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We present results on the performance of the rst prototype d the
CASTOR quartz-tungsten sampling calorimeter, to be installed in the very
forward region of the CMS experiment at the LHC. This study includes
GEANMonte Carlo simulations of the Cherenkov light transmissin e -
ciency of di erent types of air-core light guides, as well asanalysis of the
calorimeter linearity and resolution as a function of enery and impact-
point, obtained with 20 200 GeV electron beams from CERN/SPS tests
in 2003. Several con gurations of the calorimeter have beertested and
compared, including di erent combinations of (i) structures for the active
material of the calorimeter (quartz plates and bres), (i) various light-
guide re ecting materials (glass and foil re ectors) and (iii) photodetector
devices (photomultipliers and avalanche photodiodes).

PACS numbers: 25.75. g, 12.38.Mh, 29.40.Vj

1. Introduction

Heavy ion experiments at CERN LHC will be mainly concentrated and
fully instrumented for hadron and photon identi cation in t he acceptance
region of j j < 2:5 around mid-rapidity [1] covering only part of the total
phase space, which at the beam energy of 2.7TeV for Pb ions at LHC,
extends toj j = 8.7. Therefore, in addition to the main detector systems
some smaller detectors, covering the forward rapidity regin, are planned to
be installed.

(1429)
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Already at the early stage of the preparation of the physics mtivation
for the heavy ion studies at the LHC, it was pointed out [2] tha the in-
teresting physics beyond midrapidity should be the additimal subject of
the investigations. Some theoretical considerations as Weas the results
of cosmic ray experiments indicate the forward rapidity bagon-rich envi-
ronment as a potentially very rich eld of novel phenomena. Hgh energy
cosmic ray interactions show the existence of a wide spectm of Centauro-
type unusual events, revealing many surprising features,ush as: abnormal
hadron dominance, transverse momentum of produced parties much higher
than that observed in normal interactions, the existence of mini-clusters
etc. [3]. In addition, they are very frequently connected with the so-called
long- ying (penetrating) component [4]. Many models have keen devel-
oped to understand these anomalies [4], but only the strangquark matter
(SQM) model [5], supplemented with the idea of formation andpassage of
strangelets (small nuggets of quark matter with approximatly the same
number of u, d and s quarks) through matter [6], explains simultaneously
both the Centauro-type species and the strongly penetratigp component.

The important question is the existence and the properties bthe Quark
Gluon Plasma (QGP) state. The theoretical considerations sggest [7] that
the phase diagram (temperature Tversuschemical potential of quark - ¢)
features a critical endpoint at which the line of the rst order phase tran-
sition ends. Passing close enough to this point should haveharacteristic
experimental consequences. Since one can miss the critigaint on either
of two sides a nonmonotonic dependence of the control paranegs can be
expected. It is the reason that the novel phenomena are exptal to appear
in the dense baryon environment produced in Pb+Pb collisios at LHC en-
ergies, in particular the formation of Decon ned Quark Matter (DQM), with
characteristics di erent from those expected in the much hgher temperature
baryon-free region around midrapidity. Exploration of this kinematic region,
can provide unigue investigations of the baryochemical-ptential dependence
on the properties of the QGP.

The idea of the CASTOR (Centauro And STrange Object Research
detector evolved from these considerations [8]. The noveluhgsten/quartz
electromagnetic (EM) and hadronic (HAD) calorimeter of abaut 10:0 ; and
with ne azimuthal (16 sectors) and longitudinal (14 segmernts) segmentation
will be a unique apparatus, capable to study the anomalous t@nsition curves
(depth and energy uctuations) in the development of hadroric showers. The
anomalous energy deposition pattern in the deep calorimete, has been
proposed as the new signature of the exotic events, such asragelets,
Centauros, DCC [9, 10].
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As the LHC, with an energy equivalentto 10!/ eV for a moving proton
impinging on one at rest, will be the rst accelerator to e ectively probe the
highest cosmic energy domain, the investigation of the anoalous cosmic-ray
events [11], as well as the tuning and calibration of Monte-@rlo codes, used
for interpretation of ultra-high energy cosmic-ray data, ae the primarily
aims of CASTOR. The simulations showed that the CASTOR caloimeter
is suitable to search and identify charged as well as neutrastrangelets,
despite of their lifetime.

The wide programme concerning nucleus nucleusAA), proton nucleus
(pA) as well aspp physics at the forward rapidity region has been intensively
developed [12] for the CASTOR detector and now goes well begd the study
of cosmic-ray related phenomena.

Forward physics program includes a broad range of high eneygphysics
topics, from fundamental properties of Quantum Chromo-Dyramics to new
physics phenomena and the determination of the luminosity.Among many
others, such subjects as low QCD physics, di ractive QCD processes will
be studied with CASTOR. The nonperturbative region of QCD at Bjorken-x
as smallas 10 ® 10 7 and the Color Glass Condensate for which there is
some evidence at HERA and RHIC data will be investigated.

With the design speci cations for CASTOR, the total and the elec-
tromagnetic energies in its acceptance range ( 170 TeV and 50 TeV
respectively, according to Hijing [13] PbPb simulations at5.5 TeV) can
be measured with a resolution below 1% and, therefore, Centauro
and/or strangelets events with an unusual ratio of electronagnetic to to-
tal (hadronic) energies can be well identi ed.

PROTOTYPE |

Fig.1. CASTOR prototype I: frontal view (left picture) and | ateral view (right
picture, only one light guide is shown).

The rst prototype of the CASTOR calorimeter has been constucted
and tested with electron beams at CERN/SPS in the summer 2003 The
purpose of this beam test was to investigate and compare thegsformance of
di erent component options (structure of the quartz active material, choice
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of the light guides/re ectors and photodetector devices),rather than to ob-
tain precise guantitative results of the response of the n&detector setup.
The general view of the prototype is shown in Fig. 1. The di erent detector
con gurations considered in this work are shown schematidly in Fig. 2.
Preliminary results of the analysis have been presented atigrent CMS
meetings [14]. Here we present a more quantitative analysisncluding the
beam pro le data [15].
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Fig. 2. Con guration options investigated in the 2003 beam test: di erent quartz
structures (bres and plate) and re ectors (glass, foil). T he points AO and 4 8
are scan locations used in calorimeter response uniformitgtudies (see Sec. 3.2),
X Y units are mm.

2. Technical description

The CASTOR detector is a Cherenkov-e ect based calorimeterwith
tungsten (W) absorber and quartz (Q) as sensitive material. An incident
high-energy particle will shower in the tungsten volume andproduce rela-
tivistic charged patrticles that will emit Cherenkov light i n the quartz plane.
The Cherenkov light is then collected and transmitted to phdodetector de-
vices through air-core light-guides. The di erent instrumentation options,
investigated in this work, are shown in Fig. 2. In Sec. 2.1 we ekcribe the
various arrangements of the active (quartz) and passive (tngsten) materi-
als of the calorimeter considered. Sec. 2.2 discusses thghli transmission
e ciency of di erent light-guide geometries, Sec. 2.3 compres two di erent
light-guide re ecting materials, and Sec. 2.4 summarizeshe characteristics
of the photodetectors (photomultipliers and avalanche pheodiodes) tested.
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2.1. Tungsten quartz

The calorimeter prototype is azimuthally divided into 4 octants and lon-
gitudinally segmented into 10 W/Q layers (Fig. 1). Each tungsten absorber
layer is followed by a number of quartz planes. The tungstendquartz planes
are inclined at 45 with respect to the beam axis to maximize Cherenkov
light output 1. The e ective length of each W-plate is 7.07 mm, being in-
clined at 45. The total length is calculated to be 0.73 i and 19.86y,
taking a density for the used W-plates of 19:.0 g/cm? and ignoring the
contribution of the quartz material.

The calorimeter response and relative energy resolution we studied for
quartz bres (QF) and quartz plates (QP) (see Sec. 3). We havetested
four octant readout units of the calorimeter, arranged sideby-side in four
azimuthal sectors. Each readout unit consisted of 10 sampig units. Each
sampling unit for sectors J1, J2, and S2 (see Fig. 2) is comméd of a 5 mm
thick tungsten plate and three planes of 640 m thick quartz bres. The
quartz bres were produced by Ceram Optec and have 600 m pure fused
silica core with a 40 m polymer cladding and a corresponding numetri-
cal aperture NA = 0.37 (in general, an optical bre consists d the core
with irajex of refraction ncgre, and the cladding with index ngaq, and

NA= nZ, N2, The sampling unit for sector S1 consisted of a 5 mm

thick tungsten plate and one 1.8 mm thick quartz plate. Both types of
guartz active material, bre or plate, had about the same e ective thick-
ness. The lling ratio was 30% and 37% for the quartz bres andquartz
plates, respectively. Simulations showed [14] that the emgy resolution of
the calorimeter with such values of lling ratios will be reasonable and it
will produce the su cient ux of Cherenkov photons.

2.2. Air-core light guides

The light guide constructed for the CASTOR prototype | is shown in
Fig. 3. It is an air-core light-guide made of Cu-plated 0.8 mmPVC (the
internal walls are covered either with a glass re ector or wih a re ector
foil, which are compared in the next section). In this sectiom the optimal
design and dimensions of the light guide are obtained basednodetailed
GEANMonte Carlo simulations.

In the simulations, the Cherenkov photons produced in the gartz of
the calorimeter are collected and transmitted to the photodetectors by air-
core light guides. The e ciency of light transmission and its dependence on

! The index of refraction of quartz is n = 1:461.55 for wavelengths =600 200 nm.
The corresponding Cherenkov threshold velocity is ¢ =1=n=0:650.69, and there-
fore, for . 1 the angle of emission is ¢ = acos(l=n ) =46 50 .
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Fig. 3. Picture of the light guide used in the prototype.

the light-source position are crucial parameters charactézing the light guide

and signi cantly a ecting the performance of the calorimeter. We developed
a GEAN3B.21-based code to simulate the transmission of Cherenkowhptons
produced in the quartz plane through a light guide [16]. A phaon is tracked

until it is either absorbed by the walls or by the medium and isthus lost,

or until it escapes from the light guide volume. In the latter case it is
considered detected only if it escapes through the exit to th photodetector.
If it is back-scattered towards the entry of the light guide it is also lost.

Inside the bre core Cherenkov photons are practically prodiced isotrop-
ically. But those that are captured and propagate through the lightguide
have an exit angle with respect to the bre longitudinal axis up to a max-
imum value ( core) Which depends on the numerical aperture NA and the
core refraction index (gore). When traversing the core-air boundary at
the entrance of the lightguide, the photons undergo refragbn resulting in
a larger angle ( air). In the simulations, bres of various numerical apertures
(NA =0.22 0.48) as well as light-guides of various shapes (flly square cross
section or partially tapered) were used (see Fig. 4). The marmum values

Fig.4. Schematic view of the air-core light guide geometry.lg (Im) is de ned as
the ratio of the length of the (non-)tapered section over thewidth of the entrance
plane (assumed to be unity in the gure).
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of core-exiting and air-entering angles (core, air) in degrees for various nu-
merical apertures are given in Table |. For the quartz plate,the air-entering
angle, g, is larger than 30.

TABLE |

Maximum values of the core-exiting ( core) @nd air-exiting ( air ) angles, for various
numerical apertures (NA) of the quartz bres (index of refraction: ncoe = 1.46).

NA (Ncore=1.46) core air

0.22 8.7 127
0.37 147 21.7
0.40 159 236
0.44 175 26.1
0.48 19.2 287

The walls of the GEANTight-guide have a re ection coe cient of 0.85
(simulating the transmittance of the re ecting internal mi rror surface and
the quantum e ciency of the photodetector devices, see nextsection and
Table VI). The entrance plane of the light guide was uniformly scanned
with the simulated light source. The percentage of photons €caping in the
direction of the photodetector has been recorded as a funah of the source
position, giving, after integration over the complete surfce, the light guide
e ciency. The spatial uniformity of the light-guide perfor mance can be
qguanti ed with the relative variation ( =mean) of the e ciency across the
entrance. Results for the light guides e ciency and uniformity studied are
tabulated? in Tables |1V and are plotted in Figs. 5 and 6 for bres with
NA = 0.37 and 0.48, respectively.

We studied air-core lightguides of square cross section (thi entrance
area 10 10 cn?), fully or partially tapered. The parameters Ig and Im
refer to the tapered and non-tapered sections of the light gide, as shown in
Fig. 4, de ned as [16]:

lg = ratio of the length of the tapered part over the width of the entrance
plane, and

Im = ratio of the length of non tapered part over the width of the en-
trance plane.

2 Note, that only the points relevant for the actual light-gui  de construction are included
in the table.
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Fig. 5. E ciency (top) and relative variation of the e cienc y (bottom) for various
light guides (calorimeter quartz bres with NA = 0.37) for di erent values of the
Ig and Im parameters (see text).
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Thus, e.g. with a mean entrance length of 10 cm, a valudg : Im =1:2
indicates that the light-guide has a total length of 30 cm with 10 cm of
tapering part, and a value lg : Im = 2 : 0 indicates a fully tapered light-
guide with length 20 cm, and so on. In Tables Il V, the row (column)
indicates the magnitude of the parameterdm (lg), respectively.

TABLE I

Light-guide e ciency (%) for di erent values of the Ig and Im parameters (see text)
and quartz bres with NA = 0.37.

nim 0 1 2

1 38.3 345 3438
2 46.1 39.1 432
3 448 418 415

TABLE 1l

Relative variation of the light-guide e ciency across the entrance, = Mean (%),
for di erent values of the Ig and Im parameters (see text) and quartz bres with

NA = 0.37.

Im 9 1 2

1 393 355 36
2 89 383 34
3 33 228 3.2

TABLE IV

Light-guide e ciency (%) for di erent values of the Ig and Im parameters (see text)
and quartz bres with NA = 0.48.

nim 0 1 2

1 31.1 283 27.1
2 30.1 275 275
3 271 250 250

lg




1438 X. Aslanoglou et al.
TABLE V

Relative variation of the light-guide e ciency across the entrance, = Mean (%),
for di erent values of the Ig and Im parameters (see text) and quartz bres with

NA = 0.48.

m 9o 1 2

1 204 238 41
2 39 284 46
3 3.8 232 37

From Tables | V and Figs. 5 and 6 we note that, as the NA of the bre
and hence the air-entering angle, 5, increases, the transmission e ciency
decreases. Also, the optimum length for the air-core light gide decreases,
while the uniformity of the light exiting increases. In order to obtain an op-
timum e ciency and uniformity of light transmission within the realistically
available space, the best option seembn = 0 and Ig = 2 for NA = 0.37
and 0.48. A more detailed study of the light guide performanes beyond
the scope of our current paper can be found in reference [16]

2.3. Light guide re ecting material

The light transmittance in the light-guides was studied for two alterna-
tives for the re ecting medium:

1. 0.5 mm thick oat-glass with evaporations of AIO and MgFr (Fig. 7,
left) and

2. Dupont polyester Im re ector coated with AIO and re ecti on en-
hancing dielectric layer stack SiQ+TiO ,, the so-called HF re ector

foil (Fig. 7, right).
TABLE VI
Light guide transmittance times the Avalanche Photodiode quantum e ciency at

each wavelength (see Figure 9) for the two re ectors consided (in both cases the
quartz bres have NA = 0.37 and 3 internal re ections).

Wavelength  Glass re ector (Al+MgF) Dupont + Layer stack

650 nm 62% 64%
400 nm 53% 62%
350 nm 44% 7%

300 nm 10% 0%
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Aluminium reflector +MgFr Aluminium reflector + 1 pair SiO,+TiO,
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Fig. 7. Re ectance of two mirrors coated with AIO+MgFr (left ) and Dupont foil
with AIO and SiO ,+TiO ; (right), as a function of the incident light wavelength.

To choose the most suitable re ector, we also have to take it ac-
count the quantum e ciency of the photodetector device (see Sec. 2.4).
In Table VI we calculate the product of the light guide transmittance and
Avalanche Photodiodes (APD) quantum e ciency for Q- bres w ith NA =
0.37 and 3 internal re ections in the designed light guide. Te light output
is higher (lower) for the light-guides with re ector-foil ( glass-re ector) for
wavelengths above (below) =400 nm. We prefer the HF-re ector solution
since the short wavelength Cherenkov light (< 400 nm) deteriorates fast
with irradiation of the quartz material and thus a continuou s compensation
must be applied [17]. The optimum combination of the HF-re ector and the
Q-e ciency of the photodetector ensures that the total e ci ency is maxi-
mized above 400 nm and falls sharply to zero below 400 nm.

2.4. Photodetectors

We instrumented the calorimeter prototype with two di erent types of
light-sensing devices:

1. Two dierent kinds of Avalanche Photodiodes (APDs): Hamamatsu
S8148 (APD1, developed for the CMS electromagnetic caloriater [18])
and Advanced Photonix Deep-UV (APD2), Fig. 8.

2. Two dierent types of photomultipliers (PMTs): Hamamats u R374
and Philips XP2978.

We used 4 Hamamatsu APDs, each 55 mm?, in a 2 2 matrix with
total area of 1 cn?. The Advanced Photonix DUV APD had an active area
of 2 c? (16 mm diameter). The Hamamatsu and Philips PMTs have both
an active area of 3.1 cri. The Hamamatsu and Advanced Photonix APD
guantum e ciencies are shown versuswavelength in Fig. 9.
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Fig.8. The two types of APDs used in the beam test: Hamamatsu 8148 (left,
5 5mm?, in a2 2 matrix with total 1 cm 2 active area) and Advanced Photonix
DUV (right, active area of 2 cm?).

Fig. 9. APDs quantum e ciencies versuswavelength: Hamamatsu S8148 (left) and
Advanced Photonix (right, the curve labeled 'blue’ is relevant for this study).

3. Beam test results

The beam test took place in summer 2003 at the H4 beam line of th
CERN SPS. The calorimeter prototype was placed on a platfornrmovable
with respect to the electron beam in both horizontal and verical (X;Y )
directions. Telescopes of two wire chambers, as well as twgossed nger
scintillator counters, positioned in front of the calorimeter, were used to
determine the electron impact point. In the next two sectiors we present
the measured calorimeter linearity and resolution as a furiton of energy
and impact point for di erent prototype con gurations.
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3.1. Energy linearity and resolution

To study the linearity of the calorimeter response and the r&tive energy
resolution as a function of energy, the central points C (Fig 2) in di erent
azimuthal sectors have been exposed to electron beams of eme20, 40, 80,
100, 150 and 200 GeV. The results of the energy scanning, apakd for four
calorimeter con gurations, are shown in Figs. 10 13. The dstributions of
signal amplitudes, after introducing the cuts accounting br the pro le of the
beam, are symmetric and well tted by a Gaussian function.

For all con gurations, the calorimeter response is found tobe linear
in the energy range explored (see Fig. 14). The average sigramplitude,
expressed in units of ADC channels, can be satisfactorily ted by the fol-
lowing formula:

ADC= a+b E; (1)

where the energyE is in GeV. The tted values of the parameters for each
con guration are shown in Fig. 14 and are tabulated in Table MI. The values
of the intercept 'a' are consistent with the position of the ADC pedestal
values measured for the various con gurations considered36.1 0.3 (S1-
Quartz Plate), 38.4 1.8 (S2-Quartz Fibres), 35.3 1.5 (J2-Quartz Fibres,
glass re ector), 35.4 0.6 (J1-Quartz Fibres, foil re ector).

The relative energy resolution of the calorimeter has been tgdied
by plotting the normalized width of the Gaussian signal ampitudes
(Figs. 10 13), =E, with respect to the incident beam electron energy,
E (GeV) and tting the data points with two di erent functiona | forms [19]:
= po+p1=pE: 2
=E = po p= E p=E; 3)

11
m
|

where the indicates that the terms have been added in quadrature. In
expression (3), three terms determine the energy resolutio

1. The constant term pg, coming from the gain variation with changing
voltage and temperature, limits the resolution at high enegies.

2. The dominant stochastic termps, due to intrinsic shower photon statis-
tics.

3. The noisep, term, which contains the noise contribution from capac-
itance and dark current.
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Fig. 13. Distributions of signal amplitudes in ADC channels for elec tron beam energies
(20, 40, 80, 100, and 150 GeV) impinging on the central point C of sector S1 (Quartz

Plate) using Advanced Photonix APD.
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Fig.14. Energy linearity in sectors: (top left) S1 (Philips PMT), (top right) S2
(Philips PMT), (bottom left) J2 (APD1), (bottom right) S1 (A PD2).

Generally, both formulae satisfactorily t the data (Fig. 15). The t
parameters are shown in Table VII. The rst thing to notice is that the
constant term pg is close to O for all options. The average stochastic term
p: is in the range 26% 96% and indicates that we can measure the to-
tal Pb+Pb electromagnetic energy deposited in CASTOR at LHC energies
(  40TeV, according to Hijing [13]) with a resolution around 1%. The read-
out by avalanche photodiodes leads to thg, term, measured to be 1.25 GeV
and 4.5 GeV for Advanced Photonix APD and Hamamatsu APD, resgc-
tively. It should be noted that the APDs are very sensitive to both voltage
and temperature changes, but in this test there was no such abilization.
In Table VII we summarize the t parameters for both parameterizations
and for the four considered con gurations.
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Fig.15. Energy resolution in sectors: (top left) S1 (Philips PMT), (top right) S2
(Philips PMT), (bottom l&ft_) J2 (APD1), (bottom rigkp_Sl (A PD2). Two ts are
shown: =E = pp+ p1= E (solid); =E = py p= E p2=E (dashed), with E
given in GeV. The quoted =E values are an average between both ts.

3.2. Area scanning

The purpose of the area scanning was to check the uniformity fathe
calorimeter response, a ected by electrons hitting pointsat di erent places
on the sector area, as well as to assess the amount of edge @ and lateral
leakage from the calorimeter, leading to cross-talk betwee neighbouring
sectors.

For the area scanning of sector S2, connected to the PhilipsNPT, central
points (A E) as well as border points (I O) have been exposedto electron
beam of energy 100 GeV (see Fig. 2). The distributions are symetric and
well described by Gaussian ts for the majority of the points. Asymmetric
distributions are seen only for points closer than 3 mm to the calorimeter
outer edge or sector border.

Fig. 16 shows the calorimeter response and relative resolah ( =E ) as
a function of the distanceR from the calorimeter center, for both central and
border points. The top plot shows the coordinates of the poits, corrected
for the beam impact point position. It can be seen that pointsE, F, J
practically lie at the upper edge of the calorimeter. The ri¢ of the signal
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amplitudes (bottom left), as well as of the distribution widths with R can be
attributed to a lateral spread of the beam. For largeR, a substantial part of
the electron beam is outside of the calorimeter sector and fia directly onto
the light guides. The bottom right plot shows that the energy resolution is

4:7% for 100 GeV electrons and is relatively independent of the gsition
of the impact points.

Fig. 16. Dependence of signal amplitude on the distanc® from the calorimeter
center in sector S2 (Philips PMT). Top: Coordinates of the s@nned points. Bottom
plots: Measured response to 100 GeV electrons on central (&, lled squares) and
border (I O, hollow squares) points.

3.2.1. S1 S2 cross talk

Ten points, located at distances 2.5 32 mm from the S1/S2 sdor border,
have been exposed to the electron beam of energy 80 GeV. Thensitane-
ous readout of both sectors has been done by Advanced PhotenAPD and
Hamamatsu PMT in S1 and S2, respectively. The upper left pad bFig. 17
shows the coordinates of the measured points in the calorinter frame, cor-
rected for the beam impact point position. The star symbol maks the
coordinates of the border point between S1 and S2 sectors,uiod from the
dependence of the signal amplitudes oiX (Y) coordinates (lower pads).
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Fig.17. Top: Position of the points in the calorimeter frame, corrected for the
beam impact points. Bottom: Measured calorimeter responsevrersus coordinates
X (left) and Y (right) in sectors S1 (APD2) and S2 (Hamamatsu PMT) for several
points at distances 2:532. mm from the sector border.

The distributions of the signal amplitudes in S2 sector, forpoints dis-
tanced from the sector border more than 8 mm, are symmetric (Gaussian)
and leakage to S1 sector is negligible. The relative energgsolution =E is
of the order 2:9% for 80 GeV electrons.

The dependence of the calorimeter response, leakage framtiand relative
energy resolution, /response, on the distanced from the sector border, for
S1 and S2 sectors are shown in Fig. 18.

Both the light output and energy resolution are a little better for S2
sector, connected to Hamamatsu PMT (=E 2:9%), than for S1 sector,
connected to Advanced Photonix APD (=E 4:5%). This is expected
since there is more light collected by the PMT as compared tote APD:
area(PMT)/area(APD) = 1.55.
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Fig.18. Comparison of the calorimeter response (top right) leakage fraction
(bottom left), and relative energy resolution, /response, (bottom right) in sec-
tors S1 (APD2) and S2 (Hamamatsu PMT) for points at di erent d istancesd from
the sector border.

3.2.2. Comparison of J1, J2 and S1 sectors

For comparison of the uniformity of calorimeter response, everal points
located at di erent places on the sectors have been exposed the electron
beam of 80 GeV energy. The points (A E) at the middle of J1, J2 and S1
sectors and points (4 8) at the border of S1 sector have beentglied (see
Fig. 2). All sectors have been connected to Hamamatsu PMT. Gassian dis-
tributions of signal amplitudes in the middle of the sectorsand asymmetric
distributions close to the sector border (points 4 8) and sanetimes also close
to the inner (point A) and outer (point E) calorimeter edge in J1 sector are
observed. The beam pro le correction (aiming at selecting lhe central core
of the impinging beam) reduces the asymmetry.

Comparison of light output and relative energy resolution br all options
studied is shown in Fig. 19. Light output is highest in the S1 QP-glass)
sector and it is practically the same for the central and bor@r points. It
depends weakly on the distanceR of the impact point. For S1, a weak
decrease and for J1 and J2 sectors a weak increase of the cadwter response
with distance R from the calorimeter center are observed, Fig. 19. The
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relative energy resolution is almost independent of the pason of the impact
pointanditis 1:52.5 % for S1 (QP-glass) and J2 (QF-glass) sectors and
3:54.0 (QF-foil) for 80 GeV electrons.

Fig.19. Comparison of calorimeter response (left) and redation (right) to 80 GeV
electrons for several impact points (A E) of J2, J1 and S1 setors, readout with
Hamamatsu PMTSs.

4. Summary

We have presented a comparative study of the performances tie rst
prototype of the CASTOR quartz-tungsten calorimeter of the CMS exper-
iment using di erent detector con gurations. GEANased MC simulations
have been employed to determine the Cherenkov light e cieng of di erent
types of air-core light guides and re ectors. Di erent secibrs of the calorime-
ter have been setup with various quartz active materials andvith di erent
photodetector devices (PMTs, APDs). Electron beam tests, arried out at
CERN SPS in 2003, have been used to analyze the calorimetendarity
and resolution as a function of energy and impact point. The min results
obtained can be summarized as follows:

1. Comparison between the calorimeter response using a slagjuartz plate
or using a quartz- bre bundle indicates that:

(@) Good energy linearity is observed for both active mediumoptions
(Fig. 14).

(b) The Q-plate gives more light output than equal thickness Q- bres
(Fig. 19).

(c) The relative energy resolution is similar for quartz plaes and quartz
bres (Fig. 15). When readout with the same Hamamatsu PMT (S},
S2 sectors), we found 2% energy resolution for 80 GeV electrons
(Fig. 19).
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(d) The constant term pg of the energy resolution, that limits performance
at high energies, is less than 1% in both options for the samehHips
PMT and glass re ector (Fig. 15). The stochastic termp; is 36% and

46% for quartz plates and quartz bres, respectively (Table VII).

2. Avalanche-photodiodes (APDs) appear to be a working optin for the
photodetectors, although they still need more investigatbn (radiation-
hardness, cooling and voltage stabilization tests).

3. The relative energy resolution is weakly dependent on thgosition of
the impact point (Fig. 19). Leakage (cross-talk) between sgtors is
negligible for impact points separated more than 8 mm from tle sector
border. Only, electrons impinging less than 3 mm from the detctor
edge show a degraded energy response and worse resolution.

4. The shape of the light guide is determined by tree paramets: (i) the
type of quartz ber (NA number), (ii) the maximum e ciency and
uniformity of response, and (iii) the available space for the size of
a calorimeter. The aim is to simultaneously achieve optimune ciency
and uniformity of light transmission within the realistica lly available
space. From the analysis of the MC simulations we come to theon-
clusion that the above requirements are best satis ed withm = 0 and
lg = 2 for NA = 0.37 and 0.48.

(31

. The light output is a little higher for the light-guides wi th glass re ec-
tor compared to those that use HF-foil, for the same photodetctor
(Hamamatsu PMT, Fig. 19). This is understood, since the HF reect-
ing foil is designed to cut Cherenkov light with < 400 nm, where
the light output is greater. However, the HF-re ector foil h as higher
e ciency in the region > 400 nm than the glass mirror (Table VI).

In summary, this study suggests that equipping the CASTOR c#orime-
ter with quartz-plates as active material, APDs as photodegctor devices
(with temperature and voltage stabilization), and light-guides with foil re-
ector is a promising option, although the nal con guratio n would bene t
from further (detailed) investigation to take into account the experimental
conditions that will be encountered in the forward rapidity region of CMS.
A beam test of the second prototype was carried out in 2004 anthe results
are reported elsewhere [20].



1452 X. Aslanoglou et al.

We wish to thank R. Wigmans and N. Akchurin for the assistancein the
early stage of the beam test. This work is supported in part bythe Secre-
tariat for Research of the University of Athens and the Polidh State Commit-
tee for Scienti c Research (KBN) SPUB-M no. 620/E-77/SPB/CERN /P-
03/DWM 51/2004-2006. D. d'E. acknowledges support from the6th EU
Framework Programme (contract MEIF-CT-2005-025073).

REFERENCES

[1] D. d'Enterria (ed.) et al. [CMS Collaboration], High Density QCD with
Heavy-lons. CMS Physics Technical Design Report, [CERN-LKCC 2007-009],
J. Phys. G34, 2307 (2007).

[2] J. Bartke, E. G®adysz-Dziadu+, M. Kowalski, A.D. Panagotou, ALICE Inter-
nal Note, PHYS/93-12.

[3] C.M.G. Lattes, Y. Fujimoto, S. Hasegawa, Phys. Rep.65, 151 (1980).

[4] E. G®dysz-Dziadu+ Phys. Part. Nucl. 34, 285 (2003),hep-ph/0111163 and
the references therein.

[5] A.D. Panagiotou et al., Phys. Rev. D45, 3134 (1992); M.N. Asprouli,
A.D. Panagiotou, E. G®adysz-Dziadut, Astrop. Phys. 2, 167 (1994);
E. G®adysz-Dziadut, A.D. Panagiotou, Proc. Int. Symp. on Stangeness and
Quark Matter (Crete), eds. G. Vassiliadis et al., World Scienti ¢ 1995, p. 265;
O. Theodoratou, A.D. Panagiotou, Astrop. Phys. 13, 73 (2000).

[6] E. G®adysz-Dziadut, Z. Waodarczyk,J. Phys. G: Nucl. Part. Phys. 23, 2057
(2997).

[7] Z. Fodor, S.D. Katz, J. High Energy Phys. 0404, 050, 2004
[hep-1at/0402006 ]; K. Rajagopal, F. Wilczek, As the Frontier of Particle
Physics/Handbook of QCD, ed. M. Shifman, World Scienti c 2000, Vol. 3,
pp. 2061 2151.

[8] A.L.S. Angelis, A.D. Panagiotou, J. Phys. G23, 2069 (1997); A.L.S. Angelis
et al., hep-ex/9901038; A.L.S. Angelis et al., Nucl. Phys. Proc. Suppl. 97,
227 (2001);http://cmsdoc/cern.ch/castor

[9] A.L.S. Angelis, J.Bartke, E. G®adysz-Dziaduz, Z. W2odaczyk, EPJdirect C9,
1 (2000).

[10] E. G®adysz-Dziadux [CASTOR group], Nuclear Theory'21 Rila Mountains,
Bulgaria, 2002, Nuclear Theory'21, ed. V. Nikolaev, Heron Ress, So a 2002,
pp. 152 173 and the references therein.

[11] E. Norbecket al. [CMS Collaboration], Int. J. Mod. Phys. E16, 2451 (2007);
E. G®adysz-Dziadu+ [CASTOR group],Acta Phys. Pol. B 37, 153 (2006).

[12] M. Albrow et al. [CMS and TOTEM Collaborations], Prospects for Di ractive
and Forward Physics at the LHC, CERN/LHCC 2006-039/G-124, CMS Note
06 5, 2006, http://cdsweb.cern.ch/record/1005180

[13] M. Gyulassy, X.-N. Wang, Phys. Rev. D44, 3501 (1991); Comput. Phys.
Comm. 83, 307 (1994).



First Performance Studies of a Prototype for the CASTOR ... 1453

[14] A.D. Panagiotou, CMS-CPT Week, PRS-HI meeting, Novemter 2003;
CMS-HF meeting, CMS Week, September 2003, CERN; see
http://cmsdoc.cern.ch/castor/Talks/Talks.html

[15] E. G®adysz-Dziadut, Institute Nuclear Physics, Krakev, Report #1942 PH-
2004, http://www.ifj.edu.pl/publ/reports/2004/1942 .pdf

[16] G. Mavromanolakis, A.L.S. Angelis, A.D. Panagiotou, ALICE/CAS-2000-27,
seehttps://edms.cern.ch/document/249724/1

[17] Ch.D. Marshall, J. Speth, S.A. Payne,Journal of Non-Crystalline Solids 212,
59 (1997).

[18] K. Deiters et al., Nucl. Instrum. Methods Phys. Res., Sect. A461, 574 (2001).

[19] G. Anzivino et al., Nucl. Instrum. Methods Phys. Res., Sect. A357, 369
(1995); M. Livan, V. Vercesi and R. Wigmans, Scintillating-bre Calorimetry,
CERN 95-02 (1995).

[20] P. Katsaset al., Eur. Phys. J. C52, 495 (2007).



