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Abstract

New generation hadron colliders are going to reach unprecedented energies and radiation levels.
Quartz has been identified as a radiation-hard material that can be used for Cerenkov calorimeters
of the future experiments. We report from the radiation hardness tests performed on quartz fibers, as
well as the characteristics of the quartz fiber and plate Cerenkov calorimeters that have been built,
designed, and proposed for the CM S experiment.
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1 Introduction

The future colliders are going to reach unprecedented energies and the experiments will experience huge particle
fluxes. This requires developing and using radiation hard detector system technologies. For the CMS Forward
Calorimeter (HF) we have used quartz fibers as the active material, in light of a series of radiation-hardness tests
performed on quartz fibers. We report results from these tests. In this paper we summarize the test beam results on
Pre-Production Prototype (PPP-1) and HF, as well as the Geant4 simulations. The CM S detector hasthe CASTOR
calorimeter behind HF to cover the forward region better. CASTOR has been designed to use Cerenkov light made
in quartz plates. We review the design properties of CASTOR calorimeter. As a possible upgrade to the End-
Cap Hadron calorimeter for the SuperLHC (SLHC) era, we have proposed to replace existing scintillators with
radiation hard quartz plates. In the last section of this paper we give the preliminary results from R& D studies for
maximizing the Cerenkov light collection efficiencies.

2 Radiation Damage Studies on Quartz Fibers

The simulations show that the CMS HF calorimeters are going to absorb, on average, 760 GeV energy per event.
Thisis huge compared to only 100 GeV for the rest of the main detector. Moreover, this energy is not uniformly
distributed, but has a pronounced maximum at the highest rapidities. At = 5 and integrated luminosity of
5 x 10°pb~"! (around 10 years of LHC operation), the HF will experience almost 1 GRad radiation [1]. The
neutron rates (E,, <= 14 MeV) at the front of the detector will be in the order of 108 Hz/cm?. The charged
hadron rates will also be extremely high, especially at the shower maximum of the HF where the rate will reach
103 to 1016 H 2 /em?. This hostile environment presents a unique challenge in particle detection techniques.
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Figure 1. The experimental setup. Figure 2: Attenuation for seven groups of fibers.

Initial radiation damage studies on quartz fibers were performed at two different facilities; a 10 kW experimental
reactor, UTR-10 at ISU in Ames, lowa, and the MGC-20E cyclotron at ATOMKI in Debrecen, Hungary. The
details of these tests can be found elsewhere [2]. The initial tests showed some radiation recovery for most silica
fibers. For some quartz fiber types < 10 MRad gammairradiation seems to have generated asimilar type of optical
damage as neutron irradiation at fluence of 101°n/cm?. After these initial tests we performed more radiation
damage tests on nine different high OH- quartz fibers by irradiating them with 500 MeV electrons from the Linac
Injector of LEP (LIL) at CERN. The transmission of Xe light was measured in-situ in the 350-800 nm range. The
induced attenuation at 450 nmisfoundto be 1.52 & 0.15d B /m for a 100 Mrad absorbed dose. We observed some
darkening on the fibers, but the radiation did not change the tensile strength of the quartz fibers[3].

In 2004, quartz fibers were exposed to strong neutron and photon radiation and tested for optical degradation. The
fiberswereirradiated with pul ses of high-energy neutrons produced by the I ntense Pulsed Neutron Source (IPNS) at
ArgonneNational Laboratory for atwo-week period. Damageto the fibers was determined after 7.42 x 10 17n /cm?
of fast neutrons, 17.6 Mrad of neutron and 73.5 Mrad of gammaradiation. The spectra of the irradiated fibers look
similar to those from the non-irradiated fibers but were noticeably attenuated. Thelevel of damage was wavelength
specific (See Figure 1 and Figure 2). Recently, to complete our knowledge of radiation damage of the quartz fibers
weinitiated ahigh level of irradiation with 24 GeV protonsat CERN. The quartz fiberswith 0.6 mm core diameter
wereirradiated with 4.610protons/cm? corresponding to a 1.2 Grad dose. The attenuation measurements were
performed in-situ. We tested quartz fibers with quartz cladding (qq) and with plastic cladding (gp). The light
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Figure 3: « parameters for qgq and gp fibers versus  Figure 4: (3 parameters for qq and gp fibers versus
wavelength, where a isthe attenuationindB/mat 100  wavelength.
Mrad.

attenuation in the fiber is defined as
A(X, D) = a(\)[D/D,)*™

Where o and § are parameters for qq and gp fibers that are determined by fitting the ratios as a function of
wavelength and dose.

1(\ D)/I(A,0) = e~ (5/4313)00)(D/D.) ")

Choosing a scale factor Ds = 100 Mrad, ais the attenuation at 100 Mrad, in dB/m, L being expressed in m (see
Figure 3 and Figure 4). After 1.2 Grad of proton irradiation, the results are similar to the electron radiation tests
[4]. Up to 0.8 Grad we do not observe a significant differencein attenuation versus dose between qq and gp fibers.
Above 0.5 Grad there is no recovery of damage below 380 nm, and in the range of 580-650 hm quartz becomes
opague. We monitored the recovery over 4 months. The decrease of signal in fibersis very fast at the beginning:
30% loss after 20 Mrad at 455 nm.

3 Quartz Cerenkov Calorimeters of the CM S Experiment

This part of the paper will cover three different radiation-hard Cerenkov calorimeters for the CMS experiment
(Figure5); i) Pre-Production Prototype (PPP-1) of the Forward (HF) calorimeter, ii) The Forward (HF) calorimeter
iii) The CASTOR calorimeter. The PPP-1, and HF use quartz fibers while CASTOR uses quartz plate as the active
volume (Figure 6).

3.1 Pre-Production Prototype (PPP-1)

The PPP-I is an iron absorber matrix with embedded quartz fibers which serve as the active material. The iron
matrix is composed of 2.5 mm thick iron layers with grooves every 2.5 mm. The embedded fibers run paralel to
the beam and constitute the active component of the detector. The Iength of the absorber is 165 cm, 8.3 nuclear
interaction length (A;;,;), with a cross sectional area of 18cm x 18cm. A single quartz fiber is inserted In each
groove. In PPP-1, there are three different lengths of fibers to achieve alongitudinal segmentation. They are called
electromagnetic (EM), hadronic (HAD), and tail catcher (TC). Long fibers sample al shower components while
the shorter fibers are biased to the hadron component as the hadronic showers tend to penetrate deeper. There are
two EM fibers for each HAD and TC fiber. The PPP-| is divided into nine physical regions called towers, each
with a6 cm 6 cm cross sectional area. At the center of each tower, a radioactive wire source-tube groove exists
for calibration [5].
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Figure 5: The major components of the central part of  Figure 6: The major components of the forward re-
the CM S detector. gion of the CM S detector.

At the test beam the detector was placed on a platform that could move in three dimensions with respect to the H4
beam line at CERN. One of the factors that affect the cal orimetersresponseis the non-uniformitiesin its structure.
In PPP-I, this non-uniformity is the fiber spacing. In order to study the spatial uniformity of the PPP-1, a 120 GeV
electron beam was moved with 1.0 cm steps across the face of the detector. The energy resolution of a calorimeter,
in general, can be parametrized as

(0/E)* = (a/VE) + (b/E)* + ¢

Thefirst term is the sampling term and characterizes the statistical fluctuationsin the signal generating processes.
The second term corresponds to noise and includes the energy equivalent of electronic noise as well as pileup.
The third term is the constant term and is related to the imperfections of the calorimetry, signal generation and
collection non-uniformity, calibration errors and fluctuations in the energy leakage from the calorimeter. In quartz
fiber calorimeters the electromagnetic energy resolution is completely dominated by photoelectron fluctuations,
therefore we drop the noise term for electromagnetic resolution definition (See Figure 7). The electromagnetic
energy resolution was measured to be

(6/E)? = (197%/VE)? + (8%)?

Where, E has units of GeV. The hadronic energy resolution was determined to be 18% at 1 TeV (Figure 8).

3.2 TheForward (HF) Calorimeters

The HF calorimeters consist of two modules, located symmetrically at about 11 m from either side of interaction
point. They cover the pseudorapidity range 3-5. The length along the beamis 1.65m or 10 X ;,,;. Each calorimeter
consists of alarge steel block that serves as the absorber. Embedded quartz fibers in the steel absorber run parallel
to the beam and constitute the active component of the detector. In order to optimize energy resolution for E and
Er flows and forward jets, the calorimeter is effectively segmented longitudinally by using two different fiber
lengths.

In this report we will summarize the results from tests performed on HF modules at the H2 test beam line at
CERN, in 2004. And, the Geant4 simulation efforts to verify the test beam. The HF wedges were individually
placed on a remotely controlled table that could move horizontally and vertically with respect to the beam with
better than 1 mm precision. The angular positioning of the detector on the vertical plane with respect to the beam
line was also remotely controlled and varied from 0° to 6° to mimic the particle path in the CM S experiment. The
purity of the beam depended on energy; in particular, high energy electron beams were contaminated with pions
and muons [6]. The simulations of the test beam, the physics of the electromagnetic and hadronic processes, are
implemented by using GEANT4 physics applications. Although electromagnetic physics used in the simulation is
standard GEANT4 electromagnetic physics, four different physics lists are used for the hadronic physics, LHER,
QGSP, QGSC, and FTFP[7]. Table 1 and Table 2 summarize the comparison of different Geant4 simulations with
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Figure 7: The electromagnetic energy resolution of  Figure 8: The hadronic energy resolution of PPP-1 as
PPP-1lasafunctionof 1/VE. afunctionof 1/V/E.
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the test beam. The test beam results showed that for the el ectromagnetic energy resolution, the stochastic term aiis
198% and the constant term ¢ is 9%. The hadronic energy resolution is largely determined by the fluctuationsin

the neutral pion production in showers, with a = 280% and ¢ = 11%.

Table 1. Test beam electromagnetic energy resolution and Geant4 results.

Data

30 GeV

50 GeV

100 GeV

150 GeV

TBO4

0.396 £+ 0.028

0.315 £ 0.022

0.231+£ 0.016

0.204 £ 0.014

LHEP

0.421 + 0.001

0.329 + 0.001

0.239 + 0.001

0.201 + 0.001

QGSP

0.420 £ 0.001

0.328 £ 0.001

0.240 £ 0.001

0.201 £ 0.001

QGSC

0.421 + 0.001

0.328 + 0.001

0.239 + 0.001

0.203 + 0.001

FTFP

0.422 £ 0.001

0.328 £ 0.001

0.238 £ 0.001

0.203 £ 0.001

Table 2: Test beam hadronic energy resolution and Geant4 results.

Data

30 GeV

50 GeV

100 GeV

150 GeV

TBO4

0.514 0.036

0.407 0.029

0.309 0.022

0.267 0.019

LHEP

0.495 + 0.001

0.380 + 0.001

0.280 + 0.001

0.241 + 0.001

QGSP

0.467 £ 0.001

0.368 £+ 0.001

0.275+ 0.001

0.234 £ 0.001

QGSC

0.477 + 0.001

0.373+ 0.001

0.276 + 0.001

0.236 + 0.001

FTFP

0.466 + 0.001

0.372 £ 0.001

0.274 £ 0.001

0.232 £ 0.001

3.3 CASTOR Calorimeter

CASTOR [8] is a calorimeter that will measure the energy of particles emitted at very small angles, covering
the polar angles from 0.1° to 0.7° with respect to the beam direction. The detector is an octagonal cylinder,
approximately 1.5 m long with an outer diameter of 36 cm and an inner diameter of 3.8 cm (to contain the beam
pipe). It is subdivided into 16 sections in azimuth and 18 sections in depth. This fine segmentation alows it to
image the 3 dimensional texture of energy deposition for different particles. Because the energy of the incoming
particlesis very high, the CASTOR spectrometer hasto be very dense, which is achieved by using tungsten plates.
For sensitivity to the angle of the incoming particles it is desirable to measure only the very fast positrons and
electrons produced at small angles with respect to the initial direction. Thisis done by using the Cerenkov effect,
which results in emitted light created in an approximate el ectromagnetic equivalent to the shock front that causes
sonic booms. In its proposed location, the detector is expected to experience radiation exposure in the range of
10-100 MGy. The quartz is arranged in thin plates, tilted at 45 © in order to efficiently capture the Cerenkov light.
In order to increase the amount of light collected, many layers of tungsten and quartz are stacked together. The
light from seven quartz platesis collected by an air filled light guide, covering 22.50 in azimuthal angle (see Figure
11).
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Figure 11: The design of CASTOR.



The electromagnetic particles, photons and electrons, penetrate less deeply into the detector than the hadronic
particles, such as pions and protons. Therefore, the first 11.5 cm of the detector is segmented dlightly differently
with tungsten and quartz thicknesses of 3.0 and 1.5 mm, respectively, compared to 5.0 and 2.0 mm, in the remain-
ing 1.25 m hadronic section of the device. With this design of quartz detectors, the diameter of the showers of
electrons and positrons produced by hadrons is of the order of 1 cm for tungsten, compared to values orders of
magnitudelarger in other calorimeters. CASTOR will provideavery fast, high resol ution measure of the azimuthal
distribution of energy in aregion very close to the beam direction. The longitudinal segmentation will allow this
energy to be differentiated into that carried by hadronic and electromagnetic particles and to allow study of exotic
objectsthat have been predicted to occur in thisangular range [9]. In events with smaller occupancy, the energy of
individual particles, aswell astheir hadronic or electromagnetic nature, can be determined with high accuracy.

4 CMSHCAL Detector Upgrade Studies For SLHC

The Large Hadron Collider (LHC) is designed to provide, 14 TeV center of mass energy with proton-proton
collisions every 25 ns. After afew years of run, the conditions of LHC will be upgraded to operate at 10 times
higher luminosity (L = 10%°cm~2s~1) allowing new physics discoveries. This period is called SLHC. In the
current design, Hadronic EndCap (HE) calorimeters of the CMS experiment use Kuraray SCSN81 scintillator
tiles, and Kuraray Y-11 double clad wavel ength shifting fiber. These materials have been shown to be moderately
radiation hard up to 2.5 MRad [1]. The scintillation photons are collected by wavelength shifting fibers which have
the geometry shown in the first picture at Figure 12. Under the SLHC conditions the lifetime radiation dose at
the HE will increase from 2.5 Mrad to 25 Mrad. The scintillator tiles used in the current design of HE will lose
their efficiency due to high radiation. As a solution to the radiation damage problem with SLHC conditions, we
propose to replace the scintillators with quartz plates. They will not be affected by the high radiation, but with
quartz plates, the light comes from Cerenkov radiation which produces 100 times less light than scintillation. Our
aimisto find an efficient way to collect light from quartz plates. At the University of lowaand Fermilab, we tested
and simulated different sizes of quartz plates with different fiber geometries embedded in them to obtain maximum
light. After the test beams and simulations of different fiber geometries for their light collection efficiencies and
uniformities we have constructed a quartz plate calorimeter prototype. The Geant4 simulations for the calorimeter
prototype are still undergoing. We have test beams scheduled at Fermilab and CERN for the fall of 2006.

Figure 12: Geant4 simulations of the Cerenkov light collection in quartz plates with different fiber geometries.
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