes that 

Ie progress of physics can remain too long in the beautiful "octopus-like" hands of 

leoretical ideas. But I think that the present period of our research is particularly 

Iteresting in riveting the importance of technical progress and new instruments in 

.arifying or deeply renewing our general ideas. 

At the same time I would like to remember the contribution of our Frascati 

Iboratories during the last thirty years to the progress of our techniques and to the 

~neral scientific knowledge in physics. So, let me start with some general 

)nsiderations, and after I will concentrate on some of the Frascati results. 

his period of physics research is in my opinion very interesting, and I am rather 

[lVious of the younger physicists today for what they will know in the future. Let me be 

lore specific. 

In 1982, on the wave of the discovery of heavy bosons W±, ZO, I thought that we 

ad understood the basic structure of our Universe. Now we are less sure and we know 

lat we must still search and wait. Let me give a glance with you at our present 

roblems, at our present uncertain replies, and at the technical progress we need to be 

lore certain in the future. 
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The main (formidable) questions are: 

1. What are the particles that fonn our Universe? 

2. What is the mass and the presence of neutrinos in our Universe? 

3. We are searching for new particles on Earth, Higgs particles, etc. What are our 

perspectives? 

4. What is the density of our Universe? How sure are we of the Big Bang model, the 

Hubble constant? 

5. What is the symmetry of the laws which govern our Universe? (We shall see more 

of it in the next paragraph). 

1 . Some general remarks 

1.1 What are the particles that fonn our Universe? 

This, as you know, is a fascinating problem. As I said, most of us were more sure 

in the eighties. Now we know that there must be some other particles other than protons 

(neutrons, nuclei), electrons, neutrinos and gammas. 

Mathematical arguments applied to the laws of gravity, well known to us, and 

experimental observations on the structure of the galaxies and the evidence of non

luminous bodies wandering throughout the Universe lead us to think that 9/10 of the 

mass that fonns the Universe is an ensemble of particles, perhaps not hadronic, which, 

however, we cannot clearly identify. It is the so-called dark matter in whose existence 

we must now believe. There are several possible hypotheses, which we will come 

across again later when speaking of the particles present on Earth. 

One of the most interesting hypotheses is that neutrinos have a mass different from 

zero, like photons. A good part of dark matter may be composed of neutrinos. 

However, these alone are not enough. These uncertainties lead us to a clear conclusion: 

we must study more deeply our galaxies to understand the total mass and not only its 

luminous mass. In short, where and how is this excess of mass hidden in the Universe? 

During the last decades this problem has led almost to a revolution in the theory of 

the galaxies. Galaxies are masses of stars which fonned and compacted through the 

action of gravity. But near the centre of the galaxy there may be a central vortex, an 

enonnous accumulation, the famous black hole. This enonnous central oven attracts 

stars and swallows them. Yes, it swallows them. A certain evidence - perhaps not yet 

entirely certain - may be found in recent observations with the HUBBLE telescope 

(HST) carried out by a group of astronomers 1). They have observed the presence of an 

intense source of radiation, for the most part ultraviolet, about a million times more 

intense than our sun, for a diametric dimension less than fifteen light years (this being 
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! limit of the spatial resolving power of the HUBBLE at that distance). This source is 

:ated at the centre of the galaxy under observation. It is a very interesting result. 

The matter captured from the star began to rotate rapidly around the black hole like 

'ather thin disc of gas which emits ultraviolet radiation due to intense heating as it nears 

! black hole. These are enormous phenomena, fantascientific, which however had 

'eady been predicted several years ago, but which have now been experimentally 

.served. 

I have recalled this episode in order to provoke one obvious question: so, when 

ill we know what the Universe is made of? The reply is: when we have adequate 

struments to understand the mass of the galaxy, its dark centre, its vortices. 

Progress over the last few years has been enormous. The adventure of the 

UBBLE telescope, its death and resurrection, is fantastic. But it will take time (at least 

ree more years) and it will be necessary to build larger antennas and telescopes and -

,me say - an observatory on the Moon, perhaps sooner than one thinks. 

2 What is the mass and the presence of neutrinos in our Universe? 

My next curiosity regards neutrinos. What is their mass? This, as you know, is an 

len question. 

We do not know yet if the electron neutrinos have zero mass, or something like 

·10 eV. The problem is fundamental. We know how to describe the birth and death of a 

ar, we know how the Sun proceeds in its nuclear reactions and how it sends us a well 

,reseen flux of neutrinos. But you know also that the neutrinos emitted by the Sun 

:em to be, by a factor 1.5 at least, less than expected2). 

Yes, the problem is relevant. It excites our interest to discover possible neutrino 

;cillations, to measure the possible mass of the neutrino, and to analyse the 

:interpretation of the evolution of the stars, the Sun being a rather calm commoner in 

Ie stellar population of the Universe3. 4). 

When will this problem be resolved? We need new techniques and experiments 

1d this will not be resolved before the end of this century. 

It is a question of: 

purity (l0-18 in U, Thorium content) [Borexino liquid] 

quantity of matter (Kamiokande etc.) 

Study of oscillations with new large courageous initiatives. 

We will have to be patient until the end of the year 2000. 
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1.3 New particles on the Earth? 

In this field, it is wonderful to see how we jump in our catalogues from sure 

knowledge to an obscure future. You know very well that the questions that the experts 

face are: How sure are we that the Higgs particle exists, and that it will eventually be 

discovered? Here too the solutions are bound to our technical progress: 

- the luminosity of the accelerating machines; 

- the resolving power of the detectors, which is an important challenge for all coming 

accelerators, from LHC to DAcDNE; 

- the year in which the large LHC machine will start recording data. 

What is rather probable is that astrophysics will not directly help us in their 

identification, and we must observe them in the laboratory. (The dark matter problem4). 

When we put all these parts together, we end with experiments which cannot be 

ready before the end of the century, perhaps eight years from now, with a battalion of 

physicists and engineers working at the same experiment. 

Let me add that, w4en speaking of new particles, there are some secret ones which 

could be discovered only with more advanced calorimeters, for instance cold 

bolometers, as studied by E. Fiorini5). 

1.4 What is the density distribution of matter in our Universe? 

This is a growing problem which needs new observations and will soon present a 

general challenge. In fact, on the next June 24th, in Princeton (USA), experts will 

discuss the distribution of matter in our Universe: if we should conceive an isotropic and 

homogeneous distribution of the stars (the galaxies) in our Universe6), or an 

inhomogeneous structure, for instance density decreasing from any point ?f observation. 

The question is extremely important. It is clear that the description of our Universe if we 

assume it as homogenous is in agreement with our easiest representation: an initial big 

bang, with a Hubble dynamic expansion. This classical rather pleasant structure could be 

today in serious trouble, for the simple reason that the Universe does not seem to be 

homogeneous even if isotropic. An inhomogeneous world will imply a different 

explanation of the Hubble constant, and the simple big bang interpretation could 

encounter some problems. Many symptoms seem to indicate that the Hubble constant is 

not so simple and "constant", and the definition of the age of the Universe could have 

difficulties. 

But this is not the main puzzle: it seems (L. Pietronero and co-workers6) that the 

analysis of recent density distributions of the galaxies is rather more fractal than 

homogeneous. This comes from the subtle analysis of the time-space maps representing 
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Ir galaxy distribution. The material is very controversial, and some fierce battle will 

,ppen on that June 24th 1996 in Princeton. 

So, let's ask as usual: why can't we solve these doubts on the density and 

ustering of the Universe in these years? The reply is again: be patient, and it may be 

at the next century will bring you the reply. In fact the statistics we have now are not 

:t decisive. We will arrive at the systematic exploration of the galaxies up to magnitude 

l, and with poor statistics. New powerful instruments are necessary and are in 

"eparation: one is the 8 metre diameter telescope KEW; it will be possible to explore to 

agnitude 22-24 and determine red shifts with z values up to z:=<2 1,7). 

An analysis within these limits, with one million galaxies examined, could decide 

e problem of homogeneity or not. These new limits shall be achieved at the very end of 

is century. In this period, we do not really know what the structure of the Universe is: 

(e living in a hotel where you don't know where the windows, the doors, the roof are. 

Another open field is the distribution of Radio Galaxies: they are still in a confused 

ate. But soon Radio Galaxies will contribute to the problem of distinguishing the 

.stribution of dark matter from luminous objects. You understand that until we separate 

f they are separate) the luminous part of our Universe from the dark matter (which, 

:>tice, seems to be 95% of the whole) we will really have no certainty in understanding 

Ie Universe. 

The next century will also bring a contribution from another point of view: the 

udy of cosmic background radiation. The photons of the cosmic background at 2.72°K 

:>me from a distance which goes well beyond the remotest galaxies. This photosphere 

f cosmic primeval radiation represents the conditions at about 300.000 years, since the 

eginning our Universe. In that period the temperature had descended to 3000"K and 

lrmation of neutral atoms (electrons and nuclei) had become possible. The Universe 

len became transparent to light and the thermal photons emitted could travel undisturbed 

1 us. 

Well, the careful analysis of the cosmic background radiationS) has become very 

lteresting: in fact density fluctuations should exist, which later gave origin to galaxies, 

lusters of galaxies and possible other bodies. Present data do not allow the drawing of 

ure consequences on the nature and distribution of dark matter. Yes, it will take a few 

ears. We have only candidates like neutrinos for the hot dark matter, and other 

nknown particles (neutralinos) for the cold one. 

It is rather obvious that all the general (philosophical) conclusions on the structure 

,f the Universe, and our present understanding, depend in a breathtaking way on the 
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technical progress of our instruments, calorimeters, balloons, satellites, that is on those 

too obscure persons, our splendid technicians, that, with their subtle preparation, make 

the fundamental discoveries possible. 

In figure 1 we give some numbers to indicate the limits of our personal 

knowledge. By M I mean the relative Magnitude; L is the collider luminosity. 

LIMITS TO OUR CURIOSITY: WAIT FOR THE NEXT CENTURY! 
I~B~ I~~(J What IS needed ~~en. 

1 Which particles in e,P, D,g more, but which? gravitational optics 2000, hopefully 
our Universe? M=22, ; z-+3 

8 metres diameter 
2 Mass or ncutrinos Deficit rrom sun Deficit confirmed Not Borexino elc. 2000 

in the Uniyerse mn uncertain mn doubtful -1.5 Oscillations 

3 New particles on Mil> 600 GeV 100<mH<600 LHC 2003 
Earlh; Higgs Supersymmelry? ~ther particles and L>loJs 

bodies rast detectors (<l Ons) 

4 Density or our Homogeneous nhomogeneous? Is Ho Galaxies/analysis 8 metres; Hubble, 
Uniyerse HubbleO.K. ~onstant? N - 4000 

N> 106 statistics 
Big Bang (number or measured 

M> 22 2000 
galazies) 

Z:!:3 
5 Symmetry of CP non conservation ~<e"e<3.10·] Daphne elc. 1998-2002 

Universe e'unknown >1010 eyenls :) D(e"e) - 10.4 

107KL (2P) :) 
10'] resolution 

Figure 1 

2 The contribution of the Frascati laboratories to that technical 
progress which resulted so decisive to our knowledge 

I will now concentrate on our results in Frascati and Rome, and conclude with 

number 5 of our initial questions. 

What follows is far from being the history of Frascati, it is only the memory of a 

few technical achievements. 

When we go back to the beginning of our history, we can recall that our 1.1 Gev 

Electrosynchrotron had, for a certain period, the highest intensity electron beam. This 

allowed our analysis on the excited states of protons, the famous 312 312, 112 ... 

resonances. But there is one point I must recall between 1959 and 1960: the preparation 

and creation of polarised monochromatic photon beams. 

Frascati and its school became masters of fine optical measurements in 1955-59. 

Along these lines the same persons working on the measurements of magnetic gradients 

for the machine (I recall G. Diambrini and the school he started), developed the art of 

getting monochromatic polarised photons through interference with mono crystals, a 

technique which spread from Frascati allover the world9). 
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When we go to the e+e- epoch, which started in Frascati and Novosibirsk in 1960, 

nust remember ADA. It is too well known to be recalled again now, but I think that 

Ie historical mark must remain: we were able, through the discovery of new effects and 

culiar behaviour of electrodynamics, to demonstrate the long life circulation of-positive 

d negative electrons colliding in the same donut. We succeededlO) in observing, with 

Ir naked eyes, a single electron circulating in the donut (by its synchrotron radiation). 

ADA started the technique of preparing e+e- rings of high luminosity. With its 

:lp, we arrived at AD ONE, the 2 x 1500 MeV machine. We will, we must, remember 

r ever the hard fight, with the discovery of new effects, to achieve the best luminosity. 

'e must know that it was the school of Amman 11), Ritson, Touschek and co-workers, 

hich permitted the discovery of multihadronic production and of the coloured quarks, 

Id collaborated in the SLAC ring for the manipulation of the beams, intensity and size, 

hich led to the discovery of JJlIl at SLAC. 

Among the technical progress in Frascati, let me remind you of two large detectors 

hich could possibly be replaced by other instruments, but at a very high, perhaps 

·ohibitive, cost. 

Iarocci Tubes 

One is the device which goes under the name of "Iarocci tubes". In 1987 it was 

ritten [Wit Busza, MIT Tech. Report, 160, April 1987]: "To date, close to half a 

Lillion Iarocci tubes have been built." Let me specify what they are: Iarocci tubes are gas 

nplification detectors, in which the cathode consists of an isolated material coated on 

Ie inside with high resistant carbon paint. The cathode is transparent to fast signals, and 

IUS they can be read out by means of strips or pads placed on the outside of the tubes. 

hey are normally used with highly quenched gases and operated in the limited streamer 

lode. 

You know all this. Let me recall the main attraction of the Iarocci tubes: 

they allow simultaneous X and Y or strip and pad read outs 

they lend themselves to mass production techniques 

the production costs are very reasonable, $-500 per square metre, including salary 

and electronics 

the signals are comfortably large. 

I cannot quote here the experiments where they have been used, from Charm II, to 

)elphi to Aleph to VAl to SLD. 

n 
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After this, Busza raises a number of interesting concerns. He says, in a subtle 

jocose way, Iarocci tubes have a Jekyll and Hyde nature. They can be easily constructed 

on a very large scale with good longevity. At the same time they show, if not carefully 

built, many nasty characteristics. 

This maintains Iarocci in the blue sky, and invites every "tubist" to study more and 

to wash his hands. 

• The R.P.C.s 

R.P.C.s go under the name of R. Santonico, the main inventor I 3). They consist of 

two plates of resistive electrodes, spaced by spacers. In many chambers, plates of 2mm 

thick window glass are used (see fig. 1). 

What is remarkable is that these instruments could have been used many years ago 

in experiments during the 1960s and 70s. But they were not necessary in their 

tremendous quality, that make them successful: the signal (the avalanche) due to a 

traversing particle arises in about IOn seconds, with a jitter or fluctuation close to I n 

second. This makes them very convenient for L3 and some experiments of the new LHC 

generation, which require fast triggers and fast resolutions. 

The history of the techniques invented and improved in Frascati in these years is 

really large. Let me only recall the techniques developed by R. Baldini, M. Spinetti and 

others in the last Adone experiment, the Proton Neutron Form FactorI4). 

3 DACl>NE 

Now I shall talk about DNl>NE (my question number 5) and about what news and 

new developments will be necessary from a technological point of view. 

I do not have to comment on DA<l>NEI5) and KLOE here in the presence of great 

experts. I only wish to put the DA<l>NE enterprise on top of our technical challenges in 

these years for two reasons. 

One, very severe, is the luminosity required. As you know one must have, at the q> 

resonance, a final luminosity L=1033cm-2s- I, which is 100 times larger than what has 

been achieved so far. This again underlines our point that our philosophy is speared on 

the spikes of our technical capacity. It is a very hard number. The second point is a more 

artisan difficult point, which is a great challenge at any age of physics. The fact is that 

when comparing the decay modes of Ks and KL, we must refer mostly to the rare cases 

(a few per thousand) of the decay of KL in two pions, and we must compare the 1f 1f 

and 1t+7C decay with a precision of, let's say, less than 1%0, which means that you need 

If\ 
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one year 5xlO IO cp's. This will give the measurement of the famous f.'If. effect with 

me 10-4 precision, that is the registration of at least 107 KL decaying into 2 pions, 

parating rf rf from 7t+ 7t- with a 1 %0 precision. These are just statistics; but the 

lallenging experimental point in the apparatus will be to measure carefully the 

ficiency of detection of those two different decays, like 7t0 7t0 and 7t+ 7t-. 

Still the prize on top of this effort, which will again show definite success only at 

e end of this century, is very high. If g'lg is clearly different from zero, then we can 

'eatly contribute to explaining the asymmetry of our Universe (why only one type of 

latter?) in the ways proposed in recent years. Should g'lg be confirmed to be about zero, 

len the hope of explaining our Universe will fade away. Other experiments will be 

!eded (decay from the B mesons, the Beauty factories), and our curiosity to understand 

ur Universe tends to remain unsatisfied for many years to come. 

Conclusions 
So, I come to my conclusion: please, experimental physicists and technicians, 

lork hard on the subtle, fine details: your work, if systematic and precise, will be the 

nly way toward what is new and unexpected, and toward the highest philosophical 

uestions of our world. We really do not know the replies to the list of questions I gave 

t the beginning. The fact is that those questions are the main questions of basic physics 

)day. A scientist who discovers the replies to those questions will be by far more 

dvanced than today. This will be the legacy for the next ce.ntury. And your technical 

,rogress will be the real way to open a new and still unknown world to all men. 

Let me thank all the members of the international advisory committee and the 

Irganizing committee for this timely Conference, in particular Profs. F. L. Fabbri, 

' . Murtas, V. Valente. 
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ABSTRACT 

'nlike at previous, lower energy colliders, the physics at the LHC demands excep
onal calorimetry in the very forward region. The missing Et signature of supersym
letry requires good spatial and energy resolution down to within 0.50 of the beam 
ne. The pseudorapidity region that must be covered, from 2.75 to 5.25, includes 
lmost half of the phase space observed by calorimetry at the LHC. The production 
f high mass Higgs particles (> 500 GeV /c2

) is severely suppressed. They can only 
,e detected via high rate decay modes with jets and neutrinos, again demanding 
xcellent hermeticity. In addition, the tagging of leading quark jets, which go into 
he forward calorimeter, is a critical signature. Sensing these jets requires supe
ior spatial resolution and high speed. Lastly, the forward region presents a hostile 
'nvironment of high neutron fluence and gigarad radiation levels. 

Tests of quartz fiber prototypes, based on the detection of Cherenkov light 
rom showering particles, demonstrate a detector possessing all of the desirable char
Lcteristics for a forward calorimeter. A prototype for the CMS experiment consists 
)f 0.3 mm diameter fibers embedded in a copper matrix. The response to high en
~rgy (10-375 GeV) electrons, pions, protons and muons . . . the light yield, energy 
md position resolutions, and signal uniformity and linearity. " are discussed. The 
lignal generation mechanism gives this type of detector unique properties, especially 
'or the detection of hadronic showers: Narrow, shallow shower profiles, hermeticity 
~nd extremely fast signals. The implications for measurements in the high-rate, 
high-radiation LHC environment are discussed. 
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1 Introduction 

The primary goal of the LH C research program is the search for the· Higgs parti

cle 1) and the associated search for supersymmetry. If neither is found, the task is 

to uncover the unexpected new physics that must be in the region below 1 TeV. If 
the Higgs or supersymmetric particles are discovered, we must determine their char

acteristics. For all of these goals the very forward calorimeter is a critical detector 

system. 

As at the SSC, a very forward calorimeter (VFCal) at the LHC must cover 

the pseudo-rapidity range from 1] = 2.5 to 1] = 5, allowing both measurement of 

missing transverse energy and forward jet tagging 2), Operation at such high rapid

ity requires the use of a calorimetry technique that is radiation-resistant to gigarads, 

faster than bunch crossing time, and insensitive to high ambient radioactivity, These 

requirements can be achieved with quartz optical fibers embedded in a heavy ab

sorber. Shower particles produce light by the Cherenkov effect, generating a signal 

at the speed of light ('" 3 ns duration), The quartz VFCal meets the challenge of 

operating in the extremely hostile radiation environment with event rates up to 16 
per bunch crossing 3). 

The quartz fibers are inserted into grooves in a copper or iron matrix, as 

in scintillating-fiber calorimeters. The quartz VFCal is only sensitive to relativistic 

charged particles. Hence, it does not see low-energy neutrons, which will traverse it 

in large numbers. Furthermore, high-purity quartz is one of the most radiation-hard 

substances known. Hence, this detector is largely insensitive to the effects of induced 
radioactivity 4). 

The quartz technology has been prototyped by the Boston group for over 
six years, first for the SSC 5) and now as the CMS detector at the LHC 6), The 

conceptual design for one arm of this detector is shown schematically in Figures 1 

and 2. Figure 3 shows the location of the detector in a half view of the overall CMS 

detector. 

Our construction experience and test beam work confirm the antic'ipated 

unique properties of a passive, optical quartz detector: 

1. inherently high spatial and temporal resolution. 
2. blindness to neutrons and to heavily-ionizing particles. 
3. simple construction that is totally hermetic, i.e., with no dead areas and no 

cracks. 
4. inherent hardness to gigarads of radiation and high neutrons fluences. 

In 1994 we conceptually designed the detector and built the first prototype 

tower to fully contain a hadronic shower. In test beam studies at CERN 7), the 

In 
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~ure 1: Conceptual engineering design of one arm of the CMS quartz fiber VFCal 
)wing four 20 ton modules with both EM and hadronic compartments. A tail 
;cher (TC) is similarly split into 4 blocks. Optical fiber readout groups in /),.17 /),.CP 
l superposed on the iron blocks. There are 36 wedges in cP, and 12 rings in 17. Each 
lVer subtends 0.175 x 0.175 of phase space. The TC has 1/3 as many towers in 
:h dimension as the EM and HAD compartments. All dimensions are in cm. The 
cm gaps in front of the EM, between the hadronic module and the tail catcher, 

d after the TC contain the optical readout packages. The four blocks fit together 
a hermetic, pinwheel fashion about the beam pipe to avoid projective cracks. 

gure 2: End (left) and side (right) views of the CMS VFCal showing the light 
llection scheme. A few of the fiber ribbons are depicted in one wedge. The inner 4 
5 rings have quartz-clad fibers, to match the required radiation hardness, readout 

. air cone light guides (see side view). The outer rings use plastic-clad fibers in 
)bons which run to the PMTs on a plate at the periphery of the calorimeter. The 
m absorber plates are shown schematically in the lower portions of each figure. 
le plates that intersect with the beam hole are sheared to form a near-conical 
~am channel at 17 = 5.5. 
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Figure 3: Side view of one half of CMS, showing the VFCal placement (center 
right) ignoring its shielding. The absorber of VFCal extends only 1.9 m in z and 
consequently only to 1.4 m in radius to cover 10cm farther from the beam line than 
the T/ = 3 radius overlap with the endcap hadronic calorimeter. This figure shows 
the geometry we use in CMSIM physics simulations of the detector performance. 

sampling in that detector (1 mm fibers spaced at 8 mm) was too coarse, leading to 

tails at thel % level in the hadronic energy resolution. Extrapolations led us to build 

in 1995 the first fine grained (0.3 mm fibers spaced at 2.3 mm) hadronic prototype, 

with 10 towers comparable to those planned for T/ = 4 operation at the LHC. In 

1996 we built an EM prototype and tested it CERN. 

2 The Physics Promise of the Forward Calorimeter 

At the LHC, three energy regions require different detection strategies for the Higgs; 
all three benefit from the very forward calorimeter: 

1. Below 2mz '" 80-150 GeV, search for H -+ //. 
2. Near and above 2mz '" 150-600 GeV, the favored channel is H -+ ZO ZO -+ 

(+(- e+e-. 
3. From 600-1000 GeV, one must optimize with H -+ (+(-IID or H -+ (+(-jj. 

In regions 1 and 2, the VFCal will be critical to determine what is the nature of that 
Higgs, e.g. is it supersymmetric? Supersymmetry should expose itself by having as 
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lightest manifestation a "neutrino-like" particle X~ as the product of p decay. 
:ge production cross sections are expected for pp -+ gg + X. The number of 
mts per year at the initial luminosity (C = 1033 cm-2s- l ) ranges from"'" 107 for 

) GeV to '" 104 for 1000 GeV. 
Extraction of this SUSY signal requires detection of 'T and jets, for which 

.f of the phase space lies beyond 7] = 3, the zone of the VFCai. This places 
~llenging constraints on the apparatus: i) good calorimeter position and modest 
~rgy resolution up to 7] = 5, which means sensitivity to 5.5, and ii) nearly perfect 

:meticity to avoid false signals in a high background situation. Hence, for the low 
I.9S and supersymmetric Higgs searches, the VFCai is essential. 

Below 600 Ge V the leading mechanism for Higgs production is gg fusion. 
the 600-1000 GeV energy region WW or ZZ fusion is dominant, leading to 

:ompanying "tagging jets" in the two forward regions. However, in the high
I.9S region the cross section decreases. Even at a final luminosity of 1034 cm-2s- l , 

ly 104 Higgs a year are expected. Furthermore, the background due to WW pair 

)duction and decay is extremely high. 
The Higgs total width rH is a rapidly increasing function of mHo Although 

e experimental mass resolution plays a dominant role for rH < 0.2 TeV, for large 
~ses (mH »mw), the Higgs width broadens and the peak eventually disappears 
;0 the background above 1 TeV. Hence, superior energy resolution is not a major 

luirement in the high mass region. 
At high Higgs masses, the H -+ Z Z -+ (+ (- vi/ channel is important 

cause its cross section is six times larger than the H -+ 4( channel. However, 
is is a difficult mode to discern due to the undetectable neutrinos. A critical 

·servable is missing-Ph the distribution of which would show a significant bump if 
e Higgs were present. The decisive issue is calorimetric performance, which allows 
e missing energy to be measured. Nearly perfect hermeticity and calorimeter 

verage up to at least 7] = 4 is required. 
Another channel expected to produce a significant enhancement above the 

Lckground is H -+ WW or ZZ -+ Ujj. This channel has the drawback of a high 
te of jet background. The Wor Z branching ratio into jj is about 70%. We use 
e two-forward tagging jets to suppress the W, Z + jets and tt backgrounds. The 
gging jets lie between 7] = 2 and 4, i.e. in the very small angle region between 10 

Ld 50 with respect to the beam axis. 

At VFCal, 11 downstream from the interaction region, the tagging-jet frag
ents are well collimated. More than 95% of the jet energy is contained within 20 cm 
, the jet axis. The hermeticity requirements are not as stringent as in the previous 
ode. However, in this region of high pileup from multiple events per crossing, jet-
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jet separation capability is essential. This mode places two additional constraints 

on the technology: 1) very fast response to the collect separately the signals in each 

bunch crossing, and 2) unusually fine granularity at large 1/ to respond to small 

transverse signal size and to close nearby background jets. 

The VFCal is a key subsystem for Higgs searches above 600 GeV. The 

calorimeter must be hermetic and must tag jets at pseudorapidities up to 5 with 

a total signal collection time much less than the 25 ns bunch spacing, especially 

to distinguish in-time signals from quadrupole halo and other out-of-time beam

generated background. Further, the VFCal must have a lateral response to high 

energy hadronic jets that is comparable to the jet size itself, which is much smaller 

than the ionization signal produced by a showering jet. 

3 A Status Report on the Development of Quartz Fiber Calorimeter 

Unique to quartz fiber technology, the observed Cherenkov signal from the elec

tromagnetic core of a hadronic shower has a transverse dimension three to four 

times smaller than that in conventional calorimeters that sample ionization energy 

only. Since most radioactive decays and neutron interactions produce particles be

low the Cherenkov threshold, the calorimeter is intrinsically insensitive to the broad 

and time-delayed signals from these sources. Fortuitously, the geometric size of the 

Cherenkov response to the leading particles of the shower is the same size as a quark 

jet in the 1/ = 5 region. This enables precise spatial resolution, sharp isolation cuts, 

and good single and dijet recognition above the minimum bias background. 

These characteristics allow a quartz fiber calorimeter to be operated in the 

extreme working conditions of a forward detector for the LHC. Our R&D work 

includes in-depth study of the performance of fibers with different manufactures, 

diameters and cladding (plastic vs. fluorine-doped quartz) of silica fibers in the 

presence of radiation load. We have also studied potential photodetectors and opti

cal transmission systems. We have constructed and beam tested of full-containment 

EM, hadronic and tailcatching calorimeter modules. These modules have validated 

all the features required for a forward calorimeter: transverse shower size, radiation 

resistance, speed, spatial resolution, transverse energy measurement and implemen

tation of an Et trigger. 

The hadronic (HAD) prototype optimized for the 1/ = 4 regions, fully 

satisfies the baseline design of the CMS Technical Proposal 8). It is 1.35 m (8.8Aind 
long and contains 1.5% by volume of quartz optical fibers with 300 /lom diameter. 

The fibers are clad with fluorine-doped quartz, and are therefore radiation-tolerant 

to gigarad levels, enough to last for a decade at the full LHC design luminosity 

of 1034 • The fibers are embedded in a stack of copper plates with lithographically 
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gure 4: Lateral cross section of the VFCAL prototype calorimeter. The detector 
nsists of 2.0 mm thick copper sheets and 0.3 mm core diameter quartz fibers. 

ched grooves to form a hexagonal matrix with a spacing of 2.3 mm. The mass 

.3 ton) and cross section (?7 cm)2 are sufficient to fully contain the ionization from 

hadronic shower. 
The fibers were laid three by three array of 5.3 cm2 towers in the central 

gion were stuffed with fibers (see Figure 4), corresponding to actual towers at 

~ 4 with a segmentation of /).Tf = /).¢ = 0.175. This region is large enough to 

,ntain the narrow Cherenkov emission from the core of a hadronic shower. A tenth 

wer sampled the region of the next nearest neighbors for showers. Since the fibers 

~re initially mirrored at their far end, the module could be turned 1800 in the beam 
simulate a long version of an EM compartment with read out by PM's upstream 

the EM section (see Figure 2). 
The design of this hadronic prototype follows an extrapolation from the 

suIts obtained from CERN beam tests of the tail catcher (TC) prototype. The TC 

as built as the SSC close-out project for the GEM forward calorimeter of similar 
~sign. In the 1995 tests, the TC module was placed either in the beam immediately 

~hind the hadronic module (the normal position of the tail catcher) or at 90° to 

Ie beam in front of the HAD prototype as a crude EM compartment. 

In 1996, we tested a baseline (1.5 absorption length, 15 radiation length) 

M compartment to demonstrate the expected longitudinal correlation between 

Ie two compartments. A total of 12 towers were instrumented, three with fluorine 

oped quartz cladding, and 9 with inexpensive plastic clad quartz fibers , the baseline 
ber for the small Tf regions where radiation tolerance is less of a challenge. A 

lass assembly technique, stuffing the fibers into the holes of a complete block was 

emonstrated. 
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Figure 5: Detector uniformity measured with a vertical scan across three towers 
using 80 GeV electrons incident at 0°. The response of individual towers is shown 
by diamonds; the summed response by dots and error bars. The variation is ±2%. 
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Figure 6: Detector uniformity measured with a a vertical scan using 150 GeV elec
trons incident at 0° . The 2 mm spacing between fiber planes is apparent. 

4 FY96 Prototype Test Beam Results 

The test beam program included the following, all of which were accomplished 9): 

4.1 Evaluation of detector uniformity and hermeticity 

The small dots in Figure 5 represent the summed single of the entire calorimeter 

for a vertical scan with electrons. The signal is uniform to ±2% across the tower 

boundaries. As is seen in the blow up of Figure 6, where the response to electrons 

is modulated by whether the shower starts in a plate (lower signal) or in a plane 

of fibers. The spatial resolution is better than the 2 mm vertical spacing of fiber 

planes, and the variation is ±1 %. 
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~ure 7: Resolution response (rms width divided by signal amplitude) to electrons 
a function of energy. Note that the electron resolution falls as E-O.5, showing 

3.t it is dominated by photoelectron statistics. 

Energy linearity and resolution measurements. 

ith electron beams from 15 to 150 GeV, Figure 7 shows the resolution to electrons 
photostatistics dominated at 1l0%jv'E. With pion and proton beams from 15 
375 Ge V, Figure 8 shows that the hadronic resolution response appears to fall 
~arithmically, i.e. it is dominated fragmentation fluctuations into neutral pions. 
raluation of non-Gaussian tails in the resolution function showed none are observed 
the level of one per thousand, as anticipated by sampling a factor of ten finer in 

e tail catcher prototype. Compensation for 71'0/7I'± fluctuations was accomplished 

, weighting the longitudinal (or transverse) development of a hadronic shower 

a compartmentalized detector. The energy resolution for 300 GeV protons is 
'%, before any corrections to compensate for the observed e/7I' ratio of 1.7. This 

solution improves to 14% after corrections for lateral size: the broader the shower, 
Ie higher the charged 71' component and the lower the light yield. Three independent 
gorithms - linear, quadratic, and the HI technique from HERA - give similar 
Ihancements of resolution by weighting. 

A similar improvement is anticipated with longitudinal segmentation. Us-

19 an interaction trigger, 300 Ge V pions entered a trial EM compartment (the TC 
lodule at right angles to the beam) in front of the HAD. The anticipated corre
.tion between the energy deposited in the EM and that in the HAD is shown in 
igure 9. Data with the prototype EM module in front of the HAD was taken in 
uly 1996 and data is currently being analyzing. 

For a VFCal, the important observable is the Et resolution, a convolution 
f the total energy resolution with the spatial resolution. Due to the Lorentz boost, 
nis significantly relaxes the requirement on total energy resolution. Indeed the 
bserved 14% resolution implies an Et jet resolution in the VFCal of 7%, better 
han the Et resolution of the barrel and endcap hadron calorimeters. 
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Figure 8: Resolution response to pions as a function of energy. The hadronic resolu
tion appears to fall logarithmically, showing that it is dominated by fragmentation 
fluctuations. 
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Figure 9: Signal correlation in a trial EM (the TC module at 90°) versus that in the 
HAD prototype for 300 GeV "interaction jets." 

4.3 Shower size evaluation. 

The lateral shower development is shown by the solid line in Figure 10, where 
it is compared with the dashed line response of a scintillating fiber calorimeter 

(SPACAL). The Cherenkov response is a factor of two narrower in one dimension 

than that of the device sensitive to ionization losses. 

The hadronic shower core, as observed by Cherenkov light produced mainly 

by low energy e±, is shown in a typical "lego" plot in Figure 11. A lateral size of 

only ±5 cm contains 80% of the shower, showing that this technique is blind to 

the broad glow caused by neutrons, heavily ionizing particles, nuclear breakup, and 

other low energy end products amplified in dE/dx counters. 

The inherent spatial resolution drops as l/VE, as is shown in Figure 12, 
and is only a factor of 2 larger for pions than for electrons. A resolution of 7 mm 

is measured for high-energy pions. This should imply good jet-jet separation, good 

signal-to-noise ratio in a high-radiation environment, and sufficient Et resolution 
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gure 10: Lateral shower profiles for 80 GeV pions in Cherenkov and ionization 
,tectors. 

caI~._ ........... , ............... 

J-

.... of ... ,...-_ ...... -" ... --
igure 11: A typical shower profile (a lego plot) for a 300 GeV proton incident at 
degrees into the central tower of the hadronic prototype. Typically 80% of the 
lergy is contained in one 5 x 5 cm2 tower. 

hen convolved with the total energy resolution. 

The longitudinal shower development was measured by placing iron bricks 

I front of the hadron calorimeter. The response is displayed in Figure 13 for four 
:t.dron energies. Note that in contrast with ionization detectors, high energy showers 

:e fully contained after only 120 cm (7 absorption lengths) of solid iron. A depth 

: 8Aint is sufficient for 97% containment of the Cherenkov signal from a shower in 
)pper. This translates to more than a 50% decrease in the overall detector mass 

Ir a Cherenkov shower detector compared with an ionization detector. 
Temporally, the Cherenkov device produces a signal with a full width at 

alf maximum of 3 ns (see Figure 14). The insensitivity to the late radioactive 
ortion of the shower implies fast performance in the high-rate forward region. 

1 particular, sub-bunch temporal discrimination against beam background from 

:raping on the quadrupoles, etc., should prove invaluable, as suggested by D0 10). 

25 
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Figure 12: Position resolution for electrons (diamonds) and pions (triangles) as a 
function of energy. 
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Figure 13: Longitudinal shower development in a Cherenkov calorimeter made of 
Iron. 
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Figure 14: Digital waveforms for the Cherenkov signal from high energy pions inci
dent at 0 degrees. The signals from electrons are similar. Notice how reproducible 
hadronic signals are in this detector. 
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Angular response as a function of the beam angle 

: electrons incident at 0, 3, and 6 degrees, we showed that particle channeling 
~liminated (even at 0 degrees) with fibers this fine (0.3 mm) and at this close 

Lcing (2 mm) relative to the Moliere length (6 mm). with beams incident at 0 
i at 180 degrees, we tested the readout for both the hadronic compartment (0 
~rees, with readout at the back) and the EM (180 degrees, with readout from the 
nt using the mirrors at the ends of the fibers). With the beam at 90 degrees, we 
~asured the attenuation length of Cherenkov light in the fibers to be 5 m. 

i Optimization of optical readout. 

, coiling a fiber ribbon behind the HAD, we showed that shower leakage into the 
er ribbons coming out the back of the module was negligible. We tested the light 
Lllsmission through air light guides with front surface aluminization from a tower 
a PM. This readout technique for the 1'/ > 4 region was shown to be feasible 

th transmission better than 65%. Nevertheless, the baseline design is readout 
. a fiber ribbon that transmits the light through the concrete shield to the PM's 

.d electronics in the shielded region at low.,.,. We tested light concentration using 
nple Winston cones for towers at .,., ~ 3, where the fiber bundle cross-section 

>m the physically large tower sizes (for fixed 6.1'/, 6.¢ sampling) is larger than 
e area of the baseline R5900 PMs. It is feasible with only a 20% loss in light. 
'e observed negligible pickup from stray particles passing through the mini-metal 
Ms was demonstrated. A comparative measurement of the uniformity of reflection 
Jm the aluminized mirrors used for the readout of the EM section was made. The 
solution with the beam incident both at 0 and at 180 degrees showed a reflecting 
'90%. 

Fast Timing and Electronics for the Forward Region 

he unique environment of the very forward region poses significant readout chal
·nges. The specifications for the VFCal readout are summarized in Table 1. The 

lrrent status of the readout system design is reviewed here; the primary goal is 
) develop a proof-of-principle system to test under high-rate conditions at a new 
:ERN test beam in 1997. This beam will have a hot radioactive source in a high rate 

lUon beam line. We must choose a baseline photo-detector, preamp, and ADC sys
~m (most likely the FERMI system being developed at CERN), and then prototype 
custom front-end circuit to interface between the two. 

The proposed readout system takes advantage of the inherent signal speed 
f the Cherenkov technique. It attempts to enhance the background rejection by 
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T bl 1 EI t £ h CMS VFC I a e : ec rOlllcs speCl catIOns or t e a. 
Light collection 0.8 pe/GeV (11"); 1.2 pe/GeV (e) 

Noise (design goal) 1 pe 
Least-count and threshold t pe (HAD, to see J.l 

30 GeV (EM, TC) 
Dynamic range/tower 104 (0.5 GeV - 5 TeV) 

Resolution consistent with ~+5 

simple pulse shape analysis. For each calorimeter channel, we will digitize two 

charge measurements during each 25 ns bunch crossing period, one in time with 

the IR crossing and one out-of-time, e.g. at the time of beam-induced background. 

Presumably this second gate will be set for the time of quadrupole crossing, as has 

been found to be necessary at D0. Figure 15 illustrates the VFCAL location and 

expected signals from the IR and from quadrupole halo. A proposed block diagram 

of the VFCai readout is shown in Figure 16, each element of which we discussed 

briefly: 

5.1 Light Pulser and Photodetectors 

Light detectors are being evaluated on the bench and in the test beam The new, fast 

blue LED's 11) mimic the hostile high-rate conditions in the forward region of the 

LHC. This system will eventually be used in quality assurance and in monitoring 

during the experiment. We are evaluating three candidates for the photodetector: 

1. Hamamatsu R5600 (R5900) Phototubes: These 15 mm round (25 mm square) 

PMTs are the baseline photodetectors for the high (low) rapidity regions. They 

have the advantage of ultra-compact design, low cost, fast risetime, radiation 

hardness, and immunity to local Cherenkov light generation due to the metal 

envelope and thin « 1 mm) window. The limitations we are evaluating include 

low-end non-linearity due to mesh dynode structure and limited dynamic range. 

2. Philips XP2012 PMT: This 34mm PMT is a conventional 10-stage PMT. It 

has a linear focus dynode structure and significantly wider dynamic range. It 

can be manufactured with a black glass envelope to suppress background from 

local Cherenkov light production. However, the window is large and thick. 

3. DEP Proximity-Focused Hybrid Photodiode: The main advantage is a wider 

dynamic range than that of PMTs, and the possibility of use by the CMS 

hadronic calorimeter, which would mean cost savings both initially and during 

maintenance. 
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gure 15: VFCAL Location, Expected Signal and Background. Simulated relative 
ning of signal and background in the three detector compartments. Two ADC 
.d one DC sample are taken for each tower in each compartment every 25 ns. A 
nple "level 0" trigger logic should reject out-of-time background. 
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Figure 16: Preliminary VFCal Readout Diagram 
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5.2 Preamplifier 

This will almost certainly be required to get the required 104 dynamic range. The 

PMTs will have to be operated at low gain; photo-diodes are inherently low-gain 

devices. We will evaluate at least one of the existing preamplifier designs being 

developed by the CMS ECAL group. We will either choose one and modify the 

input to be appropriate for a PMT, or, if absolutely necessary, develop a new device 

which meets our requirements. 

5.3 Front-End Readout Interface 

This provides the two sub-25 ns gated charge measurements and the TDC measure

ment which are not needed for the low rate subdetectors. Digital traces recorded 

in the test beam from hadronic showers have allowed us to simulate the required 

gates, etc., as shown in Figure 15. This may be either a hybrid circuit or a custom 

IC, depending on considerations of space, power and radiation hardness. 

5.4 ADC and Readout System 

The FERMI readout system being developed by RD16 at CERN is the current base

line for CMS. Alternative candidates are a switched-capacitor array based system 

and the digital photo-multiplier chip system 12) developed at Fermilab. Whichever 

system is adopted for use in CMS calorimetry, we will modify its input to suit our 

needs, thereby saving the significant costs of developing a custom system. 

5.5 High Voltage 

A high-voltage supply with last dynode boosters will be required to maintain linear

ity despite the high peak currents. Since we must minimize the number of cables, 

we plan to pipe low voltage to the detector and to multiply to the required voltage 

there. 

A standard technique for generating high voltage on the detector uses a 

Cockroft-Walton voltage multiplier 13). Several such systems have been successfully 

deployed. We plan to use a similar system, which will provide sufficient current to 

each dynode of the PMT to prevent sagging at high rates. A remote-controlled 

system, like those cited above, will be used to provide voltage control and current 

monitoring of each VFCal channel. 
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Summary 

:onclusion, the quartz fiber calorimeter seems to be eminently suited to calorime-
14) in the forward region of hadron colliders. It is gratifying to see that another 
up 15) at this conference has come to the same conclusion, and that several other 
>ups are designing forward fiber calorimeters for heavy ion experiments 16). 
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ABSTRACT 

,rward calorimetry completes the nearly 411" coverage for high PT hadronic events 
the ATLAS detector at the LHC. Both the deployment and the technology of 

e forward calorimeters (FCal) in ATLAS are novel. The FCal physics goals and 
·rformance requirements focus on missing ET and tagging jets. The placement of 
e FCal relatively close to the interaction point provides many advantages includ
~ nearly seamless calorimetry and natural shielding for the muon system. The 
[uid argon rod/tube electrode structure for the FCal was invented specifically for 
.plications in high rate environments. Recent electron test beam results of an EM 
ototype show linearity of response better than 1% with energy and angle, en
gy resolution with a constant term less than 4% with Gaussian tails, and position 
solution of order 1 mm. 

The Role of Forward Calorimeters 

t a high luminosity hadron collider such' as the LHC at CERN the particle densities 

ld energies are largest at high 1171, i.e. near the forward and backward directions. 

alorimetry is the only useful detector technology which can survive in this envi

.nment. Furthermore many compromises are imposed on the calorimeter design in 

'der to meet all the stringent requirements. 

In the ATLAS detector at the LHC 1) the inner detector coverage extends 

p to 1711=2.5, the muon coverage up to 1711=2.7, and the precision calorimetry for 

ectrons and gammas up to 1711=2.5. Beyond this the only coverage is calorimetric 

Id extends to 1711=4.9. In this region ATLAS focuses on jets. The ATLAS forward 

uorimeters cover the region 3.1 < 1711 < 4.9. 
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A major objective of forward calorimetry is physics with missing ET . 

Events with high PT neutrinos or other weakly interacting particles will escape de

tection but their presence can be inferred by observing events with large momentum 

imbalance in the transverse direction. Such events can be quite interesting. A major 

background comes from ordinary events where a jet escapes detection, often down 

the beam hole. Forward calorimeters close as much of this beam hole as is practical 

thereby completing the hermetic calorimeter system. Benchmark processes which 

have guided our performance goals include heavy (500 to 800 GeV) Higgs production 

with subsequent decay to Z pairs with one Z decaying to charged leptons (electrons or 

muons) and the other decaying to unobserved neutrinos. The search for Supersym

metry (SUSY) will have pushed the gluino mass limit to 300 GeV at LHC turn-on 

so missing ET greater than 100 GeV will set the scale. Sensitive to the missing ET 
resolution (dominated by calorimetric coverage) is the decay AI H -4 1"+1"-. 

Longitudinal WW, WZ, and ZZ scattering processes leave two recoil jets 

near the forward and backward directions which can be used as tags to enhance the 

sign;U over background. If the Higgs is heavy such processes will act as probes of a 

poorly understood, strongly interacting, electroweak sector. Many of these tagging 

jets will fall in the forward calorimeters and it will be a challenge to pick up these 

above the pileup noise. 

2 Performance Requirements 

The forward calorimeters primarily detect jets, either tagging jets or jets which 

would otherwise escape detection and lead to false ET signatures. This sets the 

segmentation of the readout to be of order flTJ x flc/J = 0.2 x 0.2. 

We set the ET resolution to be 5ETI ET < 10% for ET > 100 GeV. This 

requires the FCal energy resolution to be 5E I E < 7% and and the jet angle resolu

tion to be 5010 < 7% typically. At the highest hi it is the angle resolution which 

dominates. 

Physics pileup, measured in terms of ET , is about the same as at lower ITJI. 
In order to minimize this pileup fast response, of order a beam crossing interval of 

25 ns, is required. 

The forward calorimeters must be especially radiation hard to insure long

term stability. To set the scale, at every 25 ns beam crossing 7 TeV of energy is 

deposited in each FCal 2). The ionization dose varies throughout the FCal from a 

low of about 10 kRad to values approaching 1 GRad per LHC year. And the flux 

of neutrons with kinetic energies above 100 keY ranges from 104 to 106 kHz/cm2 • 
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Integrating the Feal into ATLAS 

e severe environment near the beam line, dominated by products of collisions at 

interaction point (IP), suggests locating the forward calorimeters as far from 

, IP as possible. This reduces the particle densities and therefore the radiation 

nage. The original ATLAS design placed the FCal at about 15 m from the IP. 
t further study 3, 4, 5, 6) showed that there were many advantages to locating 

~ FCal at roughly the same place as the end cap calorimeters, i.e. integrated into 

~ endcap. The distance of the ATLAS FCal from the IP is now about 5 m where 

: density of particles is approximately 9 times greater. Despite the punishment in 

liation damage there are many advantages to this design strategy 7). 

The calorimetry system is now manifestly hermetic. A deep calorimeter 

item continuously surrounds the IP (with non-projective gaps to route signals 

d services for the inner detector). A key feature is that transitions are minimized . 

. e edges of transitions can be problematic in that hadronic showers near the edges 

1 spray into remote calorimeters with no hint that the energy did not come from 

! IP. This leads to false reconstruction of the energy flow. The endcap-forward 

~nsition in ATLAS now suffers little of this effect. 

ATLAS has an open muon system, i.e. the muon chambers are not embed

d between magnetized iron slabs which would provide natural shielding. So the 

fLAS muon chambers are fully exposed to backgrounds (particularly neutrals) in 

e collision hall. In the early far forward FCal design ATLAS had deployed massive 

ielding in order to reduce the backgrounds to manageable levels. The newer inte

'-ted design allows for much more flexibility in optimizing the muon shielding 8, 9) 

!lding important reductions in the background rates. 

With a far forward calorimeter ATLAS was required to leave a clear space 

1m the IP to the FCal so as not to obstruct the particles. This clear space, the 

ed to deploy massive shielding, the desire by the muon people to cover to as high 

lues of 1171 as possible, and the beam line appurtenances were all in conflict. The 

ace was oversubscribed. The integrated design greatly ameliorated this conflict. 

There is unavoidable material upstream of all the ATLAS calorimeters. 

lis material is particularly troublesome near the beam line in front of the FCal. 

{amples include the beam pipe itself which is crossed as shallow angles by the 

~rticles but in addition includes flanges, valves, vacuum pumps, vacuum backout 

'pliances, support structures, and, in the case of ATLAS, cryostat walls. With the 

tegrated FCal there is less of this material but, more importantly, the lever arm 

)m the material to the FCal is much smaller. For particles which shower in the 

)stream material, that shower cannot spread much over the short distance to the 

Jal so the energy flow is well collimated along the original direction. For a far 
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forward calorimeter, on the other hand, the far upstream material causes the energy 

to spread over so large an area of the FCal that much of it is lost in the pileup. 

Finally the smaller physical size of the integrated FCalleads to a savings, 

some of which can be used for a higher quality device. 

4 The Liquid Argon Technology 

The ATLAS FCal is a liquid argon, ionization, sampling calorimeter. Because liquid 

argon and the absorber metals are radiation hard it is anticipated that the FCal per

formance will be stable over the life of the detector. Care will be required in selecting 

the several additional materials (e.g. readout cables) which go into the construction 

in order to ensure they also will not degrade with the expected exposure. The choice 

of liquid argon is natural because the FCallies within the ATLAS Radronic Endcap 

Calorimeter (REC) which is a liquid argon parallel plate design. Along with the 
EM endcap 'Spanish Fan', the REC and FCal will all sit within the same cryostat. 

4 .2 

4 .4 

4 .8 

4.8 

11.0 

Figure 1: Tube electrode with the in
ner rod pulled out to expose the spi
raled quartz fiber holding the rod coax
ially within the tube. Liquid argon fills 
this gap between rod and tube which, 
for the EM module, is 250 /Lm across. 
The rod is held at positive high voltage 
while the tube is grounded. 
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Figure 2: Front face of the EM forward 
calorimeter module in the region of the 
beam pipe. The circle labelled RM indi
cates the Moliere radius for e.m. show
ers. The insert at the upper right shows 
the detail of four tube electrodes em
bedded in the absorber matrix. On the 
left is a scale in mm and 1/. 

But the ATLAS FCal is not a conventional liquid argon calorimeter. The 

liquid argon gap in the EM FCal module is chosen to be 250 /Lm to avoid the ion 
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ildup problem 10) resulting from the low mobility of the positive charge carriers 

the argon. A} sufficiently high ionization rates (due to pileup events) a threshold 

:eached above which the electric field distortion significantly degrades the electron 

nal. Smaller gaps allow the FCal to stay below this threshold. The smaller gaps 

o lead to a much faster signal. The triangular current pulse at the electrode 

s a full drift time of 50 ns as opposed to the 400 ns of more conventional 2 mm 

ps in many liquid argon sampling calorimeters. After 25 ns 75% of the signal 

s already accumulated on the electrode. The readout and electronics shape this 

rrent pulse to a peaking time of about 40 ns. This leads to an rms pileup noise 

uch is about 30% larger than the irreducible pileup from an ideal detector which 

s an integration time of one bunch crossing. We say the actual pulse leads to a 

eup penalty of a factor 1.3. 

gure 3: Slice along the beamline of the FCal modules housed in their support 
be. The EM module in medium gray is on the left, followed by the two hadronic 
odules in dark gray. The light gray module at the right is the copper 'plug' which 
'ovides extra shielding for the muon system. 

Precision small gaps are difficult to maintain in a parallel plate design so 

e have chosen an electrode structure based on tubes and rods as shown in Figure 1. 

he gap between the inner solid rod and the outer tube is maintained by a spiraled 

lartz fiber of 250 /Lm diameter. Liquid argon, the ionizing (sensitive) medium, fills 

le rest of the gap not occupied by the fiber (98.7% of the volume of the gap). The 

lrrent of electrons drifting toward the rod constitutes the signal. Note that the 

;ure is an exploded view, i.e. the rod has been pulled out to expose the fiber. The 

Id and tube are made of the same material as the absorber matrix in which these 

ectrodes are embedded in a hexagonal array as shown in Figure 2. 

The rods, tubes, and absorber matrix of the EM modules are made of 
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copper. Copper was chosen because the Moliere radius (14 mm) is not too small (in 

contrast to Tungsten). This makes the response across the front face of the module 

reasonably uniform 11). The rods and matrix in the two (at each end) hadronic 

modules are Tungsten. The liquid argon gap in the first hadronic module is 375 p.m 

while that in the second is 500 p.m. These larger gaps deeper in the calorimeter are 

allowed because the ionization density from showers is lower here than in the EM 

module. All modules are 450 mm in depth with an outer radius of 450 mm. The 

EM modules are 25 XO deep or 2.5 A. The hadronic modules are each 3.4 A deep for 

a total active depth of 9.3 A. Behind the second hadronic module at each en:d is a 

'plug' of passive copper to help shield the muon system. The three modules at one 

end of ATLAS are shown in their support tube in Figure 3. The nearest-neighbor 

spacing of electrodes in the EM section is 7.5 mm center-to-center and increases in 

the hadronic modules so that they are pseudo-projective. 

5 Electron Test Beam Results 

We have built and tested a prototype ofthe EM FCal module 12, 13). The prototype 

has the full 450 mm depth of the actual device but is only 180 mm in diameter. Four 

tube electrodes are ganged together at the module to form a readout channel with 

total capacitance of 1.45 nF. The prototype has 91 such channels. The signals 

are transferred from the electrodes to the electronics via 20 n coax cables with 

polyimide dielectric and insulation for radiation hardness. The cable in the cryostat 

is 4.5 m long and 1 m outside the cryostat to simulate the actual cable lengths. The 

preamps, located outside the cryostat, are the so-called 0T type 14, 15). Modified 

Sallen-Key (equivalent to CR-RC) shapers give a peaking time for the liquid argon 

pulses of about 40 ns. Track & Holds convert the peaks of the pulses to voltage 

levels which are fed to 11-bit FERA ADC's read by CAMAC into a PC and onto 

a disk co~mounted with a VAXStation. Incoherent noise per channel was under 80 

MeV with a coherent noise contribution of about 20% of this. The coherent noise 

appears to have a coherence length limited to 16 channels. Our preamps, shapers, 

and Track & Holds were all mounted on motherboards with 16 channels each and 

cables interconnecting these came in groups of 16. We have not yet isolated the 

source of the coherent noise but it is not significant for the energies and cluster sizes 

used in this test. 

The high voltage (only 250 V to give 10 kV /cm electric field) is applied 

near the preamp input (separated by a blocking capacitor on the preamp board) 

and reaches the electrodes via the readout coax cable. The calibration pulse is 

also injected at the preamp input. None of the results presented below use the 

calibration. Those preamps corresponding to channels which are struck by beam 
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ctrons (17 in all) are calibrated by beam and are uniform to better than 0.5% 

ng the same calibration constant for all channels. 

Three scintillators form the trigger with the defining size of 5 by 5 cm. 

e electron beam is defocussed to fill this area uniformly. A veto wall eliminates 

~gers with additional charged particles outside this area. Ten planes of 1 mm 

lcing MWPC's (5x and 5y) allows good tracking of the electron. Optional dead 

Lterial (Aluminum blocks) can be placed upstream of the prototype to simulate 

~ anticipated situation in ATLAS. Rohacell™ displaces liquid argon upstream and 

wnstream of the prototype inside the cryostat. Downstream of the prototype is a 

Ide hadronic tail catcher consisting of iron-scintillator layers. After 10 ). a small 

ntillator centered on the beam tags muons. An argon purity monitor 16, 17) 

d oxygen analyzer ensure that contamination is at or below the 0.5 ppm oxygen 

uivalent level. 
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Figure 5: Prototype response to elec
trons versus angle to the normal for dif
ferent electron energies. 

In the actual FCal particles enter at angles between 0.80 and 4.70 to the 

lrmal. Channeling effects are a potential problem as evidenced by a position 

~pendence to the response. Electrons which strike the prototype at small angles 

I the normal and near the argon gap give a response of order 15% above average 

hile electrons which strike the center of a rod give a response about 15% below 

rerage. At larger angles to the normal this position dependence of the response 

ashes out. At a typical angle of 3.60 the peak variation is of order ±8%. For most 
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of the angular range the nns position response variation is under 5% as shown in 

Figure 4. 

Averaging over position the response variation with angle is very uniform, 

within ±1 % full width. Figure 5 shows that all the data points lie within this range 

over a spread in angles beyond that covered by the FCal. 
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Figure 7: Position resolution versus 
1/../E using different algorithms. 

When analyzing the data we include only those channels within a 'cluster 

radius' of the center-of-energy. This center is determined by a clustering algorithm 

(not by the MWPC's). Various cluster radii will be used in the following results. A 

cluster radius of 35 mm generally contains 95% of the energy (at 3.6°) except at our 

lowest energy point at 20 GeV where the 95% containment radius jumps to 40 mm. 

Figure 6 shows the deviation from a straight line (constrained to the origin) 

of the energy response of the prototype EM module for different clustering radii. For 

large radii the linearity is well under ±0.5%. Smaller clustering radii show the small 

but discernible energy dependence of the transverse shower size confirming that 

lower energy electromagnetic showers spread a bit more. 

The fine readout channel granularity allows a good position determination 

from shower sharing. Three reconstruction techniques have been used. When com

pared to the position determined from the MWPC's an rms position resolution can 

be determined. These data are shown in Figure 7 versus 1/../E. The beam lies in 
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~ x-z plane making an angle of 3.60 to the z axis. Longitudinal shower fluctua

ns couple into the position determination in this plane so the position resolution 

worse than in the y-z plane where the beam angle is normal to the prototype. The 

WPC resolution (which is not subtracted in this analysis) limits the determination 

the position resolution to about 0.4 mm. The excellent position resolution seen 

re allows us to remove most of the position dependence of the response from the 

It beam data. We will show this below. 

The rms percent energy resolution for electrons is plotted versus cluster 

:lius for different electron beam energies in Figure 8. Correcting for the variation 

response due to position improves the energy resolution substantially at the higher 

ergies. Note that at the lower energies the electronics noise is not negligible for 

:ger cluster radii. 
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Figure 9: Percent energy resolution for 
~lectrons versus 1/.JE for fixed cluster 
radius of 35 mm without and with po
sition correction. 

Choosing a cluster radius of 35 mm we have plotted in Figure 9 the rms 

~rcent energy resolution versus 1/.JE without and with a correction for response 

uiations due to position. A fit to this data of the form !1E/ E = a ffi b/.JE ffi c/ E 
lelds the usual summary energy resolution terms. The so-called constant term is a, 

hile the stochastic term is b, and the noise term (in this case due only to electronics) 

c. The noise term for a cluster radius of 35 mm is plotted at the bottom of the 

gure. Repeating~this fit for different cluster radii yields the data of Figure 10. Note 
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that the response variation due to position contributes to the constant term. 

As noted earlier the FCal measures jets. The EM module, a prototype of 

which we have exposed to the testbeam, measures the EM components of s)lch jets 

and the early parts of the hadronic components. Jets typically contain several EM 

components spread over the front face of the FCal into an area large compared to 

a unit cell. (A unit cell contains one tube electrode.) So the response variations 

due to position are averaged over. To evaluate the effect of this averaging we have 

taken tagging jets generated via Pythia for the process pp ---t HX ---t ZZjjX. We 

then decayed each Z into neutrinos to avoid dealing with the decay products. We 

next picked out the EM components of each tagging jet and, using our test beam 

data as a lookup table, simulated the response of the FCal. The results, shown in 

Figure 11, yield a constant term of about 3%, approximately what we determined 

after position correction of the electron data as seen in Figure 10. 
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tic term in the energy resolution pa
rameterization versus cluster radius 
without and with position correction. 
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Figure 11: Calculated percent energy 
resolution for the electromagnetic com
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Higgs production versus the energy of 
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Up to this point we have concentrated on the prototype performance at a 

typical angle of incidence to the normal of 3.60
• Figure 12 shows how the energy 

resolution varies with incident angle after the correction for the response variation 

due to position. While the energy response is quite constant with angle (see Figure 

5) the NTIS energy resolution improves with angle as is shown in Figure 12. At the 

44 
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nallest angles relevant to the FCal, of order 1°, the angle resolution dominates 

le ET determination so the energy resolution, if under control, is not the critical 

uameter. Figure 12 shows that the energy resolution for EM energy deposits is 

ell within our requirements. 
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Figure 12: Percent energy resolution 
versus angle for different electron beam 
energies with position correction. 
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Figure 13: Electron energy resolu
tion function without beam cleaning 
(dashed), with beam cleaning (solid), 
and pion contamination (dotted) for 
193 GeV beam at 3.6°, 

Tails on the energy resolution function can be a problem. Figure 13 shows 

the energy resolution function for 193 GeV electrons over almost five orders of mag

rtitude. With only simple cuts to eliminate pions there is a large tail on the low 

energy side (approximately 1% of the. peak height) and a few events on the high 

side outside the peak. After examination of single events we could see rare in

stances of a low energy cluster centered on the MWPC track projection but another 

neutral cluster elsewhere in the prototype. This was clear evidence for electron 

bremsstrahlung upstream in the beam line. The events with low pulse height occur 

when the bremsstrahlung photon misses the prototype. A severe cut on the beam 

angle appears to eliminate all such events with a concomitant loss of about 50% of 

the good events. The cut has the virtue that it is completely unbiased. An estimate 

of the pion contamination surviving the cuts, obtained from separate pion runs, 

appears to explain the remaining low energy tail well below the 10-4 level. 
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6 Summary 

ATLAS has elected an unconventional location for its forward calorimeters result
ing in many benefits. The chosen technology employs a novel liquid argon electrode 

structure. Test beam results with electrons show performance exceeding the require
ments. 
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NEW CRYSTAL CALORIMETERS FOR COLLIDERS 

Peter Denes 

Physics Department. Princeton University 

ABSTRACT 

'hree new crystal calorimeters are under construction for use at colliders. BaBar and 
3elle at asymmetric B factories will each use _104 CsI(Tl) crystals, and CMS at the 
,HC will use _105 PbW04 crystals. This paper outlines c~rtain technical aspects of 
rystal calorimetry, with emphasis on selected properties of crystals and issues with 
he electronic readout. 

Introduction 

;or decades now, calorimeters composed of large numbers of scintillating crystals 

lave consistently provided high-resolution measurements of the energies of 

:lectromagnetically interacting particles. In the future, three large collider 

:xperiments (as well as other smaller and fixed-target experiments) will use crystals 

'or their electromagnetic calorimeters. BaBar (SLAC) and Belle (KEK) will each 

:mploy - 104 CsI(Tl) crystals, and CMS (LHC) will use - 105 PbW04 crystals. 

3etween the B-factories and the LHC, there is a factor of 1000 in beam energy and a 

arge difference in interaction rates, yet all three experiments wish to perform 

Jrecision measurements of a dynamic range of roughly 18 bits. 

A. successful calorimeter requires careful attention to numerous details, but the key 

problems for the construction of a crystal calorimeter are the crystal itself, conversion 

of the optical signal into an electrical one, and the capture of that electrical signal with 

the dynamic range and precision that are required. After that point, a crystal 

calorimeter is like any other, only more precise. Once built, the key problem is, of 

course, maintaining the detector calibration at a level consistent with the resolution 

desired. 

All three of the new collider detectors (see Table 1) operate in a magnetic fieid. The 

presence of a magnetic field influences the choice of photodetectors, as conventional 

vacuum devices are difficult to use in 47t detectors with magnetic field. At low fields, 

shower development is not strongly influenced by the magnetic fields, however the 4T 
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field of eMS will cause distortion in both directions of the shower. (Shower shape, 

for example the pulse height in the "core" of the shower divided by the pulse height in 

a wider region, is important to determine the "electromagneticity" of the particle. In 
addition, impact point determination depends on the center of gravity of the shower in 

the crystals.) 

For BaBar and Belle, the crystal is well developed, although special care is needed 

due to the high rate. Silicon photodiode readout is well established, so that the 

novelty is to cover the dynamic range in what is effectively a De (non-sygchronous) 

environment. eMS is a bit more ambitious. First, a factor of ten times more crystals 

than any other detector are required, and these crystals must survive the radiation 

environment of the LHC. Next, the low light yield, combined with the high magnetic 

field, precludes the use of conventional photodiodes, thus avalanche photodiodes are 

used. Finally, the usual precision and wide dynamic range must be obtained at 40 

eMS 
r-

0.1 10 100 1000 10000 

E [GeV] 

Figure 1 Proposed energy resolution for Belle, BaBar and eMS. Belle and BaBar 

have differing assumptions about intrinsic resolution and constant terms. 
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Table I: Some existing and proposed crystal calorimeters. New collider detectors 
Ielude BaBar and Belle at asymmetric B-factories, and CMS at the LHC. In the table 
below N is the number of crystals in the·detector (in thousands), Xo is the radiation 
length of the crystal and fee is the bunch crossing frequency. Photo refers to the 
photo detector: photomultiplier tube (PMT), Silicon p-i-n photodiode (Si PD), 

vacuum phototetrode (V4T) or Silicon avalanche photo diode (APD) 

Crystal CLEO L3 BaBar Belle KTeV L* GEM CMS L3P CMS 

II 

Ball Eol Eol Eol Eol TP 

SPEAR CESR LEP SLAC KEK FNAL SSC SSC LHC LHC LHC 

e± e± c± e± e± p± p p p p P 

4 6 100 9+3.1 8+3.5 I 20 20 8 8 7 

GeV GeV GeV GeV GeV TeV TeV TeV TeV TcV TeV 

Nal(TI) Csl(TI) BGO Csl(TI) Csl(TI) Csl BaF2 BaF2 CeF3 CeF3 PbW04 

0.672 7.8 11.4 6.8 8.8 3.3 26 15 45 100 

16 16 21.5 16 16 27 24.5 24.5 25 25 

PMT Si PO Si PO Si PO Si PO PMT V4T V4T Si PO VPO 

0 1.5 0.5 I I 0 .75 .8 4 I 

1.3 2.8 0.091 238 10-508 0.29 60 60 67 67 

\nticipated energy resolutions for the new collider detectors are shown above in 

:igure 1. For CMS, energy resolution in the 50 - 100 GeV region (H ~ yy) is crucial, 

md must be ensured by maintaining calibration precision. 

100 

25 

APD 

4 

40 
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2. Crystal Properties 

Crystals are characterized by several parameters, some of which are shown for 

selected crystals in Table 2. The mechanical parameters determine the dimensions 

that the crystal must have, and the scintillation parameters influence the readout. In 

detail: 

• High density (p) ensures a compact calorimeter. 

• In order to achieve a certain energy resolution, the crystals must be long enough to 

contain the electromagnetic shower at that energy. The radiation length (Xo), is a 

measure of longitudinal shower development. As energies increase, the position 

in the crystal of the shower maximum (in Xo) moves further back lograithrnically, 

so that at very high energies longer crystals are needed. A short radiation length 

thus also ensures a compact calorimeter. 

• The transverse siz7 of the shower is traditionally parameterized by the Moliere 

radius RM. The typical cross-section of the crystals is one RM, in which case for a 

particle striking the center of a crystal, roughly % of the energy is deposited in that 

crystal, and a sum of that crystal along with its eight closest neighbors contains 

over 90% of the energy. Granularity is important for position reconstruction, and 

crucial for particle identification and isolation, as narrow showers are signatures.of 

electrons or photons. 

• The scintillation decay (or, more usually, decays) is characterized by an emission 

spectrum with a certain peak wavelength, decay time constant and light yield. The 

light yield, traditionally quoted as a percentage of that of NaICfl) depends on 

numerous particularities of the crystal, its shape, reflective wrapping, and so on, 

thus often fluctuating from publication to publication. Further, light yields tend to 

be quoted as the integral of the total photocurrent, and may thus be strongly 

influenced by long decay tails. 

• Mechanical hardness, the presence of cleavage planes, the melting point and other 

similar parameters are important for the growth of the crystal, and the construction 

of the calorimeter. Hermetic detectors require non-rectangular crystals, hence 

relatively precise machining of the crystal faces is required. 

• The light yield of all crystals is temperature-sensitive to some degree. PbW04, 

like BGO, has a strong sensitivity at room temperature, on the order of -1.5% per 

degree. 

00 
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fable 2: Properties of crystals used of proposed for certain crystal detectors. Xo is 
Ie radiation length, p the density, 't the principal decay time constant, A. the principal 

emission peak wavelength, n the index of refraction, and LYthe light yield as a 
percentage ofNaI(TI). 

NaI(TI) BaF2 Csl(TI) CeF3 BGO PbW04 

Hi,GelO" 

Xo 2.59 2.03 1.86 1.66 1.12 0.92 cm 

p 3.67 4.89 4.53 6.16 7.13 8.2 g/cm3 

't 230 0.6/620 1050 30 340 -10 ns 

A. 415 230/310 550 380 480 -500 nm 

n 1.85 1.56 1.80 1.68 2.15 -2.3 

LY 100% 5%116% 85% 5% 10% 0.2% %NaI 

[23 cm] 

) obtain high resolution, the crystal must also provide a uniform scintillation 

Identical point light sources 

Crystal 

o 000000000000 

gure 2: Longitudinal uniformity of response. The non-uniformity is the variation in 

light yield as a function of position, for an ideal light source at that location. 

sponse. The uniformity, as indicated in Figure 2, is measured by observing the 

lriation in light produced as a function of position. A non-uniformity influences 

lergy resolution in two ways. Because the longitudinal deposition of energy from 

lowers fluctuates, non-uniformity spoils the resolution. Also, as the shower 

aximum moves with energy, non-uniformity gives an energy dependent non

nearity in the calibration. 

on 
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The new calorimeters all have non-rectangular crystals, which automatically 

introduces a non-uniformity due to the "focusing effect": For a rectangular crystal 

with a given index of refraction, the probability for a scintillation photon to escape the 

crystal and enter the photodetector is independent of position (depending only on the 

initial angle of the photon). In a tapered (and particularly high index of refraction) 

crystal, the tapering favors photons produced at the front of the crystal. This effect is 

either balanced by light attenuation in the crystal (if the attenuation length A is short) 

or by modifying the reflective coating. 

Measuring the uniformity of response for most crystals, such as CsI, is in principle 

straightforward, but low-light yield crystals, in particular PbW04, present special 

problems. Scanning the crystal with a typical radioactive source (energies - 1 MeV) 

becomes imprecise as the light yield diminishes. The position of the energy 

deposition in the crystal is hard to know, as sources are hard to collimate and low 

energy particles either deposit their energies on the surface or travel some distance in 

the crystal. Use of correlated tagging (i.e. a 22Na source where an e+e- pair are 

produced, and one of the pair is detected in a tagging counter) can simplify source 

measurements. Cosmic rays deposit more energy in the crystal, however precise 

position measurements are needed to reconstruct uniformities. For CMS a technique 

using a beam of stopping protons at 405 MeV/c has been developed. Such a beam 

penetrates roughly IS mm into the crystal, and produces well defined energy 

deposition with dE/dx roughly 5 times minimum ionizing (except for the Bragg peak 

in the last microns). This technique has been shown to produce accurate and 

reproducible measurements of light yield and uniformity. 

3. Photodetectors 

For detectors without magnetic field, conventional vacuum photo detectors are 

employed. Vacuum photodetectors with few stages can be employed in magnetic 

fields, provided that the angle between the field and the photo detector axis is not so 

large as to cut off the photocurrent. Silicon p-i-n photodiodes have been used 

successfully with crystals (see Table 1). p-i-n photodiodes have high quantum 

efficiencies and a stable gain of 1. For CMS, the small light output ofPbW04 crystals 

requires additional gain, thus silicon avalanche photo diodes are used. 

'''' 



Figure 3 p-i-n photodioide 

md is then collected. 
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A p-i-n photodiode consists of a thin p

region which acts as a photocathode and 

an n + - region, positively biased with 

respect to the p-region, which serves to 

collect the charge. These two regions 

are separated by 100-500 fl of intrinsic 

semiconductor, which reduces the 

capacitance between p- and n + -regions. 

Visible light passes through a 

transparent protective window, enters 

the p-region, and creates an electron

hole pair. The electron drifts at 

constant velocity through the i-region 

[he p-i-n photodiodes used with crystals typically have areas:;:: I cm2
, leakage 

:urrents of a few nA, and capacitances of 25-75 pF/cm2
. (For large-area crystals, such 

IS CsI, wavelength shifter bars coupled to narrow photodiodes are also used.) 

it 

0 

000 

000 

000 

000 

000 

p++ 

p 
n 

1t (i) 
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An avalanche photodiode (of the type 

suitable for crystal readout) is similar 

to a p-i-n photodiode, but includes a 

p-n junction buried beneath the 

"photocathode". As before, the 

photon converts In the thin 

"photocathode", but unlike the p-i-n 

structure, the electron is accelerated 

by the high field across the buried p-n 

junction, and undergoes avalanche 

multiplication, thus providing gain. 

Unlike p-i-n diodes, APDs are new to 

high-energy physics. The APD gain, Figure 4: Avalanche photodiode. 
M, is a sensitive function of voltage 

and temperature. (Typical APDs currently being developed for CMS have gain 

sensitivities dM/dV and dM/dT that are a few percent of the gain.) In addition, the 

statistics of the gain mechanism influence both the observed photostatistics as well as 

the noise. 
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If the crystal has a light yield of Ny photons/MeV deposited, then for energy E 

deposited, Ny' E photons arrive at the entrance of the APD. For a quantum 

efficiency EQ (which can easily be 85%) Npc = Ny EEQ photoelectrons are created. 

As the photons are produced with Gaussian statistics in the crystal (i.e. if in a time 

window t1t, N photons are produced on average, the rrns fluctuation is IN) 
N pc ± J N pc photoelectrons enter the amplification region. As a gain of M is applied, 

if there were no fluctuations in the gain, M· N pc ± M J N pc electrons would be 

collected. 

Avalanche photodiodes, however, have strong multiplication statistics. Ifwe imagine 

that we are able to create exactly one photoelectron at the entrance of the 
amplification region, then we would experimentally observe M ± cr (M) electrons are 

collected, where cr(M) is the rms fluctuation of the gain (which, in APDs is a function 

of the gain, M). Because of this gain fluctuation, the actual number of electrons we 

collect is given by M· N pc ± J M2 + cr 2 (M) J N pc' As a consequence, the 

photostatistical contribution to the energy resolution is 

The quantity F is referred to as the excess noise factor, and expresses the degradation 

in photostatistical resolution due to fluctuations in the amplification mechanism. 

(Typical APDs currently being developed for eMS have excess noise factors on the 

order ofF=2.) 

The excess noise factor also plays a role in the noise generated by leakag~ currents in 

the APD. Unlike a p-i-n diode, two sources of leakage current exist in the APD: 

those electrons which flow from the p ++ to the n ++ region without undergoing 

multiplication (called surface leakage, even though it may occur within the bulk of the 

device) and those electrons which undergo amplification (called bulk leakage). For 

surface leakage, electrons flow at an average rate I (electrons/second), but arrive at 

random times, thus creating an rrns fluctuation of JCii. This is also true for the bulk 

leakage, however because of amplification the rms fluctuation becomes M JCii . 

Incorporating the effect of gain fluctuations, the observed rms fluctuation increases to 

JM2 +cr 2(M)JCii. 

With all effects included, the energy resolution that may be obtained with a crystal 

calorimeter employing APDs becomes 
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'he first two terms in the resolution are arise from the calorimeter: O'stoeh refers to the 

stochastic" term (borrowing a phrase from sampling calorimeters. The "stochastic" 

~rm in fact represents fluctuations in energy leakage out of the calorimeter, a large 

art of which just happens to be cx:: JE), and O'eal is the "constant" term (due to 

alibration errors). The third term is the photostatistical term, which reduces to 

ormal photostatistics for F= 1. The fourth term represents the contribution from 

,reamplifier "series noise" (see below). The term "e" represents (essentially) the 

)tal capacitance at the input, the term "R" represents (essentially) the input 

ransconductance and any photodetector series resistance. 't is meant to represent the 

shaping time" of the complete system, and a is a constant (which conveniently 

.llows noise to be calculated even if there is more than one "'t" involved). The fifth 

erm represents the contribution of preamplifier "parallel noise" and detector leakage 

:urrent. The two noise terms are similar for p-i-n or APD, with the exception of the 

tdditional bulk term (M2FIs) for APDs. 

I. Preamplifiers 

:he signal from solid state photodetectors used with crystals is sufficiently weak that 

l preamplifier is required. Belle, BaBar and eMS run the full spectrum from fully 

liscrete (Belle), integrated circuit with external JFET (BaBar) to fully integrated 

eMS). Some of the characteristics of the different designs are listed below in Table 

I. 

Table 3 Preamp and photodetector combinations 

Belle BaBar eMS 

?hotodetector Si PD 2 x 2 cm 2 Si PD 2 x 2 cm 2 Si APD 0.25 cm 2 

\Joise (el 600-700 600-700 3000-5000 

(~s shaping times) (~s shaping times) (-30 ns shaping times) 

Type Discrete Discrete + Ie Ie 

Dynamic Range 17 - 18 bits 
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" " 

Figure 5 CMS Full Range Preamplifier 

For CMS, a preamplifier 
covering the full dynamic range 
has been constructed, and is 
shown schematically in Figure 5. 
This preamp, designed in 0.8 ~ 
BiCMOS technology, consists of 
a large PFET input stage, 
followed by a class A-B output 
buffer. In addition, a clamping 
amplifier with gain 8 is also 
included, for use with a fioating
point acquisition system as 
described below. The preamp 

outputs are additionally buffered by a bipolar emitter-follower to provide the required 
drive for a 50 n cable. This preamp operates at 5 Volts, and consumes roughly 50 
mW. 

5. Signal Acquisition 

Covering a dynamic range on the order of 17 bits presents a daunting challenge to the 

electronics design. As a single digitizer with such a dynamic range is usually not 

practical, the chief obstacle to be overcome is to find a way to compress the dynamic 

range at the input to that of the ADC. Such approaches are possible in calorimetry 

because although the dynamic range required is ·17-18 bits, the precision required is 

not. If the detector has a particular energy resolution (generally higher in resolution as 

the energies increase) the compression scheme must simply be arranged in such a way 

that the degradation in resolution is small compared to the intrinsic resolution at low 

energies. This means in particular that the noise contribution must be small, and that 

the linearity (or calibration stability) of the system must be quite high. 

Several schemes are candidates for compression of dynamic range: 

• Non-linear amplifiers: A preamplifier with a non-linear feedback element (such 

as a FET), or a linear preamplifier followed by a non-linear amplifier can be 

arranged to provide large gain for small signals, and lower gain for large signals. 

Theoretically, if one were able to construct an ideal non-linear amplifier, one 

could even tune the gain curve so that the quantization error of the ADC would 

become a fixed fraction of the detector resolution. The principle drawback of this 

technique is the difficulty of precision knowledge and stability of the gain curve, 

which often depends on individual transistor parameters, or requires clamping 
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circuitry that performs at high levels of perfection. Further, finite bandwidth 

(anywhere in, or following the non-linear element) gives rise to non-linear 

distortion of the signal. Thus, whereas this technique has been successfully used 

for decades for wide dynamic range, relatively low precision applications, its use 

at the level of precision required for crystals remains to be demonstrated. 

Switched-Capacitor arrays: The popularity of SCA's surged at the time of the 

sse. One could arrange parallel banks of SCA's with different gains before each 

bank, and later on select the appropriate bank to digitize. None of the three new 

collider crystal calorimeters are considering such an approach. 

Floating Point approaches: In this approach, the signal to be captured is 

acquired with multiple (different) gains, and then the appropriate gain range is 

used for digitization. The resulting data includes the ADC reading (the mantissa) 

and a digital code for which gain was used. The voltage at the input is 
reconstructed by a linear relation V = gj . ADC + 0, where gj is the gain for the ith 

range, and OJ is the offset (these constants are determined in advance, and ideally 

remain unchanged). 

8bDAC 

Preamp 

Reset 
SarnplelHold 

Comparators 

12bDAC 

Figure 6: L3 BGO Floating-Point ADC 

Trig 

I.n early example of floating-point digitization for crystals is the L3 BGO readout 

hown in Figure 6. The preamplifier output covers the full 18-bit dynamic range (50 

tV to 10V). The preamplified signal, after shaping, is acquired by two gated 

I1tegrators, one with unity gain and one with a gain of 32. The same prearnplified 

ignal is converted into a calibrated current, which is used to form trigger sums. 

:tarting slightly before the bunch crossing, the integrators become active, and the 

amplelhold amplifiers sample the integrator outputs. At a fixed time after the bunch 

nc 
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crossing, the sample/hold holds the integrator level (thus completing the integration of 

the signal) and the integrators are reset to zero. If no trigger occurs, this cycle repeats. 

When a trigger does occur, the microcomputer sets the l2-bit DAC to 7/8 full scale 

and examines the outputs of the amplifiers after the sample/hold amplifiers. With the 

two gain-4 amplifiers after each sample/hold, the integral of the input is available with 

a gain of 1, 4, 16,32, 128,512. The microcomputer selects the gain range with the 

highest gain that is below 7/8 full scale, and proceeds to perform a successive

approximation digitization. 

The data format I piG I GIG I DID I DID I DID I DID I DID I DID I consists of 

the 12 bits of ADC information (D), a 3-bit code identifying the gain used during 

digitization (0) and a parity bit (P) for error-checking. 

T~ 
T~ 
T11>-='=-

Figure 7 "Wilkinson" floating point for Belle 

For Belle, an interesting approach (see Figure 7) is used. The preamplifier signal is 

acquired by three gated integrators with different gains. The digitization is performed 

by running down the storage capacitor (i.e. a Wilkinson ADC) and the information is 

sent as a digital pulse whose duration (as measured by a TDC) is proportional to the 

pulse height. 

For BaBar and 

CMS, a more 

conventional 

multiple slope 

approach is 

envisaged. In this 
Figure 8 "Multi-slope" floating point for BaBar and CMS scheme, the 

preamplifier signal 

IS amplified by separate amplifiers (4 slopes for both BaBar and CMS), and 

synchronously sampled with Sample/Hold amplifiers. Comparators after the 

Sample/Holds along with digital logic determine which gain range to use, and an 

output multiplexer sends this signal to the ADC. For CMS, such a circuit, operating 
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. 40 MHz, has been constructed In both 0.8 I.l BiCMOS and 0.7 I.l CHFET 

'omplementary GaAs). 

Conclusions 

'he design of each of the new crystal calorimeters for colliders presents specific 

:chnical problems to be overcome, only a few of which have been outlined above. 

he growth of high-quality reproducible crystals is clearly fundamental to the success 

f the calorimeter. After that, the key challenge is most often in the readout. 

lnmentioned in this survey are the problems associated with radiation hardness, 

!quired for all three calorimeters (and particularly for CMS) as well as numerous 

lechanical issues. In conventional sampling calorimeters, mechanical precision plays 

major role in the precision, whereas for homogenous crystal calorimeters the 

lechanical challenge is more to find a mechanism of supporting the crystals that 

Itroduces the minimum of dead material. Despite the challenges faced during the 

esign and construction of crystal calorimeters, they have always in the past provided 

1e excellent resolution and performance that one expects with crystals. For the new 

alorimeters, although there is much work to be done, we can hope that the use of 

rystal calorimeters will enable exciting discoveries. 

leferences 

"or further and more up-to-date information, the best sources are the technical 

,roposals and accompanying notes from the different experiments easily found on 

~WW. 
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ABSTRACT 

The experimental tools to investigate the cosmic rays particles composition are optimized 
:ording the energy range of the particles under study. In this note are described "Calorimeters", total 
sorption devices,for charged and neutral particles in the energy interval from few tenths of MeV to the 
~v range. 

After some general consideration on particles detectors for space application, few examples of 
:ently realized calorimeters for satellites and balloon flights will described, and the recent experimental 
mlts, obtained with detectors that include Calorimeters, will be presented. 

Conventional Calorimeters and flying Calorimeters 
A typical detector for particles physics in the energy range from one Ge V to few 

mdred Ge V is usually consisting of three main components; 

, the tracking region (devoted to momentum measurement); 

I a particle identification section (I.D.) (a velocity or a energy over mass 

measurement device); 

I a total absorption energy measurement device, the "Calorimeter". 

The first two componet are as transparent as possible absorbing a very small 

action of the energy of the particles to be detected. The second task is some time 

:complished partly in the first and in the third section. 

The third component, the total absorption Calorimeter is subdivided in the 

ectromagnetic and hadronic sector. The electromagnetic component is caracterized by 

very high Z material to reach a large value of bremstrahalung and pair production 

·oss sections for incoming electron, positron or photons. 

The hadronic showering material in the second sector is chosen to emphasize 

adronic cross section and also on the basis of geometrical convenience. The depth of 

Ie electromagnetic and hadronic calorimeter is given in unit of radiation (Xo) and 

Iteraction (A) length respectively. In the energy range considered the typical depths are 

25 Xo and ~ 20 A, in the experiment at accelerating machines in the Ge V region. 
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2 Calorimeter for Space Experiments 
The Calorimeters for particles detection in astroparticles experiments carried out 

on space should follow in principle to the same rules applied to calorimeter of ground 

based experiments. 

The physical laws are universal but .... The space environment and some practical 

aspects look quite different. 

The particles accelerated in the Galaxy by explosions or and by stocastic 

processes are isotropicaly distributed, their energy spectra have a typical power law 

(EG~V) where a varies between 1-3 depending on the particle. The dominant 

component of the cosmic rays are proton and alpha particles. 

Other component like nuclei or electrons and photons (y) are a small fraction, e/p 

-10-2, Y Ip -10-4. The presence of antiparticles like positron (e+) or antiproton (p) are 

compatible with secondary production from primary cosmic rays (P) interacting in the 

.interstellar medium (I.S.M.) and also represent a small fraction of cosmic. 

The relative abundance of e+ and p to the main components -10-3 (e+/p) 

and 10-4 (pip). 

As result of the decreasing flux with energy the study of the high energy 

component of the cosmic rays requires large area detector to reach a reasonable statistic 

but the unavoidable restriction coming from the limited weigth and power budget on 

board of satellites impose some compromise between the desired large area 

calorimeters and the depth. 

The calorimeters that will be presented in'this talk have a depth limited to 8 Xo. 
The weigth limitation of the past space experiment did not allow until now the flight 

with calorimeters having both the electromagnetic and hadronic sector. The solution 

adopted is the one with high Z material producing with high probability an 

electromagnetic cascade when the incoming particle is an e± or a y. Consequently the 

hadronic particles interact in the calorimeter as minimum ionizing particle (MIP) or 

eventually initiate the beginning of a hadronic cascade. 

Other requirements for the calorimeter in space experiments are: 

1) Mechanical resistence to strong acceleration (some ground tests are done until 

50 g == 500 m/s-2). 

2) Long duration (5-7 years). 

3) High gain stability of the sensor and self calibration with the most frequent MIP (no 

interacting protons). 
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It is a good precaution to avoid consumable material like circulating gas or 

cryogenic components. 

The weight limitation and the requirement of a large surface acceptance implies a 

:duced containement of the showers initiated by energetic (E > 10 GeV) electrons or 

... or "(. 

The fluctuations in the deposited energy due to the fluctuations in the beginning 

f the showers deteriorate the energy resolution. 

A calorimeter with 8 Xo has an energy resolution dominated by fluctuations of the 

nergy leaking of -6% at 5 GeV. So even the high resolution of the omogeneous crystal 

alorimeters can be fully esploited only at low energy. The high energy component of 

le particles spectrum can be measured by a sampling calorimeter with a sampling step 

s course as 1 Xo. 

If the calorimeter is part of a more complete detector with momentum 

leasurement (magnetic field B) and particle identification, the incomplete energy 

ontainement partly spoils one of the important criteria for e± identification the energy 

E) and momentum (p) equal value: E/p = 1 where E is the energy deposited in the 

lectromagnetic calorimeter and p is the momentum measured in the tracking system 

1side the magnetic field B. 

To compensate this lost of e± identification the space el. m. calorimeter are built 

lith high granularity and fine longitudinal segmentation. 

Calorimeters with high granularity and longitudinal segmentation are also called 

maging calorimeters. An elegant realization of an imaging calorimeter will be 

.escribed in detail at this Conference by M. Ricci as representative of the WIZARD 

~ollaboration. 

Some general features and few experimental results obtained with the 7 Xo 

maging calorimeter of silicon detectors and Tungsten absorber used in the CAPRICE 

light will be mentioned also in this note. 

The CAPRICE Mission 
The CAPRICE balloon flight is part of the general program CAPRICE flight on 

.ntimatter search in cosmic rays carried out by the WIZARD Collaboration. The 

,alloon launch has been done the August 8, 1994 from a North based area (Lynn Lake 

.1anitoba Canada) in order to obtain a low energy geomagnetic cut-off. The NMSU

¥IZARD/ CAPRICE (1) spectrometer is shown in Fig. 1 and from top to bottom it 

ncludes a Ring Imaging Cerenkov Counter (RICH) a time of flight (TOF) i.e. two sets 

)f scintillator conunters with photomultiplier read out separated by -1 m. 
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Fig. 1 - Schematic diagram of the CAPRICE apparatus. 

The magnetic spectrometer comprese multi wire proportional chambers (MWPC) 

and drift chambers in a magnetic field produced by a superconducting coil. 

At the end of the detector (for particles arriving from the top) there is a 7 Xo Si W 

absorbing Calorimeter. 

The electromagnetic Calorimeter is composed of eight planes with dimension 

50x50 cm2 of Silicon deterctors with strip read out in to two ortogonal directions (x,y 

read out). Each plane is formed connecting 8x8 X tiles and an equal number of y tiles. 

The single tile is composed of two one X one y 6x6 cm2 wafer mounted on support 

inspered to microchips technology (Fig. 2). 

The tiles interconnection is done by a G 10 printed circuit planes. 

The Calorimeter energy resolution as measured on a single column of 6x6 cm2 

tiles in a test beam is -17% /,JE(GeV) until 2 GeV and stay almost constant reaching 

20%/ '" E( Ge V) at the maximum energy measured in the flight Emax -50 Ge V. 

The imaging calorimeter has a powe-rfull separation of electromagnetic versus 

hadronic shower based on the narrow and regular energy deposition inside 4 Moliere 

radius around the track measured by the tracking system. 

I ''' .... 
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x - STRIPS 

I I 

Y - STRIPS 

Fig. 2 • Exploded view of the lay-out of the packaging of two detectors with 
perpendicular strips. 

Additional cuts based on the match of the measured momentum to the deposited 

mergy and on the longitudinal shower development being an overall reduction of 103 of 

he proton leaving an efficiency for electron and positron Ee± -' 8. 

The displays of a positron crossing the CAPRICE detector are shown in Fig. 3.a. 

·ig. 3.b gives an expanded view of the Calorimeter response to a positron. 

The imaging SW calorimeter is able to measure the electron direction by 

:onnecting the x,y center of granty of the energy deposition. A comparison of the 

:alorimeter measured direction with that measured by the tracking system shows an 

mgular resolution L\l'} at 4 GeV of 2° and the expected energy dependence of L\l'} is L\l'} 

- L\l'}(l)/.-J E(GeV) . 

.", 
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Calorimeters for gamma ray Telescope 
The principle of the y-rays direction measurement for hard y is illustrated in Fig. 4 

hat is a schematic diagram of the very successfull detector EGRET now flying on the 

~.G.R.O. (Compton, Gamma, Ray Observatory). 

The detection of the e-e+ angle is obtained in the spark chamber and the energy is 

neasured by a total absorption shower counter (T ASC) realized with 8 radiation lenghts 

If Nal. 

The C.G.R.O. has been very successfull in astrophysic results and the'high energy 

20 MeV< Eg <20 GeV) detector has discovered many new point like sources in our 

]alaxy and extragalactic emitting very energetic photons. 

The EGRET detector can operate for near two more years before the end of the 

,park chamber gas. 

New projects have been already prepared to mantain the new observational 

:apability in high energy gamma astronomy. 

ANTI-COl NCIDENCE 
COUNTER 

TIME OF 
FLIGHT 

COINCIDENCE 
SYSTEM 

Nal (TLI ENERGY-----l 
MEASUREMENT COUNTER 

SCHEMATIC DIAGRAM 

Fig. 4 - EGRET DETECTOR 

WIDELY SPACED 
SPARK CHAMBERS 

PRESSURE VESSEL 
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5 Future detectors for y·rays astronomy 
The very successfull data-taking of the EGRET detector will last no more than 

two or three years from now, the main reason being the total consumption of the gas for 

the spark chamber. 

Due to variability of the "( emission of different sources and the possibility of 

improving the already good features of EGRET, new project are in progress for the 

future of hard ,,(-rays astronomy. 

In the following are described two of such projects. 

The first one named GILDA and the second GLAST. 

GILDA is a part of a Russian Italian collaboration included in the larger program 

of the RIM (Russian Italian Mission) project. wich cosist of three successive steps. 

The ftrst one already funded and named NINA is a silicon detectors telescope to 

study solar activity in the emission of medium energy proton and ions. NINA flight is 

scheduled for the end of 1996. 

The second step of RIM, PAMELA is a search for the antimatter component in 

the cosmic ray flux. 

The third step GILDA is a large acceptance "(-ray telescope. 

5.1 The GIWA apparatus 

The core of the GILDA telescope is a modified space version of the silicon 

calorimeter presently used in the Wizard balloon flights program, to be installed on a 

future version of the Resource-Ol satellite, scheduled to fly at the beginning of the next 

millennium. This detector is a ftne-grained imaging electromagnetic calorimeter 

conceived for the Wizard experiment to investigate, in a planned space mission, the 

antimatter component of the primary cosmic radiation. 

Detectors based on the silicon technology have many advantages for space 

applications: no gas reftlling system or high voltages, no need of photomultipliers (low 

consumption), short dead time, possibility of self triggering. During the project phase, 

the calorimeter has been extensively studied with Monte Carlo simulations, and a 

prototype, containing 20 XY samplings of silicon wafers with strips 3.6 mm wide 

interleaved with 19 showering tungsten planes (for a total of 9.5 Xo), has already been 

built and tested at the CERN Proton Synchrotron (PS). The ftve planes (50 x 50 cm2) 

have flown in a balloon experiment from the NASA base at Fort Sumner (New 

Mexico) in September 1993; the Si-W calorimeter with 8 planes has also successfully 

operated in the flight from Lynn Lake (Canada), of July 1994. 
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The basic element of the Gll..DA telescope is a 6 x 6 cm2 module composed by 

vo Si detectors, each with a thickness of 380 Ilm, mounted back to back with 

!rpendicular strips to give the X and Y coordinates (Fig. 2). In this experiment, two 

ifferent strips widths are considered. For the 3.6 mm strips, each module contains 16 

rips, while for the 125 J.Lm ones it is possible to arrange 500 strips in each wafer. The 

etectors are held in a special package which, when patched to form large surfaces, 

llows a minimal dead area for the sampling planes of the calorimeter. All the used 

taterials are approved by NASA for space applications. The principal constraints are 

nposed by the satellite in terms of volume, weight and available electric power. The 

ree volume on the satellite is a cylinder 110 cm diameter and 70 cm in height, the 

vailable mass and electric power are respectively 700 kg and 350 W. 

The baseline configuration of Gll..DA has a height of 40.8 cm, an area of 50 x 50 

m2 and a total showering length of 10 Xo (radiation lengths). A suitable arrangement 

,f the electronics coupled to the calorimeter and of the anticoincidence system allows to 

ilatch the 110 cm diameter of the available cylindrical volume. In the volume under the 

[etector, the remaining digital electronics, interfaces and services can be located. 

The stratigraphy of the instrument is shown in Fig. 5. The y detector can be 

eparated into two sections: the converter (or tracker) and the absorber. The first twenty 

Ilanes form the converter zone, in which the silicon layers, made of 125 Ilm strips, are 

,eparated by tungsten plates of thickness 0.07 Xo. The distance between two contiguous 

Ilanes is 1.0 cm. In each plane, 4000 silicon strips per view allow a very precise 

neasurement of the direction of the incoming gamma ray. The granularity of the silicon 

md the thickness of the tungsten have been decided by detailed Monte Carlo studies 

md hardware developments and they represent the compromise between number of 

lecessary electronic channels, distance between planes, power consumption (1.5 

nW/ch), efficiency and angular resolution. 

The last ten planes E\ ... EIO constitu,ting the absorber, are composed of 3.6 mm 

;ilicon strips and separated by layers of active scintillating lead fibers, 1 Xo total 

:hickness. Between the converter and the absorber, an aluminum plate of 0.2 Xo is 

?laced in order to reduce the back scattering of particles from the bottom of the 

:alorimeter. Each silicon plane is 1.6 cm far from the following. 

The structure of the scintillating fibers lead calorimeter has been built embedding 

polystyrene fibers (emitting in the blue), 1 mm of diameter, between plastic 

deformations of lead foils 0.5 mm thick. Fibers are glued to the foils and run parallel to 

each other with a pitch of 1.35 mm. The overall structure has a fiber:lead:glue volume 

ratio of 48:42:10 and a sampling fraction of -14% for a minimum ionizing particle; 

In7 
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moreover, it has a density of -5 g cm-3 and a Xo of - 1.5 cm:. This means that, in one 

radiation length, ten lead foils are interleaved with the same number of fibers. 

-------------------;-------------------

Fig. 5 • The GILDA configuration. 

- x-¥ SiD 
Strip 
) . 6 !TIm 

dln4lnc. botl", •• n 
$1 ph" •• -t .' c:. 

Prototypes have already been extensively tested with accelerator beams, showing 

that the lead scintillating fibers calorimeter has an .energy resolution for 'Yof the order of 

5%;.,j E(GeV) for total containment. The solution of adopting these fibers is 

particularly attractive because HPK has developed compact PM's (PMT R5600 series) 

reduced to the same dimensions as a solid state detector and housed in a robust metal 

package 15 mm in diameter and lO mm in length, while maintaining the same 

performances, high sensitivity and high; peed as a conventional PM. The very low mass 

and the power consumption of the PMT R5600 (-100 mW) allow the use of the large 

number of PM needed for a fast trigger. 

The configuration is completed with a plastic anticoincidence scintillator Ac (3 cm 

thick) around the converter zone of the calorimeter, and with two fibers scintillators 

(without the lead), one, EQI, after the first seven planes (that is after 0.49 XO) and the 

other, E02, after fourteen planes from the top of the detector. The introduction of the 

first one allows to obtain a threshold for gamma ray detection of 25 MeV. 

lOR 
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.2. The GLAST Detector 

The GLAST (Gamma ray Large Area Silicon Telescope) R&D program's goal is 

} produce a proposal for the next instrument in this series. GLAST was started a year 

go in response to a NASA request for R&D proposals. The Stanford side of the Egret 

ollaboration had strong ties to close-by SLAC where interest in Astro-Physics already 

xisted. Particle detection technology has progressed a long way from triggered spark 

hambers, and the silicon strip detector technology might be a good solution to the 

~gret problem. A proposal was submitted and subsequently funded by NASA for one 

'ear in which a more detailed design study could be accomplished. 

The adopted principle design that GLAST technology has followed is an 

ldaptation of existing HEP detectors. Silicon strip detectors would provide tracking 

'lith a modem crystal calorimeter (read out using silicon diodes) to provide the energy 

neasurement. The maximum size of presently available silicon detectors is only 6 cm x 

) cm, but by ganging together three (possibly four) such "tiles," the channel count may 

)e kept to a reasonable level. A large device is easier to build if it can be made modular, 

md we opted to arrange GLAST as a mosaic of semi-autonomous tower modules. The 

'est of the design concept followed logically from Egret and is shown in Fig. 6. 

The proposed GLAST calorimeter is an array of Csi crystals for a total depth of 

-10 Xo. 
Gamma Large Area Si Telescope 

(GLAST) 

lloutIeSided (q) 
Si Strip Ooladar 

Cor"lVerter 
(1.0 'I) 

Fig. 6 - The GLAST configuration. 
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Recently in the GLAST collaboration the use of an imaging calorimeter with 

Scintillating fibres and Lead based on the technology developed by the KLOE 

collaboration. The main reason for this proposal being the measurement of the direction 

of high energy 'Y not converted in the tracking region (60% of the total 'Y flux). The 

quality of this calorimeter are presented at this conference by A. Morselli. 

6 Conclusion 
High energy astroparticle is introducing more and more sophysticated technique 

developed in experiment at accelerating machine. The quality of the new data from 

many new mission and for from the WIZARD Collaboration CAPRICE flight where 

two innovative detectors like the Ring Imaging Cerenkov (RICH) detector and a Si W 

imaging Calorimeter have complemented the existing spectrometer, indicate that this 

introduction of particles physic experimental tools in the as trophy sic domain is giving 

the good results. GLAST or Gll.,OA contain many concept from high energy particle 

experiment and I hope in their future success. 

7 References 
(1) G. Barbiellini et al.: Astronomy and Astrophysics 23.3.96. 

110 



Aubert 
· Ricci 
· H. Mielke 
P. Denisov 

· Gemmeke 
· Giuliani 
Pietropaolo 
P. Denisov 

II - Non Conventional Calorimeters 

Convener's Report 

Convener B. Aubert 
Secretary L. Benussi 

The Wizard Program on Calorimeters for Space Applications 
A Calorimeter for Cosmic Ray Hadrons up to 10 Te V 
Energy Loss Measurements of Cosmic Ray Muons in the 
LAr Calorimeter BARS 
Upgrade of Karmen Neutrino-Calorimeter 
Phonon Mediated Particle Detection: Results and Prospects 
The Liquid Argon TPC for the ICARUS Experiment 
Use of Heavy Freons in Gas Ionization Calorimetry 



scati Physics Series Vol. VI, (pp. 113-114) 
INT. CONF. ON CALORIMETRY IN HEP - Frascati, June 8-14, 1996 

(Convener's Report) 

NON CONVENTIONAL CALORIMETERS 
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When you did ask Yourself"What is a non conventional calorimeter?", it is 

ry instructive to compare the scientific program of this meeting with the evolution 

calorimeter's technology: Non Conventional yesterday is today Conventional. Let 

review briefly some recent idea in different field . 

• Sampling Calorimetry 

1. with liquid detecting medium: 

The use of Liquid Argon proposed by W.J.Willis in the early sixties has been 

followed by several other cryogenics liquid proposal like the use of liquid Kryp

ton, and the proposition to use room temperature liquid, like tetramethylsilane 

or tetrametylpentane. The most recent idea is a change of the classical set up. 

The electrodes, instead to be flat and perpendicular to the particle path, be

comes accordeon shaped following the particle axis. This improvement provide 

a faster response and a better hermeticity for the charge collection. 

2. with solid detecting medium: 

The most common technology, plastic scintillator, have been greatly improved 

by the use of scintillating fiber. Here the fiber could be used or like detecting 

material or like optical component with the use of wave lenght shifter. As for 

the Liquid Argon calorimeter, new geometry with detecting plate parallel to 

the particle direction, are now under construction. 

• Homogeneous Calorimeter 

The lead glass technology has open up a field where crystal calorimeters experts 

develop high precision detectors using large volume of crystal material. The 
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innovation be here on the search of low cost component. Recently the BGO 

has been followed by PbW04, and room remain for futur development. 

All those new contributions to calorimetry, non conventional little time ago, are 

now include in other sessions. Where could be innovation and creativity? We can 

identify three domaine partly covered in our session or completely missing: 

1. The non conventional application of conventional technics. We will get presen

tations of calorimeters used in space research, in cosmic ray physics, in double 

beta decay experiment. 

2. The gas-discharge technology. Large improvements are needed in order to be 

able to build a competitive detector with gas calorimeter. 

3. The integration of large system. Building smaller and smaller size detecting 

cell, to improve the spatial resolution, and read out a calorimeter without loss 

of detection power is a challenge for the actual experiment. 

In conclusion, we will listen the presentations, but bear in mind that regarding non 

~onventional, the "no show" is almost as instructive as the show. 

I would like to thank Alessandro Calcaterra for his very valuable help before and 

during the conference, as well as the conference organizers for a very effective meet

ing. 
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ABSTRACT 

I iron calorimeter for c:osmic ray hadrons to be used in the large air shower ex
riment KASCADE is described. The iron absorber is interspersed with ionization 
:tmbers filled with the room temperature liquid tetramethylsilane. Experiences 
~h a prototype of the calorimeter, its performance and long-term stability are 
~sented. For energies in the TeV region shower profiles and transition curves have 
en measured and are compared with Monte Carlo (MC) calculations using the 
,UKA and GHEISHA option within the GEANT code. 

Introduction 

ithin the extensive air shower experiment, KASCADE 1) at Karlsru4e, the central 

re of hadrons is investigated using a totally absorbing sampling calorimeter. The 

n of the experiment is to determine the mass composition of primary cosmic 

VS in the energy domain of 1014 to 1016 eV and to measure reliably the cosmic 

V energy spectrum. The hadron content of an air shower at sea level decisively 

pends on the mass of the primary particle. Roughly speaking, iron nuclei initiate 

scades with less hadrons and hadronic energy at sea level than primary protons of 

e same total energy. Cascades initiated by high-energy photons should contain no 

,dronic energy at all. A hadron calorimeter, therefore, is well suited to distinguish 

r showers initiated by different primaries. 

Such a calorimeter should be able to detect hadrons of 10 TeV and more. 

Ir a good energy reconstruction it should be deeper than 10 nuclear interaction 

19ths AJ. In order to distinguish individual hadrons within the core and to deter

ine their energy separately, a relatively fine lateral segmentation is desirable. For 
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instance, it is of interest to know the energy of the most energetic hadron, since it is 

a parameter closely related to the primary's mass. A major challenge of cosmic rays 

at the highest energies is their small particle flux requiring large detector surfaces. 

To accumulate 100 particles per annum at 10 PeV, a calorimeter surface of 300 m2 

is needed. This is the size of the KASCADE calorimeter with 8 active layers leading 

to a total of 2400 m2 detector area. 

A prototype of this calorimeter having an identical longitudinal configura
tion but 5% of its lateral size only and the original instrumentation has been set up 

and has collected data for nearly three years 2). It is the intention of this article 

to report about the experience gained with this prototype, especially with the new 

type of liquid ionization chambers chosen as active elements. They use the liquid 

tetramethylsilane (TMS) as dielectric medium. It is also of interest how well exist

ing shower simulation codes such as GHEISHA 3) and FLUKA 4) describe hadronic 

cascades in the TeV region. We cannot test the absolute amount of energy deposi

tion due to the lack of calibration possibilities at accelerators, but we can compare 

the longitudinal and lateral profiles of the energy deposition with predictions of the 

MC codes and thereby examine their reliability. 

2 Calorimeter Configuration 

A setup of the prototype calorimeter is shown in fig. 1. It is constructed from 

casted Fe slabs, 12 cm thick, leaving eight slots for active elements. Seven slots 

are filled with liquid ionization chambers, whereas scintillation counters for fast 

trigger purposes are inserted into the space behind the second iron layer where 

hadron showers of 100 GeV have their maximum of energy deposition. On top 

of the calorimeter a plane of scintillators serves to measure the particles' dEldx 

and separate charged from neutral hadrons. Its longitudinal structure is almost the 
same as for the KASCADE calorimeter only the last layer - a tail catcher of 2.5 Al 

concrete - is missing. The total depth of the prototype calorimeter corresponds to 9 

interaction lengths, ensuring a reasonable shower containment up to 10 TeV hadrons. 

At this energy approximately 96% of the energy are deposited in the calorimeter. 

As can be seen from fig. 1, sampling is constant at the top and becomes coarser in 

deeper layers where the mean transition curve drops exponentially. For cosmic ray 

hadrons a very good energy resolution is not mandatory at the highest energies. We, 

therefore, deliberately renounce on the liVE improvement with rising energy in case 

of a calorimeter with constant sampling steps. Yet, the energy resolution is a critical 

parameter when dealing with a flux spectrum that is steeply falling with energy. Due 

to a limited resolution, the incident energy is systematically reconstructed too high. 

To keep the correction for this shift small, a reasonably good resolution is desirable. 
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Figure 1: Schematic view of the KASCADE prototype calorimeter 

cording to MC calculations, the calorimeter has a resolution of a(E)/ E = 20% at 

GeV which improves to 10% at 10 TeV. The systematic bias of the reconstructed 

ergy has been calculated to amount to 20% in the Te V region. 

The trigger plane of the prototype calorimeter consists of eight scintillators 

) x 220 em) viewed by photomultipliers from both ends. The thresholds are 

justed to ensure a coincidence between the two ends of the scintillator with an 

iciency of almost 100% for a passing muon. The trigger threshold for hadrons 

set to 30 particles. The trigger layer is located ·behind a material corresponding 

1.6 interaction lengths. This position has been chosen as a compromise between 

good efficiency at high energies and a threshold that is as low as possible. The 

19ger efficiency reaches 80% for 120 GeV hadrons. 

Liquid Ionization Chambers 

he structure of the ionization chamber is sketched in fig. 2. It consists of a 

) x 50 x 1 cm3 steel box containing four electrodes (25 x 25 cm2) positioned in 

le midplane of the box by ceramic spacers. A ceramic feedthrough allows to apply 

.gh voltage to the electrodes and read out their signals independently, ensuring 

fine spatial segmentation of the calorimeter. As liquid TMS has been chosen. 

~veral high-mobility liquids suitable for particle detection in calorimeters exist 5). 

hese liquids show electron conduction, i.e. free electrons from ionization processes 
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stainless steel box 
50 x 50 x 1cm3 

4 electrodes 
25 x 25cm2 

ceramic spacer 

Figure 2: Schematic view of a TMS ionization chamber. 

move under the influence of the electric field in a conduction band similar to those 

in semiconductors. For the present purpose a high signal yield and low costs for 

the 17000 I liquid were the decisive criteria whereas a fast signal generation, hence, 

a high drift velocity was of minor importance. Tetramethylpentane (TMP) is too 
expensive for such a large calorimeter, but hexamethyldisilane (HMDS) despite of 

its lower charge yield would have been an alternative solution 6) due to its low 

price. TMS recommends itself by its easy process of purification. The costs of 

a chamber being mainly determined by the price for the liquid, the thickness was 

chosen as a compromise between affordable costs and a reasonable signal/noise ratio 

for minimum ionizing particles. A ratio of 2/1 was taken to be sufficient to recognize 
the pattern of a muon passing through the eight active layers of the Fe absorber. 

An important quantity which determines the operational capability of an 

ionization chamber is the lifetime T of free electrons in the liquid. It should be much 

greater than the electrons' drift time in order to collect the total charge produced. 

The lifetime is limited by the presence of electron-attaching impurities. For the most 

frequent impurity, oxygen, a concentration of 1 ppm in molar units limits already 

the lifetime to approximately T = 1J.Ls. Therefore, all parts of the chamber and the 

liquid have to be cleaned carefully before assembly. 

4 Signal Stability 

One of the principal motivations to use liquid ionization chambers for a ten-year 

cosmic ray experiment is their long-term stability. The electronic feed-back amplifier 

chain fulfills this requirement. For the actual chamber signal, however, this remains 

to be proven. Individual chambers, therefore, have been tested repeatedly in a triton 
beam at the Karlsruhe cyclotron 7) and with cosmic ray muons 8), where the signal 

of penetrating particles has been monitored. No signal decrease has been observed. 

1 '1f\ 



....... 
';' 
.c 
~10 

~ 
C e 
'tI 
CIS 
.c 

C1) 
en 
CIS 
... -1 
~10 
c:( 

-2 

1992 -> 1993 -+ 1994 -+ 

• HADRONS > 25GEV 

• HADRONS > 50GEV 

• HADRONS )o 100GEV 

• HADRONS > 250GEV 

1 0 ':-O-'...U-L1 -:-00:-'-'--:-20=-'O~3-:-0'-:O""""'4':-:'O:-'-O-'-'-'5'-':O-:-O -'--'-'6..l.00-'...U-::':7-:-OO:-'-" 

Runtime Cd] 

H.H. Mielke 

~ure 3: Average hadron rate in the calorimeter. The different symbols represent 
~ indicated threshold energies. 

I the contrary, a slight improvement can be noticed in some of the chambers as has 

~n reported amongst others by the WALle collaboration 9). This signal increase 

1 be attributed to adhesion of rest impurities present in the liquid onto the metal 

,faces, which - if extremely clean - have a very polar character. 

The behavior under constant electric field strength has been studied with 

~ prototype calorimeter and is documented in fig. 3. It shows the average rate 

. hadrons with an energy above the indicated threshold. As the flux of cosmic ray 

drons and the energy spectrum are known to be stable with time, the constant 

te immediately reflects the signal stability of the chambers. So we can conclude 

at neither impurity molecules diffuse from the bulk of the chamber material into 

e liquid nor the liquid associates or dissociates under electrical stress. A very 

ible and reliable performance of the calorimeter for many years can be anticipated, 

=luiring only occasional calibrations of the amplifier chain by charge injection. 

Results 

order to gain confidence in the simulation codes we compare the longitudinal and 

teral distributions of energy deposition of showers with the same reconstructed 

lergy. 
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1 TeV 
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··················1··················":"·············~·· .................. .... ::. .............. . 
' •• ~ 250 GeV 

.. v ' 

2 4 6 8 

Figure 4: Measured (full squares) and simulated (open dots) transition curves for 
different reconstructed energies. The curves are fits of the form dE/dt ex tae - bt to 
the data points. (Read the lower two curves at the left and the upper two at the 
right scale.) 

5.1 Transition curves 

The longitudinal development is shown in fig. 4. From 250 GeV to 7.5 TeV the 

simulations with the FLUKA code reproduce the experimental data quite well. The 

flattening in the experimental data due to electronics limitations are well reproduced 

by the Me calculations. The largest discrepancy between data and simulation occurs 
in the first layer at 2 TeV and 7.5 TeV. It is due to the fact that very high energy 

hadrons are likely to be accompanied by low energy electromagnetic radiation being 

created somewhere in the air above the detector, an effect which is not taken into 

account in the simulations. Simulations with the GHEISHA code are not shown but 
reproduce experimental results with a comparable precision as FLUKA. 

5.2 Lateral Energy Deposition 

A comparison of the lateral energy distribution between data and FLUKA simulation 

is done in fig. 5. It shows the energy density as an example in the third layer. As 

function of the radius it exhibits an exponential shape with a change in the slope 

at 30 cm. The observations show that the width of the lateral distributions does 
not vary significantly with energy. The experimental findings are well reproduced 
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ure 5: The lateral shower development in the third layer for different energies. 
~ energy density versus distance to the shower axis. Experimental results are 
m as full squares and simulations as open dots. The lines represent fits with two 
lbined exponential distributions. 

the simulations that are represented by the open symbols. Near to the shower 

3 one recognizes for the 5 Te V showers the effect of electronics saturation and of 

)nstruction on the form of the distributions. The kink in the exponential fall

can be noticed in the simulations as well. It indicates the existence of a halo 

lponent emerging to larger core distances. Low energy neutrons and photons 

letrate the absorber of the calorimeter better than charged particles due to their 

. interaction cross-section and are, thus, good candidates for the origin of the 

o. TMS with its large fraction of hydrogen is sensitive to neutrons and detects 

ciently their recoil protons. Me studies showed that indeed neutrons and photons 

ninate the energy deposit at large radii. The calculations, however, seem to 

!restimate the halo component. The exponential slope in the halo region is higher 

Lll in the simulations by about 30%. This is a small effect not influencing the 

~rgy determination. However, being observed in all the layers and at all energies 

:t.ffects the capability to separate individual hadrons in dense jets of particles or 

cosmic ray shower cores. Again GHEISHA and FLUKA give comparable results. 

Conclusions 

urn liquid calorimetry with TMS detectors has proven to be feasible for large 

tector systems. The prototype of the large hadron calorimeter for the KASCADE 

periment has exhibited stable performance during three years of operation and 
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registered hadrons up to 10 TeV. FLUKA and GHEISHA simulations describe the 

experimental findings in this energy range equally wei!. First results on the cosmic 

ray energy spectrum and the p-air inelastic cross section at high energies 10) could 

be obtained. The large hadron calorimeter with 300 m2 surface has started operation 

and will deliver a large amount of data within the next years. With high statistics 

more precise measurements can be done allowing to investigate the performance of 
the calorimeter and the simulation programs at even higher energies. 
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ABSTRACT 

Big liquid ARgon Spectrometer BARS was used to detect horizontal cosmic ray 
lons. The large thickness and fine granularity of BARS make it possible to measure 
lon energy losses due to ionization, bremsstrahlung and e + e- production with high 
ecision. The estimation of muon energy by the energy loss measurements is discussed. 
eliminary results of experimental data analysis are presented. 

Introduction 

Investigation of energy distribution of horizontal cosmic ray muons in multi-Te V 

gion can provide an important information on primary cosmic ray spectrum and 

Imposition. Conventional methods of muon energy measurements (magnetized steel 

lectrometers, TRD's) have a practical limit of 5-10 TeV. Another technique of HE 

uon spectrometry which is free of limitations of the above mentioned methods was 

'oposed by Alekseev and Zatsepin in 19591
). 

The idea of this technique is rather simple. In the TeV energy range the average 

uon energy loss is determined mainly by e + e- production and bremsstrahlung and is 

'oportional to E (fig. 1 ). But the losses due to e + e- and r emissions are different: 

lerage energy transferred to e + e- is about 1% of muon energy while the average energy 

:- r is much higher (fig.2). So when passing through a thick layer of matter a high 

lergy (> 1 Te V) muon produces a set of EM showers mainly due to e + e - production 

ig.3) and it is possible to estimate the muon energy by counting of the number of 

LOwers and by measurement of their energies. Because of the important role of e + e
roduction this method is often called the pair meter technique. 
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Figure 1. The average energy loss of muons in iron and liquid argon 
as a function of energy. 

Theoretical consideration of the pair meter technique and a review of early works 

can be found in refl,3). The most important advantage of this technique is the absence of 

upper limit on muon energy measurements. Asymptotically, the pair meter energy 

resolution is given by the formula 

~ = J 2::T ~ J ~T' (1) 

where T is the pair meter thickness in r.l. and a = ,11137 is the fine structure constant. 
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Figure 2. Energy loss distributions of 10 TeV 
muon for e + e - production, bremsstrahlung, and 
photonuc1ear interaction. 

From (1) it follows that the 

spectrometer should be thick 

(T> 137 r.l.). On the other 

hand it should have a fine 

granularity to measure low 

energy (8 < 1O-3E) EM 

showers and a large 

acceptance to detect the low 

flux of HE cosmic ray muons. 

Though the physical 

grounds of the pair meter 

technique seem to be well 

understood, it has not been 

properly tested 

experimentally, mainly due to 
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: small thickness and/or coarse granularity of the detectors used. 

Idealized model of the pair meter. 

T , rad. length 

gure 3. Longitudinal energy distribution in the 
ideal pair meter. 

In February 1996 we. 

started experiments with the 

Big liquid ARgon 

Spectrometer' BARS to 

study the pair meter 

technique and to measure 

the flux of horizontal 

cosmic ray muons. 

Although BARS was 

designed for tagged 

utrino experiments at the IHEP accelerator its size and structure are quite adequate for 

e pair meter technique and its acceptance is sufficient to obtain high statistics of muon 

ents in the TeV energy range. 

Detector BARS 

The detector BARS consists of two identical LA calorimeters BARS 1 and 

A..RS2 (figA). Each calorimeter contains 216 t of LA, 154 t of those being in the 

lucial volume. There are two types of detectors inside the cryostat: ionization 

lambers and scintillation hodoscopes. 

8A.RS-2 

BARS-I 

Figure 4. BARS calorimeters. 
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Signal electrodes of ionization chambers are made of Al strips, 3 mm thick and 

mm wide. Grounded AI electrodes are 6 mm thick. The gap Width is 24 mm. Each 
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signal plane consists of 48 strips. The strips in adjacent planes are rotated by 1200 thus 

forming u, v, and x coordinates. 12 signal planes are combined into a section. There are 24 

sections in the calorimeter. Total calorimeter thickness is 18 m (137.4 r.1., 25 i.I.). The 

diameter of electrode system is 3 m. 

A plane of 8 scintillation counters is positioned in front of each section. 

Scintillation light is collected by the WLS bars placed between the counters. The WLS 

bars are viewed from both ends by FEU-84 PM's. Both counters and PM's with bases 

are in the LA. 
The electronics for ionization signals includes low-noise charge preamplifiers 

with matching transformers at inputs, (CR-RC)2 bipolar shaping amplifiers with a 

shaping time of 15 ~ and a peaking time at 2 flS, peak sensitive 20 MHz 12 bit ADC's. 

The total number of channels in each calorimeter is 13824. 

The signals from PM's viewing the same WLS bar after amplification and 

shaping are transmitted to "mean timer" units with a guaranteed 5 ns time resolution. 

N N 
400 450 
350 400 

300 350 

250 300 

200 
250 

200 
150 

150 
100 100 
50 50 
0 0 

0 120 120 
ADC channel ADCchannel 

Figure 5. Typical pulse height distributions for relativistic muons. 

DAQ electronics sends to the host computer only signals with pulse heights 

above preprogrammed thresholds ka" where k is in the range from 2 to 3 and C'Y" is a 

RMS of the noise signal distribution. For the most of channels C'Y" is close to 1 0 counts of 

ADC while the average pulse height of a relativistic muon signal is about 50 counts 

(fig.5). 

BARS energy resolutions for EM and hadron showers are 0.04/.Ji EEl 0.08/ E 
and O.5S/.Ji EEl 0.02 correspondingly. The e / h rejection factor is less than 0.04 at 99% 

electron detection efficiency, using the RMS of the transverse energy distribution as the 

only discriminating parameter. More information about BARS parameters and 

characteristics can be found in ref4
) 
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Fig.6. Background events from EAS(a) and a group of muons(b). Scale of energy 
deposited in the cells is shown at the top of figs . 
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Fig.7. Muon tracks. Scale of energy deposited in the cells is shown at the top of 
figs. 
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Measurements and results 

Measurements were performed during a two-week run in February, 1996. 
Ible coincidences between the following scintillation planes were used as a trigger: 1 

18, 2 and 19, 3 and 20, 4 and 21. Geometric acceptance for this trigger 
figuration is equal to 0.26 m2·sterad, zenith angle interval is 78° to 90°. Trigger 
;iency did not depend on the muon direction and was as high as 99% for muons 
;sing all trigger planes. Trigger rate was about 0.4 Hz. About 113 of detected events 
due to horizontal muons and 2/3 are due mainly to random coincidences, to EAS 
.6a) and to groups of vertical muons (fig.6b). 

About 105 horizontal muons were detected. Preliminary results presented below 
based on 1115 of the collected statistics. Fig. 7 a shows a track of low energy muon 
>ped in the BARS which lost its energy due to ionization. The track shown in fig.7b 
>ngs to a high energy muon. It produced as many as 7 EM showers (see fig.8) . The 
mated energy of this muon is about 2 TeV. 
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Figure 8. Energy distribution along the BARS for the event shown in ng.7b. 

The distribution of EM shower multiplicities for different values of the energy 
eshold 80 are presented in fig.9. The dashed lines are calculations based on existing 
a on muon energy spectrum5

) and commonly used formulas for cross sections of e + e
I r production by HE muons. The agreement of experimental results with expectation 
ather good. Further analysis of available data is in progress. 

Fig.l0 demonstrates the expected muon flux per year through one BARS. More 
n 2' 104 muons in the energy range above 1 TeV can be detected in two BARS 
orimeters during one year. 

Conclusions 

The pair meter method of muon energy measurements was tested using the 

lRS spectrometer. It is shown that this technique is promising for the study of the 

;mic ray muon energy spectrum in the multi-TeV region. Due to fine granularity, large 
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thickness and high acceptance, BARS can be also used to search for new phenomena 

and to study rare processes (for example, narrow muon bundles) connected with 

horizontal cosmic rays. 
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ABSTRACT 

le KARMEN neutrino-calorimeter is in the state of upgrading for the verification 

refutation of the iill ~ iie oscillation claim of the LSND experiment 1). The 
ysical goal of increasing the sensitivity of KARMEN by a factor 5 to 7 will be 
1ieved by an additional active shield layer of plastic scintillator slabs covering 
area of 300 m 2 inside the walls and the roof of the passive iron shielding of 

\'RMEN. This approach will reduce the cosmogenic background by a factor of 40 
d is the most effective solution without an expensive improvement of the central 
lorimeter. The technical design and simulation results are presented. 

Introduction 

le KARMEN neutrino-experiment uses the neutron spallation source ISIS at the 

.utherford Appleton Laboratory (Chilton, England) as II-source. The 800 MeV 

otron beam of the rapid cycling synchrotron with an averaged beam current of 

o p.A is an intensive source of pions in the TaD 2 0 target with a 71"+ /p-ratio of 
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0.046. The decay of the stopped pions in the target provides an equal flux of three 

types of neutrino's VIl ,iie and ii,... The time structure of ISIS and the time and 

energy structure of 7r-decay at rest allows for v-type identification in KARMEN 2). 
The KARMEN detector is a 56 t high resolution scintillation calorime

ter (see fig.2) and has been continuously in operation since summer 1990. In the 

last five years approx. 2000 neutrino interactions with 12C were identified and 

analysed. In particular, the experiment has measured the energy dependence of 

the 12C (ve , e- ) 12Ng .•. cross section with a signal to background ratio o~ 35:1 and 

made the first observation of the neutral current process 12C (v, v') 12C* ( 1+ 1 ) 

with (ve , iill ). Recently the statistics were sufficient to deduce for the first time 

the cross section for the reaction 12C ( vll , VIl') 12C* and to extract the first reliable 

cross section for the astrophysically interesting reaction 12C ( Ve , e- ) 12N*. In gen

eral, one can conclude that for all cross section measurements on 12C the systematic 

errors due to the flux normalisation are now larger than the statistical errors. A 

notable exception are the cross sections for Ve - absorption on 13C and 56Fe. Here an 

increased neutrino statistics and background reduction would be helpful. The main 

emphasis of the future measurements of KARMEN will however be focused on the 

search for neutrino oscillations 3) and the investigation of the time anomaly 4). 
LSND found a positive evidence for neutrino oscillation but KARMEN 

saw no evidence for neutrino oscillation at all in the measuring period from 1990 

to 1995. To allow a verification or refutation of LSND results KARMEN is now 

upgraded to suppress backgrounds that limit the sensitivity. 

2 Cosmic Background for Oscillation and Single Prong Events 

Over the last years the signatures of cosmic ray induced background in the KAR

MEN detector have been studied in great detail. Comparison of experimental sig

natures with Monte Carlo simulations based on GEANT 3 has revealed the nature 

and the origin of all important background processes. In the following a detailed 

discussion of all relevant background sources is given. 

2.1 Background for Oscillations 

In the search for iill -+ iie appearance the experiment looks for the characteristic 

delayed coincidence induced by the inverse f3 -decay reaction on the free protons of 

the liquid scintillator: 

De + P -+ n + e+ 

! T = 105 p.s 

Gd(n,3i) (I;E",/=8MeV) 

I ~ , 
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The signature of iie is thus an energetic positron with energies in the range 

'om 10-50 MeV followed by capture gamma rays (energies up to 8 MeV) from ab

Jrption of the thermalized neutron in Gd or 1 H. The coincidence time interval is 

~quired to be in the range from 5 - 500 JLS. Although this delayed coin~idence sig

ature is very stringent, there is a significant background from cosmic rays of up 

J 10 coincidences per,."s accumulated from july 1990 to february 1995, which 

i a rather high level of background as compared to the few oscillation events one 

xpects if LSND is correct. The data analysis makes use of the expected time distri

uti on of the oscillation signal (a 2.2 ,."S decay time constant on top of a flat cosmic 

.ackground) as well as on the known energy distributions of background and the 

scillation signal (i.e on the prompt energy signal). In the framework of a likelihood 

.nalysis independent for all oscillation parameters Am2 one obtains the oscillation 

xclusion plot of fig.6,. Would there be no background at all, the sensitivity of 

CARMEN will be improved by a factor offour. The KARMEN experiment is thus 

learly background limited. 

The main background source for the oscillation search are high energy (HE) 

Leutrons in the energy range up to 200 MeV. HE neutrons can penetrate deep into 

he liquid scintillator volume without giving a signal in the veto counter system 

neutral background). The recoil proton from (n, p) scatterings gives a prompt 

ignal, the delayed signal is produced after thermalization and n-capture by the 

jd ( n, I) or the 1 H (n, I) process. Fig.1 shows the measured energy distribution of 

he sequential background. There are two components: a hard component with 

m exponential slope parameter Eo = 39.5 MeV and a soft component with Eo = 2.1 

vleV. The soft component originates froin neutrons following nuclear capture of 

topped ,.,,- in iron and is only relevant in the low energy regime Evis < 20 MeV. 

The hard component is generated by muons which undergo a deep inelas

;ic scattering (DIS) in the blockhouse without giving a hit in any of the existing 

reto systems. High energy neutrons from ,.,,-DIS can easily penetrate the inner pas

,ive shield of KARMEN and their interactions in the liquid scintillator give rise to 

:equential event patterns (see fig.2) which deteriorates the oscillation signal. Up to 

lOW the KARMEN central dectector was 'only' shielded by 18 cm of iron against 

leutrons produced outside the outmost active shield detector. Neutrons from DIS 

!vents of near-miss muons are therefore only suppressed by a factor of 3 (the inner 

Jassive shielding roughly corresponds to one neutron absorption length of ~n = 21.6 

:m). 
On the other hand the random background is very small compared to 

;he sequential background and amounts to only 7 % of the total background for 

Jscilla tions. 

I '" 
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Figure 1: Sequential background in KARMEN from deep inelastic p.-scattering and 
p.-capture. 

2.2 Background for Single Prongs 

As the investigation of the anomaly in the time distribution of single prong events 4) 

is the second major topic of KARMEN, one has to look carefully for the background 

also for single prong events. The neutrinos and the anomaly sit on a constant cosmic 

background level which amounts to 140 background events per p.s. At present the 

event ratio anomaly: neutrinos: cosmic background is 1: 2.4: 2.2 in the relevant time 

window from 2.6 - 4.6 p.s after beam-on-target. Interestingly the major background 

component is the same as for the neutrino oscillation search: HE neutrons from 

DIS. Furthermore Bremsstrahlung of cosmic muons and their decay products not 

detected by the existing veto system contribute to the single prong background. 

A significant reduction of the cosmic background will improve the signal 

to background ratio for the anomaly by a factor 2. Also for the Ve - reaction on 13C 

and 56Fe a dramatic improvement is expected. 

3 Hardware Requirements 

The only way to reduce the background for both neutrino oscillations and the time 

anomaly is thus to actively detect the primary muon in the iron blockhouse. If the 

muon is detected and then undergoes DIS, a very short hardware-veto of < 1 p.s 

will inhibt the HE neutron interactions in the central detector. The tagging of the 

primary muon requires the implementation of a second active shield layer of plastic 

scintillator slabs inside the walls and the roof of the blockhouse. The optimised 

position (see fig.2) requires a minimum amount of about 90 cm of iron or 4.3 neutron 
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~ure 2: Effect of new veto counter in KARMEN on p.-scattering and p.-capture. 

enuation lengths ~n (reduction of primary intensity to exp(-90cm/21.6cm) = 

,5 %). The structure of the blockhouse, consisting of 18 cm thick iron slabs, allows 

~ removal of slab layers and the reconstruction of the structure. 

The removed steel can be moved to the outer layers to guarantee identical 

.elding conditions for beam correlated background. The new shield will be sup

:mented at the downstream side by an additional 0.7 m thick steel wall (230 t) 

;ached inside the blockhouse. 

Veto Detector 

le new veto system will have a surface area of approximately 300 m2 • All individual 

.ntillator modules will have a width of 0.65 m, which is the maximum production 

dth of the manufacturers for long bars .. This width sets the total number of 

to counters to 136 modules. Each module will have 50 mm thickness for efficient 

>crimination of low energy background ,),'s. 

Of crucial importance for the veto upgrade is the choice of the scintillator 

aterial. In general one requires a material with high light output, very long at

nuation length (several meters) and fast decay constant. BC412 from Bicron and 

ElIOA from Nucl Enterprises Ltd. are solid plastic scintillators with comparable 

~htoutput (60 % Anthracen) and light attenuation length (6 m). From tender 

:ercise the BC412 material was selected. 

Samples of the scintillator were tested wIth a laser photometer. In addition, 

ur scintillator slabs of 4m and 3m length (thickness 50mm and width 650 mm) 
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scintillator module 
BICRON BC-412 
-> light output60% Anthracen 
-> light attenuation ~ 6 m 
-> Ammc = 434 nm, 
->Td =3.3 ns 

8 • 2"PMT's per bar 
Philips VALVO XP2262 
->30% quantum efficiency 
-> triac = 2.3 ns 
-> noiseatO.2 PE 

threshold < 6 kHz 

Figure 3: Structure and geometry of a scintillator module. 

have been tested with various PM read-out configurations, see figA. The light 

output of cosmic muons (10 MeV) and gammas summed up on one side is shown 

against the position measured by the time difference of both ends. The Landau

distributed muons exhibit, by their position dependency, the light attenuation of 

the scintillator. Due to the sufficient scintillator thickness of 50 mm muons and 1's 

may be well separated by an integral threshold. . 

These investigations have been preceded by extensive simulations with a 

three dimensional light tracking code to optimize' the scintillator layout, PMT's and 

light readout geometry. To minimize gaps between adjacent scintillator modules the 

light readout at the module ends is bended around 1800 by the help of Lucite blocks 

glued to the scintillator. The end cuts of scintillator and light guide have an angle 

of 7° and 12° and are covered by an aluminum mirror to 'optimize light transport. 

The area between the PM tubes is also coated by an 'aluminium mirror improving 

the light output. This set-up has the advantage of a iHatively easy construction and 

provides an 80% efficiency against a straight readout scheme (PM's directly attached 

to the schintillator ends) and a homogeneous detection efficiency at the far ends of 

the modules. As photomultiplier, the Philips VALVO 2" XP2262 is selected because 

of its superior price performance ratio. They allow a good quantum efficiency of 30 

%, a fast rise time of 2.3 ns together with a dark noise behaviour of < 6 kHz at a 

threshold of 0.2 photoelectrons obtained at a gain of 2 x 107 • 

11<1 
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igure 4: (p." )-discrimination of the scintillator modules in fig.3. For cosmic p.s 
nd background-,s the visual energy on one end of the module against the time 
ifference (position) is shown .. 

In the progress of the upgrade project, momentaryly 3/4 of the blockhouse 

)of is dismanteled and the wall layers over 2/3 of the rear part of the blockhouse 

re removed, see fig.5. Covering the shield by at least 60 cm of steel still suppress 

ne hadronic and electromagnetic component of cosmic radiation. Muon induced 

.eutron background in the steel enclosed by the new shield (thickness: 0.72 m roof, 

.9 m walls) will be tagged and suppressed. 

Physics Potential 

~he physics potential that arises for neutrino oscillation from the new shield layer 

lave been investigated with extensive Monte Carlo simulations on the basis of 

jEANT 3. The simulations suggest a three year measuring period up to the end 

If 1999. By then the experiment will have accumulated 7000 C of protons with 

ignificantly reduced background levels. The sensitivity for neutrino oscillations de

lends strongly on two parameters: the neutron detection efficiency Cn and the 

:osmic ray induced background level. 

Ll Neutron Detection Efficiency 

n the last months the neutron detection efficiency Cn was increased significantly by 

owering the thresholds on the front-end ASTERIX cards. The analog thresholds 

",ere lowered from 15 m V to 10 m V corresponding to an increase of the neutron 
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Figure 5: Geometry of veto counter within blockhouse. 

detection efficiency from en = 20 % to en = 53 %. Together with some hard- and 

software upgrades the experiment is now able to clearly identify the 2.2 MeV gamma

rays from the p ( n , /) capture reaction. 

4.2 Oscillation Plots 

The estimated oscillation sensitivities are derived from the enhanced neutron effi

ciency and the following experimental conditions: 

• The sequential background from HE neutrons originating from DIS JL-events 

is reduced by a factor of 40 to 2.6 sequential background events per year in 

the energy range from 10-50 MeV. 

• The random background, which is a mixture of bremsstrahlungs /'5 and HE 

neutrons is reduced accordingly. The random background then amounts to 0.5 

events per year. 

• There are 2.3 exclusive CC events per year of the type 1
2C (ve , e- ) 12Ng.s. in 

the data. 

The expected background events were allowed to fluctuate following a 

Poisson distribution. Then these data were analysed with a maximum likelihood 

procedure, which requires that possible oscillation events follow the 2.2 p.s time 

dependence with respect to beam-on-target whereas cosmic background is flat in 
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~igure 6: Oscillation exclusion plot for KARMEN (now) and expected (after 3 
'ears). Bugey, BNL E776 limits and LSND oscillation evidence region. 

ime and making use of the energy information of prompt events for each ~m2 -

>arameter seperately. Furthermore in a reasonable approximation for the remaining 

>ackground the measured energy distribution of the HE neutron background is used . 

. n the framework of a two parameter energy-time likelihood one obtains oscillation 

imits (90 % eL) of sin2 2 8 = (1.9 ± 0.5) X 10-3 after one year and after three 

rears sin22 8 = (0.9 ± 0.2) x 10-3 , as shown in fig.6. After one year of data taking 

nost of the LSND parameter space will be covered. After three years the experiment 

will have a sensitivity to mixing angles close to the limit of the De - contamination 

at ISIS which amounts to 4 X 10-4 in the time interval from 0.6 - 10 /LS' 

Apart from discussing the search for neutrino oscillations in terms of exclu

sion limits only (i.e. assuming that no signal is seen), one should have in mind the 

distinct possibility that the LSND findings are a real effect. Therefore one should 

discuss the discovery potential of KARMEN. Here the background reduction will 

III 
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also be most powerful- the experiment will be able to pin down the neutrino mass 

parameter .6om 2 with an L / E" likelihood fit. This is due to two unique facts: 

• KARMEN is able to determine the neutrino flight path L (from target to 

detector) with a relative precision of .6oL / L :::; 1 % (assuming a .6oL of 17 cm 

over a mean flight path of 17 m). No other experiment can do this with a 

similar precision. A typical high energy experiment usually has a much too 

long 7r+ decay chain and achieves a resolution of .6oL / L ~ 30-40 % . 

• The ability of KARMEN to measure the neutrino energy E" via the inverse 

,B - decay on the proton (neutrino spectroscopy). A comparison of the energy 

resolution of KARMEN (.6oE / E = 11.5 % / J E(M eV)) and LSND (.6oE / E 

= 42 % / J E( MeV)) shows the better calorimetric properties of KARMEN. 

Even a few events would be sufficient to get a rough estimate on .6om2 

5 Conclusion 

In conclusion it can be stated that the KARMEN experiment will significantly im

prove its physics potential at the end of 1996 when the veto system with a surface 

area of 300 m2 is implemented inside the walls and the roof of the blockhouse. This 

leads to a substantial reduction of HE neutrons from spallation reactions of cosmic 

muons in the iron shielding. For neutrino oscillations this will result in a sensitivity 

to extremely small mixing angles sin2 2 e = 1 x 10- 3 and will allow investigations of 

the whole parameter space allowed by the LSND experiment. In any case KARMEN 

will then be able to deduce the best oscillation limits in the channel iiI-' -. iie • In 

addition, the reduced background level for single prong events will allow investiga

tions of the time anomaly in great detail and measurements for the first time of -the 

lie - absorption rates on 13C and s6Fe with high precision. 
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ABSTRACT 
Jnon-mediated detection of particles is briefly presented and discussed. Its pos
te impacts on crucial aspects of non accelerator particle physcics, such as neu
lOless double beta decay, neutrino mass, low energy neutrino detection and dark 
tter searches, are considered. In particular, the status of the most advanced ex
'imental work in some of these fields is described and the future prospects are 
'sented. 

The principles of phonon-mediated detection of particles 

e operation of every particle detector exploits the production of elementary exci

ions in a proper material caused by the interaction of the particle to be detected . 

. e lower the energy necessary on the average to produce an elementary excitation, 

~ better the detector performance in 'terms of energy resolution and threshold. 

Jm this simple consideration, it is clear that great advantage could be taken if one 

re able to observe the phonons produced by particle interactions, as these lattice 

citations have typical energies around at most the Debye energy (a few tens of 

N in ordinary solid materials), much lower than the energy associated to the 

'ffientary processes in conventional detectors. Of course, in order to prevent the 

ermal population of the relevant phonon states, low temperatures are requiredj in 

me cases, it is necessary to operate in the", 10 mK range. 

Historically, the first proposed phonon-mediated particle detectors were 

rfect calorimeters 1), i.e. devices where the energy deposited by an elementary 

rticle in a suitable material leads to a new thermal phonon distribution and the 

~nal consists of a temperature rise of the energy absorber. 
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1.1 Low temperature calorimeters 

The principle at the base of the quoted paper 1) is very simple: when a dieletric 

diamagnetic crystal (for which only the lattice contribution to the specific heat is 

important) is kept at temperatures in the few mK range, the Debye law (1) predicts 

a specific heat so low that appreciable temperature increases can be induced in 

macroscopic amounts of material even by the tiny energy released by a single particle: 

C = 1944 . n . Nat . (:D) 3 J I K. (1) 

In this equation n is the number of moles, Nat IS the number of atoms 

per molecule, T the crystal temperature and 0D the material Debye temperature. 

Therefore, materials with high 0D are preferred. 

Normal metals are ruled out because free electrons contribute to specific 

heat with a term proportional to T at low temperatures, usually too high in macro

scopic absorbers. Even materials with atomic or nuclear magnetism are not ideal, 

. due to the appearance of Schottky anomalies in the low temperature specific heat 

behaviour. 

A longer discussion is required for superconductive absorbers . In principle, 

well below the critical temperature Tc only the lattice should contribute to the spe

cific heat, again ruled by 1. Actually, the time required for the complete conversion 

into phonons of the deposited energy can be very long (ms or tens of ms even in 

small samples) because a large fraction of the deposited energy can be trapped in 

quasiparticle states. In the experimental tests, contradictory results were up to now 
obtained 3) . 

If the specific heat of a material is given simply by (1), it is easy to check 

that in macroscopic amounts of material kept at temperatures as low as a few mK 

or a few tens of mK, the deposition of "nuclear" energies gives rise to measurable 

temperature variations. 

A low temperature calorimeter can be schematized as a particle absorber, 

whose crucial parameter is the the heat capacity C, a sensitive thermometer in 

good thermal contact with it, and a weak thermal link, characterized by a thermal 

conductance G, which connects the detector to a heat bath. After a temperature 

pulse, the detector recovers to the operation temperature in a characteristic time T 

given by C IG. 

1.2 Non thermal phonon assisted detection 

Complete and fast thermalization of the energy deposited by the impinging particle 

is a naive assumption. Thermalization is a delicate, complicate process, depending 

1/1. 1 
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the type of interacting particle and absorber material 2). Generally, the particle 

,eraction produces on a faster time scale « Ips) "high energy" (tens of meV) 

onons, which down-convert to low energy and thermal phonons on a much slower 

ne scale (ms or tens of ms). 

The use of fast phonon sensors, such as superconductive films or supercon

ctive tunnel junctions 3, 4) enables the detection of the fast phonon component, 

lich in principle contains much information on the particle interaction: not only 

ergy, but also position, momentum and type of interacting particle. Only if the 

onon sensor response is slower than the thermalization process, are we authorized 

speak in terms of "thermal" detectors and of low temperature "calorimeters". 

Advantages of phonon-mediated detectors over conventional detectors 

several aspetcs, phonon-mediated particle detectors present some advantages over 

nventional techniques. 

lergy resolution. In perfect calorimeters it can be shown that the intrinsic energy 

30lution is approximately given by the following equation: 

AErm• ::::: VkbT2C (2) 

which measures the fluctuations of the internal energy of the detector 5) 

macroscopic amounts of materials, it turns out that the intrinsic energy resolution 

as low as a few eV. The fundamental reason of the superior energy resolution of a 

ermal device is that all the deposited energy is converted into heat and measured, 

e only sources of uncertainty being the fluctuations associated to a dissipative 

ad-out and those of the internal energy itself of the device 5) j in conventional 

:tectors the intrinsic inevitable limit to resolution is connected to the fact that only 

fraction of the deposited energy is actually measured (the one going to ionization) 

Ld this fraction is subjected to statistical fluctuations. 

Most of the thermal detectors operated up to now exhibit an energy reso

tion worse than the theoretical one, both for intrinsic (non complete thermaliza

)n) and experimental reasons (disturbances coming from spurious noise sources, 

(e microphony which is particularly annoying in thermal detectors, whose signal 

tndwidth sometimes does not exceed the few tens of Hz). 

nergy threshold. It is in principle given by a few times AErm.: therefore it is much 

wer than for conventional devices. 

msitivity to low- or non-ionizing events. Unlike detectors based on ionization or 

.omic excitations, even low ionizing events, such as low energy nuclear recoils, 

m be detected with high efficiency 6, 15). This characteristic, joined to the lOll" 
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threshold, makes phonon-mediated detectors ideal devices for WIMPs search 7) 

(section 2.3). 

Material flexibility. The only constrain for a material to be used as an energy ab

sorber in a low temperature detector is the ability to convert with high efficiency 

into phonons the energy deposited by an elementary particle. For thermal devices, 

this property is assured if the energy absorber is dielectric and diamagnetic. This 

makes the spectrum of the materials that can be used to build a particle detector 

very wide. There are many applications where the sensitivity of the experiments can 

be enormously increased if one has the freedom to choose the detector composition: 

a typical example, as pointed out in section 2.1, is offered by the search for Ov-DBD. 

1.4 Experimental results 

It is impossible to review in a few lines the large amount of interesting techni

cal results obtained up to now in phonon-mediated particle detection. There

fore we recommend the interested reader to refer to the copious literature on this 

topic 2, 3, 4, 7). Here we shall give a short presentation of three emblematic re

sults, concerning low energy X-ray spectroscopy, ,-ray spectroscopy and mass to 

threshold ratio. 

1.4.1 X-ray spectroscopy 

Outsanding results were obtained in this field by an american collaboration 11) 
This group uses semiconductor thermistors as temperature sensors 2) based on 

silicon chips doped by implantation using standard silicon technology. They have 

developed very small mass bolometers ('" 10/Lg) devoting particular care to the 

material choice for the absorber, in order to push energy resolution as close as 

possible to the theoretical limit. Even if so small, these detectors are able to absorb 

completely and with efficiency close to 1 low energy photons (up to a few tens of 

keY). 

Materials which exhibit an energy gap are always affected by impurities 

or defects which behave as trapping centres for the electrons and holes initially 

produced by the X-ray photons. This leads to incomplete or delayed thermalizationj 

this phenomenon being subjected to statistical fluctuations, the energy resolution is 

consequently deteriorated. Zero-gap semiconductors and superconductive metals are 

in general materials which minimize this trapping phenomenon. For this reason, the 

best results in terms of energy resolution were obtained with tin (a superconductor) 

and TeHg (a zero-gap semiconductor). 

An impressive energy resolution of 7.3 eV FWHM was achieved with a 
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Figure 1: Background, spectrum obtained with a Te02 340 g detector 
in the Gran Swso Laboratories 17). 

Te detector on the Mn Ka line (5.9 keY) of an 55 Fe source 11): this result is 

times better than that achievable with conventional Si(Li) detectors. A similar 

~rgy resolution was recently obtained by an other collaboration 7) with a tin 

,orber and a doped germanium temperature sensor. 

1.2 ,-ray spectroscopy 

Ie most interesting results in this field, considering both energy resolution and 

tector efficiency, were up to now obtained by a group (to which the author belongs) 

erating at the University of Milano and at the Gran Sasso National Laboratory in 

Lly. The goal is the realization of large mass calorimeters for Double Beta Decay 

IBD) search (section 2.1). 

The typical calorimeter realized by this collaboration consists of a single 

vstal acting as an absorber and of a small neutron transmutation doped Ge ther

istor as a temperature sensor, epoxied onto the absorber. The best results were 

, to now achieved with Te02 low temperature calorimeters 14). This compound 

IS chosen for its interest in DBD search. The largest detectors, operated at about 

mK, have masses of 340 g, which is a record for low temperature calorimeters. 

~rmanium quality ,-spectrum were obtained, as can be appreciated in fig. 1. With 

ese detectors it was clearly demonstrated that thermal devices are sensitive even 
low energy nuclear recoils 15) 
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1.4.3 Mass to threshold ratio. 

Impressive results in this field were obtained by two groups in Munich 25, 26). Their 

typical detectors consist of sapphire crystals on which a tungsten film is deposited 

and kept across the critical temperature ('" 11 mk): in this region of course the film 

exhibits a very steep dependance of the resistance on the temperature and therefore 

works as a very sensitive thermometer. Thresholds of the order of 50 ~V and 600 

eV were achieved with crystal masses of respectively 32 and 262 g. 

2 Application to non accelerator particle physics 

lit,'!"" .Ire several potential applications of phonon mediated particle detectors in 

dilr''!"''111 fields of physics, such as Dark Matter search, x-ray astrophysics, measure

llll'lib of rare nuclear processes, heavy ion physics, neutrino physics, measurement 

of radioactive components in bulk materials: probably there are many other not 

yet proposed. I will limit here the discussion to those applications relevant to non 

accelerator particle physics. 

2.1 Search for neutrinoless Double Beta Decay 

Search for neutrinoless DBD (Ov-DBD) is a powerful tool for the investigation of 

lepton number non conservation and neutrino properties: its observation would 

imply new physics beyond the Standard Model 8). The most sensitive method to 

investigate Ov-DBD is to build a high energy resolution detector which contains the 

candidate nuclei. This technique has produced the longest life time limit for the 

candidate nucleus 76Ge, essentially because it is possible to realize high resolution 

large germanium semiconductor detectors 9). In this approach, the signature for 

the neutrinoless process is a peak in the background energy spectrum of the detector 

corresponding to the transition energy of DBD. 

Thermal detectors allow to extend this technique to many other candi

dates, often more promising than 76Ge, both for the transition energy and for the 

nuclear matrix elements. The Milano group has chosen to develop most of all the 

search on 130Te, which is an interesting candidate to Ov-DBD because of its large 

natural isotopic abundance (33.87 %), its reasonably high transition energy (2528 

keY, outside all the natural,,! background except the 208TI 2614 keY line) and the 

favourable neutrinoless decay rate 8). As shown is section 1.4.2 large single crystals 

of Te02 can be grown, with excellent features as thermal detectors. A preliminary 

experiment performed in Gran Sasso Laboratories with a 334 g 16) detector, oper

ated for 10,508 hour live time, has allowed to set a limit of 2.1(3.4)x1022 y at the 

00 %(68 %) confidence level for the half life of 130Te Ov-DBD. The corresponding 
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Figure 2: Kurie plot of 187Re (3 decay measured with 125 eV FWHM 
energy resolution 10). 

nit on neutrino Majorana mass ranges between 2.8 and 5.5 eV, according to the 

.rious nuclear matrix element calculations 8). The half life limit excludes a rel

'ant contribution of the Oll-channel to the 130Te DBD observed with geochemical 

ethods 8). 
This experiment is a very preliminary step toward a large mass detector 

-ray, which is now in preparation. Substantial improvements are possible also in 

,rms of energy resolution and background. The possibility to realize detector arrays 

as tested succesfully with a four element device operated for""' 3,000 h 17): the 

'l.ckground specrum from one element is shown in fig. 1 as an example of high 

!solution 'Y detection . 

. 2 Search for neutrino mass 

.nother possible application of thermal detectors to neutrino physics consists of 

n accurate calorimetric measurement of low energy {3 spectra, such as those of 

fI (Q = 18.6 keY) and 187Re (Q = 2.6 keY), in order to investigate a possible 

on vanishing value of the electron anti neutrino mass. The thermal technique is 

omplementary to the conventional spectrometer technique. It allows in principle 

) achieve similar energy resolution (a few eV), but is much less affected by the 

ystematics associated to molecular excited final states and to any mechanism that 

nplies some energy loss in the source, since thermal detectors are sensitive to the 

,hole decay energy, except of course the one carried away by the neutrino itself. A 
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drawback is the intrinsic slowness of thermal devices: severe limits on the source 

decay rate are set by the necessity to avoid pulse pile-up which could dangerously 

affect the spectrum shape in the high energy region. 

An interesting approach was proposed: with the technique introduced in 

section 1.4.1, a high resolution detector can be realized with a superconductive Re 

absorber, which contains naturally the beta active isotope. It turns out that a few 

mg of natural rhenium would give a counting rate of a rv 10 Hz: such a detector, 

with an energy resolution of 10 eV, would allow to achieve 5 eV sensitivity to the 

antineutrino mass in one year running time. 

Re spectra were already collected by the Genoa 10) (fig. 2) and the Milano 

18) groups, with a resolution still far from the required one: much work is in progress 

to push the detector performances close to the theoretical limits. 

2.3 Search for Dark Matter 

Due to their sensitivity to low energy nuclear recoils, phonon-mediated detectors 

are ideal devices for WIMPs search 20, 7); two preliminary experimental results 

were already obtained in this field 15, 21), while an experiment with a four element 

detector based on the results described in section 1.4.3 is in preparation in the Gran 
Sasso Laboratories 19, 25). 

A good background suppression 23, 24) can be obtained if the phonon 

signal is measured simultaneously with a ionization signal in a proper semiconductor 

or with a light signal in a scintillator, because nuclear recoils give pulses with. an 

enhanced phonon component with respect to ordinary f3 or "I background events. 

2.4 Solar neutrino spectroscopy 

The Milano group has proposed the realization of a large scale array of low temper

ature NaBr calorimeters (about 100 tons of total mass) to detect with high energy 
resolution solar neutrinos 12), in particular those belonging to the higher energy line 

of 7Be. The abundance of these neutrinos is strictly connected to the solar neutrino 

puzzle, and the shape and position of this line would provide a direct measurement 

of the central temperature of the sun 13). 

The principle of the experiment is the following: solar neutrinos induce the 

nuclear reaction 81Br(v,e-)81 Kr*, with a threshold of 471.2 keY. The transition to 

the ground state of 81Kr is forbidden. 81Kr* decays to the ground state emitting a 

190 keY photon or internal conversion electron, with a life time of 13 s. The prompt 

electron energy (which is equal to the neutrino energy minus the threshold) would 

be measured by the NaBr crystals with high resolution, while the delayed 190 keY 

energy deposition would provide a powerful signature of the neutrino interaction. A 
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;nal of 0.3 events/day was estimated, versus a background of only 10-3 events/day. 

one year, the higher energy 7Be line would be observed with a statistics of ~ 

o events and with a resolution of a few keV. Unfortunately, the first tests on 

~Br crystal~ as thermal detectors are not encouraging 12), but a more systematic 

vestigation is required. 

Other proposed reactions to detect solar neutrinos with thermal methods 
e 115In(v,e-)l15Sn* and 7Li(v,e-?Be 4). 

5 Detection of neutrino induced nuclear recoils 

he coherent interaction of low energy neutrinos with atomic nuclei is a process 

·edicted by the Standard Model of Weak Interactions, but never observed. The 

oss section of this process is enhanced, due to the coherence effect, by a factor N2 

ith respect to the typical weak cross sections, where N is the number of neutrons in 

te nuclide 22). Unfortunately, neutrinos in the MeV energy range which elastically 

ffuse off heavy nuclei determine a few tens of eV nuclear recoils or even less: 

terefore, the only devices which could detect this process are phonon-mediated 

~tector arrays with an energy threshold close to the theoretical limit (section 1.4.3) 
n. 

Conclusions 

lutstanding technical results have been obtained with phonon mediated particle 

etectors. Physics results were already achieved in the search for Ov-DBD and 

VIMPs interactions. ~or other aspects of non accelerator particle physics, sensitive 

xperiments can be designed: test devices are under development to prove their 

~asabili ty. 
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ABSTRACT 

Ie ICARUS project aims at the realisation of a large liquid argon TPC to be run at 
e underground Laboratories of Gran Sasso in Italy. An intense R&D activity has 
It on firm grounds this novel detector technology and experimentally confirmed, on 
few ton scale, its feasibility. Based on these solid achievements, the collaboration 
now confident of being capable to build and safely operate a multi-kton detector. 
b.e research program of the experiment involves the systematic study of a large 
·ectrum of physical phenomena that covers many orders of magnitude in the energy 
!posited in the detector: from the few MeV of solar neutrino interactions, to the 
lout one GeV of the proton decay and atmospheric neutrinos, up to the higher 
lergies of long baseline neutrinos from accelerators. 

Introduction 

HC is the main new enterprise in high energy physics, however its indent on the 

;andard Model of Fundamental Interactions is necessarily limited by the proton 

Illstituent energy ~ ITeV. In addition, the answers to some of the most fun

lmental physics issues such as Grand Unification, new Symmetries (SUSY, etc.), 

osmology, lie beyond the Standard Model at an energy scale so high (~ 1016Ge V) 

I be experimentally inaccessible to direct exploration. 

A different experimental methodology must be introduced: propagator 

b.ysics has to replace direct observations. The detection of nucleon inst~bility is 

robably the only way to explore experimentally the energy scale of Grand Unifi

dion. The situation is somehow analogous to the one of weak interactions. The 

lasses of the Wand Z gauge bosons are of the order of 90 Ge V and we could observe 
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them directly only at the big colliders during the eighties. Nevertheless almost all 

the properties of weak interactions were predicted in the first part of the century 

through the study of .a-decay. Nucleon decay is likely to occur at some level; if ex

perimentally observed it can be used to determine fundamental properties of Nature 

and the structure of the Unifying Gauge Theory at a scale of ~ 1O-32 cm. 

From the experimental point of view, the challenge matches the impor

tance of the issue. Because of the already very high limit on the nucleon lifetime 

(;::: 1032 years in most of the decay channels), a modern proton decay detector should 

have a large sensitive mass (at least few kton). In addition, in order to separate 

efficiently the signal from the cosmic radiation induced background, this detector 

has to be operated underground and should have performances very similar to those 

of traditional bubble chambers. Namely: 1) it has to be able to provide high resolu

tion, unbiased, three dimensional images of ionising events; 2) it has to accomplish 

simultaneously the two basic functions of target and detector. Unlike bubble cham

bers which were triggered blindly, were slow and for which the data analysis was 

difficult and fastidious, this detector should be fully and continuously sensitive, self

triggering and read-out without dead time. 

We believe that the ICARUS Liquid Argon Time Projection Chamber 

represents the ideal detector for rare event search such as proton decay and neutrino 

interactions. In fact, this novel detector technology, first proposed by C. Rubbia 1) 

in 1977, combines the characteristics of a bubble chamber with the advantages of 

the electronic read-out: it is fully and continuously sensitive, self-triggering, able to 

provide three dimensional views of ionising events with particle identification from 

dE/dx and range measurement and can be operated over large active volumes. This 

detector is also a superb calorimeter of very fine granularity and high accuracy. 

2 The ICARUS Liquid Argon Time Projection Chamber 

2.1 The three ton Prototype 

The first phase of the ICARUS program has been an intensive R&D program based 

on a reasonable scale prototype detector (~ 3tan) where the feasibility of the LAr 

TPC has been successfully verified by solving the main technological problems 2). 

a) Argon purification. Liquid argon must be ultra pure even in the presence of a large 

number of feed-throughs for the signals and the high voltage and with wire chambers, 

cables, etc. in the clean volume. The contamination of electronegative molecules 

must be kept to around 0.1 ppb to allow drifts on long distances (metres) without 

capture of the ionisation electrons. This has been achieved using commercial gas 

purification system to remove oxygen and polar molecules (H20, CO2 , fluorinated 
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Ld chlorinated compounds) combined with ultra-high-vacuum techniques to avoid 

contamination of the liquid through leaks and with the use of low degassing mate

us for the detector components. Electron lifetime higher then 3 ms (~ O.lppb) are 

.sHy and constantly reachable. Liquid phase purification allows fast filling of large 

:tectors. Continuous recirculation of the liquid through the purifier during normal 

)eration is used to keep the lifetime stable (against micro-leaks and degassing). 

I Wire chambers. The wire chambers must be able to perform non-destructive 

ad-out with several wire planes with a few mm pitch; they must be built out of 

m-contaminating materials and must stand the thermal stress of going from room 

• liquid argon temperatures; the precision and the reliability of the mechanics must 

~ high and a good knowledge of the electric field in the detector must be granted. 

I Analogue electronics. In order to obtain a good signal to noise ratio, very low noise 

ectron preamplifiers must be developed. Since the signal is very small (~ 10.000 

ectrons for a minimum ionising track in a 2 mm wire pitch) the equivalent noise 

large must be less than 1000 electrons. This has been reached by means of j-FET 

:chnology. Since the noise depends on temperature and input capacitance, a further 

nprovement can been obtained placing the preamplifiers in liquid argon near the 

mse wires. 

) Data Acquisition. The ICARUS detector readout system behaves as a large 

lulti-channel wave form recorder. The digital conversion is performed by means of 

'AD's continuously active sampling at a rate 5 MHz. The system effectively stores 

h.e charge information collected by each sense wire during a time corresponding 

t least to the maximum drift time of the electrons (few milliseconds). The high 

~solution that has to be achieved, both in space and time sampling, brings the size 

f a single event to over hundreds of kilobytes. The useful signal occupies only a 

mall fraction of the data sample. Although in the initial phases of the experiment 

he complete information is useful for trouble shooting and debugging purposes, this 

; the real bottleneck of the whole data taking system, overloading both the on-line 

,nd off-line processing. To speed up the performances of the detector and reduce 

he dead times, a great effort has been devoted in the development of the software 

,rchitecture and the algorithms for data reduction. 

The three ton prototype detector consists of a cylindrical dewar filled with 

iquid argon split vertically into two sections by a frame running along a diameter and 

LoIding two wire chambers. Each chamber supports two orthogonal read-out views 

vith 2 mm pitch and a total of 2000 electronic channels. They face, in opposite 

lirections, the active volume where a uniform electric field (max. 1 kV /cm) is 

Lpplied by means of field shaping electrodes. The maximum drift distance is 42 

:m. A large amount of data has been collected with the 3 ton prototype, during 
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Figure 1: Electronic image of a cosmic ray shower as observed in the ICARUS 3-
ton prototype at CERN. The drift direction is along the horizontal axis spanning a 
distance of about 40 cm. The vertical axis corresponds to 192 sense wires with a 2 
mm pitch. 

more than four years of operation, using cosmic rays and gamma rays sources to 

study the response of the detector to a wide range of energies (from a few MeV to 

several GeV). A good overview of the imaging capability of the LAr TPC is given by 

the cosmic ray electromagnetic/hadronic shower recorded with the 3 ton prototype 

and shown in figure 1. The quality of the image (approximately 40 x 60cm2 wide) 

is of bubble chamber grade. The grey level of the pixels codes the pulse height, 

proportional to the collected charge. Very fine details of the event are noticeable: 

the electromagnetic shower is initiated by a 'Y ray, its conversion vertex is visible 

in the upper-right corner of the picture; a stopping pion decaying int.o a muon 

(whose kinetic energy of 3 MeV is deposited within one wire) that in turn decays 

into an electron are also visible, the increase in ionisation near the pion stopping 

point is evident; heavily ionising particles, probably low energy protons produced by 

neutron interactions, accompany the shower; a low energy pair is easily identifiable 

and measurable (top left); finally, the small black dots are not noise but real part 

of the event: they are Compton electrons with energy around 1 MeV. 

The physical parameters characterising the detector have been found to 

be consistent with the expectation; their stability in time has been also extensively 

verified. 

a) The electron lifetime was always above 4 ms corresponding to an attenuation 

length of more than 8 metres. As a consequence, drift distances of about two metres 

are reachable without major loss of drifting charge. 

I"" 
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The electron diffusion coefficient, estimated from the width of signal rise time, is 

nsistent with the value foreseen for thermalised electrons (4cm2 
S-l). This means 

at a point-like charge, after two meters of drift, is spread over less than 1 mm 

,mely less than the wire pitch. Hence the space resolution should not be seriously 

:ected by this factor. 

The electron drift velocity have been measured as a function of the electric field 

>m 50 to 1000 V /cm. It is linearly dependent on the field up to 200 V /cm (p, = 
'E ~ 500cm2V- 1S- 1 ) then it starts saturating (v := 2mm/p,s at 1 kV/cm). The 

~e electron yield (i.e. the fraction of free electrons remaining along a minimum 

nising track after the electron-ion recombination) shows as well a slight dependence 

l the fields (from 50 to 75% in the measured range). Both measures indicate that 

Ie working electric field can be chosen quite low with clear advantage for the high 

>ltage system when drift of 2 metres are considered (HV := 100kV). 

2 Performance of the LAr TPC 

he main results concerning the performance of the LAr TPC have been obtained 

uough the analysis of the wide variety of events occurring in the detector 3). They 

m be summarised as follows. 

) Space resolution. Through-going cosmic muons have been used to evaluate the 

ngle point space resolution along the drift co-ordinate (O'z)' Values of about 150p,m 

re the norm and appear to be independent on the field in our range of intensities. 

[lstead O'z strongly depends on the signal to noise ratio (~ 10 in our case). Specific 

ests on small scale detector have shown that resolutions of less that 50p,m are 

each able with a signal to noise ratio of := 20. The space resolution on the other 

wo co-ordinates are strictly related to the wire pitch (p): 0'..,,1/ ~ V12p. 
I) Energy resolution. AlwlI:Ys by means of through-going minimum ionising muons 

(e measured the distribution of the charge deposited over 2 mm. Its width is the 

onvolution of a Landau function with the gaussian electronic noise and is directly 

elated to resolution on the energy deposited by ionisation. A comparison with a 

est pulse distribution shows that the noise is the main contribution to the width. 

fence an energy resolution of ~ 10% over 2 mm track is the typical value in the 3 

,on prototype. 

:) Energy resolution in the MeV range. It has been evaluated by studying the Comp

,on spectrum and the pair production peak produced by a 4.43 MeV monochromatic 

;amma ray source placed outside the dewar. This spectrum has been fitted with a 

Monte Carlo simulation including, as a free parameter, a smearing cilJlsed by the 

ietector response. The best fit gives a resolution of 7% at 4 MeV in agreement with 

lhe calorimetric measurement found in the literature. 

157 



F. Pietropaolo 

d) Particle identification. This very important feature is directly related to the 

ability of measuring the dE/dx along the range of a stopping particle. A study 

of cosmic muons and protons stopping in the 3 ton prototype has shown that the 

charge deposited along the track is not proportional to the energy deposited because 

of the recombination effect that strongly depends on the ionisation density. This 

non-linear response may degrade the particle identification capability of the LAr 

TPC. A solution to recover linearity has been found and consists in dissolving in 

liquid argon a photosensitive dopant able to convert back the scintillation. light (due 

to electron-ion ricombination) into into free electrons 4). We chose tetra-methyl

germanium (TMG) as dopant mainly because it has a large photo-absorption cross 

section (62 Mbarn) and large quantum efficiency (close to 100%)j thfs implies that 

small quantities of TMG will be enough to convert all the de-excitation photons into 
electrons in the vicinity of the ionising track (without spoiling the space resolution). 

Few ppm of TMG are required to linearize completely the dQ/dx vs. dE/dx relation. 

3 The ICARUS Physics Program 

The successful completion of the ICARUS R&D program demonstrating the feasibil

ity of a large volume LAr TPC allows the collaboration to proceed to the following 

phases namely the engineering and the construction of a multi-kiloton detector to be 

run at the Gran Sasso underground laboratories optimised to study the wide class of 

events foreseen by the ICARUS scientific program 5). Figure 2 is an artist's view of 

the detector principle. In the following the physics program addressed with the final 

5 kton ICARUS detector at Gran Sasso will be reviewed. The priority goes to two 

main fundamental issues: the stability of the nucleon and the nature of neutrinos. 

3.1 Proton Decay 

Proton decay experiments with dedicated detectors started in the early 1980's, 

mainly motivated by the SU(5) GUT which predicted a lifetime of 1031years for 

the dominant decay mode p -t e+1r°. Being this channel easily identifiable, few 

years of data taking were sufficient to extend the proton lifetime limit to a few times 

1032 years thus ruling out the SU(5) model and, at the same time, exhausting the 

range of the experiments. A new generation of experiments is therefore needed to 

explore the region of interest as predicted by SUSY GUT. This may start as low 

as 1031years if channels such as p -t e+viI exist and extend up to 1036 years if the 

dominant decay mode is p -t ilK+. 

ICARUS seems to be the ideal device for nucleon decay detection in par

ticular for those channels that are not accessible to Cerenkov detectors due to the 

I.'iR 
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Figure 2: Artist's view of the ICARUS LAr TPC at Gran Sasso. 

omplicated event topology or because the emitted particles are below the Cerenkov 

llreshold (e.g. charged kaons). Unlike the other large detectors for proton decay, 

CARUS can perform exclusive measurements thanks to its excellent tracking and 

article identification capabilities, thus providing a much more powerful background 

ejection. In particular it is possible to distinguish between atmospheric neutrino 

vents and true nucleon decays. See for instance the spectacular simulation of the 

:USy preferred decay mode of the proton p -t iiK+ displayed in figure 3. We can 

,bserve the increase in ionisation density by the K+ as it comes to rest. There is 

to ambiguity in the direction of the particles along their trajectory. The energy of 

:ach particle is precisely measured. The K+ identification is unambiguous due to 

he ability of measuring dE/dx vs. range. 

It is easy to understand that, under such conditions, proton decays can 

:learly be identified event per event and it is not necessary to rely on statistical 

nethods to extract a signal. 

In ten years of operation, ICARUS (5 kton) will be able to reach a proton 

ifetime limit of 5 . l033years for the p -t iiK+ decay mode. This will increase the 

nesent limit by nearly two order of magnitude. However, since for this particular 

:hannel the discovery requires only one event, because of the negligible background, 
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Figure 3: Simulated proton decay in the SUSY preferred channel p -+ i/K+ as it 
will be observed in the ICARUS LAr TPC. 

a lifetime of 1034years is accessible. In a similar way, many other exclusive channels 

can be searched for, both for proton and neutron decays; for most of them the 

present limit will be exceeded after only one year of data taking and in ten years 

the unexplored region between 1033 and 1034years will be reached. 

3.2 Atmospheric Neutrino Studies 

The search for neutrino oscillation using the flux of atmospheric neutrinos has been 

pioneered by the Karniokande experiment. These neutrinos are produced in the 

atmosphere by the interaction of primary cosmic rays with air nuclei, 'Via the sub

sequent decay of 'Ir'S, K's and p,'s (lie are twice as abundant as II",). Kamiokande 

II and 1MB (both water Cerenkov detectors) observed an anomaly in the contained 

charged current neutrino event samples. The ratio of muons to electron, measured 

by both experiments, is smaller by ~ 40% than what is predicted by several theo

retical calculations. The simplest and often made hypothesis is that the contained 

events anomaly is explained through (II", t-t 1I .... e ) oscillations. Other experiments 

such as Nusex and Frejus, adopting a different experimental technique, do not see 

this effect. 

ICARUS can contribute to clarify this crucial issue. The LAr TPC tech

nique is perfectly suited to provide high electron to muon discrimination, precise 

energy measurement and good neutrino direction reconstruction especially at the 

InO 



F. Pietropaolo 

sin2 29 

gure 4: ICARUS sensitivity to neutrino oscillation using atmospheric neutrinos. 
le shaded regions are escluded at 90% CL and correspond to 1 and 10 years of 
posure of ICARUS 5 kton. Long baseline sensitivity is also shown for 2 years of 
posure . 

. ergy scale of atmospheric neutrinos (less than few GeV) where the event topology 

,nsists mainly of isolated, contained tracks. The unambiguous separation between 

lward-going neutrinos and downward-going neutrinos will allow to exploit effec

{ely the long baseline range (up to 12000 km) provided by the earth to study 

. +-+ II., III' +-+ II.,. and II. +-+ II.,. oscillations. 

ICARUS can detect neutrino interactions down to the energy threshold for 

Larged current reactions on argon nuclei (about 25 MeV for II. and 120 MeV for 111')' 
his allows to collect the full atmospheric neutrino statistics of about 1200 event 

~r year per 5 kton in 411' steradians, assuming no oscillations. The corresponding 

nsitivity to neutrino oscillations extends to Llm2 values as low as ~ 10-4 eV2 , 

Ivering abundantly the region in the parameter space allowed by Kamiokande and 

..IB (figure 4). 

3 Long Baseline Neutrino Oscillations 

ne interesting complementary way to study neutrino oscillations is to use an arti

:ial neutrino beam and to extend the baseline outside the limits of the laboratory. 

feasibility study 6) has shown that it is possible to send a CERN III' beam to 

ran Sasso which happens to lie in a favourable azimuthal direction, at a distance 

: 732 km, taking advantage of a planned LHC beam transfer gallery. 

The configuration of the CERN neutrino beam pointing to Gran Sasso will 

lhl 
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be similar to the one presently working for short baseline. Namely, it will be a wide 

band III' beam with mean energy of about 30 GeV and a lie contamination lower 

than 1%. The number of charged current neutrino events in ICARUS 5 kton has 

been calculated to be around 13000 per year. Given this sufficiently high statistics, 

several independent methods can be used to test neutrino oscillations. 

The most sensitive and better suited to the ICARUS LAr TPC technology 

is an appearance method that consists in identifying only the quasi-el~stic events 

with an electron and a proton in the final state. In two years of data taking only 1 

event from the lie contamination is foreseen against about 280 III' events. Hence an 

excess of interactions with the above topology could be explained as III' +-t lie or III' +-t 

liT oscillations. Since these events are completely reconstructible, their kinematics 

can be exploited to distinguish unambiguously between the two hypotheses: in the 

lie case the kinematics is quasi-elastic, in the liT case there is transverse momentum 

unbalance due to the two missing neutrino from the decay T -t ellv. The sensitivity 

that can be reached with this method is shown in figure 4. The Kamiokande allowed 

afea is covered with a tool that leaves no space to possible ambiguous interpretations. 

Moreover disappearance methods, like the NC to CC ratio, can be used to confirm 

the result because they also reach similar level of sensitivity. 

3.4 Solar Neutrinos 

Solar neutrinos are particularly interesting because the study of their flux and flavour 

composition is up to now the most effective way to test the theory of resonant flavour 

mixing in dense matter (the so-called MSW effect). The four existing solar neutrino 

experiments (GALLEX, SAGE, Homestake, K~okande) claim a deficit in the solar 

neutrino flux respect to the predictions of the most popular solar models but at 

different levels. Their data could be interpreted in terms of flavour oscillations if 

one assumes the MSW effect. 

Two solutions are at present allowed in the oscillation parameters space: 

both have a central value of Llm2 c:= 1O-6 eV2 but one is at small mixing angle (non

adiabatic solution at sin2(28) c:= 7 . 10-3
) while the other prefers a large vacuum 

mixing (adiabatic solution at sin2 (28) c:= 0.6). The non-adiabatic solution has a 

better X2
• 

ICARUS will detect solar neutrino interactions in real time with two dif

ferent reactions: elastic scattering and absorption on Ar nuclei. The signatures are 

quite clear: an electron pointing in the forward direction for the first and an electron 

accompanied by few Me V /' s from the de- excitation of the remnant nucleus (40 K) 
for the second. The detection threshold is likely to be around 5 Me V depending 

on the level of the radioactive background (detailed study are underway) j for this 

I';,) 
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~son ICARUS will be sensitive only to 8 B neutrino in the same energy range where 

Lmiokande claims a flux deficit of about 50%. 

Since the absorption process is allowed only to Ve , while the elastic scat

:ing is permitted also to VI' and v.,. (although with smaller cross sections),. we have 

e possibility to measure simultaneously total flux and flavour composition of the 

utrinos from the sun. In particular the ratio (R) of the two reactions will be 

solar model independent tool to test neutrino oscillations. In one year of data 

king, ICARUS 5 kton should collect about 3000 events from both reactions. This 

11 be statistically sufficient to distinguish between the presently allowed solution 

the oscillation parameters space. 

Conclusion 

Ie R&D phase of ICARUS was extremely successful, demonstrating that a new 

01 for detecting cosmic and rare underground signals is available. The ICARUS 

\r TPC is a truly modern version of the bubble chamber. The device can be 

iggered from the event information itself, it is continuously sensitive and a precise 

nisation measurement is improving the particle identification capability and is 

aking it possible to determine, in addition, the direction of particles. 

The physics program, based on a multi-kiloton detector, is unique in that 

addresses, in an original way, several fundamental issues of modern high energy 

lysics like proton decay and neutrino physics. The present strategy to reach the 

quired sensitive mass consists in proceeding through an intermediate size detector. 

his will allow to develop progressively at Gran Sasso the infrastructure needed to 

uld and operate a large detector, the in situ experience needed in terms of safety, 

le definitive and practical evaluation of the engineering choices for the final phase. 

he most efficient and economical way to have this module operative is to assemble 

Id test it outside the Laboratory and after move it inside. For this reason the 

.odule has to be transportable; this limits its size to about 600 ton. 

The conceptual design of such a module is a straight forward extrapolation 

) larger volumes of the 3 ton prototype both from the mechanics and the electronics 

Dint of views. Nevertheless great effort has been spent on the safety issues in order 

) foresee and minimise all possible accidents involving argon spills during filling 

o.d operation underground. Table 1 gives an overview of the main parameters of 

Ie 600 ton module 7). 

Even if some interesting physics subjects will be studied with the 600 ton 

LOdule like proton decay in exotic channels or solar neutrinos (the detector mass 

similar to that of Kamiokande), the most important feature of this intermediate 

;ep is that it opens the possibility to explore an alternative route towards a larger 
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Table 1: Main parameter list of the 600 ton module. 

Overall dimensions 9.0 x 6.2 x 20.0m3 

Total LAr mass 600ton 
Sensitive mass 
Number of independent drift volumes 
Maximum high voltage (at 500 V / cm) 
Number of co-ordinates per read-out plane 
Pitch of the read-out electrodes 
Total number of read-out channels 

530ton 
4 

82.5kV 
3 

3mm 
55000 

detector: the construction of a number of identical modules installed next to each 

other to reach a final fiducial mass of ~ 5kton. Equipped with such a powerful 

tool, we expect the ICARUS experiment to give, in the next few years, spectacular 

progress in the field of underground physics. 
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ABSTRACT 

e results of the first study of a gas ionization calorimeter filled with heavy freon C3FS 
reported. C3Fs is a fast gas. Its density is 4.4 times higher than the density of the 

YoAr+ 1 O%CF 4 mixture previously used. The dependence of the calorimeter response 
C3FS pressure is presented. 

Introduction. 

During the last 4 years extensive developments in gas ionization calorimetry have 
en made.l)In particular it was shown that hadron gas calorimeters with a planar 
!ctrode geometry filled with 9O%Ar+ 1 O%CF 4 gas mixture have a number of important 
vantages like good energy and time resolutions, high uniformity and stability, fine 
anularity, simple calibration, high intrinsic radiation resistance and low cost. The only 
sadvantage of these calorimeters is a high gas pressure necessary to reach a low enough 
vel of SIN ratio. One possible way to reduce the pressure is to use gases with higher 
msities. 

In this paper the results of the first study of a gas ionization calorimeter filled 
ith heavy freon C3FS are reported . There are several reasons for the choice of C3F S : 

its density is 4.4 times higher than the density of the 90%Ar+ 1 O%CF 4 mixture 
previously used, 

- C3Fs is a fast gas; its electron drift velocity is close to those for a 
90%Ar+ 1 O%CF 4 mixture and pure CF4 , 

- C3FS is nontoxic and nonflammable . 

. s saturated density and pressure at 20°C are 0.075g/cmJ and 7.S7 atm. 

Calorimeter. 

The calorimeter tested consists of a stack of 12 ionization chambers interleaved 
vith a 30 mm thick steel absorbers (fig. 1). Signal pads of 1 mm steel were placed 
'etween the absorbers forming two 3 mm drift gaps. There are 4 x 4 pads in the signal 
Ilane. Pad size is 76 x 76 mm2 

. The total calorimeter thickness is 21 r.1. The average r.1. 
s 2.1 cm and Moliere radius is 1.5 em. 
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Fig.I. The calorimeter design. 
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Six consecutive pads were connected to each other forming two sections in each 
gitudinal tower. The absorbers were grounded and HV was applied to signal 
ctrodes. The ratio of HV to C)Fs pressure was 830 V/atm which gives an electron 
ft velocity of 0.07mm/ns. For comparison, a gas mixture of 90%Ar+l0%CF4 was 
o used at VIP = 185 V/atm (vd=O.1 mm/ns ). The calorimeter was designed to operate 
pressure up to 16 atm. 

Signals from each section were connected to low noise amplifiers and then to 
)C's. ADC gates of30, 59, 100 and 145 ns were used. A dependence of. the noise 
rei for one tower on the gate width is shown in fig. 2. The RMS of noise distribution 
. all 16 towers at tg=59ns is equal to 80KeV which is to be expected for uncorrelated 
ise. 

Measurements and results. 

Measurements were performed with a 26.6 GeVlc electron beam at the 70 GeV 
rEP accelerator. The beam momentum spread was about 3% and hadron and muon 
,ntamination was less than 4%. Five scintillation counters placed along the beam line 
ere used to measure the electron flux. The last counter of 0 2 cm was positioned in 
:>nt of the calorimeter at the center of one of the towers. An anticoincidence counter 
ith 0 3 cm hole was used to reject the background from beam halo. 

The studies consisted in measuring a pulse height spectra at different values of 
V, ADC gate width and gas pressure. The gate delay was set at the signal maximum 
oise and calibration measurements were taken periodically. 

The events satisfying the following criteria were selected for analysis : 

signals in any tower around the tower hit by beam electrons ( beam tower) had 
to be less than 10% of the signal in the beam tower, 

signals in the forward section of the beam tower had to be higher than the signal 
in the backward one and the noise signal . 

These criteria allow one to reject the events connected with muons, hadrons and 
earn halo. 

In average more than 98% of energy of selected events were released in the beam 
)wer. As most of the signals in the other channels were less than noise, only beam 
)wer signals were used in data analysis. 

Typical distribution of noise and EM shower pulse heights are presented in fig. 3. 
\.II the spectra measured were fitted well by a Gaussian. 

The dependencies of average pulse height A, on gas pressure P, and HV are 
,hown in fig. 4,5. From fig. 5 it follows that for 90%Ar+l0%CF4 gas mixture, A is 
lroportional to P up to 11 atm while for C)Fa, A approaches plateau at pressures above 
I atm. The nonlinearity of the A vs P (C)Fa) can be explained either by electronegativity 
)f the C)Fs itself or by the electronegativity of the contaminations in the C3Fa . 
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Fig.5. The average pulse height as a function of CF4 and CJFS pressure. 
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Fig .6. demonstrates that the energy resolution (after noise subtraction) does 
not depend on the C)Fg pressure in the range from 2 to 6.5 atm. 

4 Conclusions 

The first study of a gas ionization calorimeter filled with heavy freon C3Fg has 
been performed. The equivalent noise energy is equal to 2 GeV per tower at 4 atm of 
C)Fg pressure. The stochastic part of energy resolution is independent on gas pressure 
in the range of2 to 6.5 atm. We plan to study the origin of the signal saturation at C3Fg 
pressures above 4 atm. 

A detailed study of the gas ionization calorimetry performed during the last few 
years shows that this technique can play an important role in future experiments in high 
energy physics. 
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The technique of sampling calorimetry is today very well established within 

~ High Energy Physics community. In particular the non-cryogenic variant which 

the subject of the following session is the most commonly used concept for the 

[lstruction of large-scale calorimeters. 

Amongst the features which make this technique so attractive are its large 

xibility and variety to adopt the calorimeter to different geometries and perfor

tOces required by the experiment, and last but not least to the available funding. 

Ie choice of sampling fraction and frequency together with the characteristics of 

e passive and active materials allows to tune energy, spatial and time resolution 

thin a very wide range. This is equally true for both electromagnetic and hadronic 

lorimeters. Compensation, important for high resolution hadronic calorimetry can 

achieved by the proper choice of materials. Appropriate transverse and longitu

nal segmentation is relatively easy to achieve and allows powerful electron-hadron 

paration. The absence of bulky cryostats allows to master complicated geome

les. A further attractive feature is also certainly, that much of the technological 

low-how can easily be managed even by small laboratories. 

The active medium of a sampling calorimeter can be solid or liquid scin

lator, but also a gaseous detector. The latter variant has been used for example 

the DELPHI and ALEPH detectors at LEP, however no contribution along these 

les was submitted to this conference. The historically very successful concept of 

intillator plates, read-out with bars of wave-length-shifters is still used in many 

~tectors. However, during the last 10 years other schemes have been developed 

tsed on the progress made in the fabrication of optical fibers: The use of scintil

ting fibers as active medium, coupled directly to the light detection system (type 
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SPACAL) or the use of wave-length shifting fibers embedded into the scintillator to 

transport the light to the photon detector (tile- and shashlik-type calorimeters). 

These technologies are well-established and under control. They play a 

fundamental role in nowadays High Energy Physics experiments. Today, the focus 

of interest is concentrated on the refinement of the technologies, the system perfor

mances achieved, and to explore the limits of the technology. Not too surprisingly, 

the larger fraction of contributions submitted to this session fall in this category: 

reports on experiences with running detectors, the special optimisation for a given 

experiment (STAR and CLAS) and physics goal. Scintillating fiber calorimeters 

for Hl(DESY), CHORUS(CERN), E864(BNL) and KLOE(DA~NE), shashliks for 

DELPHI(LEP) and LHC, even a liquid shashlik, so far impossible to order in a 

restaurant. 

With the upcoming large experiments at LHC a new aspect entered the 

engineering of calorimeters, in particular for the hadron calorimeters: size! Both, 

the ATLAS and the CMS collaboration, use scintillating tiles read by wave-length 

shifting fibers, but in different mechanical arrangements. The challenge is to con

struct many large modules several meters in length and to control their parameters 

like uniformity, resolution and calibration to sufficient precision. 

The particular problem of very high particle densities and radiation levels 

in the forward region of the future LHC detectors leads to an interesting case of 

spaghetti calorimetry: quartz-fiber calorimeters. Pioneered by the RD40 and N A50 

collaborations this type of calorimeter found its place as the forward calorimeter of 

the CMS detector. 

Exploiting only the Cerenkov light induced inside the quartz fibers the 

effective electromagnetic and hadronic shower size becomes very small; only the 

very relativistic shower particles produce sufficient light to contribute. The loss 

of photon statistics is not a problem at these high energies. Interesting enough, 

compensation, once by some of us advocated as the MUST in calorimetry, is not a 

feature of quartz fiber calorimeters; they are extremely non-compensating! A Paulus 

(at least one) became a Saulus! 

Frequently the very good test · beam performance of calorimeter-builders 

is "sabotaged" by their colleagues of inner tracking detector systems being forced 

to place mechanical supports, cooling pipes and cables in front of the calorimeters. 

Additional devices have been invented to overcome these hazards; for example the 

pre-sampler of the ZEUS detector. Not only could they recover to a large extent 

their energy resolution, but also could they reconstruct from the data the location 

of supports, cable bunches etc .. 
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In summary, the papers you will find on the following pages and to which I 

·er with my remarks above, address todays problems in constructing (large) non

rogenic sampling calorimeter systems: adaptation' to the specific requirements of 

~ir experiment, achieved performances and their control in the experiments. Fur

~r topics are the new aspects related to the large dimensions of LHC experiments 

d the particularities of the very forward rapidity regions mastered by the now 

doles cent" technology of quartz-fiber calorimeters. 

You'll find many interesting discussions of todays performances and chal-

1ges in building calorimeters. You will not find revolutionary, unheard of, inven

Ins of new technologies. Today, the progress is in the direction of mastering large 

lorimeter systems. 
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ABSTRACT 

le STIC detector, installed in DELPHI during 1994, is a lead-scintillator calorime
., segmented into towers projective to the interaction point. The light is collected 
WLS fibers running perpendicularly to the sampling planes and it is read out by 

ototetrodes (Hamamatsu R2149), which can operate inside the magnetic field of 
~ T. The main goal of the calorimeter is to measure the luminosity with an accu
:y better than 0.1 % and to obtain this, the detector had to be built with a very 
~h mechanical precision. The detector is equipped with two planes of the silicon 
ower maximum detectors, placed at a depth of 4.0 and 7.4 radiation lengths. The 
rformance of the calorimeter during the 1994-95 data taking is discussed in detail. 
rst results from silicon detectors operation at LEP are also presented. 
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1 Introduction 

At the beginning of 1994 the DELPHI collaboration installed a new electromagnetic 

calorimeter named STIC (Small angle TIle Calorimeter) 1), with the aim of provid

ing a luminosity measurement with an accuracy of 0.1 % at LEP I, and improving 

the hermeticity and energy resolution in the very forward region for the LEP II 

phase. The STIC detector consists of 3 sub detectors: the calorimeter itself 2), the 

silicon shower maximum detector 3) and the scintillator hodoscope .(VETO) 2). 

This paper reports on the operation of all the three sub detectors during the 1994-95 

data taking. 
The precision of the mechanical structure, a good energy and position 

resolution, and a uniform response are the most relevant features of the STIC in 

order to select, with high efficiency and well known acceptance, the sample of Bhabha 

events at low angles. 

Up to now about four million Bhabha events were detected inside the STIC 

acceptance (2.4 million in 1994 and 1.6 million in 1995). The calorimeter was very 

stable and reliable and met all the requirements necessary for achieving the design 

accuracy in the luminosity measurement. 

The silicon shower maximum detector started operating at the end of 1995 

LEP run. Its performance is in agreement with design requirements. 

2 The STIC calorimeter 

The STIC calorimeter (see Fig.1) is made of two independent cylinders (called A 

and C) located at ± 2.2 m from the interaction point, covering the regions from 29 

to 185 mrad around the two arms of the beainline. Each cylinder in turn consists of 

two independent half-cylinders around the beam pipe. 

The calorimeter is composed of 47 layers, each made of a 3.4 mm thick 

continuous converter plane (lead reinforced by 100 J-Lm steel foils) followed by 3 mm 

thick scintillator tiles, for a total depth of 27 Xo. The tiles are optically isolated from 

each other by 120 J-Lm thick white Tyvek1 and mounted on the converter planes by 

precision pins with a mechanical accuracy of 50 J-Lm. The tiles form a radial structure 

(10 rings of 3 cm width2 and 16 sectors), which is projective to the interaction point. 

The light readout is done by WLS fibers running perpendicularly to the planes 
through the holes drilled (punched) in the tiles (converter) 4, 5). The density of 

the fibers is about 0.8 per cm 2
• The towers are twisted in the <I> direction by ~ 3° in 

order to avoid pointing cracks to the interaction point and channelling of particles 

'Tyvek® is Du Pont's registered trademark. 
2Exeept for the first, 3.5 em, and last, 7.8 em 
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DELPHI STIC 

Outer Shield Inner Shield 

Figure 1: The general view of one arm of the STIC calorimeter 

the WLS fibers . 

The light readout inside the DELPHI magnetic field (1.2 T) is performed 

ing Hamamatsu 1" R2149-03 tetrodes. Their behaviour was studied in detail at 

e superconducting solenoid SOLEMI-1 (LASA laboratory, INFN-Milano), showing 

average gain of about 19 in the magnetic field and about 30 outside the magnetic 

Id 6). For details of the calorimeter construction and components see 7) and 

ferences therein. 

In order to achieve a good energy resolution, a precise knowledge of the 

lorimeter characteristics is required, including a follow-up of their possi ble changes 

th time. The time dependence of the energy response of the calorimeter to Bhabha 

~ctrons, obtained by using the same set of calibration coefficients for all the data, 

shown in Fig.2. A reduction of about 2 % per year is observed. The origins of 

is ageing effect are currently under investigation. A possible explanation is the 

diation damage of the scintillator and/or fibers due to the synchrotron radiation. 

order to correct for the ageing effect, the calorimeter was calibrated approximately 

Ice per month, using a sample of non-radiative Bhabha events, which deposit 

,..,,, 
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Figure 2: The calorimeter energy response to Bhabhas at LEP I versus time. 

known amount of energy in the calorimeter 8). 

The energy response of shashlik-type calorimeters usually depends on the 

impact point of the incoming particle. The R-1> dependence of the energy response 

of one STIC tower to non-radiative Bhabha events is shown in Fig.3 as a function of 

reconstructed position of the shower. The bumps at the picture correspond to the 

1\ 
~ 

u1 .tI6 
V 

a 
100 

Figure 3: Energy response to 45.6 GeV electrons 
versus impact point. 

In" 

positions of WLS fibers. 

The size of the position 

dependence of energy re

sponse varies from ±2% 

in the inner part of the 

calorimeter to ±8% in the 

outer part, where, due 

to the radial structure 

of the calorimeter, tow

ers are large in' the 1> 

direction. For the pur

pose of the energy re

construction, these non

uniformities can be easily 

corrected for by mapping. 

The correction function 

E(R,1» was calculated by 

averaging over the 8 sec

tors of each half-cylinder 

of STIC. 
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During 1994 and 1995 both sides of the STIC calorimeter were affected 

common mode noise due to electromagnetic disturbances caused mainly by the 

)tors of the LEP collimators. The direct calculation of the correlation coefficients 

. the common noise showed that it is almost fully correlated for all the 80 towers 

a half-cylinder module. As the electromagnetic showers occupy, on average, 10-

towers, we were able to measure for each module, on an event by event basis, 

e value of the common noise to be subtracted. This procedure of common noise 

btraction improves by 10% the energy resolution for 45 GeV showers and, what is 

)re important, it strongly reduces the non-gaussian tails in the energy distribution. 

The dependence of the energy resolution on the radial position, before and 

;er non-uniformity correction and coherent noise subtraction, is shown in FigA. 

le average energy resolution for non-radiative Bhabha events, distributed as 1/ R3
, 

LS measured to be 2.7%. 

~ 10 

w 
'-.,.. 
b 7.5 

5 

2.5 

o not corrected 

* corrected 

R., em 

igure 4: Energy resolution vs radius (side A) before and after corrections, for 
habha events at LEP I . 

Both the radius (R) and the azimuthal angle (</» of the impact point of 

Ie shower can be measured on the ~asis of the sharing of the deposited energy 

~tween nearby calorimeter towers. The precision of the radius reconstruction is 

~ry important for the luminosity measurement. 

The Bhabha events are particularly well suited for achieving a good ra

ial resolution, because all the particles have approximately the same energy and 

riginate from the interaction point, so that at each radius the angle at which the 

articles hit the calorimeter is always the same. Consequently, all the events at the 

tme radial position have similar shower profiles. Furthermore, due to the projec

vity of the STIC towers, the reconstructed radius is not sensitive to longitudinal 

uctuations in the development of the shower. The measurement of the radial po-
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sition of the shower was performed by means of the reconstruction of its distance 

from the nearby border between rings of calorimeter towers. The distances dk with 

respect to the border between rings k and k + 1 were parametrized as function of 

the estimator 

I 2:7=1 Ei 
€= n-=~~-

"Nrong , E· 
L....i=k+1 • 

(1) 

where Ei are measured energy depositions in the ring i. The functions dk (€) were 

calculated for each border by using data taken at a test beam where the point at 

which the particle was entering the STIC was precisely measured by ;neans of a 

silicon microstrip telescope. In order to achieve better resolution in the middle of 

the ring, we combined the two measurements with respect to the two ring borders 

delimiting the ring with the maximum energy deposition. 

The resolution of the radial reconstruction, calculated for the test beam 

data (see Fig.5), is not uniform and varies from 0.25 mm in the narrow region (± 2 

mm) around ring borders up to 1.2 mm in the central regions of the rings. 

E 1.5 ~------------------, 

E 

0.5 

* * 
* 
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* 

* 
* ** 

* 
* 
* 

140 

* * 
* 

160 180 
R ,mm 

Figure 5: The radial resolution of the calorimeter vs radius. 

The ¢ reconstruction algorithm is based on the shower energy sharing at 

the border between nearby sectors. We calculated the linear distance from the 

impact point to a border between sectors k and k + 1 on the basis of an estimator 

similar to (1). Then, using the radius measured for this shower, we calculated the 

¢ coordinate, 

3 Interaction point measurement by STIC 

The possibility of an independent determination of the IP position by STIC is im

portant for reducing the systematic error in the luminosity measurements. 

The IP position is reconstructed, on a fill by fill basis, by minimizing 

the quantity 2:~~1 dL where dk is the distance from the IP to the straight line 

'01 
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19ure 6: The difference between Z position of IP measured by STIC and the mi
overtex detector versus R. 

mnecting showers on both sides and NB is the number of Bhabhas from one fill. 

sample of nonradiative Bhabha events selected by a tight energy cut was used for 

Ie calculations. A small correction is applied to take into account the effect of the 

lagnetic field. 

The comparison of the IP coordinates measured by STIC and the DELPHI 

licrovertex detector gives: 

O"(XfPC - XtJ,VTX) = 20/-lm 

O"(ylpC - ytf,VTX) = 60/-lm 

O"(ZSTIC ZMVTX) IP - IP 280/-lm 

(2) 

'he most significant for the luminosity measurements is to reduce the systematic 

rror im ZIP, which means an accurate control of systematics in the radial reconstruc

on over the full STIC surface. In order to check this, we performed ZIP calculations 

~lecting Bhabha events in narrow intervals in the variable R = (RA + Rc) /2. Fig.6 
lOWS the dependence of zff/c - zn,VT x on R. It can be seen that for the region 

t > 12 em the systematics are below ± 0.3mm, corresponding to the systematics 

1 the radius measurements of ±40 /-lm. 

The VETO hodoscope 

'he scintillation hodoscope is installed in front of the STIC calorimeter, with the 

im of separating charged and neutral particle, and in particular of triggering the 

adiative return (e+e- -t Z°,/,) events at LEP II. 

The STIC Veto System consists of 64 trapezoidal counters assembled into 

)ur planes, two on each side (Fig.l). The counters are made of 10 mm thick plastic 
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scintillator. The light is collected by 8 WLS fibers glued in a groove machined 

on each side of the scintillator. The type of WLS fibers is the same as for the 

calorimeter. The top and bottom edge of the counter are coated with a reflector 

paint. The scintillator is wrapped with Tyvek to improve light collection. The light 

is read out by a 10 stage Hamamatsu H3165 photomultiplier located outside the 

DELPHI magnetic field. The photomultiplier is coupled to the counter via a 10 m 

long fiber optic cable made of 16 Kuraray clear PST 1 mm diameter fibers . The 

average response of a counter is '" 32 photoelectrons/MIP ('" 20 p.e./MIP after the 

optical cable). 

The efficiency of the hodoscope to charged particles was measured to be 

better than 96%, with the noise rate of less than 2% for all the 64 counters. The 

photon tagging efficiency is determined by the material in front of the detector 

(mainly in the vacuum pipe which is crossed at low angle) and was measured to be 

'" 55 ± 10% during the 130 GeV run in 1995. 

5 The silicon shower maximum detector 

For mechanical reasons, it is difficult to have longitudinal segmentation in shashlik

type calorimeters. Each arm of the STIC calorimeter is instead equipped with two 

planes of silicon shower maximum detectors 3), for the following reasons: 

• it gives a shower axis reconstruction with ",10 mrad accuracy, which is impor

tant for the off-momentum background rejection at LEP II; 

• improved e - 7r separation; 

• improved coordinate resolution and two shower separation; 

• cross-check of the STIC calorimeter in the definition of the acceptance for the 
luminosity measurements. 

The silicon planes are positioned at a depth of 4 and 7.4 radiation lengths 

inside the calorimeter and cover the angular region between 32.5 and 79 mrad. 

The two planes are slightly different to match the projective geometry of the STIC 

calorimeter. The most unusual feature of their mechanical design is the presence of 

laser cut holes , to let the WLS fibers of the STIC calorimeter go through. 

Each silicon detector is made of 300 IJ-m thick, high resistivity n-type sil
icon, with p-type strips implanted on the front and a n+ layer on the back. The 

strips cover 22.5° in ¢ and have a radial pitch of 1.712 mm (1.754 mm) for the first 
(second) plane. Each sector has 60 strips. The strips are biased by means of a 

1 0 1 
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IXFET scheme and AC coupled to the readout. Signals are carried to the front

I electronics by 35 cm long flat Kapton cables. Every two sectors are read out 

MX4 Microplex chip 9) which consists of a 128 channels charge amplifier array 

;h multiplexed output 3. 

A sample of non-radiative Bhabha events was selected for the studies of 

! silicon detector performance. A signal/noise ratio of about 40 was obtained for 

GeV electrons in the strip with the maximum signal. 

Fig.7 shows, for the Bhabha sample, the distribution of the difference be

~en the asimuthal angle of the shower axis calculated by means of the silicon 

.nes and the azimuthal angle of the track calculated with the assumption that it 

ginates at the beam interaction point, as expected for Bhabha events. The fit 

'es a precision of the shower axis reconstruction of ~ 13 mrad. 

U 4000 r--------,-,---------:3,...,2-,,8-4-,. 
2 E -0.1994E-02 

"<t 3000 0.1274E-Ol 

"-
z 

2000 

1000 

~0~.2~~~--0~.1~~~~~~~~0~.1~~~~0.2 

60 , rod 

Figure 7: The resolution of the shower axis reconstruction by silicon planes. 

An example of two shower separation in the silicon detector is given in 

~.8. In this radiative Bhabha event (e+e- --+ e+e-,), the two showers, from the 

and the" are well separated in the silicon plane, while merged to one cluster in 

~ calorimeter. 

Conclusions 

Ie STIC calorimeter has been operating at LEP since 1994 and satisfied the design 

~uirements with a radial position resolution between 250 J1.m and 1.2 mm and 

energy resolution of 2.7% for 45 GeV electrons at LEP. The first results from 

e silicon shower maximum detector at LEP show the precision of the shower axis 

:onstruction of ~ 13 mrad. 

3 manufactured by Rutherford Appleton Laboratories (UK) 
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Figure 8: The two close showers are well separated in the silicon plane (left) and 
not separated in the calorimeter (right). 
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THE ELECTROMAGNETIC CALORIMETER FOR 
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W.J. Llope for the STAR-EMC Collaboration 1) 
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ABSTRACT 

he ElectroMagnetic Calorimeter (EMC) of the Solenoidal Tracker at RHIC (STAR) 
a stack of 5 mm lead and 4 mm plastic scintillator layers in the shape of a 4800 

,wer ",18 Xo barrel and at least one 540 tower ",25 Xo endcap. A Shower Maximum 
etector (SMD) is placed inside the stack at a depth of ",4.5 Xo. The design of 
Lis calorimeter, and the status of the effort to build it, will be described. The 
mstruction and performance on the bench of the optical read-out chain will be 
scussedj particular attention is paid to aspects of the thermal splicing of the plastic 
)tical fibers. A Small Prototype EMC (SPEMC) was constructed and tested in the 
NL-AGS B2 line in two runs, resulting in about 1.4 billion events on tape. Five 
Ifferent configurations of the SPEMC were studied systematically for e±, h± ('If' and 
), and J.L± at 5-7 momenta in the range from 0.3 to 8 GeV /c and at 12-20 positions 
1 the face of the stack. The configurations differ in the depth segmentation (none, 
/15, or 10/10 in layers) and the angle of incidence (zero or 15°). Selected results 
om these comprehensive beam tests, both for the stack and the SMDs, will be 
escribed. . 

Calorimetry in STAR 

'he detectors at the Relativistic Heavy-Ion Collider (RHIC) must make sensitive 

leasurements of hadron collisions provided by an extremely flexible machine. RHIC 

an be tuned to collide two heavy ions of mass A up to 197 Au (y'S=200A GeV), 

wo polarized protons (y'S=60-500 GeV), or protons and nuclei. This very wide 

ange of entrance channels results in a similarly wide range of final states, each 

f which may contain fundamental information or signatures of novel phenomena. 

~he first experiment approved at RHIC, called STAR (for the Solenoidal Tracker 

lot RHIC), is a capable detector for all of the RHIC beams and is presently under 

onstruction. 2) This experiment will search for signatures of Quark-Giuon Plasma 

IQ7 
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formation, investigate the behavior of strongly interacting matter at high energy 

density, and study parton structure functions, Drell-Yan, W and Z production, 
and other spin-dependent phenomena. Like all other major collider experiments 
throughout the world, calorimetry is an essential component 3) of STAR. 

Proceeding outward from the primary vertex, STAR will consist of a Sil
icon Vertex Tracker (SVT), a large cylindrical Time Projection Chamber (TPC), 

a Central Trigger Barrel/Time-of-Flight array (CTB/TOF), an Electromagnetic 
Calorimeter (EMC), and a room temperature 0.5 T solenoidal magnet. A1so included 

in the design of the apparatus are Forward Time Projection Chambers (FTPCs), 
Vertex Position Detectors (VPD), as well as forward calorimetry. The Electromag

netic Calorimeter will be a Lead/plastic scintillator sampling calorimeter consisting 
of a barrel calorimeter (BEMC), barrel Shower Maximum Detectors (BSMDs), two 

endcap calorimeters (EEMCs), and endcap shower maximum detectors (ESMDs). 
The BEMC(EEMC) is an rvI8(25) radiation length stack of 5 mm thick Lead sheets 
and 4 mm thick plastic scintillator plates which are read out by 1 mm diameter 

wavelength-shifting fibers (WSFs). These WSFs are thermally spliced to longer 
1 mm diameter clear fibers (CFs), which route the shifted scintillation light out 
through the magnet coils to externally mounted photo-multiplier tubes (PMTs). 

There are 4800(540) projective towers in the BEMC(EEMC). Each tower in 
the BEMC subtends (.6.1/,.6.I/»rv(0.05, 0.05). The initial configuration of the BEMC 

will likely have the towers that are adjacent in 1/ and I/> in each module ganged pair
wise, resulting in 1200 "instrumented" towers, each sub tending (.6.1/,.6.I/»rv(O.I, 0.1). 

Each tower will be segmented in depth to improve the electron/hadron discrimina
tion of the device. The SMDs are wire/strip chambers that are positioned after 5 

Lead/scintillator layers (rv4.5 Xo). The pixel size in the SMDs will be on the order 
of rv1.5cmx 1.5cm. 

A Small Prototype EMC (SPEMC) was constructed 4) to optimize the 

construction techniques and study the performance of the stack and several SMD 

prototypes in test beams appropriate for the RHIC environment. The design of 

this prototype is based on the design of the BEMC. Results on the optimization 
of the fiber splices that are part of the stack's optical read-out chain, and the 

SPEMC/prototype SMD performance in beam will be presented below. Further in

formation on the scintillator wrapping, scintillator/WSF coupling!, full simulations, 
and test heam studies have been presented 3, 5, 6) in the preceding conferences in 
this series. 

lWe note that a different approach for the scintillator/WSF coupling (an "a-groove") will be 
studied in prototype HEMC and EEMC modules that are presently under construction. 
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Optical Fiber Splicing 

le to space limitations and the relatively high cost of magnetic field-insensitive 

vlTs, the scintillation light is to be shifted and carried outside of the magnet coils 

externally mounted PMTs. Round 1 mm diameter plastic optical fibers will be 

:cuitously routed over a path that's ",3 m long, which is large compared to the 

pical attenuation length of WSFs. We have therefore adopted a design similar to 

at used in the CDF calorimeters, 7) which involves the thermal splicing of 20-35 

along WSFs to ,:S3 m long CFs. If this method is to work, one must simultaneously 

aximize the optical transmission efficiency at each splice, minimize the splice-to

·lice variation in this transmission, and maximize the mechanical strength of the 

,lice joint. The fibers used in this study and in the SPEMC are Bicron BCF-91A. 
The thermal splicing was done using an automated device 8) developed 

, the Michigan State University - High Energy Physics group for use in the con

ruction of CDF calorimeters. 7) As the optical fibers for the STAR-EMC differ 

om those used in the CDF calorimeters, it is important to re-explore the parame

r space of this fiber splicer for the present application. The mechanical strength 
ld optical transmission efficiency of the splices can depend strongly (and often 

versely) on the various splicer settings. 

The operation of the MSU-HEP fiber splicer is highly automated, which 

'suIts in very consistent splices. Four time intervals and two pressures are ad

[stable, but in general the most important parameter is the heating time. This is 

le time interval over which a modified projector lamp melts the two fibers where 

ley meet. The fibers are held inside a short section of preshrunk FEP tubing (the 

lacket"), which is enclosed by a pair of precision milled glass half tubes . 

A side view of a typical splice is shown in Figure 1. The splices obtained 
'om this device look similar to those obtained from other optical fiber splicers. 9) 

'he jacket increases the splice width, but it also adds a considerable amount of 

;rain relief to the joint. 

Fiber diameter - O.!77mm 
Fiber+Jacut diameter - 1.38mm 

Splice diameter - 1.4Smm 

Splice lenp - 1cm 

Figure 1: A dimensioned side view of the typical splice used in the SPEMC. 

The mechanical strength of the splices were studied versus the heating time 
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and the other splicer parameters in two different ways. The strength longitudinally 

was studied using a machine provided by the MSU-HEP group which held the fiber 

on both sides of the splice and pulled by increasing amounts. Undeformed splices 
typically had longitudinal strengths within ",20% of that for lengths of the same 

fiber without a splice, supporting more than 10 lbs. of force along the fiber. The 

"transverse" strength is a somewhat more critical attribute, as the fibers may be bent 

over radii of curvature ~3.0 cm near the splice. This bending strength depends more 
strongly on the splicer parameters than the longitudinal strength. It was evaluated 

by bending spliced fibers in a circle at the splice and measuring the radius of this 
circle that results in the breaking of the splice joint. 

The strongest splices have minimal break radii, while Liouville's theo
rem 10) demands light losses of an amount increasing with the splice length2 • The 

best heating time thus results in a minimal break radius and a minimal splice length. 
The break radius and the splice length are shown versus the heating time in Figure 
2. The splice length increases linearly with the heating time in the range from 5 

to 15 s. As the heating time is increased, however, the break radius of the splice 
decreases, i.e. the splices become mechanically stronger. For heating times in the 

range from 10 to ",14 seconds, the splice joints do not break for radii of curvature 
that are ~0.5 cm. Here the splice joint is stronger than the fiber itself, as for radii 

~1.5 cm, the fibers themselves more often break where they enter the jacket. 

! 2 

~ 1.5 

J! 1 
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Figure 2: The splice length (upper frame) and the break radius (lower frame) versus 
the heating time. 

We therefore set the heating time at 11 s for the SPEMC fibers. This safely 
results in the shortest possible splice lengths for essentially unbreakable splices. The 
focus was then directed onto maximizing the optical transmission efficiency of the 

2Increasing the splice diameter relative to the fibers also increases light loss at the splice ac
cording to this theorem, but the splice diameter is held constant to -1 mil by the splicer. 
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,lices over the more limited range of splicer parameters leading to unbreakable 

,lices. However, unlike the mechanical properties, the optical transmission effi
ency can be significantly affected by the quality of the fiber preparation before the 
,licing. 

A linear scanner including a collimated UV light source and reference mea
lrements was used to measure the shifted light transmission as a function of the 

lsition along unspliced WSF fibers and spliced WSF + WSF fibers. These measure
Lents were used to extract the optical transmission efficiency for shifted light across 

Lch splice, which was tabulated versus different splicer settings following different 
let hods used to prepare the fibers before splicing. 

Besides the optical transmission from the linear scanner, there are two 
llice properties that can be evaluated visually with a hand-held UV light source. 

'he first is splice deformation (either along the splice or azimuthally), which results 

'om the occasional uneven heating of the joint producing a mechanically weak and 
ptically inefficient splice. The second is by far the most important contributor of 

ptical transmission inefficiencies. If the cladding on one or both fibers is damaged 
uring the cutting of these fibers, a break in the cladding exists where the (spliced) 

bers meet, which allows a significant amount of light to escape. The splices were 
herefore classified into three categories ("gold", "silver", and "bronze") on the basis 

f the visual inspection with a hand-held UV source. The best splices ("gold") were 

.ndeformed and showed no cladding breaks. The next best class of splices ("silver") 
{ere either slightly deformed, or showed small cladding breaks (typically less than 
",1/3 of the circumference of the splice). The apparently worst splices ("bronze") 
I"ere either very deformed or had large cladding breaks, or both. 

The typical results from the linear scanning is shown in Figure 3. The 
eft frame shows the dependence of the shifted light output on the linear distance 

)etween the collimated UV source and a PMT which are "connected" by a straight 

mspliced WSF fiber. The core attenuation length was consistently measured to be 
.8 m. Exponential fits to the transmission curves for spliced fibers were employed 

N'ith fixed attenuation lengths to extract the transmission efficiency of shifted light 
Lcross each WSF to WSF splice. Examples of these fits for typical gold, silver, and 
lronze splices are shown in the right frame of Figure 3. 

The attributes of the splices evaluated by the visual inspection under a UV 

light source ( i. e. splice deformation and/ or cladding breaks) were strongly correlated 
with the transmission efficiencies measured by the linear scanner. This is because 

lhe splice dimensions are fixed at the constant values appropriate for the final set of 
splicer parameters. Thus, Liouville's theorem contributes much less to the splice-to

splice variations in the transmission as compared to sloppy fiber preparation, which 

191 



W.J. Llope 

0.2 

-Cladding Ugh! (l.cIad-Scm) 

·······Core Ugh! (I."",,-ISOcm) 

o 10 20 30 40 SO 60 70 
TableX(cm) 

,; 
.:!. 1 

1 
ell O.S 

~ 
0.6 

0.4 

0.2 

- Uospliced fiber 

+ Typical' gold' splice 

4> Typical' silver' splice 

.j. Typical 'bronze' splice 

o 10 20 30 40 SO 60 70 
Table X (cm) 

Figure 3: The light output at the end of unspliced (left frame) and spliced fibers of 
various qualities (right frame). 

results in visually apparent cladding breaks, and rarely, splice deformation. The 

optical efficiencies obtained were (92±4)%, (80±10)%, and (65±20)% for the gold, 
silver, and bronze splices, respectively. The optical efficiency of our gold splices is 
consistent 8) with that obtained by the CDF group for their best splices, although 

our fibers have a larger diameter and different manufacturer, and our set of splicer 
parameters are different. 

The 240 spliced fibers needed for the SPEMC were then produced. As the 
fiber preparation is by far the most important aspect of the production of consis

tently high quality splices, considerable care was taken to cut the WSFs and CFs 

using a jig that minimized damage to the fiber cladding. During the final produc

tion, approximately 14/15 of the splices were visually classified as golden. Loading 
the fibers in the preshrunk jacket, inserting these into the splicer, and running the 

splicer takes about 90 seconds per splice. Cladding breaks are essentially eliminated 
altogether by polishing the two ends to be spliced using another automated device 
(also developed for the construction of the CDF calorimeters). This polishing takes 

about 60 s/splice, but it leads to gold splices essentially every time. 
The SPEMC was then assembled using a scintillator wrapping and scin

tillator/WSF coupling technique involving Tyvek paper and Aluminized mylar that 

results in an average of 1.75 photoelectrons 5) per minimum ionizing particle for 
WSFs(CFs) that were 18(200) cm long. In the SPEMC, the scintillator was Kurrary 

SCSN38 and the Lead was unclad and unalloyed. The scintillators were arranged in 

six towers, four(two) of which were the same size as the BEMC towers at 77"'0(1). An 

aluminum box was placed in the stack after 5 lead/scintillator layers (",4.5 Xo) to 

allow the insertion of different prototype SMDs. Selected results from the in-beam 
tests of the SPEMC and the prototypical SMDs are described in the next section. 
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SPEMC and SMD Performance 

he SPEMC was studied in beam at the Brookhaven AGS B2 line in two runs in 

ay 1994 and July 1995. Five different configurations of the SPEMC w~re studied 
·stematically for e±, h± (7r and p), and p.± at 5-7 momenta in the range from 0.3 to 

GeV /c and at 12-20 positions on the face of the stack. The configurations differ in 
Ie depth segmentation (none, 5/15, or 10/10 in layers) and the angle of incidence 
ero or 15°). Three different prototype SMDs were inserted into the SPEMC stack 
I study their performance as well. A high speed transputer data acquisition system 

as used, which allowed event rates to tape approaching 15 kHz, and resulted in 

rer 1.4 billion events on tape in total. 
The SPEMC energy resolution and linearity for electrons is shown in Figure 

This resolution is consistent with that from similarly designed EMCs in other 
cperiments, and better than the "'20%/,jE design goal for the STAR-EMC. The 
PEM C is linear to better than 1 % for electron energies below ",6 Ge V / c after the 
)rrection 11) for the electron energy loss in the beam-line. 

J 0.2 O.1621.JEti"e<l.03S ~u 1.020 -;;;, :::I: 1 •. &.---~--------
:::I: 0.18 0.98 ~ 

:? 0.16 • ~:~~ 
0.14 0.92 

2 ~ (Ge~ 2 ~ 1Ge~) 

igure 4: The energy resolution (left frame) and the linearity (right frame) of the 
>tal signal from the SPEMC stack for electrons. The linearity is shown before 
iolid points) and after (open points) the correction for the electron energy loss in 
le beam-line. 

Of the three SMDs that were studied in beam, one was a scintillator/fiber /

MT design ("SciFi") and the other two were wire/strip chambers. The SciFi SMD 
)nsists of two layers, each of which consists of a 2 mm thick Lead plate and 5mm 

lick by 1.4 cm wide scintillator strips. It is just under one Xo in thickness, which 

; considerably thicker in radiation lengths than either of the prototype wire/strip 
hamber SMDs. This will be apparent in the results shown below. 

Due to significant differences in the cost, wire/strip chambers will be the 
MD technology used in the STAR-EMC. The design of the two different wire/strip 

MD prototypes that were studied in the SPEMC is similar to that for the SMDs 
1 CDF. The following will concentrate on the results obtained from one of these 
hambers, called "ASMD"j the data from the other SMD is being analyzed indepen

ently. The wire(strip) pitch in the ASMD was (0.725)1.56 em, and the wires were 
anged in two per read-out channel. The gas was 5% CO2 and 95% Argon, while the 
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Voltage was ",1400 V. There were transresistance amplifiers on the chamber itself, 
all of which where within ",2 cm of the wires or strips. 

The ASMD gas volume was inside an aluminum foil EM shield which was 
isolated from both the ASMD ground and the SPEMC ground. This ground was 
connected to the cable shield. On the basis of SPICE simulations (see below), the 
twisted-pair signal cables were shielded with aluminum foil and an outside insulator. 
On the other end of these ",20 meter signal cables, there were MAX436 differential 
receiver chips before the ADCs. The cable shield was connected to ground only at 
the receiver end. 

~".1500r-------------~~ 
~ ScintlFiber SMD 

.!!. 1250 • Wile/Snip SMD .. 

2'1000 
~ 750 

500 
250 

f':d 
O.5r--" 

o 1 2 3 4 5 789 
~ (GeV) 

Figure 5: The SMD summed pulse height response (upper frame) and pulse height 
resolution (lower frame) versus the energy of electrons incident on the SPEMC for 
the SciFi SMD (down triangles) and the ASMD (up triangles). The inset depicts 
the linearity of the SMD total pulse heights without any constraint on the depth of 
the shower maximum (see text). 

The average values of the total pulse height distributions from the SciFi 
SMD and the ASMD are shown versus the electron energy in Figure 5: Without 
any constraint on the depth of the shower maximum via a cut on the front/back 
energy sharing in the depth segmented SPEMC, the average total pulse heights 
from both SMDs is linear to "'15%. Employing such a gate to select showers with 
maxima near the SMD layer, the SMD signal linearity can be improved by a factor 
of two. The lower frames of Figure 5 depict the energy weighted SMD pulse height 
resolution, D.VE/E, where E and D. are the average and standard deviation of the 
pulse height distribution for electrons of an energy E. The ratio D./E for the SciFi 
SMD thus behaves like ",0.6/VE, while the ASMD resolution goes like "'l/VE. 
The considerably better pulse height resolution obtained from the SciFi SMD is the 
natural result of its much larger thickness in radiation lengths. 

Like the optical fibers for the stack, the signal cables for the (wire/strip 
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unber) SMDs in STAR are routed out radially through the magnet coils. The 
'AR magnet coils could potentially have a voltage ripple of a few hundred Volts, 
t this could be reduced to ",20 V with some filtering of the magnet power. A test 

.s therefore performed to evaluate the performance of the SMD with and without 
~ presence of a (simulated) capacitively coupled noise signal from a magnet coil. 

10 

10 

10 

elec:1IODS 
- Fw MlgJltt Oil 
. .•.. Fw MlgJltt 00 

SMD SlcnaI Sum 

gure 6: The total pulse height distributions obtained from a prototype wire/strip 
tiD in the SPEMC for 0.5 GeV /c and 1.0 GeV /c electrons, as labelled, with the 
nulated magnet noise signal off (solid lines) and on (dashed lines) . 

To simulate the magnet noise, a 20 V square wave (1 kHz rate, 1 /LS rise 
ne) was added though ",500 pF to the ASMD cable shield. The summed pulse 

'ight distributions obtained from the ASMD when low energy electrons are directed 
the SPEMC are shown in Figure 6. The solid and dashed histograms show what 
obtained with the fake magnet off and on, respectively. No modification of the 

mmed pulse heights, or the signals from individual ASMD channels (not shown), 
apparent. The shielding of the ASMD and its cables that was described above 
us provides the necessary protection from ",20 V magnet noise that is coupled 
rough ",500 pF. 

Electron/hadron Discrimination 

he direct identification of electrons with momenta above a few GeV /c in STAR is 
)ssible only with the information provided by the EMC. As the SPEMC and all 
Lree prototype SMDs worked well in the test beam, it is relevant to explore the 

ectron/hadron discrimination that is possible using·a variety of cuts on both stack 
ld SMD observables. 

For SMD-equipped EMCs that are segmented into two depth sections, the 

x observables shown in Figure 7 support cuts that provide e/h discrimination for 
ts of known momentum.3 The stack observables are the total energy ("SPEMC 

3In the test beam, this was controlled via the beam line magnets, while in STAR, track momenta 
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EPH"), the front, F, to back, B, energy sharing quantified by Z=(B-F)/(B+F) 
("Cal-Z"), and the ratio of the struck tower energy to the total ("isolation"). The 

SMD observables are the total pulse height ("SMD EPH"), the pulse-height weighted 

shower width in both the X and Y directions in centimeters ("SMD ~XEB~ Y"), and 

the difference between the expected location of the shower centroid and the measured 

shower centroid ("Xsmd - Xpred"). 

SMD D'H SMD AXEIlAY 

Figure 7: Three stack observables (upper frames) and three SMD observables.{1ower 
frames) that support cuts leading to e/h discrimination, shown for 8.0 GeV /c elec
trons (shaded histograms) and hadrons (open histograms) . 

The geometry of the actual STAR-EMC is somewhat different from the 

SPEMC geometry, while the test beam data cannot include the tower and SMD 

channel occupancy expected in RHIC events. We have thus concentrated only on 

simple and approximately located cuts to get a feel for the general trends. 

At momenta below ",1.5 GeV /c, the most effective cuts are the E/p cut 

and the front/back energy cut. For larger momenta, the front/back energy cut 

becomes less effective, while the E/p cut and all of the SMD-based cuts become 

more effective. Using reasonable but unoptimized cuts on these two combinations 

of observables, the discrimination is roughly 6:1 at electron efficiency of ",80% for 

momenta below '" 1 Ge V / c. In this range of momenta, however, other detectors in 

STAR, primarily the STAR TOF, also provide e/h discrimination capabilities. At 

momenta above 2 GeV /c, the discrimination is ~100:1 and the electron efficiency is 

between 60 and 80%. 

5 Outlook 

This contribution described results obtained during the construction and in-beam 

tests of a small calorimeter composed of BEMC towers and several prototype SMDs. 

At present, a mechanical prototype of a BEMC module is being studied to optimize 

are provided by the TPC and the SVT. 
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! module construction techniques and fiber routing. A fully functional module 

the EEMC is also under construction. The development of prototype electronic 
nponents and the detailed simulation of the EMC as a part of STAR continues 

we prepare to be ready for the first day of RHIC beams in the Fall of 1999. 
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THE CLAS LARGE ANGLE CALORIMETER 

presented by M.Taiuti for the AIACE Collaboration· 

ABSTRACT 
! present a description of the modules of the Large Angle Calorimeter for CLAS, 
)wing the Monte Carlo results and the response to minimum ionising particles. In 
rticular the results of the measurement of the light attenuation length in the 
orimeter, the light output and the resolution of the interaction point reconstruction are 
,cussed. The performance of the detectors was found equal or even better than 
pected. 

- Introduction 

The AI ACE collaboration 1) participates to the TJNAF (formally CEBAF)2) Hall 

experimental activity . Hall B is equipped with a Large Acceptance Spectrometer 

LAS)3) based on a toroidal magnetic field . The field is generated by six 

perconducting coils arranged around the beam line to produce a magnetic field that is 

imarily in the <j>-direction. Each region between two coils is equipped with a) three 

rers of drift chambers to track the charged particle, b) a Cherenkov detector to 

;;criminate electrons from pions, c) scintillation counters for time-of-flight 

!asurements and d) an electromagnetic calorimeter to detect electrons and photons. 

Ie AIACE collaboration realised two modules of the Large Angle Electromagnetic 

lower Calorimeter (LAEC) to detect particles at e angles larger than 45° in the 

)oratory. The LAEC is used for a) the 1t/e separation, b) the detection of photons 

)m the decay of mesons (1t0, 11,11' ... ), c) the measurement of neutron momentum 

ing time-of-flight. In fig. 1 the CLAS layout with the position of the LAEC modules is 

ported. 

In this paper, after a description of the detector and a discussion of the effects of 

e light collection 'efficiency on detector performances obtained from Monte Carlo 
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simulations, we discuss the results of the tests performed with cosmic rays. Both energy 

and timing properties were studied. We measured the light propagation in scintillators, 

the number of photoelectronslMeV collected and the position reconstruction resolution. 

The tests showed that the module properties well agree to the initial specifications. 
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2. - Detector description 
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Figure 1: The CLAS layout. 

Each LAEC module has a multi-layer structure with lead sheets and scintillator 

bars, a configuration that provides the best agreement between good energy resolution 

and high neutron detection efficiency requirements. It consists of 33 layers, each 

composed by a 0.20 cm thick lead foil and NE 1 lOA plastic scintillator bars with 

average width 10 cm and constant thickness 1.5 cm.4 ,5) The module thickness 

corresponds to 12.9 radiation lengths and 1.0 absorption length. Teflon sheets with 0.2 

mm thickness separate scintillators from lead while 0.2 mm thick Teflon strips between 

each pair of contiguous scintillator bars avoid optical cross-over. Each layer is rotated 

by 900 to form a40x24 matrix of ""lOxlO cm2 cells. The bar width increases going from 

the inner side toward the outer to guarantee the tapering required by the CLAS 

geometry. The surface exposed to particle fluxes is 217x400 cm2• 

The module is vertically divided into an inner and an outer part to improve the 

electron-pion discrimination. Scintillators lying (for the inner and outer part separately) 

one on top of the other with the same orientation form 128 different stacks. In fig.2 a 

conceptual drawing of the calorimeter shape and its internal structure is reported. The 

electromagnetic showers originate in the lead sheets and propagate through the layers; 

the energy absorbed in the active material produces a light pulse that is collected at both 
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ntiIIator ends with Lucite light guides coupled to scintillators with an air gap on a 

)xO.4 cm2 area.6) Being the coupling area smaller than the scintillator cross section, 

~ remaining scintillator surface was protected with Teflon to prevent scratches from 

! aluminium external structure. The collected light is summed, separately for each 

lck, before a EMI 9954A photomultiplier. Therefore light pulses emitted from 8 

'ferent scintillators are summed up on a single photomultiplier that is placed on the 

) surface of the LAEC module several centimetres away from the scintillators. To 

iuce photocathode non-homogeneity effects, the light guides are glued together before 

upling to photomultiplier. Scintillators placed in the inner and the outer parts are 

upled to different photomultipliers. 

L:!I7.0cm 

400.0cm 
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Figure 2: Conceptual drawing of the calorimeter volume showing in detail: a) 
the composite internal structure and b) the plastic scintillators stack 
structure (light grey area) with the crossing of two orthogonal stacks 
that defines a cell (dark grey area). . 

, . The Monte Carlo simulations 

Monte Carlo simulations with GEANT give the detector characteristics estimated 

; follows: 

linearity up to 2 GeV incoming electron energy; 

energy resolution (j % == 7. 5Y.JE; 
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- pion/electron rejection factor> 50 at momenta higher than 0.5 GeV/c; 

- 1t0 mass reconstruction resolution (j M~ = 10%; 

- " mass reconstruction resolution (j M~ = 7%; 

- neutron detection efficiency ell = 50%. 

Monte Carlo simulations showed that these performances are strongly affected by 

the efficiency of light transmission and collection. For comparison in fig.3 the effects of 

the number of the collected photo-electrons on the energy resolution for 100 Me V 

electrons (left) and on the neutron efficiency (right) are reported. For this reason special 

attention was devoted to the production of high quality scintillators and light guides 

whose results have been already reported in previous papers:4-6) in particular we 

selected scintillators with a light attenuation length equal to 410 cm in average with a 

light output of 60 photoelectrons/MeV in average when coupled to EMI 9954A 

photomultipliers and light guides that provide a =8% transmission efficiency. 
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Figure 3: Effects of the collected number of photo-electron: energy resolution 
for 100 MeV electrons (left); neutron detection efficiency (right). 

4. - The cosmic ray test 

2.5 

To perform the cosmic ray measurements we took advantage from the module 

projecting geometry: the module was horizontally positioned with a trigger detector, 

realised with a lOxlOx2 cm3 plastic scintillator placed in the detector focus. In this 

configuration a cosmic muon, after interacting in the trigger scintillator, crosses the 

calorimeter mostly through a single cell. 
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- The energy resolution 

The single cell energy deposition spectra showed the typical Landau energy 

,tribution convoluted with the fluctuations of the collected light. Fitting the energy 

!ctra with gaussian functions we produced for each photomultiplier two plots as those 

)Qrted in figA showing the position dependence of mean and sigma of the deposited 

:!rgy. The spectra were analysed to extract the average scintillator attenuation length ?. 

d the collected number ofphotoelectronslMeV Np.e. using the following eijuations: 

Q( } _Q ( -x/A. -(2L-X)IA.) x - 0 e +ae 
1) 

[ ]

Y2 
:!.I.. _ 1 

(x)- 0.01+ ( -xlA. -(2L-X)/A.) 
E Np.e.Ed e + ae 

2) 

1ere a represents the reflection coefficient that takes into account the contribution of 

flected light at opposite end of scintillators, L is the scintillator length and 
d == 25 MeV is the average deposited energy in one stack. 

Two effects contribute to energy resolution: a) the Landau fluctuations that 

ovide a constant contribution that in our configuration is 10% as obtained from Monte 

1rlo simulations and b) the fluctuations in light collection statistics that provide a 

,ntribution proportional to the deposited energy and to the attenuation length A. of the 

1ck. Equation 2 represents the fit with these contributions quadratically summed. 
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Figure 4: Position dependence of muon deposited energy: average energy (left) 
and relative width (right). Curves are described in the text. 
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The summary for all scintillators is reported in fig.5. The distribution of 

attenuation lengths obtained fixing a = 0.4 as most probable value is comparable to 

that measured in single scintillators5) showing that the adopted light read-out system 
did not affect the scintillator properties. Concerning N the sigma of the distribution, 

p.e. 

equal to 17%, is comparable to that measured in single scintillators5) while the average 
value N = 4. 7 is very close to the value N = 5.0 resulted to be the optimal from p.e. p.e. 

Monte Carlo simulations. Considering that the average measured light output for single 

scintillator is 60 photoelectrons/Me y5) we can say that the attenuation factor in light 

guides is :::: 12.5 instead of 8 as 'measured on few prototypes.6) This difference could be 

explained considering that the final light guides resulted to be longer than prototypes 

and with a third bending introduced to fit the module geometry. The reduced values is 

however compensated by the improved amount of transmitted light in scintillator as 

previously discussed. 
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Figure 5: Summary of first module properties: attenuation length (left) and 
number of photoelectronslMeY (right). The solid lines are fits with a 
gaussian distribution. 

4.2 - The timing resolution 

We also analysed the timing properties studying in particular the effect of the 

fluctuations on the position reconstruction, With the same criteria adopted to select 

deposited energy in single cell, we measured the single cell timing distribution for the 

semi-difference 

,1/ = i(t' -I' ) 2 L R 

..,tv. 

3) 
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tween the two photomultipliers coupled to opposite ends of the same stack.6) Fitting 

e timing spectra with gaussian functions we produced for each photomultiplier two 

ots showing the position dependence of mean and sigma of Lit respectively. 
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Figure 6: Position dependence of muon detection timing: Lit average (left) and 
relative width (right). Curves are described in the text. 

In fig.6 the position dependence of timing properties are reported: the average Lit 

lOWS a typical linear behaviour and the curve represents the fit performed to extract the 

~locity of light c in the scintillator; the sigma of the Lit distribution shows a minimum 

I the middle of the scintillator that can be easily explained taking into account the 

ming fluctuations due to light propagation in scintillators and photomultiplier jitters. 6) 

he dashed lines represent the contribution of single photomultiplier as extracted from 

leasurements with some prototypes; the overall result reported as continuous line 

10WS that the calorimeter timing resolution well agrees with what expected. 

4 0 ETTTTTTT"T"""""""'''''''''''''''''''''''''''''''''''''''''''TT"I"T.I 
35 

30 

25 

20 

IS 

1 0 

12 13 .5 1 5 16 .S 
e [em/ns) 

Figure 7: Summary of first module properties: distribution of the velocity of 
light c in scintillator. The solid line is the fit with a gaussian 
distribution. 
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The summary of extracted c is reported in fig .7. The distribution shape and the 

absolute value 16.0±0.3 agree with th'ose measured in single scintillators.5) 

The sigma of timing distribution can be related, through the velocity c, to the 

resolution in reconstruction of the interaction point. From the present measurements and 

considering that the non negligible size of the selected cell introduces an extra 1 cm 

uncertainty we could conclude that the resolution could be as better as 5 cm in sigma. 

s .. Conclusions 

We realised two module of the CLAS Large Angle Calorimeter. The calorimeter 

was designed to detect electrons up to 2 Ge V incoming energy and neutral particle like 

photons and neutron. Being the module performances strongly affected by the light 

collection efficiency we used high quality scintillators and light guides. The module 

response to minimum ionising particles has been studied considering the contribution of 

light propagation and collection efficiency. We measured a) the light output, b) the light 

transmission and c) the timing selecting only the particles that crossed the module 

through a single cell taking advantage of the projecting geometry of the detector. 

The measurements showed that the module performances are very close to those 

expected or even better as in the case of timing resolution and light transmission 

efficiency. In particular the improved transmission efficiency would compensate the 

reduced transmission efficiency in light guides. 

References 

1. M.Anghinolfi et aI., Proceedings of the International Workshop on Flallour and Spin 

ill Hadrollic alld Electromaglletic Interactiolls, Torino September 21·23, 1992, ed. 
by F.Balestra, R.Bertini and R.Garfagnini, Italian Physical Society vol.39 (1993) 
p.237. 

2. J.J .Domingo, Proceedings of the 5th Workshop on Perspectives in Nuclear Physics 

at Illtermediate Energies, Trieste May 6-10, 1991, ed. by S.Boffi, C.Ciofi degli Atti 
and M.Giannini, World Scientific (1992) p.260. 

3. V.D. Burkert and B.A. Mecking, Modern Topics in Electron Scattering, ed. by B. 
Frois & I. Sick, World Scientific Publishing Co., 1991. 

4. M.Taiuti et aI., Nucl. Instr. and Meth. A357(1995)344. 

5. P.Rossi et aI., Nucl. Instr. and Meth. in press. 

6. M.Taiuti et aI., Nucl. Instr. and Meth. A370( 1996)429. 



ascati Physics Series Vol. VI, (pp. 209-218) 
. INT. CONF. ON CALORIMETRY INHEP -Frascati, June 8-14, 1996 

THE PRESAMPLER FOR THE FORWARD AND REAR 
CALORIMETER IN ZEUS 

H.-J. Grabosch 
DESY -IfH- Zeuthen 

for the ZEUS-Presarnpler-Group l) 

Abstract 

The ZEUS detector at HERA has recently been supplemented with a pre
mpler detector in front of the forward and rear calorimeters. It consists of a 
~mented scintillator array, read out with wavelength-shifting fibers. We discuss 
; design, construction and performance. Testbeam data obtained with a prototype 
esampler and the ZEUS prototype calorimeter demonstrate the main function of 
is detector, the correction for the energy lost by a particle interacting in inactive 
aterial in front of the calorimeter. 

Introduction 

ne material situated between the electron-proton interaction point and the front 
ce of the uranium-scintillator calorimeter within the ZEUS detector at HERA 

leads to a degradation of the calorimetric energy measurement of the particles 
·oduced in the interaction. In order to measure the energy loss, we have constructed 
pres ampler detector, which is installed directly in front of the forward and rear 
~US calorimeter sections. The detector consists of a layer of scintillator tiles, 
avelength-shifting fibers, embedded in the scintillator and light guide fibers to 
lotomultipliers. Particles which shower in the m~terial in front of the pres ampler 
ad to an increased particle multiplicity which is measured by the presampler. The 
Imbined information from the pres ampler and the calorimeter allows an event-by
rent measurement of the energy loss in front of the calorimeter and thus allows to 
~cover the energy scale and energy resolution of the ZEUS calorimeter. 

Scintillator /fiber combination 

he segmentation of the presampler matches that of the ZEUS calorimeter 3) 
adronic sections, 20 x 20 cm2

• The scintillation light is read out by wavelength
lifting fibers embedded in the scintillator and transported by clear fibers to a 
notomultiplier. Since the calibration of the pres ampler is performed with minimum 
,nizing particles(MIP) we require a photoelectron yield of at least 5 photoelectrons 
er MIP at the photocathode of the photomultiplier (PMT). We aim for a response 
niformity of about 10% over the tile area. 
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Figure 1: Response of a scintillator tile to cosmic muons. The peak around the 
pedestal value of 45 ADO counts is due to false triggers and zero response due to 
photostatistics. 

We have investigated several combinations of scintillator material, fiber mate
rial and fiber layout to optimize light yield and response homogeneity, resulting in 
the following choice: 

• scintillator material SOSN38 (Kuraray 00. Ltd), 5 mm thick with dimension 
203 x 198.5 mm2; tiles are cut and diamond-polished. Six grooves, parallel to 
the long edge, are machined in the tiles with an ordinary saw blade 

• six fibers read out one tile; they are glued in the grooves 

• WLS fiber material Yll (Kuraray 00. Ltd} double clad, 1 mm diameter, 
23 cm long with a sputtered Al mirror at one end. 

• a 1 mm diameter double clad transparant polystyrene fiber DOLG (Kuraray 
Co. Ltd) guides the light to the photomultiplier; the fiber is 3 m long and is 
glued to the WLS fiber. 

• wrapping of the tile in Tyvek paper (quality Q173-D, DuPont) paper. 

2.1 Light yield measurement 

The absolute light yield for minimum ionizing particles was measured in a cosmic 
ray telescope with an effective area of 12 x 12 cm 2• The PMT pulse was integrated 
by a LeCroy 2249A ADO, triggered by a threefold coincidence of the signals from 
the cosmic trigger. Figure 1 shows the response to cosmic ray particles for the final 
tile/fiber/PMT layout. 

The ratio of triggers with no signal in the pedestal region to the total number 
of triggers is equal to (0.37±0.03%), taking into account the trigger efficiency of 
98.9%. From this we obtain an absolute light yield of 5.6±.1 photoelectrons. 
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Mechanical layout 

1 Tile assembly 

he scintillator tiles are assembled in cassettes, made of 0.4 mm thick stainless steel; 
ley are 20 cm wide and vary in length, containing between 1 and 10 tiles. The 
.tal thickness of the cassette is ....., 11 mm and represents about 5 % of a radiation 
ngth. The six readout fibers of one tile are glued together in a connector which 
fixed to the PMT housing. In addition to the six fibers a seventh clear fiber is 

Ided to guide the light from a Laser/LED monitor system to the PMT. 

2 Detector assembly 

he forward and rear calorimeters are split in two halves, such that they can be 
ithdrawn from the beampipe region during injection of the electrons and protons 
. HERA. A group of 19 cassettes, which covers one half of each calorimeter face, is 
ued on a 2 mm thick aluminium plate (0.02 radiation lengths) of 2 x 4 m2

• 

Figure 2 shows the coverage of the calorimeter by the pres ampler. Shown 
the segmentation of the electromagnetic sections, which is finer in the region 

:>t shadowed from the nominal interaction point by the barrel calorimeter. The 
) x 20 cm towers covered by the pres ampler tiles are shaded. 
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• (em) 

1 250 .. 
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.'" 
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-.,.~.:J 
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ReAL (312 tiles) X (em) 

Figure 2: Front view of the forward (FCAL) and rear calorimeter (RCAL). 

A 2.5 mm diameter tube is glued over the full length on the outside of each 
assette, positioned at the center of the tiles. The tube guides a radioactive source 
>r calibrating the light output of the individual tiles and the gain of the PMT 
hannels (see section 6.2). 
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4 Photomultiplier tests 

Due to the limited space available in the ZEUS detector it was decided to use 
multichannel PMT's. The Hamamatsu R4760 16-channel photomultiplier has been 

extensively tested for our application (see also 4)). This is a 4 x 4 multichannel PMT 
with a front face of 70 mm diameter. Each of the 16 channels has a 10 stage dynode 
chain but they all share the same voltage divider. The diameter of the photocathode 
for each channel is 8 mm. Our PMT fulfills the following requirements: 

• cathode sensitivity> 45 p.A/lm 

• minimum gain at 1000 V: 1 x 106 

• gain spread between the 16 channels of one PMT assembly less than a factor 
of 3 

The cross talk between adjacent channels has been measured to be less than 3% and 
can be neglected for all non-adjacent channels. 

5 Readout system 

The readout system is a copy of the existing ZEUS calorimeter readout system with 

some minor modifications 5). The modifications consist of upgraded versions of the 

shaping/amplifier 6) and the digital signal processor. The PMT pulses are amplified 
and shaped by a pulse shaper circuit mounted at the detector. The shaped pulse is 
sampled every 96 ns (the bunch crossing rate of the HERA storage ring) and stored 
in a switched capacitor analog pipeline. After receipt of a trigger from the ZEUS 
detector, eight samples are transferred from the pipeline to an analog buffer and 
multiplexed to ADOs. The data are sent to a location outside the detector where 
the digitisation and signal processing takes place. 

6 Calibration tools 

We use an LED /Laser system to monitor the gains of the PMT's and a source system 
to monitor the combined response of tile, fiber and PMT. During the operation of 
ZEUS, halo muons and charged hadrons are used to determine the response to single 
particles for each individual channel. The use of the multichannel PMT makes it 
impossible to equalize individual channel responses via the HV setting, since 16 
channels share a common HV supply. 

6.1 Results from cosmic ray measurements 

A cosmic ray test was performed in the laboratory to measure the light yield of 
the 576 tiles ( 264 FOAL and 312 ROAL tiles) assembled in 76 cassettes. The 
trigger system consists of eight cosmic ray telescopes which allows to measure 16 
tiles simultaneously. The readout PMT was a 16-channel R4760 as used in the final 
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·esa.mpler design. To compare the light yield of different tiles, all 16 channels of 
le PMT were calibrated with a reference tile to correct for differences in quantum 
Iiciency(QE) and gain between the 16 PMT channels. Figure 3 shows the mean 
alue for all 576 tiles normalized to one. From the RMS value of the distribution 
le can conclude that the responses of all tiles are equal to within 12% . 
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"igure 3: Average pulse height for cosmic muons normalized to one after having 
orrected for the gain differences between individual PMT channels . 

. 2 Source system 

~he response to a 60Co source provides a relative calibration and quality control 
f the individual channels of the presampler. The source scans take place during 
hutdowns of HERA and provide information on the long term behaviour of the 
ght output of the combination of scintillator and wave-length-shifting fiber. 

Results from beam tests of the presampler and forward calorimeter 
prototypes 

Che influence of material in front of the ZEUS calorimeter on its energy measure
nent has been studied previously in several test beam runs with the ZEUS forward 

'alorimeter (FC AL) prototype 8) . The corrections of the calorimetric measure

nents that can be derived from the signals of a presa.mpler have been studied in 9) . 
n the following we give a brief summary of the most recent results obtained with 
he final pres ampler layout 10). 
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7.1 Setup 

The presampler prototype consists of an array of 4 x 4 scintillator tiles covering an 
area of 800 x 800 mm2

• The presampler is positioned directly in front of the ZEUS 
FOAL prototype which has the same lateral size. The depth of the calorimeter is 

7 interaction lengths 8). Beam tests were performed in the X5 test beam of the 
OERN SPS West Area. The prototype presampler detector is read out via a !t4760 
multichannel photomultiplier. Furthermore, the final readout electronics was used 
for both the pres ampler and the FOAL prototype modules. 

The uranium radioactivity was used to calibrate the calorimeter and single 
beam muons were used to calibrate the pres ampler. The combined response of the 
presampler and calorimeter was determined for electrons in the energy range from 
3-50 GeV. The amount of material installed in front of the presampler was varied 
between 0 and 4 Xo. During these studies, the position of both calorimeter and 
presampler relative to the beam was fixed. 

7.2 The pres ampler response uniformity to incident muons 

Figure 4 shows the mean pres ampler response to 75 GeV muons. The position in
formation was provided by the delay wire chamber with a resolution of 0.5 mm. 
The presampler signals for the incident muons are normalized to the response at the 
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Figure 4: The response uniformity of the pres ampler across tile borders to muons. 
a) a horizontal scan in x-direction (* represents response of tile 1, 0 for tile 2 and. 
sum of both), b) a vertical scan in y-direction, perpendicular to the embedded fibers. 
The dashed lines indicates the fiber position. 

center of the tile and averaged over uniformly populated rectangles of 90 x 5 mm. 
The nonuniformity in the sum of the two bordering tiles is a few percent in the re
gions of the fibers; horizontally (figure 4a) the tiles are mounted within one cassette, 
not allowing any gap in between. Vertically (figure 4b) a signal drop is observed 
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etween the cassettes due to the 1.4 mm gap between the scintillator tiles. The 
onuniformity averaged over the surface of a tile is less than 1% . 

. 3 Electron energy correction 

igure 5 shows the correlation between the pres ampler signal (normalized to the 
verage signal of a minimum-ionising particle) and the calorimeter signal for 25 
leV electrons as a function of the amount of absorber material. 
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~igure 5: Calorimeter versus presampler response for 25 Ge V electrons and absorber 
naterial ranging from 1 to 4 Xo. The line represents the fit to the data according 
ormula (1). 

We have considered a variety of parametrisations for the relationship between 
:alorimeter and pres ampler responses. In the well-defined environment of a test 
leam the correction is straightforward and depends on the incident energy and the 
Lmount of absorber material, both of which are precisely known. 

In a detector environment the amount of absorber material in front of the 
:alorimeter is not uniformly distributed, arising from cables, support structures, etc. 
)ne can, however, identify regions where the average amount of absorber material 
s roughly known. For this reason we show here the r~sult obtained with one set of 
:orrection constants common to the 1 and 2 Xo data set and one for the 3 and 4 
1(0 data set. The relation between the measured mean values of Eca/ and Ep""" has 
Jeen parametrised in a linear approximation: 

(I) 

rhe result for the two data sets for 25 GeV electrons is shown in figure 5. The 
larameters ai depend on the amount of material and on the electron beam energy. 
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his correction algorithm allows for a linear energy dependence of the parameters ai: 

= O:i + {3iEbeam' We neglect the dependence on the amount of absorber material 
order to estimate the success of the algorithm when the amount of absorber varies 

ithin the data sample. The parameters O:i and {3i are determined by minimising 
Le difference of the beam energy and the corrected calorimeter signal. The results 
·r the corrected .calorimeter response for electrons in the energy range 3-50 GeV, 
:e shown in figure 6. This procedure provides a correction accurate to 3% for the 
lergy range studied here, but for an overcorrection of about 10% for the 3 Xo data 
lints at low energy. For electron energies greater than 5 GeV and for absorber 
llckness less than 2 Xo, the values relevant to the operation of the ZEUS detector, 
Lis simple correction algorithm yields a systematic precision of 2%. 
he improvement in the energy resolution as well as in the energy scale is shown in 
~ure 7. The energy distribution of 25 GeV electrons for a merged 1-4 Xo data set 
shown before and after correction. 

Summary and conclusions 

Ie have described the pres ampler which is in use for the ZEUS calorimeter. It is 
Lade of scintillator tiles, read out with wavelength-shifting fibers embedded in the 
:intillator. The efficiency to identify single charged particles is above 99%. The 
!sponse over the tile is uniform within 5%. The performance of the pres ampler 
L combination with a prototype ZEUS calorimeter is measured for electrons in the 
nergy range 3-50 GeV, with various amounts of absorber material (up to 4Xo) posi
oned in front of the pres ampler/calorimeter. There is a linear dependence between 
1e energy lost and the pres ampler signal. This dependence is a function of the 
mount of absorber material and the incident energy, which allows the calculation 
f the energy lost in the absorber material. 
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ABSTRACT 

Optical properties of polystyrene WLS fibers with different cladding, con
entration and UV absorber are compared. Typical results for fibers from Bicron, 
:uraray and Pol.Hi.Tech are presented. 

Introduction 

n this paper we will report on our experience on polystyrene WLS fibers developed 

)r electromagnetic and/or hadronic calorimeters. This work is still in progress 

.nd it is essentially developed to optimize the performance of the Barrel Hadronic 

jalorimeter of ATLAS (TILECAL/ATLAS) 1) 2) 3) 4). Fibers from BICRON, 

CURARAY and POL.HI.TECH companies are being tested and used to build proto

ypes and the final ATLAS calorimeter. Tests have been also made in order to select 

.vLS fibers for the upgraded DELPHI Scintillator TIle and WLS fiber Calorimeter 
STIC) 5). 

Experimental results 

rhe general requirements for electromagnetic and hadronic calorimeters are not 

lecessarily the same. Fibers for electromagnetic calorimeters are about 50 cm long 

as it is the case when the absorber is lead) and for hadronic calorimeters the typical 

engths are of the order of 200 cm. The, density of fibers can also change drastically 

'rom one calorimeter to another, making light yield very critical. 

In this paper we will report on the optimization of some properties of 

,he optical fibers: light yield, attenuation length, response to charged particles and 

nechanical flexibility. This work was developed in close collaboration with BICRON, 

<URARAY and POL.HI.TECH. Experimental results for the optical properties of 

ibers measured as function of cladding type, dopant or UV absorber concentration 
md mechanical properties are presented. 

Fiber response to the blue TILECAL scintillator 6) is measured using a 

)j-alkali photomultiplier tube (PMT) and integrating the current I(x) with a digital 

nultimeter. The light in the scintillator is excited by electrons from a 90Sr {3-source. 
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The same ,a-source was used to evaluate the WLS fiber response to charged particles. 

Position of the source, movement of the scanning table and measurement of current, 
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Figure 1: Light output l(x) for some typical 200 cm long WLS fibers as a function 
of distance x to the PMT (left). Light output of WLS fibers normalized to the 
BCF91A fiber * (right). 

is computer controlled by a Macintosh equipped with LABVIEW software 7). The 

fibers light output can be described satisfactorily (see Fig.I-left) by the sum of two 

exponentials with attenuation lengths L1 (short) and L2 (long). 

2.1 Effect of the dopant concentration 

Since 92 that fibers with various dopant concentrations have been systematically 

tested. Optimal concentrations for each of the selected type of fibers were found. 

Till a certain limit, the light yield increases with increasing dopant concentration. 

First, the light transmitted through the fiber is not attenuated, but after a certain 

dopant concentration, the increase in light yield is obtained at expenses of decreasing 

the attenuation length. 

In Fig.I-left are shown the lightoutput I(x) of the several typical fibers 

tested for the TILECAL calorimeter: Bicron BCF91A and BCF99-28, Yll from 

I<uraray (the nu~ber in parentheses stands for the dopant concentration, M for 

multicladding and S means that the fibers are produced to be flexible), and S048-100 

from Pol.Hi.Tech. In Fig. I-right the same experimental results are shown but with 

the I(x) values normalized to the correspondent values for the BICRON BCF91A 

fibers used to instrument the first TILECAL prototype. For each of those fibers, 

optimized in dopant concentration, the optical characteristics are shown in table 1. 
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~igure 2: Light output I(x) for some typical 50 cm long WLS fibers as a function 
If distance x to the PMT (left). Light output of WLS normalized to the BCF91A 
iber _ (right). 

\ll three producers can offer WLS fibers with light output and attenuation length 

~2 that are compatible with the minimal requirements of the TILECAL calorimeter 

about 150 cm for non alumin.ized fibers). However for some of these fibers other 

>arameters need also to be optimized, such as mechanical fragility and radiation 
lardness 3) 9). 

Fig.2-left and 2-right shows recent experimental results from studies to 

>ptimize the light yield response of short fibers (50cm long) to instrument the up

~rade DELPHI STIC calorimeter. Fibers with 300 ppm of dopant concentration 

:an be adequate for this detector by increasing the signal/noise ratio improving the 
:letection of particles depositing little energy in the calorimeter as it is the case of 

nuons. Since the fibers are short, it can be possible to increase the light yield with

)ut appreciate deterioration of the effective attenuation length. This value, when 

measured between 20cm and 40cm from the PMT is '" 100 cm without mirror and 

:tbout 350 cm with an aluminised mirror (reflectivity of 0.7) at one fiber end. 

In Fig.2 it can be seen the gain in light output, when using Yll fibers 

instead of the Y7. Yll fibers were not available when the STIC was designed and 

material commissioned. Typical values for lightoutput and attenuation length are 

shown in table 2. 

i?1 



A. Maio 

Company Fiber type UVA L2 1(90) I (140) 
conc (ppm) (cm) (a.u.) (a.u.) 

Bicron BCF91A 262 (4.7%) 2.09 (1.3%) 1.69 (2.8%) 
BCF99-28 0 261 (4.0%) 3.45(1.7%) 2.86 (1.4%) 

BCF99-28A 600 186 (2.2%) 2.94 (2.6%) 2.18 (2.7%) 
Kuraray Y11(200)MS 0 310 (6.2%) 4.03 (1.4%) 3.46 (1.1%) 

Yll(200)MS 1000 280 (1.9%) 3.99 (1.9%) 3.43 (2.4%) 
Pol.Hi.Tech S048-100 N4 291 (9.2%) 3.11 (2.8%) 2.63 (3.3%) 

S048-100 UVA not spec. 303 (3.7%) 2.03 (1.9%) 1.72 (1.9%) 

Table 1: Typical values for lightoutput I(90cm), I(140cm) and attenuation length 
L2 (long component), of 200 cm long fibers. In 0 are shown the fiber to fiber 
fluctuations, for an average of 5 fibers. 

2.2 Fiber cladding 

In Fig.1 it is shown the optical improvement by using a multiclad instead of a single 

clad fiber. KURARAY Multiclad fibers are available since last few years 8). When 

compared with single clad fibers they show an increase of about 40%. BICRON 

and POL.HI.TECH are also developing this technique but the results are not still 

satisfactory, as it can be seen in Fig.I. 

2.3 Fibers with UV absorber 

Experimental tests on the first TILECAL prototype 10), have shown that muons 

or pions impinging on the crack region between scintillators (where the fil;>ers sit) 
produce an enhancement of the calorimeter signal, leading to appreciable nonuni

formities. This effect can be reduced with the addition of small concentrations of 

UV absorber (UVA) to the mixture used in the commercial standard fibers. In Fig. 
3 it is shown the ratio of the light output at 140 cm, for fibers doped with and 

Fiber type L [20-40 cm] 1(20) I (40) 
(cm) (a.u.) (a.u.) 

Y11(200)MS 100.9 6.08 5.00 
Y11(200)MS alum 366.0 8.56 7.76 

Y7(250) 76.5 4.13 3.21 

Table 2: Typical values for lightoutput I(20cm), I(40cm) and attenuation length L 
between 20 and 40 em, for 50 cm long fibers. 
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rithout UVA as function of the UVA concentration. For the TILECAL calorimeter 

he 600ppm UVA, results in a optimal uniformity of the calorimeter. 

,A Mechanical stress 

~lexibility of the WLS fibers for TILECAL calorimeter is mandatory. The fibers 

teed to be curved to diameters of about 10cm or less and they should survive during 

o years. Mechanical fragility of fibers can be considerable 3). Presently, the plas

icity of the fibers can be optimized to reach the calorimeter required performance 

LS it is shown in Figo4. Some of the fibers can be bended to diameters of 5 ern 

,vithout appreciable degradation of the attenuation length. Tests are underway. 

3 Conclusions 

Bicron, Kuraray and Pol.Ri.Tech produce WLS fibers with adequate light yield 

and attenuation length to be used in electromagnetic and/or hadronic calorimeters. 

Plasticity of fibers allows curvatures with diameters of the order of 10 em and WLS 
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dopant and UV A absorber concentration can be tuned to specific requirements. For 

calorimeters using a small density of WLS fibers, as the case of TILECAL, multiclad 

fibers with light yield similar to the Yll KURARAY fibers will improve considerably 

the calorimeter performance. Radiation hardness of fibers was presented in another 

paper of this Conference, but should not be forgotten when selecting WLSfibers. 
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ABSTRACT 

Ie backward region of the HI detector has been upgraded in winter- shutdown 
)4/95 with a new lead/scintillating-fibre calorimeter SPACAL consisting of two 
)arate parts a closest to an interaction point electromagnetic section followed by 
ladronic section. Later in winter shutdown 1995/96 a volume around the beam 
)e in the iron return yoke has been instrumented with a small backward plug 
lorimeter worked out with the same technology. The purpose of these detectors 
a precise measurement of the energy and position of the scattered electron in ep 
llisions at HERA up to tiny angles w.r.t. the beam pipe corresponding to low Q2 
lematic domain. SPACAL also determines the hadronic energy flow and provides 
)recise time information to suppress beam-related out of- time background events 
the first trigger level. The recent experience with the data taken is presented. 

Introduction 

winter-shutdown 1994/95 the backward region of the III detector at the ep stor

e ring HERA has been equipped with a high-resolution lead/scintillating-fibre 

lorimeter SPACAL 1). The calorimeter comprises an electromagnetic anel a 

dronic section. In 1995/96 the acceptance near the beam pipe has been fur

er increased by adding a backward plug calorimeter BPLUG. The position 01" the 

lorimeters inside the I-Il detector is illustrated in Fig. l. 

The main physics motivation for the construction of a high-resolution 

lorimeter is the measurement of the proton structure function which implies a pre

,e reconstruction of the kinematic variables in deep inelastic scattering events 1) 

) to very low x values of the ordf'r of 10-5 with low Q2 values of 0.1 (;e \/2. 
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The aim for a good energy resolution which directly affects the x resolution 

led to the choice of 0.5 mm diameter fibres in combination with a lead- to- fibre ratio 

of 2.3:1 for the electromagnetic section 2, 3). The large acceptance up to angles as 

large as 177.5° and the need of a good Q2 resolution requires the angular resolution 

to be of 1 2 mrad which corresponds to a position resolution of a few millimeters 

1). This fact in turn requires the fine granularity of the electromagnetic SPACAL. 

The hadronic section of SPACAL 3) aims to measure electromagnetic 

energy leakage from the electromagnetic section and, in combination with it, to 

measure hadronic energy flow in the backward region. The extra ~ U depth of 

the hadronic section, together with ~ U of the electromagnetic part, provides 

longitudinally- segmented calorimetry which enhances the e/,rr separation capabili

ties 4) and improves the measurement of hadronic jets. 

The special innermost 16-cell module of electromagnetic section, so called 

insert, measures electrons scattered to small angles and controls the energy leakage 

into the beam pipe. 

To suppress the background induced by the proton beam the calorimeter 

is exploiting the 9 ns (for the electromagnetic section) or 12 ns (for the hadronic 

one) time-of- flight (ToF) difference of particles originating at the ep collision vertex 

compared to those from upstream proton beam background events. Based on precise 

timing, SPACAL provides the HI detector with a veto on this background at· the 

first level trigger. 
A summary of the basic design requirements and construction parameters 

is given in Table l. 

The backward plug calorimeter BPLUG extends the acceptance of the 

electromagnetic and hadronic calorimeter to polar angles of 178.7°, covering a Q2 

range of approximately 0.1 - 0.5 Gey2 for events at the nominal ep interaction 

vertex. This kinematic domain is particularly interesting as the transition region 

between deep inelastic scattering and photoproduction processes. All 12 modules 

of BPLUG 3) have a lead-to-fibre ratio of 3.4:1 with 1 mm thick fibres similar to 

the hadronic section. Being placed a larger distance from the ep collision vertex 

BPLUG provides additional veto information to the HI first level trigger. 

Since all sections of SPACAL are situated in a strong magnetic field of 

1.0 Tesla, they are equipped with fine-mesh photomultipliers from Hamamatsu (for 
details see .5)). 

A precise energy measurement requires the effective monitor of any short

term fluctuations and long-term drifts of the photomultiplier gains with a precision 

of a few per mil. This task is fulfilled by means of a light- emitting diode (LED) 

monitoring system 6) 
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The calorimeter electronics comprises three parallel branches for energy 

~asurement, time measurement and trigger information 7). 

Table 1: Construction parameters of the calorimeter. 

I Electromagnetic section I Hadronic section 

Acceptance 1530 < () < 177.50 1600 < () < 1780 

Energy resolution ::::; 2% at 30 GeV (electr.) '" 40% (hadr.) 4) 

Angular Resolution 1-2 mrad -
Time resolution < 1 ns < 1 ns 

e/7r Rejection > 100 4) -
Lead/fibre ratio 2.3: 1 3.4 : 1 
Fibre diameter 0.5 mm 1.0 mm 
Number of channels 1192 136 
Size of standard cell 40.5 x 40.5 mm 2 119.3 x 119.0 mm 2 

Active length 250 mm 250 mm 
Radiation length 9.0 mm 8.5 mm 
Interaction length 250 mm 246 mm 
Moliere radius 25.5 mm 24.5 mm 
Lead-fi bre-density 7.3 g/cm3 7.7 g/cm3 

Performance of the electronics 

he signals from an integrating preamplifier situated directly on the base of every 

lOtotube arrive through coaxial cables to the energy, time and trigger branches. 

he slow energy branch signal is bipolar and peaked at 300 ns. It is delayed by an 

Ijustable delay line, stored in a sample/hold circuit and then digitized by two 12 

ts ADCs through a 128-channel multiplexer with 2 outputs with a gain ratio of 

7. Thus the effective dynamical range of 14 bits is reached and covers the energy 

nge from few tens MeV (as deposited by minimum ionizing particle) up to 40 GeV. 

he noise level in this branch was observed to be O'noise ~ 3 JvIeV. 
To provide a time resolution of better than 1 ns, the calorimeter signals are 

d into fast shaping units with a peak time of 6 ns followed by Constant Fraction 

iscriminators (CFD). One CFD output is sent to a 6-bit TDC, the other is put in 

lincidence with the in- time ToF window gating the signals from the nominal vertex 

. ep collisions. In the first year of running we achieved the desired time resolution 

. better than 1 ns for particle energies ranging from a few hundred MeV up to 

) GeV. The typical TDC time distribution for electron candidates with an electron 

llster energy above <1 GeV is illustrated in Fig. 2. The fit with the Gaussian yields 

Tor ~ 0.6 11S which is in agreement wit.h test beam results 2) 

,..,,..,,.., 
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The trigger branch 7) signals are peaked at 30 ns and are directed ac

cording to the ToF/coincidence into/the in-timy ToF or out-of-time AToF channel. 

The noise level was found to be (Jnoi •• ~:3 MeV. An analog adding tree produces 

various ToF and AToF energy sums and the Inclusive Electron Trigger (JET). The 

lET system provides a high granularity of 320 16 x 16 cm 2 overlapping trigger win

dows with three different ToF energy threshold levels. The three levels may be set 

to 15 GeV for high- energetic electrons to be used for calibration, to 2-6 GeV for a 

low- x physics trigger and to ~ 100 MeV as a minimum-bias trigger. In addition, 

the thresholds may vary over detector area. For the first year of data taking, we 

decided to divide the detector into three regions of different thresholds. The lowest 

threshold was set to 4 GeV for the central detector region and to 1 GeV for the 

outer region. 

The threshold curves for the central area of electromagnetic section corre

sponding to second (physical) and third (calibration) thresholds are shown in Fig. :3. 

The 100% trigger efficiency is reached for electron energies larger t.han 9 GeV in 

genuine deep inelastic scattering events. Excluding a slIIall number of IlOt. yet fully 

optimized detector channels full efficiency is reached at. 10wf'1' c:icrt.roll energies of 

about 4 GeV. This allows us to extend the kinematic I'allgp of st.ructuI'C! fUllction 

measurements 8) compared'to previous HI results 9) 

3 Monitoring and Energy calibration 

To be able to fully exploit the intrinsic energy resolution of tll(' ndorilll!'t.(!r, t.lw 

precision of the energy calibration is of major importancp. Thf'r!'foJ'(' 1.1)(' p;aills or 

photomultipliers are carefully monitored in time with a specialligllt puls(!r i)ilsed Oil 

LEDs illuminating via the optical fibers the phototubes. Thp syslPrn is a.lso lIs(!d 

for initial HV setting and rough timing adjustments. The respolls!' of cv!'ry LI~;I> 

is monitored with photodiodes to be read out in the sanlP way as t II!' signals 1'1'0111 

photomultipliers. The LED Trigger rate was set to 1 Hz in 199.''). 'I'll!' r!'spOIlS(' or 

the phototube normalized to the response of the corresponding photodiode is sllowlI 

as a function of time in Fig. 4. The upper picture illustrates the bad photot.ube 

to be replaced during 1995/96 winter shut-down, while the oLllPr onp is the typical 

behavior of the gain with the instabilities of less then 1 %. 
The relative calibration of the electromagIletic section is based on three 

main methods: calibration with high-energetic electrons in deep inelastic scattering 

events, with cosmic muons and with muons of the proton beam halo. For the inter 

calibration of the hadronic section, cosmic muons and halo muons a('(' used. 

Th(' scattered electron spectrum shows a steep peak at energies rlosp to 

t IIf' incoming e1ect.ron beam energy. The position of the peak is well known by 

'1'1Q 
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ton structure measurements of fixed-target data and can thus be used to calibrate 

detector cells 10). The calibration procedure constrains the energy sum of 

ically 3-4 cells. In Fig. 5 calibrated data and simulation spectra are shown for 

ee detector regions of different radial distance to the beam line. The excellent 

eement of data and simulation is clearly visible. For the inner region of the 

ector we obtain a precision of 1- 2% in the relative energy calibration. Analyzing 

detailed peak shape we derive a stochastic term for energy resolution of (J" / E = 
% consistent with our test beam measurements 2). The outer and partially 

~rmediate regions are calibrated with cosmic and halo muons as the electron 

drum suffers from poor statistics in that areas ( see Fig. 5). The hadron section 

:alibrated with cosmics.The size of cosmic muons and halo muons signals in the 

lronic calorimeter corresponds to ~ 150 MeV and ~ 400 MeV, while for the 

ctromagnetic section the numbers are ~ 50 MeV and ~ 400 MeV respectively. 

e signals are well above noise level. The precision of the relative energy calibration 

,h muons was determined to be 2-3% . 

Using the data taken in 1995 we directly determined the spatial resolution 

king at the difference between the position of electron cluster calculated as centre 

gravity for cells weighted as a logarithm energy and the respective measurement 

m a backward drift chamber BDC (see Fig. 1). For electron clusters with the 

!rgy above 15 GeV and the distance w.r.t. the beam pipe of less than 15 cm an 

vIS of position resolution was measured to be (4.0 ± 0.2) mm . 

To understand our absolute energy scale we used several methods. One of 

~m is the electron proton scattering with radiative Compton photons in the final 

Lte 11). These events have very simple topology with only one or two tracks in the 

tckers and two coplanar and distinct electromagnetic clusters in electromagnetic 

:tion. Then the energy of every cluster is constrained by the kinematics of an 

~nt and can be easily calculated from the initial electron beam f'nergy and angle 

~asurements in trackers. To estimp.,te the linearity of the absolute energy scale we 

~ the expression 1. 
E~:~3 -.:. E~!i: 

Edus 
calc 

(1) 

the Fig. 6 the difference of eq. 1 in MC calculations and data is drawn against 

e cluster energy as measured in the calorimeter. The linearity of the energy scale 

lows the Monte Carlo calculations within'" 1 % for the clusters above 10 GeV. 

lOther similar approach, the '~ method', makes use of the 'l7r acceptance of the 

l detector which enables to reconstruct the kinematic variables in deep inelastic 

attering using measured quantities from the hadronic final state (calorimetric and 

\ck information) 12). The comparison of the calculated energy with the energy 

at is directly measured in the SPACAL calorimeter serves as a powerful tf'sl for 
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the understanding of the absolute energy scale. In Fig. 7, the distribution of the 

ratio of the kinematical variable y measured using the '2;- method' and the scat

tered electron, y'£,/y., and the distribution of the ratio for the transverse momenta, 

Pt,h/Pt,e, are shown. Good agreement with Monte Carlo is seen for both distribu

tions. Finally we estimate the uncertainty of our absolute electromagnetic energy 

scale to be 2% 

4 Summary 

The first year of data taking has proved that the new HI lead/scintillating-fibre 

calorimeter SPACAL is working according to the design specification. 

The noise in energy and trigger branches was observed to be O"noise ~ 

3 MeV. A time resolution of better than 1 ns was reached for energies as small as a 

few hundred MeV. The trigger performance and its thresholds have been understood. 

The typical gain deviations of phototubes of less than 0.5% were observed with the 

LED monitoring system. A stochastic term of energy resolution of 1.5% for 30 

GeV electrons was confirmed by real data. The first relative calibration with high

energetic electrons reached a precision of 1-2 %. The calibration of the hadronic 

calorimeter section was performed with cosmic and beam halo muons leading to a 

precision in the order of 2%. The uncertainty of the absolute electromagnetic energy 

scale was estimated to be 2%. Using the data taken an RMS of position resolution 

of the order of 4 mm for clusters at a radial distance below 12 em w.r.t. the beam 

pipe was measured. Our Monte-Carlo simulations reasonably describe data. 

We conclude that HI SPACAL became a working detector which was able 

to record a large first set of high-quality data in its first running period. 
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ABSTRACT 

e design and status of construction of the KLOE electromagnetic calorimeter are 
;cribed in this report. A particular accent is put on the physics motivations that 
Ie driven the calorimeter parameters. At this moment 19 out of24 Barrel (central) 
,dules and 42 out of 64 End Cap (forward) modules have been built. A full 
~ prototype module has been tested at PSI beam (Zurich) showing performances 
;hin specifications. All modules are tested, as they are built, at the Cosmic Ray 
3t Stand facility set up in Laboratori Nazionali di Frascati. The results of these 
ts show a time resolution of 55 psi V E(GeV), a spatial resolution along the fiber 

0.9 cm/vE(GeV) and an energy resolution of 4.7% IVE(GeV). 

The KLOE calorimeter group is composed by : 

M. Antonelli:, F. Anulli:' G. Barbiellin'i! S. Bertolucci:' C. Bini! C. Bloise:, R. Caloi! 
G. Cabibbo,9 P. Campana:' F . Cervelli; G . De Zorzi/ G . Di Cosimo! A. Di Domenico! 

'. Erriquez,a S. Di Falco; A. Farilla~ A. Ferrari/ P. Franzini/,d P. Gauzzi! S. Giovannella:' 
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1 CP Physics at KLOE: the role of the EMC 

The main goal of the KLOE 1) experiment at the DA<I>NE r/> factory is to study CP 

violation in the Kaon system, in particular by measuring lR(c'/c)with an accuracy 

of 0(10-4
). The golden channel in which to perform this measurement is 'the decay 

chain r/> -t f{Sf{L -t (rrrr)(rrrr). The electromagnetic calorimeter (EMC) has to 

be able to reconstruct the neutral decay vertex f{L,S -t rrorro. In the r/> two body 

decay,the neutral Kaons are emitted at low speed ((3 ~ 0.2) and the energy spectrum 

of photons from pion decay ranges from 20 to 280 MeV. Therefore the EMC has 

to able to detect photons wi th very high efficiency down to 20 MeV. Moreover the 

EMC has to measure the f{L decay point (neutral vertex) with a precision of ~ 1 em, 

to define with sufficient precision the Fiducial Volume. This can be accomplished by 

measuring the I conversion point, with an accuracy of ~ 1 em and its arrival time 

on the calorimeter, with an accuracy of ~ 150 ps (the algorythm used to reconstruct 

the neutral vertex is discussed, for example, in 1)). This implies that the EMC 

has to have excellent time and position performances. Note also that, given the I<L 
mean fly path of 343 em, the photons will impact on the calorimeter face from all 

directions, making useless a projective geometry. 

The main background to the neutral channel is the CP conserving decay 

f{ L -t rrorrorro, in which two of the final pions are missed. This channel is ~ 200 

times the golden channel, so, in order to get the required accuracy on lR(c'/c), it 

has to be suppressed at the level of 10-4
• In order to reach this rejection factor the 

calorimeter has to be as hermetic as possible. 

The requirements on KLOE EMC can be summarized as follows: 

• Full efficiency in the range 20 - 240 MeV 

• Excellent time resolution (~70psJE(GeV)) 

• Determination of I conversion point with an accuracy of ~ 1 em 

• Good energy resolution (~5%JE(GeV)) to apply kinematical constraints 

• Fast response for trigger purposes, mainly to reduce the Bhabha rate (~ 
50 [(hertz) 

All of the above has to be accomplished by a calorimeter having dimensions 

of ~ 4m! 
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The KLOE calorimeter 

'en the above requirements, the choice' has been made to use a fine sampling 

i-scintillating fibers calorimeter with 1 mm fibers and 0.5 mm thick lead foils 

t together by optical glue (Bycron BC600). The ratio fiber:lead:glue is 48:42:10 

allowing for a very high sampling fraction of 13%. It is very important to note 

t the fibers run perpendicular to the incident particle (at least for partiCles from 

Interaction Point), differently from the standard Spaghetti calorimeters. 

The calorimeter density is p = 5gr/cm3 and its equivalent interaction 

gth is Xo = 1.5 em. 

The KLOE electromagnetic calorimeter 1) consists of a central part, the 

Tel and two end-caps (see fig.I). The barrel covers the angular region 43° < () < 
and it is organized in 24 modules of trapezoidal cross section 4.3 m long and 23 

thick (15Xo), approximating a cylindrical shell of 4 m inner diameter. Fibers 

l parallel to the beam. Each end-cap consists of 32 modules of different lengths 

ich run parallele to the vertical (y) axis. They also are 23 cm thick and are bent 

,wards at the two ends, becoming parallel to the barrel. The resulting C shape 

,vides a hermetical coverage of the calorimeter. 

Kuraray SCSF-81 and PoI.Hi.Tech. 0046 fibers, both emitting in the blue 

ion, are used: measurements carried on samples of fibers shows that they satisfy 

. requirement for light yield, scintillation decay time and attenuation length 3).· 

Modules construction 

Mechanical assembly 

e mechanical assembly of barrel modules is being carried out at PoI.Hi.Tech. with 

peed of construction of 3 weeks/module. First of all, (450 x 65) cm2 1ead foils 0.5 

n thick are machined to the proper grooved shape by our lead-a-matico Tolerances 

foil construction are kept tight in order to facilitate the assembly: grooves do 

t deviate by more than 0.5 mm from a straight line, while the pitch is precise to 

evel of 20 -;- 30 11m. The assembly starts by glueing the first lead foil on the 3 cm 

ck aluminum supporting plate. After the first layer is set, non aggressive epoxy 

le (Bicron BC600) is distributed on the plane, a layer of fibers is positioned in the 

loves and glue is spread again before positioning next lead foil. This procedure is 

)eated until a stack of 7-8 planes is formed. Before the glue starts curing, a uniform 

~ssure of 1 Ton is applied for 2 hours on the calorimeter surface to allow a more 

iform glue distribution. The procedure of stacking is repeated until a thickness 

23 cm, which corresponds to '" 200 lead-fibers planes, is reached. The thickness 

the growing stack is surveyed during the construction in 30 specific points along 



M. lncag/i 

/'/ I 
BARREL I IRON YOKE 

'\ "-COIL &: CRYOSTAT 

I 
Tr' 'r-r' 
BARREL EMC I--~~ 

~~--

II 
---

~ 
DRIFT 
CHAUBER 

ENOtAl' 

IRON:/ 

::: EUC ~~ 
I I I I I 

500 1000 '500 2000 2500 3000 
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including the beam pipe. Length scales are expressed in mm. 
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~ module surface. Maximum deviation from nominal values are around 2 mm. 

A similar technique is used also for end-cap modules, the only relevant 

ference being the treatment of the curved sections. The growing stack is assembled 

t on a special platform with removable ends. After one hour of stacking tht;se 

tensions are removed and the lead-fibers composite is laid with a special tool on 

~ curved aluminum supporting plate. Pressure is then applied on the straight and 

rved sections for ~ 2 hours. Since we have 64 modules of different dimensions, we 

~ building them in three parallel assembly stations in Frascati, Pisa and Romal, 

:h one being specialized for different module sizes. Speed of construction is ~ 2 

:eks/module. 

Fibers quality monitoring 

fundamental requirement of our calorimeter is to maintain the excellent time 

lOlution shown by module 0 for all the other modules. Since (jT depends on the 

;ht yield as 1/ fN;., we monitor the fibers quality by randomly testing two fibers 

:r batch. The set-up consists of a {3 source (Sr90
), which can be positioned in 

ference points along the fiber, and a PM optically air-coupled. The intensity of 

e current is registered on each point and then fitted with a sum of two exponentials 

nctional form. The longest attenuation length, A, and its corresponding current, 

are reconstructed with a reproducibility of 2% and 4% respectively. 

Values obtained for Pol.Hi.Tech. fibers have a wider spread in the I-A plane 

ld show on average worse characteristics respect to the Kuraray ones. Still, the 

)l.Hi.Tech. production has gone through a continuous improvement in 1994 and 

lce 1995 the two kind of fibers are practically equivalent. 

In order to guarantee a uniform response among calorimeter modules of 

fferent lengths, we select fibers which give the same amount of current when illu

inated at their farthest end. Therefore the older Pol.Hi.Tech. production is used 

r the construction of short end-cap modules. 

3 Modules final coverage 

nce the modules are mechanically assembled and milled, they are sent to LNF for 

Le final mounting. Each of them is wrapped with 0.1 mm thick aluminium tape 

r light tightness and then the read-out system is mounted on the two ends: light 

lides are glued and PM's holders are mounted in an aluminum box. 

4 Status of construction 

t the moment we have 19 out of 24 ba1Tei modules fully assembled and 42 out of 64 

1d-cap modules mechanically built. The end of mechanical construction is foreseen 
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Figure 2: Energy response for electrons. 

for November 1996; all modules will be equipped within March 1997. 

3.5 Modules readout 

The modules are read-out in both ends, in order to reconstruct the coordinate along 

the fibers using time differences, by collecting the signal of group of fibers and 

reading it with a photomultiplier (PM). The fibers are coupled to the PMs by light 

guides; the resulting granularity is around (4.4 x 4.4) cm2• 

Each light guide consists of a mixing part and a Winston cone concentrator. 

This system allows for an area reduction up to 4 still mantaining a a high efficiency 

in light collection (~ 87%) and a good uniform distribution on photocathode. 

The calorimeter is inside the superconducting coil that provides a magnetic 

field of 0.6 T. In the PM area the residual magnetic field is up to 2 [{gauss, with an 

angle with respect to the PM axis up to 25°. Because of this fine mesh Hamamatsu 

R5946 PM's, specially designed for KLOE, are used. They have been tested 4) 

within a solenoid showing a response indipendent from the magnetic field, in the 

KLOE working region. 



~ 0.2 r------------,---------, 
""-

0'" 

0.15 

0.1 

o col 6. ~o·. 6=0· 

c col 7. ~o·. 6=0· 

0.05 A col 7. ~20·. 9=0· 

o col 7. ~o·. 6=20· 

o col 7. cjl=O·. 9=40· 

50 100 150 200 250 300 350 

~in(MeV) 

Figure 3: Energy resolution for electrons. 

-- ~ ,-----------------------------------, 
~ 

1 • - Collection of r •• ults by S.lwoto DPNU- I 3-80 
b 25 

0- HI SPAghetti CALorimeter • 
* - KLOE EM colorimeter 

20 

• 
15 • 

•• 
10 

• • 
5 * 
0

0 10 12 H 
Pb thickness (mm) 

M.lncagli 

gure 4: Energy resolution of lead/scintillator sampling electromagnetic calorime
's as a function of the lead thickness. 
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4 Test of Module 0 

At the beginning of 1994 the first full size barrel module has been built, equipped 

with the final light guides, PM's and front-end electronics. It was taken to the Paul 

Scherrer Institut, Zurich, in July to be tested with electron, muon and pion beams 

in a momentum range 100 + 450 Mev/c. In the following, results for electrons are 

discussed. 

4.1 Energy response and resolution 

The module was calibrated using m.i.p.s: the energy released in each cell from 

particles impinging perpendicularly to the calorimeter (MIP) is the unit of energy. 

The distributions of total energy, that is the calibrated sum over all channels, are 

gaussian with almost no tails. The energy response is linear, independently of the 

incidence angle (see Fig. 2). The slope of 31 MIP /GeV corresponds to a sampling 

fraction of 13% and to a light yield of '" 1660 Npe/GeV for Kuraray fibers and '" 

1075 for PoI.Hi.Tech. ones. The energy resolution (Fig.3) is (7E/E = 5%/JE(GeV) 
and is fully dominated by sampling fluctuations. 

This excellent resolution is mainly due to the very fine sampling. Also the 

usage of scintillating fibers, instead of scintillator slabs, allows for the construction 

of homogeneus devices. Figure 4 shows a collection of results, taken from 6), of 

the energy resolution as a function of lead thicknes for standard electromagnetic 

calorimeters. In the same plot the resolution found in HI calorimeter, described in 

another report of these proceedings, is plotted, too. 

The HI SPACAL calorimeter uses scintillating fibers of 0.5 mm diameter. 

These fibers point toward the Interaction Point, and this causes channeling effects 

that worsen the resolution, as compared to KLOE EMC. 

4.2 Time resolution 

The event time is defined as the mean time obtained using all the cells belonging to 

the shower, weighted with their own energy: 

T = ~ Li(TA + TB)i (EA + EB)i 
2 E;(EA + EB)i 

A simple gaussian fit nicely reproduces the time distribution. After quadrat

ically subtracting the jitter of the trigger ('" 180 ps), we parameterize the time res

olution (Fig. 5) as: (7T = 72 psi J E(GeV) showing its dependence on the number of 

photoelectrons Npe. 
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Test with cosmic rays 
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order to perform a quick and simple test of all EMC modules, a Cosmic Ray Test 

and (CRTS) was assembled at Frascati Laboratory. The CRTS will be described 

detail by P.Gauzzi in a separate report of these proceedings. 

The Test has shown that the "real" modules have preformances that are 

en better than the one observed for prototype O. This mainly because of two 

dors: 

• the performances of PHT fibers have definitely improved with time, passing 

from an average attenuation length Ao ~ 2.5 m to A ~ 3.5 mj 

• the Kuraray fibers have shown a big sensitivity to blue lightj screening with 

yellow filters the halls where modules are built, has resulted in a reduction of 

light damage and in an improvement of performances. 

ue to these improvements, the time resolution of the calorimeter modules has gone 

lwn to at = 55ps/VE and the resolution on the coordinate along the fiber is 

: = O.9crn/VE. 
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6 Conclusions 

The CP violation physics program of KLOE experiment at DAtPNE requires ex

cellent e.m. shower detection performances. A hermetic, fine sampling calorimeter 

is under construction. A full size barrel module prototype was tested on e,lr ,j1. 

beams at PSI (Villigen, Switzerland), while the final modules are tested at a Cos

mic Ray Test Stand in Frascati before the final assembling. Energy resolution 

aE/E '" 4.7%/JE (GeV) and time resolution aT '" 55 ps/JE (GeV) are the most 

significant characteristics of this detector. 
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ABSTRACT 

'e report on the performance of the high energy resolution calorimeter of the 
HORUS experiment, which searches for VjJ-V'" oscillations in the CERN Wide 
and Neutrino beam. This calorimeter is longitudinally divided into three sectors: 
le electromagnetic and two hadronic. The first two upstream sectors are made of 
ad and plastic scintillating fibers in the volume ratio of 4/1, and they represent 
le first large scale application of this technique for combined electromagnetic and 
ldronic calorimetry. The third sector is made of a sandwich of lead plates and 
intillator strips and complements the measurement of the hadronic energy flow. 
l this paper, we briefly describe the calorimeter design, we show results on its re
lonse to electrons and pions, obtained from tests performed at the CERN SPS 
ld PS and we present some results obtained with the operation in the neutrino 

~am. An energy resolution of tr(E)/ E = (32.3 ± 204)%/v'E(GeV)+(1.4 ± 0.7)% 

as achieved for pions, and tr(E)/ E = (13.8 ± 0.9)%/ v' E( GeV)+( -0.2 ± 004)% for 
ectrons. 

Calorimeter design 

he calorimeter described in this paper, a component of the C HORU S detector, 

the first large scale application of the technique, developed in the past few years 

I, of embedding plastic scintillating fibers into a lead matrix. The fiber sectors 

msist of about 1500 km of 1 mm diameter fibers in the lead to scintillator volume 

Ltio of 4/1, that allows for compensation and provides good energy resolution in 

le detection of hadrons. 

INow at Universitil di Cagliari and Sezione INFN, Cagliari, Italy 
2Now at CERN, Geneva, Switzerland 
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The CHORUS experiment 2) searches for vJj-v", oscillations in the CERN 

SPS Wide Band Neutrino Beam. It uses nuclear emulsions to detect T decays, 
produced by charged current interactions of V.,.s, to be extracted out of a large 

background of ordinary vI' interactions. The events to be scanned in the emulsions 

are selected on the basis of kinematical variables, measured by means of electronic 

detectors. Such a selection is more efficient if the hadron shower following the 

neutrino interaction is measured with high angular and energy resolution. In order 

to detect the T muonic decay, it is also necessary to efficiently track throughgoing 

muons in the calorimeter and to match their trajectories with those determined by 

the other detectors of the apparatus. 

A description of the design and construction of the calorimeter for the 

CHORUS experiment can be found in Ref. 3). In this paper, we simply outline 

here the main design features. A view of the detector is shown in Fig. 1. 

Figure 1: View of the calorimeter. 

The calorimeter is arranged in modules to form planes oriented normally 

to the beam, alternately with horizontal and vertical directions. This structure is 

mainly motivated by the necessity of providing muon tracking. This is the main 

difference with respect to the original SP AC AL geometry 1), where the modules 
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ve fibers parallel to the beam direction, and the signals are collected at the back 

the calorimeter. 

The calorimeter consists of three sectors with decreasing granularity (EM, 

\D1 and HAD2). The first one measures the electromagnetic component of 

e events, while the other two complete the measurement of the hadron show

i. The average interaction length 4) of the calorimeter is 21 em, its radiation 

19th 0.72 em; the effective Moliere radius is 2 em and the density of the mod

~s 9 g/em3
• The total calorimeter thickness is about 5.2 interaction lengths (144 

diation lengths), sufficient to contain showers produced in the neutrino interac

ms. The EM and the HAD1 sectors (2.8 interaction lengths altogether) are made 

scintillating fibers and lead, while HAD2 is a sandwich of lead and scintillating 

rips . The transverse structure of the calorimeter allows light collection through 

lotomultipliers (PMs) on both sides of the module, thus reducing the effects of 

;ht attenuation in the scintillator 3). Sets of limited streamer tube planes are 

;erted between the horizontal and the vertical planes for tracking purposes; they 

e arranged in pairs with horizontal and vertical wires. 

EM modules are built by piling-up extruded layers of grooved lead and 

astic scintillating fibers positioned in the grooves. The groove diameter is 1.1 mm 

ld the layer thickness 1.9 mm; the material, the same as for the HAD1 and HAD2 

odules, is 99% lead and 1% antimony. A module consists of a pile of 21 layers, 

;20 mm long and 82.4 mm wide, and 740 fibers of 1 mm diameter and 3050 mm 

ng. On either side of the module, fibers are assembled in two hexagonal bundles, 

:fining two different read-out cells with about 40 x 40 mm2 cross-section. Each of 

e fiber bundles is coupled to a 1" PM via a plexiglas light guide. 

Each HAD1 module is made of 43 extruded layers of lead identical in width 

ld groove size to those used for the EM sector, but with a length of 3350 mm. The 

intillating fibers have 1 mm diameter and 3810 mm length, for a total of 1554 

lers per module. Fibers are collected at both ends in a hexagonal bundle coupled 

a a light pipe to a 2" PM. 

Each HAD2 module is constructed by superposing five alternate layers of 

Le lead bar (3690 x 200 x 16 mm3
) and two adjacent scintillator strips (3714 x 

10 x 4 mm3 each). Each of the two groups of five scintillators is coupled to 2" 

Ms at both ends via plexiglas light guides; therefore, a single module is seen by a 

·tal of four PM tubes, and contains two cells. 

Test beam data and calibration 

he main measurements with electron and pion beams were performed in the X9 

st beam at the CERN SPS. The beam line is almost parallel to the neutrino 
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Figure 2: Calorimeter response to 10 GeV /c pions. 

beam axis. The calorimeter, mounted on rails, can be shifted about four meters 

sideways from its nominal position to meet the test beam. Electron data were taken 

with pure beams from 2.5 to 10 GeV/c, while pions came from mixed electron/pion 

beams from 3 to 20 GeV/c. 
Three sequential steps are needed for the determination of the calorimeter response: 

first, within each sector, the equalization of the signals from each individual PM, 

then the intercalibration among different sectors, and, finally, the overall energy 

calibration. The equalization of signals from modules of the same type is performed 

by means of penetrating cosmic rays . An equalization constant is computed for each 

PM by selecting cosmic muons crossing the central region of the modules (±10 em), 
and correcting for the effective track length. Systematic effects due to the time 

dependence of the PM gain and to the position dependence of the energy spectra 

for the selected muons were also studied, the latter being due to the different amount 

of material crossed by the muons before entering the module. 

To combine the signals of the three different sectors, two intercalibration constants 

are needed, namely those of HAD 1 and HAD2 relative to EM. These constants are 

determined experimentally using pions interacting at different calorimeter depths. 

The details of the equalization and intercalibration procedures are given in 5). 
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Response to electrons 

~he calorimeter response to the incoming particle is determined by adding up the 

nergy deposited in all the modules, once the equalization and intercalibration pro

edures have been performed. As noted before, each read-out cell is equipped wit!. a 

'M at each fiber (strip) end, in order to reduce the influence of the light attenuation 

1 the scintillator. This leads to different possible definitions of the module signal, 

.ccording to the way the two PM signals (L and R) are combined. In our case we 

.se the geometric mean: Sg = JSL X SR. Under the assumption of single hit per 

[lodule and exponential light attenuation in the fibers (strips), as found in Ref. 3), 

he geometric mean yields a value for the module response which is independent of 

he hit position x along the module with length L : 

z L-c L 
SL = Ae- X " SR = Ae--:r -+ Sg = Ae-rr 

In Fig. 2 we show the calorimeter signal distribution produced by 10 GeV/c 

Legative pions. The shape is gaussian, indicating that both the calibration and 

ntercalibration procedure do not introduce any appreciable bias in the determina

ion of the overall calorimeter response. 

The electron response was studied for different SPS beam momenta, in 

he range from 2.5 to 10 GeV/c, relevant for the CHORUS experiment. For each 

nomentum, a gaussian fit is performed to the distribution of the calorimeter signal. 

The measured points lie on a straight line up to 10 GeV/c, where electronics 

,aturation tends to reduce the calorimeter signal. This effect is due to the small 

:pace dimensions of the electromagnetic showers, such that a large fraction of the 

mergy can be released in a single EM module. ' This does not happen for hadron 

Ir neutrino induced events, where many modules share the incident energy. The 

'esult of a linear fit performed in the' interval from 2.5 to 5 GeV/c indicates that 

~xtrapolation to zero pulse height leads to a negative value of the momentum: 

S = (17.2 ± 0.3) x P(GeV/c) + (6.4 ± 0.9) (1) 

rhe above result is in agreement with our previous analysis on the electromagnetic 

'esponse of single calorimeter modules, tested on the same beam line 3). It is 
:onsistent with the actual value of the beam momentum being 370 ± 50 Me V/ c 

ligher than the nominal value. 

The electromagnetic response of the calorimeter and its linearity have been 

nvestigated by simulation. Montecarlo predictions give a linear response of the 

letector to electrons, as well as to photons, and no offset is expected. 

., c. 
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Figure 3: Electron response for the PS set-up. The SPS points are also shown, 
corrected for the 370 MeV/c momentum shift. 

In order to solve this problem, independent measurements were done at 

the CERN PS. The results indicate that the extrapolation to zero calorimeter 

pulse height leads, indeed, to a momentum compatible with zero (intercept equal 

to +40 ± 20 MeV/c), supporting the conclusion of a calibration shift of the SPS 

X9 beam momentum. These results are shown in Fig. 3, together with the the SPS 

points corrected for the 370 MeV/c offset; the agreement between the two sets of 

data is excellent. The following (corrected) relation is then obtained for the energy 

dependence of the electromagnetic response: 

S = (17.2 ± 0.3) x P(GeV/c) - (0.14 ± 0.96) (2) 

The energy resolution u(E)/ E, is plotted in Fig. 4 as a function of the electron 

energy. The energy dependence of the resolution is well fitted by the usual function: 

u(E) = (13.8 ± 0.9)% + (-0.2 ± 0.4)% 
E JE(GeV) 

This result fulfills the design requirements and agrees with the Montecarlo 

predictions. By studying electron showers developing in different calorimeter zones 

we estimated the disuniformity in the electromagnetic response to be of the order 
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Figure 4: Energy resolution for electrons as a function of the energy . 

. ±5%, in agreement with the design requirements. 

Response to pions 

he pion response was studied for different beam momenta, from 3 to 20 GeV/c. 

he mean value S of the signal distribution, which is gaussian as in the electron 

~se, is plotted in Fig. 5 as a function of the nominal momentum P, corrected for 

le shift of 370 M eV / c, found with the electron data. 

The measured pion momentum dependence may be parametrized as: 

S = (15.3 ± 0.2) x P(GeV/c) - (5.8 ± 1.0) (3) 

'hich corresponds to a positive intercept of 380 ± 65 MeV/c. A different value of 

rris quantity for electrons (compatible with zero) and pions is expected and can be 

nderstood on the basis of the following considerations: 

- a comparison of the response to electrons and pions of the same energy 

hows deviations from exact compensation (S"ectrmt > Spimt). Therefore, at high 

lomenta, the increase of the electromagnetic energy content in the hadron showers 

E
EaM ex In(EToT )) induces an energy dependent enhancement of the signal. 

TOT 

- At low momenta (rv 1 GeV/c), the contribution from neutral pions be-

?"i' 
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Figure 5: Calorimeter response as a function of the pion momentum. 

comes negligible and small multiplicity processes dominate. In this case, the effect 

of the particle masses not converted into visible energy in the read-out gate becomes 

visible. 
Both the above effects indicate that a straight line fit to the data taken 

in the mentioned momentum range, should have an intercept at a positive value of 

the abscissa. This is confirmed by the Montecarlo simulation, which predicts an 

intercept of 340 ± 50 Me VI c. The calorimeter turns to be linear within 2%. 

From the gaussian fit to the response distributions one determines the 

energy resolution u(E)1 E, which is plotted in Fig. 6 as a function of the pion 

energy. The errors assigned to each point include a systematic uncertainty of about 

2% determined applying different event selection criteria to the data, and studying 

pions hitting different calorimeter positions. The above uncertainty is lower than the 

one for the electron case (±5%). The main reason for this is that more calorimeter 

modules are involved in a hadron shower. The energy dependence of the resolution 

is parametrized as: 

u(E) = (32.3 ± 2.4)% + (1.4 ± 0.7)% 
E vE(GeV) 

The predictions of a Montecarlo simulation are also shown in Fig. 6. The 
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igure 6: Pion energy resolution as a function of the energy. The open circles show 
Ie Montecarlo predictions. 

mgitudinal and transverse shower development in the calorimeter have been stud

:d. Fig. 7a shows the projection of hadron showers onto the calorimeter transverse 

lane. In Fig. 7b it is shown that a cylinder containing 95% of the shower energy 

as a radius of about 25 em, almost constant in the energy range explored by our 

leasurements. This result is in excellent agreement with the Montecarlo prediction, 

Iso shown in the figure. 

From the electron and pion response of the calorimeter we can determine 

he experimental e/7r ratio. In Fig. 8 we plot the ratio of the average electron and 

,ion calorimeter signal as a function of the momentum. The systematic error, due 

o the response disuniformity, has been added to the statistical. In the same figure, 

ve also plot the ratio of the functions (2) and (3), describing the signal momentum 

lependence for electrons and pions. 

Neutrino events 

\s previously discussed one needs a high resolution calorimeter to efficiently perform 

,he kinematical preselection of neutrino interactions. The kinematical variables used 

:or this selection are: the energy, the visible PT, and the shower angle with respect 

;0 the neutrino direction. In the following we shall describe the procedure used to 

255 
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direction for 10 Ge V / c pions; (b) transverse dimensions of the pions shower as a 
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which contains 95% of the energy. The open circles show the Montecarlo predictions. 
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gure 8: ; ratio as a function of the beam momentum. The continuous line repre
nts the ratio of the electron and pion momentum-dependence functions. 

mpute the kinematical variables and some results. 

clustering algorithm is needed to define showers in the calorimeter produced by 

dividual particles. The algorithm uses the information on the interaction vertex 

constructed in the target and on the calorimeter module pulse height in each plane. 

ne output of the algorithm (the details are given in 6)) is a list of bidimensional 

usters each with its own energy, width and depth. These variables allow us to 

assify the clusters as due to a minimum ionizing particle, to a hadronic or to 

l electromagnetic shower. In order to reconstruct tridimensional clusters in the 

lorimeter we also use the 3D informations from the upstream target tracker made 

. scintillating fibers 2). 

1 Results 

l figure (9) the energy and the PT (visible transverse momentum of the event) 

·solution for neutrino induced neutral current events are shown. Note that the 

lantity (EMc - Em • a.) (where EMc is the visible energy produced at the vertex 

Id Em • a• is the energy measured in the calorimeter) is not centered at zero and 

lere is a tail on the right side of the distribution. This is due to the energy lost 

~fore the calorimeter. Nevertheless the gaussian part of the distribution gives a 
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energy resolution compatible with the one meas1:lred in the test beam. The resolution 

on the visible PT is about 500M e V / c. Using these kinematical variables we are able 

to apply cuts that reduce by more than a factor 2 the number of neutral current 

events to be scanned in the emulsion, with an efficiency on the T ~ OIL channel of 

about 90%. 
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!l !l 
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Figure 9: Distribution of: (left side) difference between the visible energy produced 
at the vertex (MO) and the energy measured in the calorimeter. The mean energy 
in neutral current neutrino interaction is '" 21Ge V j (right side) difference between 
the transverse visible momentum (MO) with respect to the neutrino direction, and 
the one measured in the calorimeter. 

6 Conclusions 

The C H 0 RU S calorimeter, the first large scale application of the scintillating 

fiber/lead technique for integrated electromagnetic/hadronic calorimetry, was ex

posed to electron and pion beams in the momentum range from 2.5 to 20 GeV/c at 

the CERN SPS. 
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The calorimeter response to electrons was found to be linear with the 

.mentum, after applying a correction to its nominal value, as indicated by mea

:ements performed at the CERN PS. The energy dependence of the resolution 

s parametrized as 

u(E)/ E = (13.8 ± 0.9)%/ V E( GeV) + (-0.2 ± 0.4)% 

le calorimeter response to pions is also linear in the momentum range explored by 

~ measurements, and we achieved an energy resolution of 

u(E)/E = (32.3 ± 2.4)%/VE(GeV) + (1.4 ± 0.7)% 

US result is in agreement with the design features and the Montecarlo predic

.ns. We also show Montecarlo results obtained with neutrino events concerning 

e transverse momentum resolution. The calorimeter has been successfully op

ltional during the 1994, 1995 and 1996 data taking periods of the CHORUS 

periments in the CERN Wide Band Neutrino beam. 
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ABSTRACT 

lis contribution describes the design and construction uf a lar,.,;p Ipad scintillating 
ler hadronic calorimeter integratell to the AGS E864 forward ma"';lwtic sp(·rtrom
er for the search of strangelets and the study of light nuclt'i and anti-matter pro
lction in heavy ion reactions. Selected results obtailwd from tlw 199.'i AGS heavy 
n runs are presented. The energy resolution of tlw calorinwtt'r is found to be 
'E/ E = 0.047(±0.006) + 0.34(±0.01)/JE in very goud a,.,;n·('nwnt with a FLUKA 
.!culation. The time resolution is measured to be 400 ps. 

Introduction 

large lead-scintillating fiber calorimeter has bepn built for the AGS pxperilmmt 

864 1), a heavy ion experiment primarily d('signed to search for strangt'lets but also 

Lpable of studying a variety of particle production ill cUlIn("diulI with the lwavy 

n reaction dynamics and the possible productiull uf a Qua.rk (;luun Pla~ma. 

A prototype of this calorimeter was built and testpd with the AGS test 

~am during the summer of 1993 2). A partial implt·mt'ntiltioll of tlw E864 calorime

!r was completed for the 1994 heavy ion ntn. TIll' full d(,tector and calibration 

Istems were completed and used during the 199.'i run. This p,qwr discuss('S the de

gn, construction technique, and performance of tilt' ndorinwt(·r. Motivatiuns and 

'l.lorimeter design considerations are outlilwd ill S(·c.:l. The constmction tedlllique 

nd implementation are descrilwd in Sec .:t An analysis of data from the 9.'i AGS 

eavy ion run illustrating the ndorimet('r perfUrlllallCP in terms of ('lwrgy linearity 

lld resolution as well as time of flight (TOF) resulutiun is prr·sentf·d in S(·c.4. 

,'" I 
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Figure 1: Top View of the E864 Apparatus. 

2 Design Considerations 

Experiment E864 was primarily conceived to improvp. upon the inconclusive strangelet 

searches conducted by previous experiments 3, 4, 5) by reaching a level of sensi

tivity of 10-11 per Au+Au collision. Strangelets are thought to be massive objects, 

containing more than three quarks within a single bag (ill thp. sense of the MIT bag 

model) with a large fraction of strange quarks. They are expected to have a charge 

to mass ratio smaller than 1/3 and should be produced rUllghly at half the beam 

rapidity in central Au+Pb reactions. The E864 detector, illustrated in Fig.I, is 

an open geometry magnetic forward spectrometer with a high rate capability. The 

apparatus includes a large vacuum vessel surrounding tlw target area and extending 

all the way to a beam dump ill order to minimize backgrollnd production through 

the apparatus. There are two magnetic dipoles (MI, M2) that ca.n be operated with 

fields up to 1.5 Tesla for momentum analysis and to sweep away light particles. The 

detection system, located below the vacuum vessel, ff'atures threp. TOF hodoscopes 

(HI, H2, H3) as well as 3 straw tube planes (51, 52, S:3) fur accurate tracking and 

particle momentum determination. The combination of thp. TOF hodoscopes and 

tracking detector provides for particle's mass determination with a resolution of the 

order of 4% or better 8). 

The apparatus was completed with a largf' hadrollic calorimeter to provide 

independent measurements of the particle's TOF and elwrgy usp.d for identification. 

An innovative trigger system based on the calorimeter f'llf'rgy and TOF measure

ments has also been included in the experiment. As strang(·I(·ts are expf'cted to be 

massive and produced at mid-rapidities, tlw triggering srlwnw consists of using the 

calorimeter to identify slow moving objects with a large t"llt'rgy, and is dubbed the 

Late Energy Trigger (LET) to refer to high enf'rgy particif's arriving late relative to 
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ding speed of light particles. 

The calorimeter is required to measme energy and TOF with resolutions 

Gter than 40%IVE and 500 ps respectively 1). Also, to minimize ambiguities in 

~ identification of particles, an hermetic design with no seams, gaps and cracks 

,s desired. Moreover, the calorimeter must operate at high rate and within a 

~h particle multiplicity environment typical of heavy ion rpactions. Such require

mts are readily fulfilled with a lead-scintillating-filwr- spaghptti calorimeter. The 

'ACAL collaboration has shown 6) that good compensation and linearity c~n be 

tained with such a device. Other interesting aspects of this tprllllology are uni

'mity, speed, good energy resolution and the expectation of gooll TOF resolution 

view of the fast response. 

The E864 calorimeter, illustrated in Fig. 2, comprisps.'18 by 1:3 towers. The 

wer design is quite similar to that of SPACAL 6). How(·ver, as the calorimeter 

ould match the rectangular fiducial acceptance of tIlt> E8G4 spectrometer, tIlt' 

wers were designed with a square section rather than a hf'xagonal layout as in 

e SPACAL design. The absorber is lead with a 1 % admixturp of antimony to 

'hieve the desired mechanical properties. BCF-12 fibers, fwm BICRON, are used 

I' sampling and readout. They were sl>lected for their fast rpsponsf' (d(>cay time '" 

2 ns), long attenuation length (III' '" 2.2 m), high light yif'ld (.10% of anthracene), 

ld relatively low cost. The fibers have a diameter of I nun amI arp spaced regularly, 

13 mm apart, on a square lattice as illustrated in Fig.:l. This yields a lead to fiber 

Ltio of 4.55. The effective nuclear interaction length and df(,ctivp radiation length 

re 22.15 cm and 7.2 n1111 respectively. Each tower Cllntaim 47 x 47 fibers. They 

ave a square section of 10 x 10 cm and are 117 cm long. A IIV a.bsorbing lucite light 

uide, coupled at the back, as illustrated in Fig.a, is uSf'd to funnel tllP. scintillation 

ght into a two inch diameter Philips XP22(i2 photo-multiplin tnlw. 

Construction Technique and Implementation 

pecial care was devoted to select a. construction tprlllliqut> that could guarantee 

regular fiber to fiber spacing in order to ensure a good rpsponsp uniformity and 

nergy resolution. Of the many construction tpdllliquf's rplwrtpd in tl}(~ literature 6), 

he lamination technique described below WiLS found to lw tlw lwst for our purpose. 

Flat extruded lead plates were rolled with a custom miLdp rolling machine to 

)roduce plates with an imprinted st'mi-circular groow pattl·rn. St ringl'nt toleranct's 

)f 0.0005 inches were used in the design of th(~ rolling dYI·S to ins1l\'f' uniform fibpr 

o fiber spacing in the lattice and pase th(~ laminating l)l·on·ss. On('!' tIlt> imprinted 

)lates were cleaned and deburred, the lamilJiLtion procf'l,ded as follows: A lead sheet 

Nas placed on a flat metal base and BeGOO epoxy was lilwrally applil·d on its smfiLce. 
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Figure 2: View of the E864 Calorimeter 
and GOCo Transport System. 
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Figure :3: Calorimd(~r Towp.r Design. 

Next, a pre-assembled ribbon of 47 filwrs was smooth(~d intu th(~ grouves. A new 

plate was then gently keyed into p\;lce. This was l'I~p(~ated until 47 layers were 

stacked. At this point, the towers were typically too thick dll(~ to an p.xcp.ss of epoxy. 

Top and side steel plates were thus clamped on tlll~ tower tu form a rigid mould 

used to constrain it to the correct cross-sectional sizp. and straightp.n any residual 

bowing. The tower was tilted by 90° to a vertical pusition. BCGOO epoxy was poured 

through the open top of the mould. The assembly was pla('ed in an ovp.n to clIre the 

epoxy. Once the epoxy had cured, the mould was remowd, and tlH~ excess epoxy at 

this one end was machined off almost down to the lead to prtlvid(' a smooth surface 

to which the lucite light guide was ghwd. Finally til!> tow('r slll'ra('(~s w(~re coated 

with a thick black epoxy paint and the light guide was wrapped with a non wetting 

aluminized mylar and tape in order to insure light tightIH'SS, 

Rather than using conventional resistive bl('ed('r ('hain has('s, Cockroft Well

ton voltage generator bases designed and built by Na.nollwtri('s W('n~ 1ls(~d to bias 

the PMTs. An on-tube leading edge discriminatur was also indlld(~d ill the basI's 

to provide fast and accurate timing signals. The signal l'I'adout was performed with 

FASTBUS 1881M ADC and 1875A TOe from Lecroy. A d1lal ('alibration system 

based on a GOCo radioactive source and a nitrugc'n Laser system was used to equalize 

the 754 tower gains and monitor their variation. 

4 Performance during the 1995 Run 

The calorimeter performance in terms of ('IH'rgy !'I'spons(' lilH'arity, !'I'sul1ltion, and 

time resolution was studied on tlH> basis of tIl!' I !l!J!i All lH'a.lll 1'\111 data. 
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The calorimeter absolute energy calibration and tllf' lwrformance evalua

n are based on well reconstructed and identified tracks produced with the 11.6 

:V / A Gold beam impinging on a Pb targE't. The rE'construction relies on the 

:cessful performance of the E864 charged particle tracking system consisting of 

~ three TOF hodoscopes planes H1,H2,H:3 as well as the two straw tube tracking 

ambers, 82, 83, and proceeds along an algorithm prpsent(,d in detail in ref. 7, 8) . 

Ie momentum resolution achieved, roughly 3%, is limited by multiple scattering. 

Ie time of flight (TO F) resolution is also excellent and tlw combined momentum 

d TOF information permit mass reconstruction with a resolution of thE' order of 

j% for particles with f3 < 0.975. Data obtained from variolls field spttings (0045, 

15, and 1.5 Tesla) were used in order to provide sam pIps of different particle species 

rotons, deuterons, and tritons) and .maximize the examint>d (' Iwrp;y rangE'. Also, 

the calorimeter was built specifically to search for Ilf'avy particl('s, it is impt'ratiw 

evaluate its performance for heavy particles. 

The calorimeter tower gains are first E'qualiz(,d according to gain measure

ents performed with thE' 60eo calibration system 10). Minor cOITections derived 

lm the laser system are also applied. The absolute ('Iwrgy calibration coefficient 

thus determined by comparing the (uncalibrated but p;ain ('CJualized) energy mea

red with the calorimeter with the kinetic energy of proton, deuteron, and triton 

:Lcks. The kinetic E'nergy of the tracks, E, is evaluated froIll tlJ(-' reconstnlctpd track 

omentum and the mass of the identifiE'd particles. To avoid ambiguities, a number 

stringent cuts are applied to ensure good particle id('ntification and purity. The 

acks thus identified are extrapolatE'd to the calorinlf't('r front faCt~ iIi search of a 

atching energy cluster. We use thE' sum of energi(~s in an [) x [) array of towers 

rrounding the leading towers as a measure of'tlw d('IJllsit(,d energy, Esxs , and to 

·termine the energy calibration coefficients (ECC). Tlw t'1H'rgy n'sponse is slightly 

lIl-Gaussian, with a high side tail. Moreowr, the non-Callssia.n contribution is a 

nction of the particle's E'11ergy. We thus use the mean of tlw distributiom mther 

Ian the peak position to determine the ECC. Th(~ ECC valtws, listed in Table 1, 

ere determined independently for identified protons, d('ut('rons, and tritons under 

w field settings (0.45- and 1.5 Tesla) of the spectronwt('r ma.gnds. The ECC val

~s determined for dE'uterolls under the two different fi(,ld settings differ by :3% only 

ld are within a few per cent of the cOE'fI1cients obtaiIwd with prutons and tritom: 

first indication that thE' calorimeter response is linpar in spitl> of its non Gaussian 

laractE'r at low E'llergy. 

To further investigate tlw resp011!W liIwarity, WI' plot in tlw top part of 

igA the relative diffE'rence, 6..Ecltff = (Esxs - E)/ E, lwtween tlw energy l11easured 

ith the calorimeter, Esxs , and that measun,d with the tmcking syst('lll, E, as a 
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Table 1: Energy Calibration Coefficients evaluated with different particle species. 

Species ECC (0.45 Tesla) ECC (1.5 Tesla) 
MeV I ADC channel MeV I ADC channel 

protons 5.40 ± 0.02 -
deuterons 5.43 ± O.O:J 5.25 ± O.O:J 
tritons - 5.19±0.03 

function of E. The response is found to be linear to better than ±1 %. 
In order to investigate the hadronic energy resolution of the calorimeter, the 

width of the relative difference S E I E has been studied as a function of the particle 

energy and is shown in the bottom part of Fig. 4. TIJI> data (dark circles) have been 

fitted (solid line) with the usual expression: liE/ E = a + /JIVE. The constant and 

stochastic terms have values of 0.047 ± 0.006 and 0.:J4 ± 0.01 rf'spf'ctively. 

The measured resolution is in good agreement with a calculation, shown 

as open squares in Fig. 4, of the expected energy rf'sulution basf'd on the GEANT 

(3.21) I FLUKA program. The calculation features a complete description of the 

tower geometry including a detailed parameterization of till' scintillation fiber core 

and cladding to properly evaluate the photon production. TlJl> attenuation of the 

fiber was also taken into account 9, 10). The agreemf'nt betwf'f'n the data and 

the GEANT prediction is excellent especially at the higher energies. At the lowest 

energy measured, FLUKA slightly underestimates the fluctuatiuns possibly owing 

to an excessive neutron production. 

Overall, the energy resolution achieved during the 1995 physics run with 

the full calorimeter implementation is well within the design specifications of E864 1). 

Fig.5 illustrates the time of flight (TOF) resolution performance of the 

calorimeter evaluated with deuterons and tritons. The TOF measured with the 

three hodoscopes HI, H2, and H:J was Ilsed to extrapulat(~ the track TO F at the 

calorimeter front face. The TOF measured with the calorimeter (leading) towers, 

ic is then compared to this calculated value, it, to evaluate th(~ calorimeter TOF 

resolution. The difference /).t = t < - it is found tu have a nearly Gaussian distri

bution. Fig.5 shows a plot of the width of the distribution uf the time difference, 

/).t, as a function of the particle's energy. Unlike the energy resolution, the TOF 

resolution is npil.rly constant, with a value of the order uf 450 ± 10 ps, in the energy 

range examined and does not manifE'st the liVE bf'haviur seen in other studies. 

The considE'rablE' fluctuations in thE' showE'r developnJl>nts a,nd till" limited photon 

yield might contributE' to complicatE' thE' situation at luw energies. 

The TOF rE'solution of thE' three hodoscopE'S has been estimated to be 

of the order of 200 ps or better 8). This then f'ntails that til<" calorimeter TOF 
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gure 4: Top: Energy response Linearity, Bottom: Rf':;ollltion vs Particles Energy. 
,lid circles - data, Open squares - Geant calculation. 

solution is of the order of 430 ps. The TO F pf'rformance of Lh(' calorimder is thus 

,0 found to satisfy the design requirements set forth for t1w EH(i4 (>xperillH~nt 1) . 

Summary and Conclusions 

'e have described the design and construction tf'chni()1w of it new hadronic lead 

intillating fiber spaghetti calorimeter for AGS expf'rinwllt EH<i4. The performance 

this calorimeter during the heavy ion run of Fall 9.') was stlllli(~d in detail. The 

lergy resolution is measured to be 8EI E = O.047(±O.OO<i) + O.:111(±0.Ol )IVE in 

lod agreement with a calculation with the FLllKA pa.rkap;(>. '1'1](' TOF rf'solutioll 

as found to be of the order of 430 ps and constant in tlw 2-12 (;(.y (~lwrgy range. 
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Figure 5: TOF Resolution vs Particle's Enprgy. 
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ABSTRACT 

.e expected performance of the CMS Very Forward quartz fiber Calorimeter is 
cussed 

The Large Hadron Collider (LHC) will operate at such high energies and 

ninosities that the environment in which detector components need to operate will 

difficult in the extreme. This is especially true in the very forward region (1711 > 3, 
8 < 5.7°) where the most hostile environment' is expected. The calorimeter will 

the only detector which will operate at this angular region. This Very Forward 

\Lorimeter (VFCAL) will be required for hermetic calorimetry coverage needed for 

tection of missing Et and so called ta~ging hadron jets 1). Finding an adequately 

ecise and robust detection method for this region is truly a challenging exercise 

detector R&D. The main constraints and conditions that apply to this region are 

follows: 

1. High radiation level. The radiation expected 1, 2) is measured in mega-Grays. 

Radiation damage of detector components is a major concern. 

2. High occupancy. Minimum-bias events deposit substantial amount of energy in 

the very forward calorimeter (VFCAL), so that resulting occupancy problems 

are expected to be extremely serious for jet recognition. 

lNow at Northeastern University, Boston, MA 
2Now at CE Saclay, DAPNIA, GiI-sur-Yvette, France 
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3. Fast signal collection. The high particle densities and the high frequency of 

bunch crossings (25 ns) also constraints the acceptable signal duration. 

4. Insensitivity to neutrons and activation products. The neutron fluxes up to 

1Qen / cm2 / sec are expected in the very forward calorimeter. Induced radioac

tivity may also have a large impact on measurements to the extent that it 

may give rise to a calorimetric signal. It is therefore important that VFCAL 

signals be as immune as possible to neutrons and to induced radioactivity. 

5. Reliable operation with limited maintenance. The very forward region require 

extremely robust and reliable device because detector will be radioactivated 

after few years of operation and consequently the manual access to its hottest 

part will not be allowed. 

The calorimeter that was proposed as an optimal design to the concerns 

raised above consists of quartz fibers embedded in an absorber matrix. Both copper 

and iron are considered as possible absorber material. The fibers run longitudinally, 

i.e. in the same direction as the incoming particles, as in many scintillating-fiber 

calorimeters. In this calorimeter, the signals are caused by Cherenkov light produced 

in the quartz optical fibers. Quartz is transparent to a large fraction of this light. 

Figure 1: Lateral cross section of the VFCAL prototype calorimeter. The detector 
consists of 2.0 mm thick copper sheets and 0.3 mm core diameter quartz fibers. 

The existing results on radiation hardness of silica core and F -doped silica 

clad optical fibers (see e.g. 3, 4)) show that such fibers keep their transparency for 

visible light after irradiation up to doses of 10 MGy. 
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The emission of Cherenkov radiation is a directional process. For particles 

h f3 ::::: 1 travelling in quartz, Cherenkov light is emitted in a cone at an angle 

about 46° to the direction of the particle 5}. However, the shower particles 

ttributing to the calorimeter signal are to a large extent isotropically distributed, 

they have "forgotten" the direction of the incoming particle that created the 

,wer. It has been shown experimentally 6} that the response at very small angles 

.ween the incoming beam particles and the fibers is only a factor of about 2 

aller than the maximum value (measured as expected at 46°). 

The spaghetti structure allows for a perfectly hermetic detector and for a 

~er structure with a transverse granularity that can be easily adapted and modified 

match the needs of an experiment. The signals can be conveniently extracted and 

.nsported to a shielded location for the readout electronics. 

The VFCAL is intended for the 3 < 111111 < 5 region of the CMS experiment. 

is means that the particles enter it at angles between"" 0.70 and "" 6° with the 
iUIl li.ne. IT all fibers are oriented parallel to this beam line, the angles between 

~ particles and the fibers are in the same range. The geometrical structure of the 

~CAL design was chosen as an optimal from the cost/performance considerations. 

avoid angular effects in the calorimeter, we chose a very-fine-sampling design, 

sed on quartz fibers with a core diameter of 0.3 mm, separated 2.3 mm. The 

Isitive part of fibers is only 1.5% fraction of total calorimeter volume making the 

;al cost acceptable. 

In order to evaluate the expected performance of the VFCAL, an 8.5 -'i 
Ig prototype has been built and tested with high energy pions and electrons. 

Ie prototype has the same absorber/fibers geometrical parameters as proposed 

I}. It is equipped with quartz fibers consisting of a 0.3 mm diameter core 

rrounded by 0.015 mm thick F-doped silica cladding. The front faces of fibers 

~re mirrored. The absorber is copper. The total active depth of this calorimeter 

LS 135cm, corresponding to 8.5 nuclear interaction lengths (-'int = 15.8cm). The 

lorimeter contained in total 6000 quartz fibers, which were arranged in a pattern 

own in Fig.1. The fibers were grouped to form 10 towers. Each tower measured 

. x 54mm2 and contained 600 fibers. The fibers sticking out at the back end of the 

wer were bunched together, machined, polished and coupled through a hexagonal 

r light guide to a photo-multiplier (HAMAMATSU R329-02, 2", 12-stage PMT 

lth Borosilicate glass window). 

The measurements were performed in the H4 beam line of the SPS at 

ERN. The prototype was mounted on a platform that could move vertically and 

:leways with respect to the beam, thus allowing to change the y and :z: coordinates 

. the impact point of the particles, respectively. 
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The PMT gains were chosen in such a way that the average signal for 

50 GeV electrons in the hit prototype cell corresponded to about 300 ADC counts 

above the pedestal value ('" 1.5pO I Ge V). Such a high gain was chosen to make a 
single photo-electron peak clearly observable. 

As the calorimeter is strongly non-compensating the response depends on 

the type of incident particles. Throughout the analysis we used electro-magnetic 

energy scale. The response of each tower was calibrated by using electron beams 

with energies from 15 to 150 GeV directed into the center of that tower. Such a 

calibration procedure does not allow to unfold the potential non-linearity of QFCAL 

response for electrons and non-linearity of PMTs and read-out electronics channels. 

The systematic uncertainties of this procedure are currently under study, thus the 

results concerning energy resolution and pion response linearity presented here, have 

to be considered as preliminary. 

The light response of the VFCAL prototype was found to be of 0.6-0.8 

p.e./GeV. The sum of signals from 3 x 3 QFCAL module towers was used as a 

measure of the calorimeter response. The energy resolution for the detection of 

electro-magnetic (EM) showe.rs was measured as a function of the electron beam 

energy. There are no significant deviations from a Gaussian line shape for 150 Ge V 

electrons and the value of (T from a Gaussian fit is almost the same as the RMS for 

the signal distribution. 
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Figure 2: The QFCAL energy resolution for electrons as a function of the electron 
energy, which is plotted on a scale linear in E- 1/ 2 • 

Fig.2 shows the electron energy resolution as a function of I/.jE(GeV). 
We ha.ve fitted the data to the form: (TEl E = AI VE ffi B and obtained A = 
1.136 ± 0.005, B = 0 ± 0.012. 
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Angular effects were studied in the range from 0° to 6°. Electrons of 

GeV were steered into the centre of the VFCAL module at angles ,p = 0° ,3° 

. 6°. The signal distributions are shown in Fig.3 No significant differences were 

erved in the calorimeter response or in the energy resolution. 
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gure 3: Prototype signal distributions for 150 GeV electrons at different angles. 

The mean hadronic response is smaller than the EM one and nonlinear (see 

g.4). As far as the scale calibration is valid up to EM scale energy of 150 GeV, 

llch corresponds to the maximum response at the centre of the prototype to 250 

~V pions. Data. for higher pion energies are not presented. A 10% correction for 

complete hadronic shower containment wa.s a.pplied. This correction was mea.sured 

a pion energy of 80 GeV and was found to be energy independent. 

The pion energy resolution is described by a logarithmic energy dependence 

'ig.5). The open circles in this figure show measured values while the triangles 
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Figure 4: Mean hadronic response measured in EM scale 

show the result of a quadratic subtraction of the photo-statistics contribution to 
the energy resolution. One can see that the hadron energy resolution of QFCAL 
can be described as a quadratic combination of two major terms: a photo-.tatistics 

term varying as 1/'; N,. and a shower fluctuation term with a logarithmic energy 

dependence. This is in agreement with the prediction of O.Ganel and R.WigmanB 7) . 
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Figure 5: RMS/ E dependence for pions measured in EM scale 

The lateral uniformity of the detector and the lateral profiles of its response 

to electrons and pions were measured using a transverse scan. To study the signal 

uniformity of tl ~ QFCAL module, we mapped the signals from 80 GeV electrons 

over an area of 2 x 15cm2
• The detector was moved vertically across the beam spot 

(2 x 2cm2 ). Drift chambers installed upstream of the calorimeter allowed the impact 

?ld 
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.nt of each individual electron to be determined with a precision of ±0.2mm. 

sults are given in Fig.6, which shows the average value of the total calorimeter 

nal as a function of the impact point of the electron. Apart from t~e obvious 

:rease of the mean signal near the edge of the instrumented volume due to leakage, 

:re is no indication of edge effects in the border areas between different towers. 

is is one of the advantages of the spaghetti structure, which allows for a perfectly 

rmetic detector. The average signals in the three calorimeter towers traversed by· 

~ beam in these measurements are also shown in Fig.6. 
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Figure 6: Spatial uniformity for 80 GeVelectrons. 

When we took a closer look at the similar high statistics data for 150 GeV 

~ctrons, it turned out that there was a very regular fine structure in the position 

:pendence of the calorimeter response (Fig.7). The response oscillates with an 

aplitude of ,..., 1% around the central value. The period of the oscillation, 2.0 mm, 

nesponded exactly with the absorber layer thickness. It is caused by the fact that 

.e effective sampling fraction (and thus the calorimeter response) is slightly larger 

r electrons entering the calorimeter in a fiber plane than for electrons entering in 
l absorber plane separating the fiber planes. 

One of the main advantages this type of calorimeter as expected to offer 

the small width of hadronic showers 1). Therefore special attention was paid to 

Le measurement and the analysis of lateral shower profiles for electrons and pions. 

To analyse the transverse response of the QFCAL module to 80 GeV pions 

ld electrons we used the same data as for the transverse uniformity study, namely 

le runs in which beam particles entered the calorimeter at different impact points. 

he sum of signals from the towers in a row of 3 x 1 towers was measured with respect 

, the distance of particle's icident point from The results obtained in this way are 
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Figure 7: Spatial structure for 150 GeVelectrons. 

shown in Fig.S and Fig.9. To approximate these profiles the following function was 

used: 

F(:z:) = J ~(r)d:z:dy 
5 

Where S i. the area of a row of 3 x 1 towers and ~(r) is the function which describes 

the lateral shower profile. The function 

~(r) = exp(pl + p2 . r) + exp(p3 + p4 . r) 

was used to fit the distribution. The experimental profiles are well described by 

this function. The results of the fit are shown in the Fig.8 Fig.9 by solid lines. The 

results of these fits are thus used to describe the shower profiles. 

Fig.l0 and Fig.l1 show the leakage from the cylindrical volume with respect 

to the radius of this volume. The shower profiles for lead and scintillating fiber 

Spaghetti Calorimeter (SPACAL) are also shown in these figures for comparison 

with the quartz fiber calorimeter. This figure indicates that hadronic shower profiles 

in the QFCAL are considerably narrower than in the SPACAL. EM shower profiles 

in the QFCAL have almost the same profiles as in the SPACAL up to a shower 

containment level of 99%. 

The emission of Cherenkov light is intrinsically a very fast process, with a 

time constant that is much smaller than the 1 - 10 ns typical for fast scintillators. 

Also, tails in the time structure of the calorimeter signals which may be produced 

by slow shower neutrons in other types of calorimeter are expected to be absent in 

a detector based on detection of Cherenkov light. Instrumental effects ( e.g. those 

caused by the light detection devices or by the mirrors) broaden the calorimeter 

'l7r.. 
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me 8: Distribution of the signal in the 3 X 1 6lice vs the distance to the beam 
80 GeV electrons. 

nals. In this study, we have investigated if, in spite of such effects, the charge 
ledion time of a quartz-based calorimeter ma.y still be sufficiently short for LBC 

rpose. (25 ns bunch spacing). 

10 

o 140 
d,mm 

gure 9: Distribution of the signal in the slice 3 x 1 vs the distance to the beam 
: 80 GeV pions. 

Signal traces of 375 GeV pions tra.versing a QFCAL tower equipped with 

fast PMT were recorded using a fast digital oscilloscope (LC7200) operated in 

e self-triggering mode. 10 m long RG-58 cable was used to link with the 

cilloscope. The beam was steered at the edge of the QFCAL tower. Fig.12 shows 

sample of such traces in order to illustrate that the FWHM of pion signal from 

FCAL i6 2-3 ns and the full charge collection time does not exceed 10 ns if a 

117 
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fast PMT is used and the front-end electronics is placed near it . Very fut signal 

hom QFCAL will allow not only a full suppr~5ion of pile-up from different bunch 

crossings, but also the use of timing information to suppress background signals 
caused by high energy particles coming e.g. from the low beta quad shield. 
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Figure 10: Shower profile for 80 GeV electrons. 
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Figure 11: Shower profile for 80 GeV pions. 

We conclude that the quartz fiber calorimeter is a truly exceptional device. 

It has some unique properties which make it eminently suitable for its tasks and 
which we briefly summarise below: 

• The detector is, for all practical purposes, mainly sensitive to EM showers. 

This makes all showers very narTOW in the transverse plane, which ha& major 
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Figure 12: Oscilloscope traces for 375 GeV pions. 

advantages for jet identification and for jet position measurements up to very 

large pseudorapidities. 

• The response to electrons and hadrons is practically independent of the inci

dent angle in the range from 0° to 6° 

• Based on the detection of Cherenkov light, it is the fastest conceivable detector. 

• The detector can be made perfectly hermetic. Granularity can be chosen as 

needed, all the way to the beam pipe, providing the maximum possible effective 

77-coverage. 

Looking at potential drawbacks of this type of calorimeter, one is struck 

tst by the very low light-yield, '" 0.7 photoelectrons/GeV in our prototype. Whereas 

us feature dominates the energy resolution for isolated EM showers, one should re

ize that for 1 TeV jets, the contribution of statistical fluctuations in the number of 

notoelectrons to the energy resolution is, even for this very low level of light yield, 

l maximum'" 4%. This is negligible compared to other sources of fluctuation. 

irst and foremost among these are the event-by-event fluctuations in the energy 

'action carried by the EM component of jets, since the detector mainly responds 

) these components. The effect of these fluctuations decreases logarithmically with 

aergy 7), in contrast with those governed by Poisson statistics, which scale with 

/.,(E. The logarithmic energy dependence of the hadronic energy resolution was 

emonstrated to be valid for our prototype and extrapolates to resolutions of better 

han 12.5% at 1 TeV, adequate for the envisaged experimental goals. 
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