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INSTALLATION DATA OF THE CMS-CASTOR CALORIMETER
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Assist. Prof. Dr. Salim CERCI

This thesis consists of four chapters: The first chapter is the introduction. In this
chapter, LHC machine and CMS detector which were constructed with the purpose of
proving SM and its predictions and discovering new physics beyond SM were explained
shortly. CASTOR, which is a Cherenkov sampling calorimeter is positioned in the CMS
Experiment in the very forward region as a sub-detector and is 14.38 m far from the
interaction point. The design of the CASTOR calorimeter, the main components of the
detector and physics with CASTOR were also explained in this chapter. The second
chapter is about the measurements of the characteristics of the PMTs which are a part of
CASTOR. In this chapter, general description of PMTs, the design of the PMTs and
several characteristics of the PMTs were described. Furthermore, Cukurova University
test station and setups in this test station were presented. At the end of the second
chapter the measurements of Hamamatsu R7378A type PMTs performed in Cukurova
University test station were explained and the results of the tests were analyzed and
discussed. The third chapter is about the CASTOR test beam 2008 (TBO0S). Generally,
CERN/SPS/H2 test beam area, several detectors in this area, results of the previous test
beams performed for CASTOR were explained. Finally the analysis of the TBOS8 data
which includes the response of the detector (the energy resolution, the energy linearity,
the longitudinal and transversal development of the showers) for different particles such
as pions, electrons, muons at different energies was given and discussed. The fourth
chapter is about the CASTOR installation in the CMS. After installation, the magnetic
field on the CASTOR area, very preliminary results of the gain of the PMTs, the
movement of CASTOR, because of the effect of the magnetic field were given and
discussed.

Key Words: LHC, CMS - CASTOR, CU test station - PMT - Gain, TBOS,
Installation
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DOKTORA TEZi

HAMAMATSU R7378A FOTOTUPLERININ TEST SONUCLARI, CMS-
CASTOR KALORIMETRESININ 08 TEST HUZMESININ VE
KURULUMUNUNDAN SONRAKI iLK VERILERININ ANALIZLERI

Bayram TALI

CUKUROVA UNIVERSITESI
FEN BIiLIMLERI ENSTITUSU
FiZiK ANABILIM DALI

Damisman: Prof. Dr. Giilsen ONENGUT

Yil : 2009, Sayfa: 126

Jiiri : Prof .Dr. Giilsen ONENGUT
Prof .Dr. Aysel KAYIS TOPAKSU
Dog. Dr. Ali HAVARE
Dog. Dr. isa DUMANOGLU
Yard. Dog. Dr. Salim CERCI

Bu tez dort boliimden olugmaktadir. Birinci boliim giristir. Bu bdliimde kisaca
SM ve onun Ongoriilerini kanitlamak ve SM o6tesi fizigi kesfetmek amaciyla kurulan
LHC makinast ve CMS dedektorii anlatildi. CMS dedektoriiniin ileri bolgesinde
etkilesim noktasinin 14.38 m wuzaginda bulunan ve bir Cherenkov 0&rnekleme
kalorimetresi olan CASTOR kalorimetresinin dizaynindan, kendisini olusturan
boliimlerden ve CASTOR kalorimetresi ile calisilacak fizik konularindan bahsedildi.
Ikinci boliim CASTOR 'un pargalarindan biri olan PMT lerin karakteristik dzelliklerinin
Olclimiidiir. Bu boliimde PMT’lerin genel tanitimi yapildi. Bunlarin dizayn1 ve bazi
karakteristik ozellikleri, Cukurova Universitesi'ndeki test istasyonu ve igindeki
diizenekler tanitildi. Bu boliimiin sonunda CU test istasyonunda Hamamatsu firmasinin
R7378A modelindeki PMT’lerin Olglimleri anlatildi ve 6lgiim sonuglar1 analiz edilip
tartisildi. Ugiincii boliim CASTOR kalorimetresinin 2008’de yapilan test hiizmesi
(TB08) hakkindadir. Genel olarak CERN/SPS/H2 test hiizme alani, bu alanda bulunan
cesitli dedektorler ile CASTOR’un daha once yapilmis test hiizmelerinin sonuglari
acikland1 ve son olarak da TBO08’de degisik pargaciklarin (pion, elektron ve muon),
degisik enerjilerde alinan test verilerinin analizleri (enerji ¢oziiniirliigii, enerji lineerligi,
caglayanlarin enine ve boyuna gelisimleri) yapilip sonuglar tartigildi. Dordiincii boliim,
CASTOR’un CMS’deki kurulumu ile ilgilidir. Kurulumdan sonra, CASTOR
bolgesindeki magnetik alan, oradaki alanin etkisinden dolay1 CASTOR’daki
hareketlenme, PMT sinyallerinin kazanglar1 hakkindaki ilk sonuglar verildi ve tartisildi.

Anahtar Kelimeler: LHC, CMS - CASTOR, CU test laboratuar1 - PMT -
Kazang, TB08, Kurulum
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1. INTRODUCTION

The theory called the Standard Model (SM) has been developed by particle
physicists to describe what the Universe is made of and what holds it all in one. It is an
elemental and comprehensive theory that explains all the building blocks of matter and
their complex interactions: There are 6 quarks and 6 leptons and also there are 6 anti
quarks and 6 anti leptons. The interactions are mediated by force carrier particles,
like the photon, W*, W= and the 7" bosons and gluons. The matter particles which are
grouped into three generations according to their masses and the basic force carrier
particles (bosons) are shown in table 1.1.

The interactions include attractive and repulsive forces, decay, and annihilation.
There are three fundamental interactions between particles, and all forces in the
universe can be attributed to these three interactions plus gravitational interaction
(Perkins, 1987).

Strong interaction; the strong force keeps quarks together to form hadrons, and
its carrier particles are called gluons. The typical time scale for this process is from
10722 to 10~2* s (Griffiths, 1987).

Electromagnetic interaction; the electromagnetic force causes like-charged
particles to repulse and oppositely-charged particles to pull. The photon (y) is the
carrier particle of the electromagnetic force. The typical time scale for electromagnetic
interaction is from 10716 to 107215 (Halzen, 1984).

Weak interaction; the weak force is responsible for the decay of massive
quarks and leptons into lighter quarks and leptons. The carrier particles of the weak
interactions are the W*, W, and Z° particles. The typical time scale for weak interaction
is from 1077 to 10713 s. The matter around us that is stable is made up of the quarks
and leptons of the first generation which cannot decay anymore because they are the
lightest.

Electroweak interaction; physicists deduced that, in fact, the weak and
electromagnetic forces have fundamentally equal strengths, above approximately 100
GeV. This is due to the fact that the strength of the interaction depends strongly on both
the mass of the force carrier particle and the energy of the interaction. The difference
between their observed strengths is because of the huge disagreement in mass between

the W and Z particles, very massive, and the photon, with no mass as far as we know.
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Table 1.1. The three generations of quarks, leptons and gauge bosons associated with
the fundamental interactions according to SM (Elementary particle,
http://en.wiki pedia.org/ wiki/Elementary particle).
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The SM is a good theory. Experiments have verified its predictions to incredible
precision, and all the particles predicted by this theory have been found except the
Higgs boson which is included in the theory to explain the different masses of the
particles. However, it does not explain everything. For example, gravity is not included
in the SM. For each kind of matter particle there is a corresponding antimatter particle
or antiparticle. If antimatter and matter are exactly equal but of opposite charge, then

why is there so much more matter in the universe than antimatter? Electroweak
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symmetry is not an exact symmetry because the masses of force carrying particles are
different. There is a proposed mechanism for symmetry breaking, called Higgs
mechanism, in the theory which predicts a new particle, the Higgs boson, which is not
observed yet. The Large Hadron Collider (LHC) project at the European Organization
for Nuclear Research (CERN), near Geneva, Switzerland is designed to find answers to
these questions.

The Compact Muon Solenoid (CMS) is one of the two general purpose detectors
on LHC which aims to answer these questions. CASTOR is a calorimeter in the forward
region of the CMS (CMS TDR, 2007).

This thesis is based on the tests of photomultiplier tubes (PMTs) of CASTOR
which was performed in the Physics Department of Cukurova University, the beam test

2008 (BTO08) analysis of CASTOR and also installation CASTOR in CMS.

1.1. The Large Hadron Collider (LHC) Machine

The LHC is being installed in a circular tunnel with 27 km in perimeter,
constructed 50-175 m below ground. It is located between the Jura mountains situated in
France and Lake Geneva in Switzerland (Figure 1.1), the tunnel was built in the 1980s
for the prior big accelerator, the Large Electron Positron collider (LEP).

The LHC is designed to collide head-on two opposed rotating beams of protons
or heavy ions. Proton-proton collisions are planned at a centre-of-mass energy of
Vs =14 TeV which is 7 times higher than the p—p collisions of Fermilab. Moreover,
the LHC will supply heavy ion (lead) collisions with a centre-of-mass energy per
nucleon pair of 5.5 TeV. This energy level is around 28 times higher than the Relativistic
Heavy Ion Collider (RHIC) at the Brookhaven Laboratory (CMS TDR, 2007).

There are several accelerators which pre-accelerate the beams before being
injected into the LHC. They are shown in figure 1.2. The beams, start in a linear
accelerator (LINAC) with 50 MeV energy and are accelerated up to 1.4 GeV by a
booster, till 25 GeV by the Proton Synchrotron (PS), and until 450 GeV by the Super
Proton Synchrotron (SPS). Finally the beams are injected into the LHC ring where
beams are accelerated up to 7 TeV per beam. Superconducting magnets are used in
LHC to control the beams at such high energies. These electromagnets are made up of

superconducting materials.


http://lhc-machine-outreach.web.cern.ch/lhc-machine-outreach/collisions.htm
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Figure 1.1. Large Hadron Collider at CERN in Geneva, at border of Switzerland and
France.

Superconducting magnets, create a magnetic field of about 8.33 T, operating at
extremely low temperatures (only 1.9 °K (— 271°C)) make it possible for the protons to
go around the ring. There are two beam pipes which carry the beams in opposite
directions at LHC beam line. If LHC operated with ordinary magnets which can achieve
a maximum field of about 2 T instead of superconducting magnets, the LHC ring would
have to be at least 120 km in circumference to achieve the same collision energy.

Each beam will contain 2808 bunches of particles and each bunch will consist of

as many as 1.15 x 10! particles. The particles are so tiny that the chance of any two
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colliding is very low. When the bunches pass through each other, there will be only
about 20 collisions amongst 200 billion particles. However, the particle beams will
cross about 40 X 10° times per second (25 ns between crossing), so the LHC will create

about 800 X 10° collisions per second.
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Figure 1.2. The LHC layout is displayed.

The luminosity of the collider L is proportional to the number of bunches
(protons) n; and n, and the circulation frequency f, and inversely proportional to the rms

of beam radii o, and o, at the collision point:



1. INTRODUCTION Bayram TALI

nin,

L=f (1.1)

4mo,o,

The number of interactions (%;), with respect to the process i with a cross section

a;, 1S given by

Ni = O'l'det (12)

The table 1.2 summarizes some relevant parameters of LHC (Schmidt, 2006).
The LHC is constructed to get a luminosity of L = 103* cm s "' to study proton-proton
collisions. This value is approximately 100 times more than the current luminosities
reached by the existing colliders. It is conceived to get a luminosity of L=10%7cm ™ s™'

to study the heavy ion collision (CMS Collaboration, 2008).

Table 1.2. Some of the LHC main parameters (Schmidt, 2006).

Beam energy at collision(p-p) 7 TeV
Energy at injection 0.45 TeV
Circumference 27 km
Dipole field at 7 TeV 8.33 T
Luminosity(pp) 1034 cm™2s71
Nominal bunch spacing 25 ns
Beam size atIP /7 TeV 15.9 pum
Distance between beams (arc) 194 mm
Energy loss/turn 7 keV
Operating temperature 1.9 K
Protons per bunch 1.15x1011

Number of bunches / beam 2808

Number of collisions / crossing 20

Number of dipoles 1232

Number of quadrupoles 858

Number of correcting magnets 6208

Number of RF cavities 8/beam

Beam energy at collision(pb-pb) 2.75 TeV
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The first beams of LHC were circulated successfully on 10th September
2008. Unfortunately, a fault occurred on a small number of superconducting magnets on
19th September 2008. The repair required a long time which overlapped with the
planned winter shutdown. The LHC beams are expected to circulate again at the end of
November 2009 (LHC Machine, http://lhc-machine-outreach.web.cern.ch/lhc-machine-
outreach).

The LHC will provide collisions at the highest energies so far observed in the
laboratory conditions and physicists are willing to see what they will reveal in huge
detectors at the four collision points. The main detectors in the LHC are:

The CMS detector (Compact Muon Solenoid) is designed to explore the physics
of the terascale as one of two general-purpose LHC experiments. The terascale is an
energy region where physicists believe that they will find answers to the central
questions at the heart of 21%-century particle physics: Are there undiscovered principles
of nature? Is Higgs mechanism responsible for visible mass of the universe? How can
we solve the mystery of dark energy? Are there extra dimensions of space? How did the
universe come to be? (CMS TDR, 2006)

The ATLAS detector (A Toroidal LHC ApparatuS) is the world’s largest
general-purpose particle detector like CMS measuring particles produced in proton-
proton collisions at LHC aiming to discover new physics (ATLAS TDR, 1999).

The ALICE (A Large Ion Collider Experiment) is going to study relativistic
heavy ion interactions. The purpose of the ALICE collaboration is to study the physics
of strongly interacting matter at extreme densities where the formation of a new phase
of matter, the quark-gluon plasma, is expected (ALICE TDR, 2001).

The LHCb (Large Hadron Collider beauty experiment) is designed to study CP
violation and other rare phenomena in decays of hadrons with heavy flavours, in
particular B mesons (LHCb TDR, 2005).

The TOTEM detector is constructed to observe elastic scattering and diffractive
dissociation and measure the total proton-proton cross section at LHC (TOTEM TDR,

2004).

1.2. The Compact Muon Solenoid (CMS) Detector

The CMS experiment which is designed to explore the physics at the TeV energy
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scale is a general purpose detector at LHC. The primary aims of the experiment are to
reveal the electroweak (EWK) symmetry breaking mechanism and the evidence of
physics beyond the SM in proton-proton collisions at 7 TeV per beam, as well as to
study the features of the strongly interacting matter produced in Pb-Pb collisions at the
highest energy densities so far reached in the laboratory. While running in the heavy-ion
mode, the two lead beams circulating in opposite directions, at an energy of 2.75 TeV
per beam will be collided (CMS TDR, 2007; CMS Collaboration, 2008).

There are several alternatives to SM referring to new symmetries, new forces or
constituents. Moreover, there is a great hope to discover a unified theory. The new
discoveries could take the form of supersymmetry or extra dimensions, or modification
of gravity. Thus there are many compelling reasons to investigate the TeV energy scale
(CMS Collaboration, 2008).

The CMS is installed approximately 100 meters underground nearby the village
of Cessy in French side. CMS detector measures about 21.6 m in length, 14.6 m in
diameter and 12 500 metric tons in weight. The CMS detector can be seen in figure 1.3
(CMS TDR, 2007). 1t is typically roughly cylindrical, with different types of detectors
wrapped around each other; each detector type specializes in particular particles to
detect and identify. Such kind of detectors are called "hermetic" due to the fact that they
are designed to let as few particles as possible to escape; the name "4n detector" comes
from the fact that such detectors are designed to cover nearly all of the 4= steradians of
solid angle around the interaction point. Forward sampling calorimeters expand the
pseudorapidity range to high values providing very good hermeticity (CMS
Collaboration , 2008).

There are four main subsystems of the CMS; the magnet, the tracking, the
calorimetry and the muon system; a strong superconducting solenoid allows the detector
to keep a compact design in a high magnetic field environment (CMS TDR, 2007). The
location of the central part of the detector is in a 4 T magnetic field which is parallel to
the beam direction. It is 13 m in length and 6 m in diameter. Along with the central
silicon pixel and microstrip tracking detector; the inner tracking system measures
charged track momenta with high resolution. A high resolution electromagnetic
calorimeter (|| < 3) and a hadronic calorimeter (]| < 5) of high granularity performs
Er™ measurements and jet identification of high quality within the solenoid coil. A

very good and redundant muon detection system (Jn| < 2.4) is embedded in the flux


http://en.wiktionary.org/wiki/hermetic
http://en.wikipedia.org/wiki/Steradian
http://en.wikipedia.org/wiki/Solid_angle
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return iron yoke of the magnet.
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Figure 1.3. A different view of the CMS detector (CMS Collaboration, 2008).

There are two other detectors covering the very forward hemisphere; CASTOR
(5.3 < |n| < 6.6) and the Zero-Degree Calorimeters (ZDC, || > 8.3 for neutrals). The
TOTEM experiment sharing the interaction point with CMS provides two extra trackers
at forward rapidities (T1 at 3.1 <|p| <4.7 and T2 at 5.5 < || < 6.6) (CMS TDR, 2007).

The definition of the coordinate system of the CMS detector is centered at the
nominal collision point inside the experiment. The y-axis is pointed vertically upward,
the x-axis is pointed radially outward toward the center of the LHC. Hence, the z-axis is
pointed along with the beam direction toward the Jura mountains. Generally a pseudo-
spherical coordinate system is used: in the transverse plane geometry is defined by the
radius, 7, and the azimuthal angle @ according to y-axis. € denotes the polar angle which
is measured from the z axis. Hence, the transverse energy and momentum to the beam
direction are indicated by E; and pg, respectively, are calculated from the x and y
components of the momenta. The disequilibrium of energy measured in the transverse

plane is denoted by EXSS. Figure 1.4 shows schematic symbolizations of the response
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to various types of particles superimposed on a transverse slice through the detector
(CMS TDR, 2007). Pseudorapidity is a coordinate describing the angle of a particle
relative to the beam axis (CMS Collaboration, 2008). It is defined as;

n = —In tan (g) (1.3)

where 6 is the angle between the particle momentum and the beam axis. In terms of the

momentum 7) can be written as;

where P, is the longitudinal momentum. In the limit where the particle is travelling
close to ¢, speed of light or the particle mass is close to zero, it is numerically close to

rapidity which is defined as:

1l E+p,
==In
Y=g,

(1.5)
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Figure 1.4. A transverse slice through one segment of the CMS detector indicating the
responses of the various detecting systems to different types of particles.
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The detector requirements for CMS to reach the aims of the LHC physics
program can be summarized as follows:

* There must be good muon identification and momentum resolution over a
wide range of momenta and angles, dimuon mass resolution must be = 1% at 100 GeV,
the momenta of the charged muons must be smaller than 1 TeV to be determined
unambigously (CMS Collaboration, 2008).

* There should be good -charged-particle momentum resolution and
reconstruction efficiency in the inner tracker. Efficient triggering and offline tagging of
Ts and b-jets, require pixel detectors close to the interaction region (CMS
Collaboration, 2008).

* Good electromagnetic energy resolution, diphoton and dielectron mass
resolution should be around 1% at 100 GeV, wide geometric coverage, m° rejection, and
efficient photon and lepton isolation at high luminosities (CMS Collaboration, 2008).

 To get good missing-transverse-energy and dijet-mass resolution requires
hadron calorimeters with a large hermetic geometric coverage and with fine lateral

segmentation (CMS Collaboration, 2008).

1.3. General Design and Description of the Centauro And STrange Object
Research (CASTOR) Detector

This chapter will describe the CASTOR calorimeter and its components.
CASTOR is an international project in which several institutes from eight countries are

collaborating.

1.3.1. Design of the CASTOR Calorimeter

The CASTOR calorimeter is designed in two semi-circular sections of 4-octants
each in order to surround the fixed beam pipe, inner radius 3.7 cm, outer 14 cm and
depth 10.5 A4; (CASTOR Specifications; http://cmsdoc.cern.ch//cms/castor/html/). Figure
1.5 indicates the allowed envelope for locating the calorimeter in the CMS forward
region (CASTOR EDR, 2007).

The calorimeter will be located at 14.385 m from the interaction point, in the

pseudorapidity (1) range of 5.1 < < 6.6. As a matter of fact, the #-range covered will

11
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be 5.3 < || < 6.46 for the EM section with 99% containment and 5.25 < || < 6.31 for
the HAD section with 95% containment. Complete overlap with the HF calorimeter is
ensured by the latter # range. Therefore, the CMS pseudorapidity range will be extended
to a total of about 11.5 #-units by CASTOR, being only on one side of the interaction
point (IP), as shown in figure 1.6 (CASTOR EDR, 2007).

~1.46 m (10%;)

€

& FullCASTOR

X T X K 0 K U K U 0 K
Lok -'-_ F A A ) LA g d A o y i

Figure 1.5. Positioning of CASTOR calorimeter in the CMS forward area.

CASTOR is a sampling calorimeter which is segmented into an electromagnetic
(EM) and a hadronic (HAD) part, it is divided into 16 sectors azimuthally symmetrical
around the beam pipe. It is also longitudinally divided into 14 parts, 2 for the EM and
12 for the HAD sections. The schematic design of the calorimeter is shown in figure
1.7. The construction of the calorimeter is in layers of tungsten (W) plates as the
absorber sandwiched by fused silica quartz (Q) plates as the active medium which is
called a “sampling unit” (SU) (CASTOR EDR, 2007).

The passage of the charged particles produces signals of Cherenkov radiation
forming showers (primarily e*, e~) through the quartz medium. The index of refraction
of quartz is n = 1.46-1.55 for the wavelengths 4 = 600-200 nm. The Cherenkov
threshold velocity is . = 1/n = 0.65-0.69, and consequently, for f. =1 the angle of
emission is 6. = arcos(1/n B) = 46°-50 ° (CMS TDR, 2006; CMS TDR, 2007; CASTOR
EDR, 2007).

12
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Figure 1.6. Pseudorapidity-azimuthal coverage of the full CMS experiment (CASTOR
EDR, 2007).
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Figure 1.7. Schematic design drawing of the full CASTOR detector (CASTOR EDR,
2007).

There are 5 tungsten and 5 quartz layers, per subdivision, which is also called a
reading unit (RU or channel), in both the EM and HAD sections (CASTOR EDR,
2007). The electromagnetic part has 32(2Xx16) channels and a depth of 2x10 = 20X,
(radiation lengths). The EM depth is equal to 0.77 interaction lengths. Each EM
channel (RU) contains 5 tungsten and 5 quartz plates of thickness 5 mm and 2 mm,
respectively. The hadronic section has 192(12x16) channels and depth 12x0.77 = 9.24
A1 (interaction lengths). Each HAD RU contains 5 tungsten and 5 quartz plates of
thickness 10 mm and 4 mm, respectively. The tungsten/quartz (W/Q) plates are located

within eight octant stainless steel trapezoidal-shaped containers and are inclined at ~ 45°

13
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to the hitting particles for the maximum Cherenkov light production. The light which is
collected from SU is focused by air-core light guides onto the corresponding PMTs as
shown in figure 1.8 (CMS TDR, 2006; CMS TDR, 2007; CASTOR EDR, 2007). In
total the detector has 16X 14 subdivisions (224 channels).
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Figure 1.8. Longitudinal crossectional view of half of CASTOR calorimeter design
(CASTOR EDR, 2007).
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Figure 1.9. Front view of half of the CASTOR calorimeter design (CASTOR EDR,
2007).

The front view of the detector design, with the four octants forming half of the

calorimeter is shown in figure 1.9. The subdivision of each octant into two semi-octants
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(eight-section segmentations) with the corresponding RUs are clearly seen (CASTOR
EDR, 2007).

1.3.2. The Components of the CASTOR Calorimeter
1.3.2.1. The CASTOR Skeleton
In the final construction design half of the skeleton which has four octants is

made from stainless steel (Figure 1.10). While this analysis was being made, the first

half of the skeleton was ready. Later, the second half of the skeleton was made in DESY.

Figure 1.10. The 2 CASTOR detector skeleton.

1.3.2.2. The Tungsten Plates

C. A. Starck GmbH fabricated the tungsten plates which are made out of
tungsten alloy, containing 97% W, 1.3% Fe and 1.7% Ni. The density is 18.5 + 0.2
g/em’. For the EM section the thickness is 5 mm and for the HAD section the thickness
1s 10 mm, but the effective thickness increases to 7.07 mm for EM and 14.14 mm for
HAD at 45° inclination (Dalphin, 2006). Figure 1.11 shows the octant trapezoidal shape
and dimensions of the tungsten plates. The two lateral sides are tapered accordingly so
as the 45° tilted plate fits in an octant wedge (CASTOR EDR, 2007).

The CERN Metrology Section measured the geometry, dimensions, consistency

and density of samples of the W-plates (CASTOR EDR, 2007).
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Woplate
octant

Figure 1.11. The view of the tungsten plate (http://cmsdoc.cern.ch//cms/castor/html/).

1.3.2.3. The Quartz Plates

The quartz plates designed in semi-octant geometry define the 16-section
azimuthal segmentation of the calorimeter. For the EM and HAD sections the
thicknesses are 2 mm and 4 mm respectively. The figure 1.12 shows the semi-octant
construction designs of the EM and HAD Q-plates. The two semi-octants (Right, Left)
are located side by side along their vertical side and are optically separated by thin Al
foil. The light guides are located on top of the semi-octant quartz plates (Sampling
Units) to form the RU (CASTOR EDR, 2007).

(3-plate
semi-octant

Figure 1.12.The view semi-octant quartz plate(http://cmsdoc.cern.ch//cms/castor/html/).
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1.3.2.4. The Air-Core Light Guides

Total reflection at the quartz plate upper edge mostly channels the Cherenkov
photons, generated in the 5 quartz plates of each RU of the calorimeter, and air-core
light guides collect and transmit them to the PMTs. The efficiency of light spread and its
dependence on the light-source position are very important parameters, which
characterize the light guide and crucially affect the performance of the detector. Figures
1.13 (a, b, c) show the design drawings of the EM and HAD light guides, respectively
(CMS TDR, 2006).

1 LG ferr Hadrem section

| i |e|Eb11g[4I ’“=-=a.-;;

LG EM section L 1 Jd e ™ e e |

Figure 1.13. a) Cross section of the EM light-guide with the PMT and base housing, b)
Cross section of the HAD light-guide with the PMT and base housing, ¢) EM
light-guide with the PMT base housing (CASTOR EDR, 2007).

Reflecting foil covers the inside walls of the light guides to transmit the
Cherenkov light. The reflecting platform is an aluminum reflector facing dielectrics
Si0, and TiO,, the same one used in HF. Tyvek paper is used as an emitter for the small
fraction of light that may escape through the surfaces at incidences smaller than the total
reflection angle. Furthermore, tyvek preserves the polished quartz plate’s interface with

tungsten (CASTOR EDR, 2007).
1.3.2.5. PMTs of CASTOR

The Photomultiplier tubes (PMTs) are the last main part of the calorimeter which
will collect the light and produce signals proportional to the amount of light coming
from the light guide. PMTs and their components will be discussed in more detail in one

of the coming chapters (2.1, 2.2 and 2.3).
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It was considered to use three types of PMTs in CASTOR: Hamamatsu R5380Q-
sel, R7378A and RIE FEUI187. In one of the coming chapters some parameters (gain,
timing etc) of Hamamatsu R7378A will be discussed in more detail (CASTOR EDR,
2007). In final installation Hamamatsu R5505 PMTs were used.

The Hamamatsu PMTs have a radiation hard synthetic silica entrance window,
meanwhile the RIE have a radiation hard glass housing (CASTOR EDR, 2007).

The R5380Q was irradiated up to 18 Mrad with a Co-60 gamma source and
showed very small (the order of 5%) changes of the gain and the Quantum Efficiency
(QE) after the irradiation. Before and after the irradiation changes can be seen on gain

and QE in the figure 1.14 (CASTOR EDR, 2007).

Relative amplification of irradiated PMT R5380Q QF
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5 ——  dasa=0 PMT with noniradiatae Baze = 30+ ;-...
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Figure 1.14. Before and after irradiation of the Hamamatsu R5380Q of PMT’s gain (L)
and QE (R) (CASTOR EDR, 2007).

Table 1.3. Some typical features of the PMTs which were considered for use in
CASTOR (CASTOR EDR, 2007).

PMT Type Gain @ 1000V Anode D.C. Rise Time Electron
@ 1000V @ 1000V | Transit/Spread
R5380Q-SEL | 6x 103 (6-stage) 10 nA max 1.6 ns 12 ns
R7378A 2% 10° (10-stage) | 20 nAmax 1.5ns 17/0.9 ns

FEU187 5% 10* (12-mesh)
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1.3.3. Physics with the CASTOR Detector

The usage of CASTOR in the CMS experiment will increase its capacity both
for proton-proton and heavy-ion collisions. The physics reached by CASTOR is
increased because one can relate its measurements with data from the other CMS

detectors.
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Figure 1.15. The distribution of the number of particles (left) and energy (right) versus
pseudorapidity for Pb-Pb at LHC (Norbeck, 2006).

HF, CASTOR, ZDC and the central calorimeters will provide an almost hermetic
measurement of the flow of particles and energy. Figure 1.15 illustrates the region of
pseudorapidity which is particularly important and is covered by CASTOR. It will
contribute mainly to 1) new discoveries (Higgs, BSM, Centauro), 2) QCD (diffractive,
low-x physics and multi-parton interactions, quark-gluon-plasma, Bjorken-x whose
values that are 200 times smaller than the smallest values available at RHIC requires
small angles and large Q* for Pb-Pb collisions (Norbeck et al., 2006)), and 3) cosmic
ray physics, as examples for the interdisciplinary topics accessible with the detector (D'

Enterria et al., 2007).

1.3.3.1. QCD Oriented Physics

1.3.3.1.(1). Multiple Parton Interactions and Underlying Event

In proton-proton collisions, multiple hard interactions will happen between the
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partons of the colliding beam protons. They will cause a very important uncertainty in
the interpretation of certain hadronic final states produced either by new physics (Higgs
or SUSY) or via double or even multiple parton interactions. In addition, an offset in
energy and the multiplicity in the underlying event will be led by soft interactions
between the remnants of the colliding beam protons. To gain insight into the dynamics
of multiple interactions and the underlying event structure, energy-flow measurements
as well as trigger on deposited energy in CASTOR are very essential. Unique
information on the flow and on the EM/HAD contributions to forward particle
production will be provided by CASTOR, together with the TOTEM tracking station T2
(CASTOR EDR, 2007). Figure 1.16 is a schematic simulation of a proton-antiproton
collision where a hard 2-to-2 parton scattering with a certain transverse momentum

happens by using QCD Monte- Carlo models.

Multiple Parton Interactions

Ougoing Parton

Proton AntiProton

Underlying Event Underlying Event

from R. Field

Outgoing Parton Outgoing Parton

Figure 1.16. Schematic view of PYTHIA's model of the "underlying event" in a proton-
antiproton collision with multiple parton interactions (Affolder, 2002).

1.3.3.1.(2). Low-x Physics; Parton Saturation

Energies and luminosities at which LHC will operate are so high that
unprecedented low-x values will be gained with the possible production of hard probes
for instance jets, heavy quarks or Drell-Yan pairs. The possibility to study the proton
Parton Distribution Functions (PDFs) at very small parton momentum fractions ( x ~
10-6) is opened up by the measurement of forward jets (pp—j X) or Drell-Yan pairs
(pp— 1+~ X) within CASTOR's 77 coverage. On the contrary to the fast rise of the PDFs
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seen in electron-proton collisions at such low-x values at HERA (Figure 1.17), there are
such a large number of gluons that non-linear (gg fusion) QCD effects become crucial,
yet not described by the linear DGLAP (Dokshitzer, 1977; Gribov, 1972; Altarelli,
1977) or BFKL (Balitsky, 1978; Kuraev,1977; Lipatov, 1976) equations, leading to
parton saturation (Heavy Ion Physics TDR, 2007).The ability to measure jets with a
large separation (“Mueller-Navelet” dijets) serving as an optimal probe of BFKL and
gluon saturation evolution at low-x is also offered by the existence of two CASTOR

detectors on either side of the interaction point (Mueller and Navelet, 1987).
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Figure 1.17. Fa(x,0%) structure function measured at HERA in proton DIS and fixed

target experiments. A strong rise of F, as well as scaling violation is evident at
small x (Adloff et al, 2001).

1.3.3.1.(3). Diffractive QCD

CASTOR can provide a significant contribution to the study of diffractive
processes. Because of the exchange of two-gluons in a colour singlet state, one or both
protons remaining intact after the interaction (pp — pp X) characterise diffractive
events. A large rapidity gap from the reaction products (X) is used to separate those
protons (Arneodo and Diehl, 2005) and CASTOR can perform a service as a precious

experimental tool in tagging such rapidity gaps, because of the expanded rapidity
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coverage that the calorimeter offers. Due to the relatively high rate of diffractive events
— their cross section accounts around 1/4 of the total proton-proton cross section — to
gain a correct projection of the expected pile-up activity in high-luminosity proton-
proton scenarios a reliable measurement of soft and hard diffractive interactions is

important (CASTOR EDR, 2007).
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Figure 1.18. Rapidity gaps for diffractive scattering (D’Enterria, 2007).
1.3.3.1.(4). Heavy Ion Physics, Quark-Gluon-Plasma (QGP)

The optimal use of the CASTOR in the basic L1 trigger and centrality
determination for heavy-ion collisions at the LHC is allowed by this device forward
coverage and fast response (CASTOR EDR, 2007). Though a relatively small number
of particles will be produced within its acceptance, they will carry a large fraction of the
total energy flow. Because of this, the pseudorapidity region of CASTOR is very
important for the study of heavy-ion collisions (Figure 1.19).
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Figure 1.19. The distribution of number of particles (right) and energy (left) distribution
as a function of the pseudorapidity in Pb-Pb collisions.
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A monotonic correlation with the transverse or total energy is shown by the impact
parameter of the colliding ions. Therefore, an estimate of the event centrality through
the measurement of the energy deposited within its forward eta window can be provided
by CASTOR. The resolution of the impact parameter is measured to be approximately
0.6 fm, using just the total energy deposited in the forward region of CASTOR (D'
Enterria et al., 2007). The multiplicities of the Pb - Pb particles, which is measured
through their energy in CASTOR rapidities, are in the “limiting fragmentation” range in
which the prediction of a reduced hadron density is approached by Colour-Glass-
Condensate (CGC). Moreover, a relatively large net baryonic content characterises this
kinematic regime in order to provide a unique view of the baryochemical-potential
dependence of the properties of the QGP produced in Pb - Pb collisions (CASTOR
EDR, 2007). Also CASTOR will play an important role on the study of hard probes at
forward rapidities, extending the studies that will be made for the pp runs (Figure 1.20).
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Figure 1.20. Left: Tranverse energy deposited in CASTOR as a function of the impact
parameter. Right: Impact parameter resolution using the total energy deposited in
CASTOR (Heavy Ion Physics TDR, 2007).
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1.3.3.2. Discovery Physics

1.3.3.2.(1). Higgs Physics

The gluon-gluon fusion is a dominant process for Higgs production, however the
vector boson fusion (VBF) process where virtual W bosons are radiated by quarks to
form a Higgs (pp — gqH), has also a large cross section at all evidential Higgs masses

(Figure 1.21).
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Figure 1.21. Feynman diagram of the VBF production mode (D’Enterria, 2007).
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Figure 1.22. CASTOR contribution to a 15% increase of jet tagging efficiency when
combined with the HF calorimeter (D’Enterria, 2008).

The VBF process is well-known for a Higgs of mass larger than about 130 GeV because
the two quarks which radiate the W pair which then fuse to create the Higgs continue in
the forward/backward direction and can be detected as “tag jets” (D’Enterria, 2007).
The final state consists of two jets at small angles in accordance with the proton beams

and a Higgs at wide angles. CASTOR can contribute to the study of the VBF production
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mode by suggesting the capability of jet reconstruction in an expansion pseudorapidity
range, particularly when combined with the HF calorimeter. The dN/dn distribution of
VBF quarks shows that the jet tagging efficiency is increased with CASTOR by 15%
(Figure 1.22) (D’Enterria, 2007).

1.3.3.2.(2). BSM Physics

A large amount of missing transverse energy (MET) characterizes many “new
physics” signals. The hermiticity of the detector is one of the most crucial parameters
for the search of such BSM signals. CASTOR will expand the continuous coverage of
CMS from 4Ayn~10 to Ay ~11.5 allowing one to measure more exactly the amount of
MET in p - p collisions although CASTOR is not segmented in “4” (CASTOR EDR,
2007).

1.3.3.3. Cosmic-ray Physics (Centauro’s and Strangelets) (Gladysz-Dziadus, 2001)

Centauro related events were first discovered in high altitude emulsion chamber
experiments. The first experiment was the Pamir experiment, at an altitude of 4400
meters, to observe this type of events (Figure 1.23). A “Centauro” event was first
described and confirmed deeply by the Chacaltaya experiment of Brazil-Japan
collaboration, conducted in the Bolivian Andes at an altitude of 5200 meters. These
reported events consist of few particles, almost all hadronic, accompanied by very few
photons. It is shown that at these high energies (~700 TeV), hadrons can be generated
without neutral pions or eta mesons which decay into photons. The name of Centauro,
originally from Greek mythology, is given to these events which are asymmetric and
almost free of photons and has long penetrating hadronic components (Gladysz-
Dziadus, 2001). High imbalance between the hadronic and photonic component, which
is difficult to explain, mainly characterizes a Centauro-type event. Many models have
been recommended for their explanation but the exotic nature of those events still
remain.

According to the results obtained from Pamir and Chacaltaya experiments, the
existence of several types of Centauro species is indicated by hadronic components. The

following features characterize these events (Gladysz-Dziadus, 2001):
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Figure 1.23. Illustration of Centauro I in Chacaltaya experiment (Gladysz-Dziadus,
2001).

a) abnormal dominance of the hadrons in multiplicity and energy content,

b) while comparably low total hadron multiplicity with an expected event having
the same energy in nucleus-nucleus collisions,

c) there is higher transverse momentum of produced particles and high energy
range, for threshold energy of their production ~1000 TeV.

The Centauro events can be separated into several groups with respect to their
characteristics, for instance: Centauros of original type called Centauro I, Mini-
Centauros, Chirons, Geminions (Gladysz-Dziadus, 2001).

These abnormal events are obviously difficult to explain. The formation of a
quark-gluon plasma, incorporated in scenarios with strange quark matter in heavy ion
collisions is one of the possible mechanisms for the production of Centauro events.

Figure 1.24 shows the development and evolution of the Centauro fireball. To
explain the basic characteristics of Centauro events, a phenomenological strange quark
matter (SQM) model is proposed. The critical points of this model are discussed below,
in association with the long—flying component of Centauro-type events (Gladysz-
Dziadus, 2001).

Formation of a quark-matter fireball: The fireball is formed in central

collisions of ultrarelativistic cosmic—ray nuclei with air nuclei, in the baryon-rich
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fragmentation region. When it is formed, it contains just u, d quarks and gluons. The
fireball has quite high matter density and high energy at first. The production of quarks
is suppressed by large baryo-chemical potential since the very high baryochemical
potential does not allow the creation of % and d quarks. The gluon-fusion g — s5 is the

dominant mechanism (Gladysz-Dziadus, 2001).

K ‘=-E quilibi
I ibriurn
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Figure 1.24. Schematic drawing of time evolution of Centauro fireball (Gladysz-
Dziadus, 2001).

Chemical equilibrium: K* (5u) and K° (5d) mesons carrying away all strange
antiquarks and positive charge can be emitted by the fireball during the relaxation time
for gluon fusion state. The initial temperature and entropy are also decreased by the
emitted kaons. Kaons are rapidly emitted because of their small mass and high thermal
velocity. They are not seen in the ground detectors since they are lost in electro-nuclear
cascade process because of their decay production to mesons in the atmosphere
(Gladysz-Dziadus, 2001).

Strange quark matter state: After kaons are emitted, the Centauro fireball is a
mixture of u, d and s quarks, s quarks can be emitted quickly with u and d anti-quarks.

This may result in a light strange quark-matter state. Very large density, low

27



1. INTRODUCTION Bayram TALI

temperature and low value of charge to mass ratio compared to the original quark—
matter fireball still characterizes the fireball. The fireball has a limited excess of s —
quarks and as a result of this, it might become a long - lived strangelet, able to travel a
long distance before decaying (Gladysz-Dziadus, 2001).

Hadronization: At last the Centauro fireball can decay into non-strange
baryons and strangelet(s) having very high strangeness. The strangelet temperature is
hoped to be lower than that predicted for Centauro fireball. Strangelets can be defined
as highly deep-penetrating particles in detector materials, often accompanying the
exotic cosmic—ray events. The experimental Centauro characteristics derived from five
“classical Chacaltaya Centauros” are based on this scenario (Gladysz-Dziadus, 2001).

The search for droplets of SQM (so called “strangelets’), expected to be
produced in Pb - Pb collisions, is one of the main goals of the CASTOR detector.
Witten (Witten,1984), also suggested the possibility of strangelets being produced by
neutron stars, which could convert to more stable SQM stars and possibly reach the
Earth, first proposal for the existence of stable SQM (Witten,1984).

SQM could have essential cosmological results, as for example explaining the
dark matter problem. It has also been suggested that the long penetrating component
observed in the Centauro cosmic ray events is associated with the strangelets (Asprouli

et al., 1994; Gladysz-Dziadus, 1997).

£ =17 GeV/tm’, T = 300 MeV, w, = 330 MeV, Ay, = 2.5
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Figure 1.25. Probability of Centauro and strangelet detection versus the pseudorapidity.
A large fraction of the Centauro fireball decay products and strangelets are
within CASTOR's acceptance (Gladysz-Dziadus, 2001).
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The probability of Centauro and strangelet detection versus the pseudorapidity,
as well as the energy of the produced strangelets (Gladysz-Dziadus, 2005), as derived
from a Monte Carlo generator for Centauros based on a phenomenological model
(Angelis et al., 2004) is shown in figure 1.25.

The production of strangelets, which could be formed in the hot and dense
environment of two colliding nuclei, is allowed to be tested in heavy-ion experiments. It
is expected that strangelets are produced in the very forward region and within
CASTOR's eta coverage (Figure 1.26). A preferred region is assumed to create a dense
quark matter fireball, because of the richness of baryons (Gladysz-Dziadus, 2005;
Angelis et al., 2004).
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Figure 1.26. Longitudinal profile of the signal produced by strangelets of various
energies, £=6 TeV (green), E=8 TeV (blue) and E=12 TeV (red), compared to
the background estimated with the HIJING generator (Panagiotou and Katsas,
2007).
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2. MEASUREMENT OF THE PMTs CHARACTERISTICS

In this chapter the measurements of the wvarious characteristics of the
photomultiplier tubes of the type R7378 A of Hamamatsu brand which was intended to
be used at CASTOR (chapter 1.3.2.5) Calorimeter going to describe. In table 1.3 and
table 2.1 (for more details), several characteristic of the R7378A PMTs can be seen. It
is very important to understand the performance of the PMTs in order to optimize the
operation of the CASTOR Calorimeter. The measurements contain the anode dark
current, the anode current, the cathode current, the gain, the transit time, the pulse width
and the rise time. The results of the measurements are accumulated in a database. This
chapter explains some basic components of the PMTs, Cukurova University PMT
testing station, equipment and the testing procedure (systems) and displays the results of

the measurements.

2.1. The Photomultiplier Tubes (PMTs)

Photomultiplier tubes (PMTs), are excessively sensitive detectors of light in the
ultraviolet, visible, and near-infrared regions of the electromagnetic spectrum. A typical
PMT is shown in figure 2.1. The signal produced by the incident light is increased by
these detectors by as much as 100 million times, in multiple dynode stages, providing
photons to be detected individually when the incident energy of light is very low
(Photomultiplier, http://en.wikipedia.org/wiki/Photomultiplier).

PMTs have some important combinations such as high gain, low noise, high
frequency response, and large area of collection and they are extremely important in
nuclear and particle physics, motion picture film scanning (telecine), medical
diagnostics including blood tests, astronomy, medical imaging, and high-end image
scanners known as drum scanners (Photomultiplier, http://en.wikipedia.org/wiki/

Photomultiplier).

2.1.1. The Design of the PMTs

PMTs consist of an input window, photocathode, focusing electrodes, a number

of dynodes and an anode enveloped by evacuated glass (stem). A typical working
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principle of PMT is shown in figure 2.2. Incident photons strike to the photocathode and
emit electrons with low energy because of the photoelectric effect. These few electrons
are accelerated and focused by the electric field towards a series of dynodes where extra
electrons are produced. Each dynode has a higher positive voltage than the previous
one. This showering effect generates 10° to 107 electrons for each photon hitting the
first cathode depending on the series of dynodes and the accelerating voltage. At the end
these electrons are accumulated at the anode where the level of the signal can be

measured (PMT Design, http://elchem.kaist.ac.kr/vt/chem-ed/optics/ detector/pmt.htm).
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Figure 2.1. The Cross-Section of the PMT (Hamamatsu Photonics and Assemblies,

2005).
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Figure 2.2. The schematic view of working principle of the PMT (PMT Design,
http://elchem.kaist.ac.kr/vt/chem-ed/optics/detector/pmt.htm).
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The head-on or end-on design, where light goes into the flat, circular top of the
tube, is one of the well-known photomultiplier orientations and the side-on design,
where light enters at a particular spot on the side of the tube, is the second important
photomultiplier orientation. In addition, the transmission of the window material
through which the light passes and the arrangement of the dynodes affect the
performance of different photocathode materials. Various combinations of the dynode,
window material, photocathode materials and other design variables are used for
making different kinds of photomultiplier models (Photomultiplier, http://en.wiki
pedia.org/wiki/Photomultiplier).

2.1.1.1. The Photocathode of the PMTs

2.1.1.1.(1). The Photocathode Materials of the PMTs

The photocathode is a photoemissive area with very little work function.
Following materials are used for high energy physics applications (Hamamatsu
Photonics and Assemblies, 2005):

+ Bialkali, has a spectral response which is suitable for the emission spectra of
most scintillators. Hence, it is mostly used for scintillator applications.

* High Temperature Bialkali, whose major application is oil well logging, is
especially useful at higher operating temperatures until 175 °C. Moreover, it can
perform with very low dark current at the room temperature.

* Extended Green Bialkali, a variant of bialkali photocathode, has particularly
high sensitivity in the green region. It fits for scintillating tile or fiber calorimeters with
wavelength shifters and for CsI (T1) scintillators.

The spectral response range, defined by the materials of the photocathode and

the window, is shown in figure 2.3 (Hamamatsu Photonics and Assemblies, 2005).

2.1.1.1.(2). The Spectral Response of the PMTs

Energy of the incident light is converted into photoelectrons by the external
photoelectric effect of the photocathode of the PMT. The efficiency of transformation

which means photocathode sensitivity depends on the wavelength of the incident light.
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This dependence is called the spectral response characteristics (Hamamatsu Photonics

and Assemblies, 2005).
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Figure 2.3. Typical spectral response and emission (Hamamatsu Photonics and
Assemblies, 2005).

The photocathode material on the long wavelength edge and the window
material on the short wavelength edge determine the spectral response range

(Hamamatsu Photonics K.K., 2006).

2.1.1.1.(3). The Quantum Efficiency and Radiant Sensitivity for the PMTs

Quantum efficiency (QF) means the ratio of the number of photoelectrons
emitted from the photocathode to the number of incident photons expressed as a

percentage.
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The QF equation is given below (Hamamatsu Photonics and Assembl., 2005);

E— Number of Photoelectrons
OF = Number of Photons

x 100(%) (2.1)

Radiant sensitivity (S) means the ratio of the photoelectric current from the
photocathode to the incident radiant power at a given wavelength, determined in A/W
(ampere per watt).

The S equation is given below (Hamamatsu Photonics and Assembl., 2005);

_ Photoelectric Current
~ Radiant Power of Light

(2.2)

Radiant sensitivity and quantum efficiency are related to each other at a given

wavelength (Hamamatsu Photonics and Assemblies, 2005);

S x 1240

—— X 100(%) (2.3)

where / is the wavelength measured in nanometers.
2.1.1.2. The Window Materials of the PMTs

Some of the well known window materials used in PMTs are as follows;

* Borosilicate glass, is the most commonly used material, sends light from the
infrared to around down to 300 nm. It includes very little potassium (K»O and *°K)
which is able to create unwanted background noise because of its radioisotopes. For this
reason, the low noise borosilicate glass (this is called K-free glass) may be used for
scintillation counting applications.

* UV-transmitting glass, transmits ultraviolet light well, is widely used. The
UV break off wavelength is about 185 nm.

* Synthetic silica, transmits ultraviolet light down to 160 nm. Silica is unsuitable
for the stem material of tubes because of having a different thermal expansion

coefficient from kovar metal which is used for the tube leads.
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Figure 2.4. Typical spectral sensitivity features of standard photocathodes associated
with window materials (Photonics, 2007).

2.1.1.3. The Dynodes (Electron Multiplier) of the PMTs

A low noise electron multiplier which increases electrons in vacuum with a
secondary emission process causes the higher sensitivity (high gain and high S/N ratio)
of PMT. The electron multiplier contains several stages of electrodes which are called
dynodes. The main types of dynodes are shown in figure 2.5 (Photomultiplier Tubes and
Assemblies, 2005; Photonics, 2007).

* The linear-focused type of PMTs’ dynodes continuously increase the number
of electrons and focus the electron paths. This type of multiplier provides fast timing
characteristics, high gain and high linearity (Hamamatsu Photonics K.K., 2006;
Photonics, 2007).

* The venetian-blind type is another type of dynodes which contains an
assembly of parallel strips. This type of dynodes provide great collection efficiency, and
respectable immunity to external magnetic fields (Hamamatsu Photonics K.K., 2006;
Photonics, 2007).

* The box or box and grid type multiplier has a big collection surface at the

first dynode, and therefore great collection efficiency, but a bit degraded timing
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characteristics (Hamamatsu Photonics K.K., 2006; Photonics, 2007).
* The circular cage type multiplier leads to highly compact arrangements

(Hamamatsu Photonics K.K., 2006; Photonics, 2007).

: lesn E : ] .
: 2y : eIy E:
[ |~ E [ ] R

(4) Venstian Blind Type

(=) Mesh Type G Microchann=| Plate Typse

Figure 2.5. The schematic view of the dynode (electron multipliers): (1) circular cage,
(2) box-and-grid (3) linear focusing, (4) venetian blind, (5) foil and (6) MCP
(Hamamatsu Photonics K.K., 2006; Photonics, 2007).

* The microchannel plate (MCP) type of dynode multiplier contains a
microchannel-plate electron increase with a proximity focused cathode at one side and
an anode at the other. The microchannel plate where one electron at the input is
multiplied is a compact aggregation of parallel glass tubes of microscopic diameter (6 -
25 p) (Hamamatsu Photonics K.K., 2006; Photonics, 2007).

* The foil multiplier with dynodes are pierced by metal foil, which are precision-
designed alternatives to standard mesh dynodes. Foil dynodes which supply quite low
crosstalk are utilized in the segmented tubes of multi-channel PMTs (Hamamatsu

Photonics K.K., 2006; Photonics, 2007).
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2.1.1.4. The Anode of the PMTs

The anode of the PMTs is an electrode which collects secondary electrons
multiplied in the cascade process through multi-stage dynodes and outputs the electron
current to an external circuit (Hamamatsu Photonics Assemblies, 2005).

The PMT anode current has a relationship with the photoelectric output from the
photocathode and gain. Photoelectric current is proportional to the density of the

incident light (Photonics, 2007).
2.1.1.4.(1). The Gain (Current Amplification)

An electric field accelerates photoelectrons which are emitted from a
photocathode to strike the first dynode and produce secondary electron emissions. These
secondary electrons then beat upon the next dynode to generate additional secondary
electron emissions. Repeating this cascade process, through successive dynode stages, a
high gain is achieved. Thus a little photoelectric current from the photocathode can be
detected as a large output current from the anode of the PMT. Gain is the ratio of the
anode output current to the photoelectric current from the photocathode. Ideally the gain
of the PMT is shown as ¢", where n is the number of dynode stages and 0 is an average
secondary emission factor. The secondary electron emission ratio ¢ is given by

(Hamamatsu Photonics Assemblies, 2005):
0 =AE“ 2.4)

where A4 is a constant, £ is the voltage between the dynode stages, and a is a coefficient
defined by the dynode material and the geometric structure. Its value is frequently
between 0.7 and 0.8. If a voltage (V) is applied between the cathode and the anode of
the PMT having n dynode stages, the gain G is defined as (Hamamatsu Photonics
Assemblies, 2005);

G=0"=(UEY ={4 (=% £

n+1) } _(n+1)“"

yan = g yon (2.5)

(K: constant)
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Figure 2.6. Sample of gain vs. supply voltage (Hamamatsu Photonics K.K., 2006).

Figure 2.6 shows the gain characteristics. Due to the fact that PMTs usually have
8 to 12 dynode stages, the changes in applied voltage between stages increase the anode
output directly by the 6th to 10th power. The output signal of the PMT is very sensitive
to fluctuations in the power supply voltage, hence the power supply should be extremely
stable and demonstrate minimum ripple, drift and temperature coefficient (Hamamatsu

Photonics and Assemblies, 2005).

2.1.1.5. The Anode Dark Current of the PMTs

A small quantity of output current which occurs in a PMT even if it is in
complete darkness is called the anode dark current. The dark current and the noise are
crucial factors to define the lower limit of light detection. Main reasons of the dark
current are explained as follows (Hamamatsu Photonics and Assemblies, 2005):

* Thermionic emission of electrons: Because the materials of the photocathode
and dynodes have very low work functions, they emit thermionic electrons even at room
temperature. The dark current originates mostly from the thermionic emission of the
photocathode, and it is increased by the dynodes (Photonics, 2007).

* lonization of residual gases: The flow of photoelectrons can ionize the
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remaining gases inside the PMT. If these ions hit the photocathode or earlier stages of
dynodes, secondary electrons can be emitted. Therefore, this effect causes relatively
large output noise pulses which are generally observed as after pulses following the
primary signal pulses which may be a problem in detecting short light pulses
(Hamamatsu Photonics and Assemblies, 2005).

* Glass scintillation: In case of deviation of electrons from their normal
trajectories and hitting the glass envelope, scintillations may happen and dark pulses
may occur. PMTs may be used with the anode at a high voltage and the cathode at the
ground potential so that these pulses can be eliminated (Hamamatsu Photonics and
Assemblies, 2005).

* Ohmic leakage: Insufficient insulation of the glass stem base and socket
results in ohmic leakage which may be another source of dark current. This primarily
occurs in operation of a PMT at a low voltage or low temperature. In addition dirt and
humidity on the surface of the tube may create ohmic leakage (Hamamatsu Photonics
and Assemblies, 2005).

* Field emission: In operation of the PMT at a voltage close to the maximum
value, strong electric fields causing dark pulses may emit electrons from electrodes

(Hamamatsu Photonics and Assemblies, 2005).

2.1.1.6. The Linearity of the PMTs

Charge linearity is the proportionality of the number of incident photons to the
number of electrons collected at the anode. Current linearity is the ratio between
incident flux and anode current; in this relationship therefore, time is an additional

parameter. Internal and external factors set limits on both charge and current linearity

(Photonics, 2007).

2.1.1.7. The Collection Efficiency of the PMTs

In order to multiply efficient electrons at each stage of dynode, the electron
multiplier mechanism of a PMT is designed with consideration to the electron trajectories.
Although some of the electrons can deviate from their proper trajectories, they do not

contribute to multiplication very much (Hamamatsu Photonics K.K., 2005).
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Figure 2.7. Collection efficiency as a function of photocathode-to-first dynode voltage
(Hamamatsu Photonics K.K., 2005).

Generally, the probability of photoelectrons landing on the effective area of the
first dynode is called the collection efficiency. The effective area is the area of the first
dynode in which photoelectrons may be multiplied effectively at the successive dynode
stages without deviating from their proper trajectories. In spite of existing secondary
electrons which do not contribute to multiplication at the second dynode or latter
dynodes, they will have less effect on the total collection efficiency as the number of
secondary electrons emitted increases greatly. So the photoelectron collection efficiency
at the first dynode is important. Figure 2.7 shows typical collection efficiency on
photomultiplier tube (Hamamatsu R6095) as a function of cathode-to-first dynode
voltage. Figure 2.7 shows that approximately 100 volts must be applied between the
cathode and the first dynode. Energy resolution, detection efficiency and signal-to-noise
ratio in scintillation counting are influenced by the collection efficiency. The detection
efficiency is the proportion of the detected signal to the input signal of a photomultiplier
tube (Hamamatsu Photonics K.K., 2005).

The collection efficiency of the PMTs, a subjective parameter, is difficult to
measure and for which no standardized methods have been defined. It differs
considerably between PMT types, reflecting differently designed electron-optical input
systems (Photonics, 2007).
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2.1.1.8. The Time Response of the PMTs

In applications where the incident light comes as pulses the anode output current
signal should reproduce a waveform faithful to the incident pulse waveform. This event
depends on the anode pulse time response (Hamamatsu Photonics and Assemblies,
2005). The following parameters are used to describe the time response:

* Rise Time: If a delta-function light pulse illuminates the whole photocathode,
the time for anode output pulse to rise from 10% to 90% of the peak amplitude. It is
shown in figure 2.8 (Hamamatsu Photonics and Assemblies, 2005).

* Electron Transit Time: The time interval between the arrival of a delta-
function light pulse at the photocathode and the instant when the anode output pulse
reaches its peak amplitude is called electron transit time. It is shown in figure 2.8
(Hamamatsu Photonics and Assemblies, 2005).

* Transit Time Spread (TTS): The fluctuation of individual pulses in transit
time is called the transit time spread or the transit time jitter. It may be determined by the
FWHM of the frequency distribution of electron transit times. It is related to the number

of incident photons (Hamamatsu Photonics and Assem., 2005). It is shown in figure 2.9.
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Figure 2.8. Definition of rise time and transit time for PMTs (Hamamatsu Photonics
K.K., 2006).
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Figure 2.9. Definition of TTS of the PMTs (Hamamatsu Photonics and Assemblies,
2005).
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2.2. Cukurova University PMT Test Station

The stable operation of the detector is closely related to the performance of the

PMTs. With the aim of understanding the performance of the PMTs, a testing station

was funded at Cukurova University in Adana.

The station was set up by funds from State Planning Organization (DPT) and

Turkish Atomic Energy Commission (TAEK). The station allows us to measure several

characteristics of the PMTs.

2.2.1. Basic Equipment in the Cukurova PMT Test Station

The basic equipment in Cukurova PMT test station are as follows:

1.

There are two dark boxes. One of them is used for measuring dark current,
anode current, linearity and collection efficiency (called gain box which has
the dimensions 60x72x145 cm3). The other box is used for measuring timing
parameters (Figure 2.10). Inside of both boxes are covered with black fabric
to keep light off the system and reflection of inside light. All kinds of
measurements of the PMTs are done in these two boxes.

There are two types of voltage supplies. One of them is direct current (DC)
supply which lets us feed the device from 0 to 30 volt and supports the light
source and PIN diode. The latter one is a high voltage (HV) supply which is
in 40 — 2400 Volt range and supports the PMTs. They can be seen in figure
2.11.

. Four ns pulses in UV region at 337 nm are emitted by a Spectra-Physics

VSL-337ND-S nitrogen laser. This laser and a halogen tungsten lamp are
both used as a light source. Figure 2.12 shows them schematically.

There are several types of Neutral Density Filters (NDF) such as glass,
quartz and in different colors. They are shown in figure 2.13.

There are two types of home-made bases, one for the anode current and
another one for the cathode current. They are shown in figure 2.14.

There is an analog-digital and digital-analog converter that converts signals
from analog to digital and from digital to analog. Connection to eight analog

input (AI) channels, two analog output (AO) channels, 12 digital
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input/output (DIO) channels, and a 32-bit counter with a full-speed USB
interface are provided by the NI USB-6008/60009. It is shown in figure 2.15.

Figure 2.10. Dark boxes; a) dark, anode, linearity and collection efficiency
measurements done in gain box, b) timing measurements done in timing box.

Figure 2.11. Voltage supplies a) direct current (DC) supply, b) high voltage
(HV) supply.

Figure 2.13. Neutral Density Filters (NDF) a) glass, b) quarts, ¢ — d) colored
filters.
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Figure 2.14. Views of the front and the behind of the bases a) anode base, b)
cathode base.

Figure 2.15. Analog-digital and digital-analog converter.

7. Keithley brand digital picoampermeter with 10 fA resolution (Figure 2.16)
reads signals which come from PMTs. They are saved in the main control

desk by NI LabVIEW program.

Figure 2.16. Keithley brand picoampermeter.
8. LeCroy brand oscilloscope is used for taking the PMT timing parameters. It

is shown in figure 2.17. LeCroy has combined the type of high performance

front amplifier, ADC, memory and triggering and designed them all into a
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very affordable package. Basic oscilloscope functions are easily at hand
using the front panel knobs. It allows to zoom in to see in details on the
bright touch panel color screen. It includes an industry-leading signal
acquisition path which provides a 5 GS/s ADC on every channel (Model
6051 two chanels) and 1 Mbyte of standard memory. This osilloscope has
500 MHz passive probe (one per channel). This 2.5 mm high impedance

probe offers excellent characteristics for probing everyday signals.

Figure 2.17. LeCroy brand oscilloscope.

9. After light leaves the beam splitter, some of it comes to the PIN Diode which
creates the signal used in oscilloscope as a trigger. It is shown in figure 2.18.
It is appropriate to use the PIN diode for attenuators, fast switches,

photodetectors, and high voltage power electronics applications.

Figure 2.18. PIN Diode.
2.2.2. Installation of the Gain System
Some parameters of the PMTs are measured in the system which is shown in
figure 2.19. In order to keep the light out of the system, the box (system) is put in a dark

laboratory. The box blocks the light coming from out of the system. All measurements
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(about gain) are done in that box. There are some basic parts of the system; the halogen
tungsten lamp fed by the DC supply is used as a light source. Light which comes from
halogen tungsten lamp passes through the NDF and reaches the PMT. There are two
bases which let us feed PMT by HV and take signal from PMT. Signal coming from
PMT goes to the picoampermeter. The signal is taken by picoampermeter in pico, nano,

micro and mili amper units and is stored by the LabVIEW program in the main desk.

Base I NLF Light source
PMT
Pico
Ampermeter
T oCsupely
BN
= . HV supply
Anal.con :
— { |
—
LabVIEW [ra—m—

Figure 2.19. Schematic view of the gain installation.

2.2.3. Installation of the Timing System

The system used for the timing parameters studies is shown in figure 2.20. The
timing box is put in a dark laboratory so that we can keep the light out of the system.
The box prevents the light to enter the system. Timing measurements are done in that
box. There are some basic parts of the system; the laser producing 337 nm pulse is used
as a light source. Light which comes from laser passes through the NDF and reaches the
beam splitter which separates the light beam into two parts (50/50). One part arrives at
the PIN diode which is fed by the DC supply creates a signal and another part passes
through several NDFs and then reaches the PMT. These NDFs are used to provide
appropriate attenuation levels of the light. There is a base which lets us feed PMT by
HV and takes signal from the PMT. At the end two signals are acquired. One of them
which comes from the PIN diode is used as a trigger. The latter one comes from the
PMT. Both of them go to the oscilloscope and are used to measure the timing

parameters.
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Figure 2.20. Schematic view of the time setup.

2.3. Measurements of the CASTOR PMTs at Cukurova University Test Station

Several features of the PMTs which were defined in chapter 2.1 were measured
with system which was mentioned in chapter 2.2. The PMTs measurement procedures
will be explained and the results will be summarized in this chapter.

The University of Cukurova Test Station was designed initially to compare
measurements and if the results of the measurements were not suitable for quality

control, they would be eliminated.

LT

Figure 2.21. A view of the Hamamatsu R7378A PMT.
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The laboratory in which measurements were done was kept dark and the
temperature was below 25 °C.
The Hamamatsu R5380Q PMTs were tested at Cukurova University test station

and results were presented at the 11"

Vienna Conference on Instrumentation, Vienna,
February 19-24, 2007 (Aydin et al., 2007). During May-July 2008, we tested the
Hamamatsu R7378A PMTs (Figure 2.21) properties which are listed in table 2.1, as
given by Hamamatsu.

Some of the tests, anode dark current, anode current, cathode current and timing
parameters, were taken for all the PMTs whereas linearity and collection efficiency tests
were done only on several randomly chosen PMTs.

Measurements were done in two dark boxes.

Table 2.1. Specifications of Hamamatsu R7378 A PMTs.

Parameter Value
Type Head on
Window Material Synthetic Silica
Total Faceplate 25.4405 mm
Active Diameter 22 mm
Photocathode Material Bialkali
Photocathode Effective Area 22 mm
Dynode Structure Linear Focused
Number of Dynodes (Stages) 10

Spectral Response 160-650 nm
Peak Sensitivity 420 nm

Supply Voltage 1250 vV
Average Anode Current 0.1 mA
Cathode Luminous Sensitivity 90 pA/lm
Anode Luminous Sensitivity 180 A/Im
Anode Dark Current After 30 min. | <20 nA
Anode Pulse Rise Time 1.5 ns

Electron Transit Time 17 ns

Gain 2.0x10°
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2.3.1. The Measurements Done in the Gain Box

The measurements such as anode dark current, anode current, cathode current,
linearity and collection efficiency have been done in the gain box, defined in section
2.2.2. A randomly chosen PMT was measured in several different times because of the
stability of the system. After finding the ideal conditions, PMTs were tested one by one.
PMTs were fed by high voltage and then signals, read ten times in the picoampermeter,
were sent to the main desk, where the LabWiev programme took and saved their

average values.

2.3.1.1. The Measurement of the Anode Dark Current and the Anode Current of
the PMTs

In order to take PMTs anode dark current and anode current, the PMTs were fed
by high voltage from 500 Volt to 1100 Volt in 50 Volt steps. For this process, the anode
base was used.

A small quantity of current which can be measured in a PMT even if it is
operated in complete darkness is called the dark current. The reasons for dark current

can be found in chapter 2.1.1.5.

| the PMTs Avarage Anode Dark Currents Distribution per HVY

Avarage Anode Dark Current (A)

e e Lo ool oo e

500 800 700 800 300 1000 1100
High Voltage (V)

Figure 2.22. Average anode dark current values of all PMTs as a function of each HV.
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PMTs were fed by high voltage (~750 V) in the dark box for approximately 30
minutes then anode dark current was measured. Average anode dark current values of
all the PMTs as a function of each high voltages are given in figure 2.22. Anode dark
current increases with an increasing high voltage, but the rate of increase is not linear.
Anode dark current values of all the PMTs at 1 kV are given in figure 2.23. The average
value of anode dark current at 1 kV was measured as 1.23 nA. The dark current values

of all the PMTs are less than 20 nA at 1 kV which is given by Hamamatsu.

|  Anode Dark Current Distribution at 1 kV | h2
Entries 124
Mean 1.23
RMS 0.5284

16

14

12

10

Number of PMTs

Anode Dark Current (nA)

Figure 2.23. Anode dark current values of all the PMTs at 1 kV.

To measure the anode current, a halogen tungsten lamp, supplied by 10 volts,
was used as the light source. A green filter was put in front of the light source to
stabilize the system. There was another filter (NDF, factor = 4) after the green filter
which had a 1/10* factor to absorb the light. We need to use the NDF in order not to
saturate the PMTs. Average anode current values of all the PMTs as a function of each
HV are given in figure 2.24. Anode current increases with an increasing high voltage,
but the rate of increase is not linear. And anode current values of all the PMTs at 1 kV
are given in figure 2.25. The average value of anode current at 1 kV was measured to be

1.277x10° A.
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Figure 2.24. Average anode current values of all the PMTs as a function of each HV.
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Figure 2.25. Anode current values of all the PMTs at 1 kV.

2.3.1.2. The Measurement of the Cathode Current of the PMTs

In order to study the cathode current of all the PMTs, the PMTs were fed by high
voltage from 115.5 Volt to 254.1 Volt in 11.55 Volt steps. For this process, the cathode
base was used.

To measure the cathode current, halogen tungsten lamp, supplied by 10 volts,
was used as the light source. A green filter was put in front of the light source. NDF was

not used for this process. Cathode current values of all the PMTs as a function of HV
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are given in figure 2.26. There is a fluctuation on cathode current in high voltages, but
the rate of the fluctuation is not so big on the cathode current. Cathode current values of
all the PMTs at 232 volts are given in figure 2.27. The average value of the cathode

current at 232 volts was measured to be 64.89x 109 A.
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Figure 2.26. Cathode current values of all the PMTs as a function of HV.
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Figure 2.27. Cathode current values of all the PMTs at 232 V.
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2.3.1.3. The Gain Measurement

The PMT gain is defined as the proportion of the anode current to the cathode

current (more details can be found in section 2.1.1.4.1). To calculate the gain of the

PMT, G =i—a is used. In this formula, I, is the anode current and I, is the cathode

c

current. To find the real value of G, we have to multiply G by 10* because of the NDF
factor. The gain increases quickly with the applied voltage and changes with
temperature, incident-light wavelength, and mean anode current (Akgun, 2002).
Average gain values of all the PMTs as a function of each HV are given in figure
2.28. Gain values of all the PMTs at 1 kV are given in figure 2.29. The average value of
the gain at 1 kV was measured to be approximately 1.949x10° for all the PMTs.
The measurements were repeated several times and the results obtained were

consistent.

| PMTs Gain Distributions per HV
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Figure 2.28. The average gain measurements of all the PMTs as a function of HV.
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Figure 2.29. Gain current values of all the PMTs at 1 kV.

2.3.1.4. The Measurements of the Linearity of the PMTs

Only some of the PMTs linearity properties were studied because of the limited
time. The details of the subject can be found in section 2.1.1.6. The halogen tungsten
lamp, supplied by different values between 7-10 volts, was used as the light source. The
incident light is very important for the study of the linearity. In order to control the light,
several NDFs were used from a factor of 3 to 7.5 in steps of 0.5 factors. The PMTs were
fed by different high voltage values (700 - 900 Volt) to obtain very high and very low
anode currents. For this process, the anode base was used.

Anode current decreases when incident light decreases. As a result, anode

current is linear with the incident light. It can be seen in figure 2.30.

54



2. MEASUREMENT OF THE PMTs CHARACTERISTICS Bayram TALI

10 =
E 8
o
L 8
E o
_ = £}
] - e
& I f g
'g_:|10'1=_
@ = #
- r
3 F 8
< 12 #
o i ] £
- -
10° = " c
E &
E =
- “
0BT v v b b b b b b b b
3
NDF

Figure 2.30. Anode signals of the candidate PMTs as a function of NDF.

2.3.1.5. The Measurements of the Collection Efficiency of the PMTs

Only some of the PMTs collection efficiency properties were studied because of
the limited time. The details of the subject can be found in chapter 2.1.1.7. The halogen
tungsten lamp, supplied by a fixed potential value, was used as a light source.

In order to study PMTs collect efficiency, the PMTs were fed by different high
voltages (0.0 —0.025-0.05-0.1-02-03-05-0.75-10-15-20-25-3.0—
40-50-55-60-75-80-9.0-10.0-11.0-12.5-150-17.5-20.0-22.5 -
25.0 - 27.5-30.0 — 32.5 -39.0 —49.0 — 59.0 — 69.0 — 79.0 — 90.0 — 100.0 — 110.0 —
120.0 — 130.0 — 141.0 — 151.0 Volt). For this process, the cathode base was used.

Cathode current with respect to HV can be seen in figure 2.31.

2.3.2. The Measurements Done in Timing Box

For the smooth operation of the calorimeter, well defined time response of the
PMT’s is crucial. In order to get successive collisions which are going to occur in 25 ns
intervals at the LHC, the resulting time response of PMTs must be less than this time

interval.
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Figure 2.31. Cathode signals of the applied PMTs as a function of HV.

The measurements were performed in the time box, as explained in chapter
2.2.3. PMTs were tested one by one. PMTs were fed by high voltage from 500 V to
1000 V in 50 V steps. In these measurements, the anode base and laser as a light source
were used. Then signals came to the LeCroy oscilloscope which has two channels, so
called C1 and C2. The signals which came from PMTs went to C2. The signals which
came from the PIN diode were used as a trigger and went to C1. With the help of the
interface programme of the oscilloscope, we could take transit time, fall time, rise time,
transit time spread, pulse width, amplitude and area. Data is taken in the single sample
mode by the oscilloscope. About 100 signals are acquired and then the averages are
calculated by an internal program of the oscilloscope. The oscilloscope does all these
measurements automatically. The screenshot (Figure 2.32) of the each HV step was

saved and then we obtained the data from the screenshot.
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Figure 2.32. Screenshot of the oscilloscope.

2.3.2.1. The Analysis of the PMTs Rise Time

Rise time, defined in chapter 2.1.1.8, is the time interval when the signal
increases from 10% to 90% of its maximum amplitude.

Since the signal is negative, fall was saved as the rise time, given in figure 2.32.
Average rise time values of all the PMTs as a function of each high voltage are given in
figure 2.33. And the rise time values of all the PMTs at 1 kV are given in figure 2.34.

The average value of the rise time at 1 kV was measured to be 2.48 ns.
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Figure 2.33. Average rise time values of all the PMTs as a function of each HV.
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Figure 2.34. Rise time values of all the PMTs at 1 kV.
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2.3.2.2. The Analysis of the PMTs Pulse Width

The pulse width is defined as the full width at half maximum (FWHM). Average
pulse width values of all the PMTs as a function of each high voltages are given in
figure 2.35. And pulse width values of all the PMTs at 1 kV are given in figure 2.36.

The average value of pulse width at 1 kV was measured to be 6.008 ns.

| PMT Signals Avarage Width Distribution per HV |
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Figure 2.35. Average pulse width values of all the PMTs as a function of each HV.
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Figure 2.36. Pulse width values of all the PMTs at 1 kV.
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2.3.2.3. The Analysis of the PMTs Transit Time

The meaning of the transit time is the time difference between the PIN diode
signal and the PMT signal when both of them reach their half maximum of the peak
values successively.

That is, the transit time is the travel time of the photoelectrons, emitted by
incident light in the cathode, from the photocathode to the anode via the dynodes.

Average transit time values of all the PMTs as a function of each HV are given
in figure 2.37. As it can be seen from the figure, transit time depends on the voltage
applied to the PMT. When PMT is fed by the highest voltage, the lowest transit time is
obtained. The transit time values of all the PMTs at 1 kV are given in figure 2.38. The

average value of the transit time at 1 kV was measured to be 13.72 ns.
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Figure 2.37. Average transit times of all the PMTs as a function of each HV.
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Figure 2.38. Transit time values of all the PMTs at 1 kV.

The total detection time of a signal can be the sum of the transit time (13.72 ns
in average) and the pulse width (6.008 ns in average). If the detection time is smaller
than 25 ns, it means it is a good device for CASTOR. As a result of this study, the
average value of the detection time at 1 kV was measured to be 19.728 ns. The highest
value of the detection time is 22.232 ns which belong to the PMT with serial number

BA0975. So, Hamamatsu R7378A type of the PMT is suitable for CASTOR studies.
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3. CASTOR TEST BEAM 2008

The test beam environment and the analysis results of the CASTOR prototype
test beam data which is collected at CERN in the summer of 2008 will be described in

this chapter.
3.1. Environment of the Test Beam Area

Basically, environment of the test beam area which is used in this study is going

to be presented in this section.
3.1.1. The Super Proton Synchrotron (SPS)

The Super Proton Synchrotron (SPS), which has been working since 1976 and
can be seen schematically in figure 1.2, is a 6.9 km long particle accelerator at CERN.
Antiprotons, electrons and positrons (for use as the injector for CERN's electron-
positron collider (LEP)) and heavy ions were used to be accelerated by the SPS. The
SPS is currently used as the final pre-injector for high-intensity proton beams for
CERN's LHC, accelerating protons from 26 GeV to 450 GeV (Super Proton
Synchrotron, http://en.wikipedia.org/wiki/Super Proton Synchrotron). In  the
continuation of the ongoing fixed target research program, SPS is used to provide 400
GeV proton beams for a number of active fixed-target experiments such as NA48 and
NAG61/SHINE in North Experimental Area of CERN. CASTOR prototype was exposed
to a secondary beam in summer of 2008 in North Experimental Area. There were
approximately 10'* protons per burst (Introduction to the H2 beam, http:/ab-div-atb-
ea.web.cern.ch/ab-div-atb-ea/BeamsAndAreas/h2/H2manual.html).

3.1.2. North Experimental Area (NEA) at the SPS

The primary proton (400 GeV/c) beam of the SPS may be taken out from the
long straight section (LSS2) to the NEA. The extracted beams which are carried by
surrounding bending magnets and beam-splitting system and focusing elements over a

number of hundreds of meters are separated into three beam channels each ending in a
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target (T2, T4, T6) where the secondary particle beams are produced (Figure 3.1), close
to the surface but deep enough to be shielded by the landscape around them. Secondary
beams that are produced by targets 'T2' and 'T4' are for the Experimental Hall North 1
(EHN1) (SPS Primary Targets, https://twiki.cern.ch/twiki/bin/view/ABATBEA
/SPSPrimaryTargets#T2 %20Wobble).

SECONDARY BEAMS
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Figure 3.1. Layout of the North Area (http://nahandbook.web.cern.ch/nahandbook/
default/common/software/Beatch.htm).

Design of all target stations of NEA are alike. In every station, there are several
targets, made of mostly beryllium (500x160x2 mm?®) or lead, of different lengths and
cross-sections that are mounted on a common support, which the CERN Control Centre
(CCC) control room may move so that the target can be selected and its position in the
beam can be adjusted (SPS Primary Targets, https://twiki.cern.ch/twiki/bin/view/
ABATBEA/SPSPrimary Targets#T2 Wobble). The beam information can be read from
the so-called 'PAGE-1' TV screens in the electronics cabins and control rooms (Figure
3.2).
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Figure 3.2. 'PAGE-1' TV screen in the experimental huts (http://sl.web.cern.ch/SL/
eagroup/Page-1.html).

A massive iron shield (TAX), in which holes have been penetrated for the
passage of primary and secondary beams, encircles the assembly completely. The
incident proton flux can be seen by a beam monitor (Figure 3.2) station upstream of the
target and horizontal and vertical split-foil detectors (Collimator) serve to focus the

beam on the target.
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Figure 3.3. Upstream of the H2 beam line.
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Beam can be headed by bending magnets. The cross-sectional profile of the
beam incident on the target can be measured by a mini-scanner located before the target.
The emerging particle flux is detected by a second beam monitor downstream from the
target stations. It can be seen in figure 3.3. There are two derivated secondary beams
called the H2 and H4 beams to EHNI1 from the T2 target and thanks to the T2 wobbling
station (Introduction to the H2 beam, http://ab-div-atb-ea.web.cern.ch/ab-div-atb-
ea/BeamsAndAreas/h2/H2manual.html).

3.1.3. The H2 Beam Line

Hadrons, electrons or muons of energies between 10 and 350 GeV/c, as well as
400 GeV/c (primary) protons are provided by a secondary particle beam (also 1-9 GeV
tertiary particle) called the H2 beam line. The H2 beam line is a member of the T2 target
at NEA (EHNI, building 887) (Introduction to the H2 beam, http://ab-div-atb-
ea.web.cern.ch/ab-div-atb-ea/BeamsAndAreas/h2/H2manual.html).  Target T2 is
approximately 590 m far from the prototype. To produce the tertiary particles, there is
another target which is called T22, placed approximately 97 m upstream from the
prototype.

Several characteristics of the H2 beam line are given in table 3.1.

Table 3.1. Several features of the H2 beam line (Introduction to the H2 beam, http://ab-
div-atb-ea.web.cern.ch/ab-div-atb-ea/Beams AndAreas/h2/H2manual.html).

Some Main Parameters of H2

Maximum momentum 360 GeV/c 450 GeV/c for primary protons
Acceptance + 1.5 psr (2.5 psr at p <200GeV/c)
Maximum Ap/p + 2%

Intrinsic Ap/p with slit=0 | ~0.05%
Height of beam in EHN1: 2460 mm

Length of beam 615m
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Figure 3.4. CESAR software system showing beam files.

In the control barracks, there are several PCs. One of them has CESAR software
system which can control equipment, magnets which bend the beam, collimators which
arrange the rate of the beam, obstacle which can control the particle type, delay Wire
Chambers which can control beam position, and also Cerenkov counter, experimental
area access, taxs and tdx (Figure 3.4) on the beam line. So, the beam can be controlled

easily by CESAR software program.

3.1.3.1. Several Optic Modes of H2 beam line

Operating of the H2 beam can be done in four different modes;
a) The operating mode of high resolution
b) The operating mode of high transmission
c¢) The mode optics of "filter"
d) As the operating mode of a heavy ion beam (http://ab-div-atb-
ea.web.cern.ch/ab-div-atb-ea/BeamsAndAreas/h2/H2manual.html)
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3.1.3.2. Using Several Detectors in the H2 Beam Line

There are several detectors which the H2 beam line is equipped with. The layout

of the H2 detectors can be seen in figure 3.5.
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Figure 3.5. Layout of the H2 detectors in NEA.

Cerenkov counters (CK): There are two Cerenkov counters in the beam line.
One of which is in the High Energy part. The second one is in the very low energy part.
They are used to identify the particles. According to the momentum range used, they
can be filled by helium and nitrogen.

Time of Flight Detector (TOF): TOF detector is a detector which is able to
separate a lighter and a heavier fundamental particle of the same momentum using their
time of flight between at least two scintillators. The first of the scintillators makes a
clock active upon being striked and the other one stops the clock upon being striked.
When the two masses are indicated by m; and m; and have velocities v; and v,, the time
of flight difference is as follows (Time of flight detector, http://en.wikipedia.
org/wiki/Time of flight detector):

5t = L(i— l) ~ 2 (m2 — m2) (3.1)
L) 2p?

The distance between the scintillators is shown as L. The approximation is in the
relativistic limit at momentum p (¢ is speed of light in vacuum). Generally, the
apparatus' time resolution is shown as 8¢ (Time of flight detector, http://en. wikipedia.

org/wiki/Time of flight detector; Abdullin et al, 2008).
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Wire Chambers (WC): There are eight WCs called WC1, WC2, WC3, WCA,
WCB, WCC, WCD and WCE in H2 beam line. WCs are filled by ArCO, (50/50). They
let us make beam profiles in two planes. They have 10x10 cm? active area within 11x11
cm’ of a window (Figure 3.6). The spatial resolution is around 350 pm in both x and y
coordinates. They operate properly for beam rates above 103 particles per burst

(Akchurin et al., 2007).

Figure 3.6. A view of WCs (C and D).

Scintillation (SCINT): Counters which run in a sensitive area of 100 mm
diameter are used for triggering the beam. The rate between the two main magnets is
counted, and many 'parasitic' particles of H2 & H4 are seen by SCINTO1. In H2 beam
line, there are four scintillation counters (S1, S2, S3 and S4) (Figure 3.7). They were
made of polystyrene scintillators of 1 cm thickness. The beam trigger typically
consisted of the coincidence of the S1&S2&S4 which is approximately define a 4x4
cm” surface area (Introduction to the H2 beam, http://ab-div-atb-ea.web.cern.ch/ab-div-
atb-ea/BeamsAndAreas/h2/H2manual.html; Abdullin et al, 2008).

Muon Veto Counters: Muon counters (Muon Veto Front (MVF), Muon Veto
Wall (MVW) and Muon Veto Back (MVB)) are used to tag the energetic muons. The
MVB is a 80x80 cm? scintillation counter (Figure 3.8) (Abdullin et al, 2008).

HF Table: The CASTOR prototype is fixed stably and exposed to H2 beam on
the HF table that can move horizontally and vertically. Therefore, prototype can be
focused in any direction and because of this feature we can analyze several parameters

of the prototype.
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Figure 3.7. A view of SCINT (S1, S2 and S4).

Figure 3.8. A view of MVB.

3.2. CASTOR Test Beams

The analysis results of the CASTOR detector test beam data collected at CERN

in the summer of 2008 will be presented in this chapter.
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3.2.1. Previous Beam Tests of the CASTOR Prototypes (2003-2004-2007)

Before the 2008 beam test, three prototypes (2003, 2004 and 2007) of CASTOR
were studied. Only main conclusions of those studies will be given here.

Beam Tests 2003: The CASTOR test beam was studied at first for the
Cherenkov light transmission efficiency of different types of air-core light guides, and
also an analysis of the calorimeter linearity and resolution as a function of energy and
impact-point, obtained with 20 - 200 GeV electron beams from CERN/SPS tests was
performed. Only an EM section with several combinations of the calorimeter such as
different combinations of structures for the active material of the calorimeter (quartz
plates and fibres), different light-guide reflecting materials (glass and foil reflectors) and
photodetector devices (photomultipliers and avalanche photodiodes) have been tested
and compared (Aslanoglou et al., 2008).

To summarize the study, equipping the CASTOR calorimeter with quartz-plates
as the active material, APDs as photodetector devices, and light-guides with foil
reflector were suggested as a promising option (Aslanoglou et al., 2008).

Beam Tests 2004: The second prototype of CASTOR, was the first to test the
hadronic part together with the electromagnetic part of the detector and its design was
very close to the final design of the detector, consisting of quartz plates, air-core light-
guides, equipped with Dupont (AlO+SiO2+TiO2) reflective foil, and avalanche
photodiodes (APDs) as well as photomultiplier tubes (PMTs). The responses of the
calorimeter using two different types of photodetectors (APDs, PMTs) were compared,
the energy linearity and resolution were studied, as well as the spatial resolution of the
prototype to electromagnetic and hadronic showers were studied with £ = 20 - 200 GeV
electrons, £ = 20 - 350 GeV pions, and £ = 50, 150 GeV muons from the CERN/SPS
(Aslanoglou et al., 2007).

Beam Tests 2007: The third prototype of CASTOR used quartz plates which
were taken from the original DELPHI experiment and air-core light-guides which were
equipped with reflective foil. Two different types of photodetectors the Hamamatsu
R5380Q and RIE FEU187 PMTs were used to compare the responses of the calorimeter.
The energy linearity and resolution, the uniformity, as well as the spatial resolution of
the prototype to electromagnetic and hadronic showers were studied with £ =10 — 200

GeV electrons, E = 20 - 350 GeV pions, and £ = 50 - 150 GeV muons in beam tests
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which were carried out in the H2 line at SPS during two weeks in 2007 (Aslanoglou et

al., 2008).

3.2.2. The CASTOR Test Beam 2008 Analysis

The fourth prototype of CASTOR contains a full-length octant, containing the
electromagnetic and hadronic sections, with a total of 28 readout-units (Figure 3.9). It
was constructed with successive layers of tungsten plates as absorber, and fused silica
quartz plates as active medium, air-core light-guides, equipped with reflective foil, and
two different types of photodetectors the Hamamatsu R5380Q and RIE FEU187 PMTs
were used to compare the responses of the calorimeter. More detailed information about
the materials used can be seen in chapter 1.3.2.

The CASTOR Test Beam 2008 (TB08) was scheduled from 12 June to 26 June
2008. In order to test several characteristics of the EM and HAD parts of the prototype,
the uniformity, the energy linearity, the energy resolution and the spatial resolution,
different type of beam particles such as electrons from 10 to 200 GeV, pions from 20 to
350 GeV and muons from 150 to 300 GeV were used. Also to study very low energies

(VLE) response, electrons and pions, having energies between 1 - 9 GeV, were used.

JURA

SALEVE

Figure 3.9. Schematic view of the CASTOR prototype IV (Aslanoglou et al., 2008).
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3.2.2.1. Front-End Detectors on the Prototype in H2 Beam Line

It is crucially important to know the exact behavior of the beam. Scintillation
(SCINT) counters are used to understand whether there is a real beam or not. If there is
a real beam, the data from SCINT counters will be used as trigger. Such information
was used during data taking. There are four SCINT (S1, S2, S3 and S4) signals whose

behavior we can see in figure 3.10.
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Figure 3.10. Behavior of the scintillators (S1, S2, S3 and S4).
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Figure 3.11. To select single hits, first peak was used around 3¢ (S1 & S2 & S4).

From the figure 3.10, it can be seen that S1, S2 and S4 worked properly,
however, S3 had a problem. Therefore, only S1, S2 and S4 signals were used. The beam
trigger typically contains the coincidence S1 & S2 & S4, which was defined as a 4x4
cm’ area on the front face of the calorimeter. In addition, they were used to select the
single hits.

The S1 & S2 & S4 coincidence was used to eliminate multi-particle events off-
line since it gave a clean pulse height distribution of single and multiple particles in the
beam. To select events which had single hits a gauss fit was applied over the first peak
(+£30) (in figure 3.11). In order to keep events around these values and to reject events
which have more than one hit, SCINT (S1, S2, and S4) was used. All runs were checked
for this which were used in this analysis.

Especially, for the studies of the spatial resolution (surface scan) and others we
need to know the beam position. In order to clarify the beam position, WC information
is very important. So, we had to know which WC worked properly. In figure 3.12, all
WCs information (A, B, C, D and E) can be seen.
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Figure 3.12. WCs (A, B, C, D and E) information in two dimensions.
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The WCE is the closest to the prototype so the information of the WCE is more
precise on the prototype. However, it did not work in some runs. So we had to find out
which WCs worked fine and clarify the best one. All runs were checked for this which
were used in this analysis.

To reject or keep the muons from the runs, we need to tag the muons. In order to
identify muons, Muon Veto Back (MVB) detector, behind the prototype in H2 line, and
SCINT information were used. First MVB information with the pedestal trigger was
used and the muon peak was found and this information was used in the beam trigger to
define muons. This method allowed us to tag the muons. The MVB pedestal signals can

be seen in figure 3.13.
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Figure 3.13. The MVB signals with pedestal trigger.
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3.2.2.2. Preparation for the Analysis

Since Readout Units (RUs) of the prototype IV were not identical, we need to
calibrate RUs for a good analysis. In order to calibrate the RUs, 150 GeV muons,
penetrating the whole calorimeter, were used. In table 3.2, the inter calibration
coefficients corresponding to the RUs used in this analysis are shown. These
coefficients were calculated by other members of the collaboration using the same test

beam data.

Table 3.2. The inter calibration coefficients corresponding to the RUs.

RU (Channel) Inter-Calibration RU (Channel) Inter-Calibration
SALEVE Constants JURA Constants
EM1 1.000000 EM2 1.545280
EM3 0.989969 EM4 1.267020
HADI 2.116620 HAD2 1.722910
HAD3 1.929140 HAD4 1.724090
HADS 5.277410 HADG6 1.988920
HAD7 2.782380 HADS 1.471590
HAD9 1.740900 HADI10 2.345470
HADI1 2.442380 HADI12 6.844690
HADI13 2.506350 HAD14 1.000000
HADI5 2.907920 HADI16 1.000000
HADI17 2.028260 HADI18 1.000000
HADI19 2.358480 HAD20 1.000000
HAD21 1.427020 HAD22 ---
HAD23 5.091080 HAD24 ---

The pion, electron or muon beams are not purely clean in most cases. Beams are
contaminated with some other particles and need to be cleaned. With this purpose, some
standard cuts were applied. For instance; to clean the pion beams, MVB information
was used (mentioned in section 3.2.2.1) to reject the muons from the pion beams and to

reject the electrons from the pion beams, fraction electromagnetic cut was applied. The
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fraction electromagnetic (fem) is the ratio of the EM sum signals to the sum of the
EM-+HAD signals. To clean the electron beams, MVB information was applied to reject
the muons from the electron beams and fem cut was used to reject the pions from the
electron beams. Also both for pion beams and electron beams, single hit events were
required and to choose the single hit events, SCINT information was used as it was

explained in section 3.2.2.1. Cut details are given in table 3.3.

Table 3.3. Type of cuts used to clean beams.

Type of TYPE OF CUTS
Beam Single particle | Muon rejection | e or wrejection | Position def.
Pion S1 & S2 & S4 MVB fem <0.95 WCs

(response + 36) | (response + o)

Electron S1&S2 & S4 MVB fem > 0.95 WCs

(response + 36) | (response + o)

In figure 3.14, the sum of the signals of the EM part vs the sum of the signals of
the HAD part is shown. In (a) the effect is shown without cuts and in (b) with cuts for
pion beams (banana). In (c) the effect is shown without cuts and in (d) with cuts for
electron beams.

In figure 3.15.a, the effect of each cut (on the number of entries single hit,
single hit & rejection of muons and single hit & rejection of muons & rejection of
electron respectively) can be seen for the pion beams and in figure 3.15.b, the effect of
each cut (single hit, single hit & rejection of muons and single hit & rejection of muons
& rejection of pion respectively) can be seen for electron beams.

In order to reject unwanted particles (muons, electrons) and single hits from pion
beams several cuts were applied. Results of the cuts can be seen in figure 3.15 b
respectively. After applied all cut remaining yellow signal belongs to pion beams and
also after all cuts remaining pion events sum of HAD vs sum of EM plotted in figure
3.14 b. Both of these plots show that cuts worked fine and cleaned pion beams.

Similar cuts used for electron beams and results can be seen in figure 3.15 a and
figure 3.14 d. Again both of these plots show that cuts worked fine and cleaned the

electron beams.
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Figure 3.15. a) the effect of cuts (one over another respectively) for electron beams and
b) the effect of cuts (one over another respectively) for pion beams.
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Figure 3.16. Uniformity study with different particles a) for EM section (with electrons)
b) for HAD section (with pions) and c¢) show both EM and HAD.

The response uniformity of the prototype is very important particularly in
surface scan analysis. The uniformity can be studied using electron, pion or muon
beams. The response, total signal in the EM + HAD1 section, is plotted as a function of
the x position for different y positions to study the uniformity with 100 GeV electrons as
shown in figure 3.16.a. And this plot is repeated for 80 GeV pions in figure 3.16.b.

The signal distributions show non-uniformity for the EM sections whereas they

are uniform for the HAD sections.

3.3.3. Energy Resolution and Linearity

When an energetic enough particle hits the calorimeters, it loses its energy in the
calorimeter, so we can measure a signal in the active material of the calorimeter
proportional to the energy of the hitting particles.

If the calorimeter is able to absorb the radiation completely, this information can
be used to calculate the amount of energy deposition. This information may be saved as

the signal is generated.

79



3. CASTOR TEST BEAM 2008 Bayram TALI

In an ideal calorimeter, the expectation is that the relationship between the
coming particle energy and generated signal to be linear.

Many of the calorimeters are linear or nearly linear for one type of particle but
not for all types of particles. Therefore, a calorimeter can have a different output for
different particle types.

In order to study energy linearity and resolution, we have several criteria such as
requiring single hits, rejecting unwanted particles (muon, hadron or electron) which
contaminate the beam and taking into account the non-uniformity conditions if non-

uniformity is present. More detailed information about cuts can be found in chapter

3.22.1and 3.2.2.2.

3.3.3.1. Energy Resolution and Linearity with Pions

In order to study the linearity and the relative energy resolution of the CASTOR
prototype response as a function of energy, pion beams which focused on the semi
octant of the Saleve side with, 20, 30, 50, 80, 100, 120, 150, 300 GeV energy were used.
In addition to the criteria, defined in section 3.2.2.2, a three mm radius cut was applied
around the beam center and the events, hitting within the radius cut, were collected. For

this cut, WCC information was used. The profile of the beam can be seen in figure 3.17.
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Figure 3.17. Three mm radius cut was applied around the run center, WCC information
was used, the left plot doesn’t have radius cuts and the right one has radius cut
for the same pion run.
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The left plot doesn’t have radius cut and the right one have radius cut for the same run.
For pion runs, full length (14 RUs) was used. Not only Saleve side response but also
Jura side response were added per event. With this method, all events which belong to
each run were collected and plotted in figure 3.18. At the end the amplitude and width

of the signals were picked up and relative resolution and the linearity were calculated.
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Figure 3.18. For pion runs (20, 30, 50, 80, 100, 120, 150, 300 GeV), full length (14
RUs) Saleve+Jura side response was used.
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The relative energy resolution of the calorimeter has been studied by plotting,
o/E, normalized with respect to the incident pion beam energy, £ and fitting the

functional form shown below. The result is given in figure 3.19:

o
—=p, + P (3.2)
E VE

The constant term py, coming from the gain variation with changing voltage and
temperature, limits the resolution at high energies.

The dominant stochastic term with p; is due to intrinsic shower photon statistics.

Energy Resolution for Prototype IV With Pions || x*/ndf 7195/6
— Prob 0.3032
E ﬂ‘ﬁ S PP N
2 p0 0.1762+ 0.001552
2 p1 1.874 + 0.01799
= | E— Ot OO SO O ST O opoPRseOOoOtes SRR ROeS o
Q :
]
x

0‘35 .............................................................................................

s Fit with tes parameters formula

0.3

0.25

0.2

50 100 150 200 250 300
Beam Energy (GeV)

Figure 3.19. The relative energy resolution of the prototype, o / E, with respect to the
incident beam pion energy E.

According to this two parameters fit formula, energy resolution results are pretty
good. Stochastic (p;) term which characterizes the energy resolution is found to be

around 187% for two parameters fit formulas for hadron (pions) beams.
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The calorimeter response is found to be linear in the energy range explored. The
average signal amplitude, expressed in units of ADC channels, can be satisfactorily

fitted by the following formula:

ADC = po+p1 X E (3.3)

where the energy E is in GeV. The fitted values of the parameters for each

configuration are shown in figure 3.20 a and b.
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Figure 3.20. a) The signals as a function of incident beam energy b) normalized signal
as a function of incident beam energy.

The full calorimeter (14 RU) shows a good energy linearity for pion showers.

3.3.3.2. Energy Resolution and Linearity with Electrons

In order to study the linearity of the prototype response and the relative energy
resolution of the prototype response as a function of energy with electrons which were

focused on the semi octant of the Saleve side, 10, 20, 50, 120, 150, 180 and 200 GeV
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electrons were used. In addition to the criteria defined in chapter 3.2.2.2, a three mm
radius cut was applied around the beam center and the events which hit within the
radius cut were collected. For this cut, WCE information was used. The profile of the
beam can be seen in figure 3.21. The run without radius cut on left side profile and with
radius cut on right hand side profile. For electron runs, three RUs (sum of EM and
HADI1) were used. With this method, all events which belong to each run were collected

and plotted in figure 3.22.
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Figure 3.21. Three mm radius cut was applied around the run center, WCE information
was used, the left plot doesn’t have the radius cuts and the right one has the
radius cuts for electron runs.

A Gaussian fit function was applied. At the end, amplitudes and width of the
signals were picked up. The amplitude values were multiplied by non-uniform
coefficients because of the non-uniformity of the EM section. For this purpose, 100
GeV electrons were used for x-surface scan. First of all, the center (xy) of the runs (10,
20, 50, 120, 150, 180 and 200 GeV) were found. Then, this xy information was used in
x-surface scan runs and the following coefficients (1.0, 1.00312, 1.00497, 0.94808,
0.93446, 0.92304 and 1.04399) were calculated. And then, relative resolution and the

linearity were calculated.

84



3. CASTOR TEST BEAM 2008 Bayram TALI

Entries 44 Entries 498
10 GeV Electrons Mean ay| | 20GeVElectrons | Mean 027
g wf RMS 1256 ! m RMS 166.1
g ” E Integral 344 ] Integral 496
i E 2 indf 0.205/1 oo 32/ ndf 145102
= Prob 0.6507 > Prob 0.484
i wf Constant 2204153 H o Constant 2114+ 12.4
o A
z W 9 2943, 2w Sigma 1378453
o
E 120
120 —
E 1o
100 -
nf-
-
e
uf- §
E + —_ PRI N SRR N 1 L o
[] 200 400 600 800 1000 200 ] 00 [1] 1000 1200 1400 1600 1600
Response{ADC) Response(ADC)
Entries 1683 Entries 3407
50 GeV Electrons Mean Jooss 120 GeV Electrons Mean 5770
2 E RMS 2486 H C RMS 3999
¢ Wb Integral 1681 2 C Integral 3382
u E 2indt 220605 g wl 121 ndf 49.72/8
> wE Prob 0.8069 s E Prob 4.6340:08
;E E Constant 42541133 ;E L Constant  547.1£12.7
5w Mean 2627160 3 W Mean 5733£7.
z E Signa 2344348 z F Sigma 3562 6.1
280 — [
E o
mE C
mE m—
nf F
E 100 —
sl C
WL W= o S IR RN RN B
1500 2000 2500 3000 3500 4500 5000 5500 6000 6500 7000
Response(ADC) Response(ADC)
Entries 3498 Entries 3206
150 GeV Electrons Voan ot 180 GeV Electrons Maan oy
g “r RMS 3 g WO RMS 410
g o Integral 460 4 F Integral 3160
@ F Pt temre| Y[ rindf 24Tl
B . Prob 0004120 5 r Prob 0.004047
£ L Constant 560:133|  § [ Constant - 467+ 11.4
E F £ Mean 8100477
5 Mean 6949+7.9 3 C Sigma 38444 7.0
2 F Sigma 3663187 z L T
[ b
- L
- -
00— C
m:— m:—
oL PR R RN RN B e ok
000 6500 7000 7500 4000 4500 6500 7000 7500 4000 4500 2000 2500 10000
Response(ADC) Response(ADC)
Entries. 1528
200 GeV Electrons e —
RMS 9.7
160 Integral 1496
7% ndf 3665117
Prob 0.003752

Constant 1437453
Mean 10626404 £ 16
Sigma 588.14 16.2

Number of Events
£

8500 000 9500 10000 10500 1000 11500 12000 12500
Response(ADC)

Figure 3.22. For electron runs (10, 20, 50, 120, 150, 180 and 200 GeV), three RUs
Saleve side responses were used.
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The relative energy resolution of the calorimeter has been studied by plotting the
normalized, o/E, with respect to the incident electron beam energy. It is shown in figure
3.23.

The calorimeter response is found to be linear in the energy range explored. The

average signal amplitude, expressed in units of ADC channels, can be seen in figures

3.24.
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Figure 3.23. The relative energy resolution of the prototype, o / E, with respect to the
incident electron beam energy F.
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Figure 3.24. The signals (mean)/beam energy as a function of the incident electron
beam energy.
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The measured stochastic (p;) term of the resolution is around 58.88% with two
parameters fit formula. The result is good enough.
The EM part of the fourth prototype shows a good energy linearity for electron

showers.

Table 3.4. Energy resolution parameters for different particle beams.

Type of Particle Do )2 x/ndf
Pions 0.1762+0.0015 | 1.874+0.01799 7.195/6
Electrons 0.0305+0.0020 | 0.5888+0.01348 7.175/5

3.3.4. Transversal and Longitudinal Distribution of the Shower

When an energetic particle hits on the calorimeter, it creates secondary particles
and causes showers. If the secondary particles are energetic enough, they create some
tertiary particles and so on. Shower develops with the energy of the incoming particles.
Both longitudinal and transverse distribution of the shower rise until incoming particles
lose all their energies in the calorimeter. Surface scans (position scans) of x and y
positions make it possible to acquire information on the transverse distribution for both
electron and pion showers.

In order to study the surface scans, we have several criteria such as requiring
single hit, rejecting unwanted particles (muon, hadron or electron) which contaminate
the beam and taking into account the non-uniformity conditions if the non-uniformity is
seen. As it was discussed in section 3.2.2.2, the EM part of the calorimeter is non-
uniform so it should be taken into account in the surface scans analysis with electrons.
When the full octant (EM+HAD) of the calorimeter is taken into account, it can be seen
that the calorimeter is more or less uniform so this will be taken into account for the
pion analysis. More detailed information about cuts can be found in chapter 3.2.2.1 and

3.2.2.2.

3.3.4.1. X-Shower Shape with Pions

In order to study the x-shower shape with pions, 80 GeV pions were used, the
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pion beam was focused on the prototype face from one end to the other along x direction
(Figure 3.25.a). In addition to the standard cuts, defined in chapter 3.2.2.2, position cut
was also applied. To define the beam position, WCE information was used. To collect
events, rectangle (cell) cut was applied where stable constant Ay = 15 mm (between 57-
72 mm) is used and x is changed from —42.25 mm to +44 mm in 1.75 mm steps (Figure
3.25.b). Events per cell for the resulting 50 cells were considered. To find the response
of each cell, signals from the full length (14 RUs) just for Saleve side were used. The
signal and the x-position of the cell number of 18 can be seen in figure 3.26. The
amplitude of the signals as a function of the x-position is plotted in figure 3.27. The
points were fitted by a sigmoid curve (step-like) function. Because of the sigmoid
shape, it is called Sigmoid Function and the function form is P = 1/(1 + e ). As it
can be seen from figure 3.27, the fit with sigmoid curve was pretty good. One of the
parameters (sigmal) indicates the core of the transverse shower and is found to be 5.395
mm. The other parameter (sigma2) shows the cloud of the transverse shower and is

found to be 29.11 mm for the Saleve side semi octant.
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Figure 3.25. a) The pion beams (80 GeV) were focused on the prototype face from end
to end in x position b) Applied rectangle (cell) cut where stable constant Ay = 15
mm (between 57-72 mm) is used and x is changed from —45 mm to +45 mm
with 1.75 mm steps.
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Figure 3.26. These two histograms belongs to the cell number 18, the left one is signal
(response) and the right one position histogram.
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Figure 3.27. The signal mean values as a function of the x-position mean values (for all
cells), the points were fitted by sigmoid curve function. The core of the shower
is 5.395 mm, and the cloud of the shower is 29.11 mm, for Saleve side semi
octant with pions.
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3.3.4.2. X-Shower Shape with Electrons

In order to study the x-shower shape with electrons, 100 GeV electrons were
used. The electron beam was illuminated on the prototype face from one end to the
other along x direction (Figure 3.28.a). In addition to the standard cuts, defined in
chapter 3.2.2.2, position cut which is very important for this kind of analysis was also
applied. To define the beam position, WCE information was used. To collect events,
rectangle (cell) cut was applied where stable constant Ay = 15 mm ( between 57-72mm)
is used and x from —42.25 mm to +44 mm in 1.75 mm steps (Figure 3.28.b). Events per
cell for the resulting 50 cell were considered. To find the response of each cell, signals
from the three RUs both for Saleve side and Jura side semi-octants were used. The
signal and the x-position of the cell number 18 can be seen in figure 3.29. The amplitude

of the signals as a function of the x-position is plotted in figure 3.30.
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Figure 3.28. a) The electron beams (100 GeV) were focused on the prototype face from
one end to the other along x direction b) Applied rectangle (cell) cut where
stable constant Ay = 15 mm (between 57-72 mm) is used and x is changed from
—45 mm to +45 mm with 1.75 mm steps.
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Figure 3.29. The three RUs response of the cell number 18, for both Saleve and Jura

side for the electron beams.

x-scan: electron at 100GeV

g G000 — e .............................................................................................................
b - P : ]
8 _F . *oe
= 5000 — P " ............................................ -
2 - - LI
w - : "r‘,t.
& - LI L)
4000 :

: 5 " i i
2000 : ¥ Saleve Side
- First§ Cell | iy 4 Jura Side
- : : : -
1000 — -0 - et e I S S Saleve + Jura
C : : PR : :
— L
— H ‘ll‘ H "- H
ﬂ_l I 11L1‘utunnuajhlj.l-i4“| 1 i I 1 'mhmm'-i-' 1 1
-40 -20 L] 20 40
x-Position(mm)

Figure 3.30. Signals mean values as a function of the x-position mean values for Saleve

and Jura side semi octant with electron beams.

In order to find the Saleve side x-surface scan with electron beams, derivative

method which is d(Response) / d (x-Position) were used and the derivative points

plotted as a function of x-Position and then points were fitted by gauss fit function the
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results shown in figure 3.31. According to these results the transverse of the Saleve side

to be 1.288 mm measured.
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Figure 3.31. The derivative results as a function of the x-position mean values the points
were fitted by gauss fit function. The core of the shower is 1.288 mm for Saleve
side semi octant with electron beams.

3.3.4.3. Y-Shower Shape with Electrons

In order to study the y-shower shape with electrons, 80 GeV electrons were used.
The electron beam was incident on the prototype face from around the beginning of the
bottom side to the top side along y direction (figure 3.32 a). In addition to the standard
cuts, defined in chapter 3.2.2.2, position cut was also applied. To define the beam
position, WCC information was used. To collect events, rectangle (cell) cut was applied
where stable constant Ax = 6 mm is used and y is changed from ~12 mm to 132 mm in
2.45 mm steps (Figure 3.32 b). Events per cell for the resulting 50 cells were
considered. To find the response of each cell, signals from the three RUs both for
Saleve and Jura side semi-octants were used. The signal and the y-position of the cell
number 18 can be seen in figure 3.33. The signal mean values as a function of the y-

position mean values were plotted in figure 3.34.
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Figure 3.32. a) The electron beams (80 GeV) were focused on the prototype face from
the beginning of the bottom side to the top side along y direction b) Applied
rectangle (cell) cut where stable constant Ax = 6 mm and y is change from ~12
mm to 132 mm with 2.45 mm steps.
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Figure 3.33. The three RUs response of the cell number 18 for Saleve side were used
with electron beams.
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Figure 3.34. Signal mean values as a function of the y-position mean values for Saleve
side semi octant with electron beams.

3.3.4.4. Longitudinal Distribution

CASTOR is a sampling calorimeter consisting of segmented active material and
absorber material. Energetic particles create electromagnetic and hadronic showers,
developing in both longitudinal and transversal directions. When a particle hits on the
calorimeter, a response can be read from each of the RUs. If the response value is larger
than the pedestal response value, it means that there is a particle from the shower in the
active material. So we can read out the signal along lengthwise channels. The last
channel signal value which is larger than the pedestal value tells us that the last particle
is in this channel. With this information, the longitudinal distribution of the showers can
be measured.

In order to study the longitudinal distribution, different particles were used with
various energies. The beam was focused on the prototype (figure 3.35). With standard
cuts, defined in chapter 3.2.2.2 beam was cleaned. Several criteria were applied such as
requiring single hit, rejecting unwanted particles (muon, hadron or electron) which

contaminate the beam.
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Figure 3.35. Longitudinal distribution of the response, along the depth of the CASTOR
prototype.
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4. INSTALLATION AND FIRST DATA FROM CASTOR IN CMS

In this chapter the installation of CASTOR calorimeter in HF platform in —z
direction of the CMS and very preliminary data analysis, taken with different magnetic

fields, will be described.

4.1. Installation of CASTOR in CMS

As explained in previous chapters, CASTOR is located on the castor table which
is in HF platform in —z direction (minus z of CMS). CASTOR calorimeter which
consists of two halves, both of which are fully equipped with Q/W plates, light guides,
PMTs and cabling except sector 9 and 10 led fibers, was installed on the castor table at
the end of June 2009. Figure 4.1 shows the two halves of CASTOR, the castor table, HF
platform and beam pipe in -z side. For the moment CASTOR is just placed in -z
direction of the CMS. After CASTOR was put on the table, the HF platform was moved
to the beam line level. Then pedestal data, having high noise, was taken. In order to
keep the CASTOR detector lightless, it was covered by a special sheath (Figure 4.2).
Then, the pedestal data was taken and results showed that the sheath was good enough
to keep the light out. The first LED run 102428 was taken.

Then CASTOR was closed and positioned next to the beam pipe in an
asymmetric way. The closest distance of the rear end of the CASTOR is 7 mm away
from the beam pipe. The bottom distance was smaller than the top.

On 09 July 2009 the CASTOR area was closed with the collar and rotating
shielding without shims and cheese wedges. The distance between CASTOR ribs and
inner surface of the rotating shielding is different for the far and near sides. On the far
side, it was measured to be 35 - 40 mm and on the near side, it was greater than 70 mm.

After the collar and rotating shielding were closed, magnet was ramped up
(Figure 4.3). Then, data was taken (pedestal, LED) at 0, 0.5, 1.0, 1.5 T in different HV
and LED intensity settings. There was a problem in +z side of the CMS. It took
approximately two weeks to fix the problem. The next magnet ramping up was started
in 24.07.2009. At that time, there was a problem with CASTOR cooling system, in near
side of CASTOR there was water leakage, so near side was not powered up anymore.

Then data was taken just from the far side of the CASTOR at 0, 1.0, 1.4, 2.0, 3.0, 3.46
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and 3.8 T. Finally the magnet test was completed successfully.

Beam Pipe

HF Platform

CASTOR Table

Figure 4.1. a) two halves of the CASTOR calorimeter, b) the castor table, HF platform
and the beam pipe in -z direction of the CMS.

Figure 4.2. The CASTOR calorimeter was moved to the beam line level and it was
covered by a special sheath.
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Figure 4.3. a) collar and rotating shielding, b) collar and rotating shielding without
shims, and cheese wedges.

In order to measure the magnetic field on the CASTOR area, there were
magnetic sensors on the front and middle of the CASTOR ribs. According to the
magnetic sensors on the front the magnetic field was measured as 0.051 T and on the
middle the magnetic field was measured as 0.214 T when super conducting magnet was
providing 3.8 T (Figure 4.4) (Popescu, http://indico.cern.ch/getFile.py/access?sub
Contld=2&contribld=5&resId=0&materialld=1&confld=67564).

As there was a magnetic field on the CASTOR area, several parameters were
effected. The two most important effects on CASTOR were the PMT signal gains,
discussed in chapter 4.2, and the movement of CASTOR. To learn how the castor table
and the CASTOR are moving, various sensors were located in different parts of the
castor table and CASTOR. The movement information which was taken from the
sensors can be seen in table 4.1 and figure 4.5. According to this information, it is clear
that the movement was in several directions and had different amplitudes. The
movement sensor results showed that all the movements were below the required limits.

So, CASTOR will be integrated into HCAL.
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Figure 4.4. Hall sensors on the middle and the front of the CASTOR ribs and the
magnetic field at the CASTOR area (http://indico.cern.ch/getFile.py/
access?subContld=2&contribld=5&resld=0&materialld=1&confld=67564).

Table 4.1. Different parts of the castor table and the CASTOR movement information
(https://twiki.cern.ch/twiki/pub/CMS/CastorInstallation2009/Joao_Fastrampdow
n_03082009.pdf).

Place Position 28/07/09 at 0T (mm) | 28/07/09 at 3.8T (mm)
CASTOR TABLE IP TOP/FAR 14.16 17.3
CASTOR TABLE IP BOTTOM/FAR 22.26 253
CASTOR TABLE IP BOTTOM/NEAR 15.96 14.51
CASTOR TABLE IP TOP/NEAR 9.55 11.28
CASTOR TABLE NONIP TOP /FAR 18.23 21.04
CASTOR TABLE NONIP CENTER/FAR 18.88 19.36
CASTOR TABLE NONIP BOTTOM/FAR 12.53 6.43
CASTOR TABLE | NONIP BOTTOM/NEAR 11.87 9.32
CASTOR TABLE NONIP CENTER/NEAR 18.8 21.37
CASTOR TABLE NONIP TOP /NEAR 16.27 19.16

CASTOR C/RS TOP/NEAR 100.79 100.76
CASTOR C/RS CENTER/FAR 49.69 51.67
CASTOR C/RS BOTTOM/FAR 2591 29.76
CASTOR C/RS TOP/FAR 41.41 37.85
CASTOR C/RS BOTTOM/NEAR 45.12 47.28
CASTOR C/RS CENTER/NEAR 132.95 132.9
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Figure 4.5. Distance sensor measurements before and during magnet ramping up
(https://twiki.cern.ch/twiki/pub/CMS/CastorInstallation2009/Joao_magnetrun28
072009V 1.pdf).

4.2. Preliminary Data Analysis from CASTOR

The CASTOR is divided into two parts with respect to the x axis, +x side is so
called NEAR side and —x side is so called FAR side, and it contains 16 sectors
azimuthally, the first sector starts on the +x side and the other sectors follow it anti
clockwise, and each sector has 14 modules (RUs-channels) (Figure 4.6). Each module
(PMT) is powered up by HV and signals are taken from the modules via signal cables
which come to the QIE cards. In order to work the QIE cards, they need to be powered
up by LV. Fiber optic cables take the signals from QIE cards to the FED (DAQ
electronics). All these systems can be controlled by the CASTOR network system.
Finally, the data can be taken from the CASTOR in different magnetic fields (0, 1, 1.5,
2, 2.5, 3, 3.5 and 3.8 T). From the data, each sector and every module signals can be
checked whether channels are working properly or not working in different magnetic
fields. In figure 4.7, it can be seen that at 0 T all channels are powered up but several of
them have no signals but at 3.8 T only far side is powered up (because of cooling
problems) and in several channels, signals are faint. In several channels, that are in the

gap (no cheese wedges and shims), there are no signals.
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Figure 4.6. Schematic view of sectors and modules of the CASTOR (https://twiki.
cern.ch/twiki/pub/CMS/CASTOR/castor geometrical numbering.pdf).

a) B=0T b) B=38T B LED signal
[ faint signal
[ NO signal

[ No fiberiHV

FAR NEAR

Figure 4.7. a) at 0 T all channels are powered up but several of them have no signals, b)
at 3.8 T only far side is powered up in several channels, signals are faint and in
various channels, which is in gap, there are no signals (http://users.uoa.gr/~
pkatsas/PMTmagnetTest  040809.pdf).
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Also from the data, the gain of the signals from each sector and every module
can be checked for different magnetic fields or HVs. In figure 4.8, two signals can be
seen; one used as reference and the other one used as signal. So, gains can be calculated
(Figure 4.9). The signal gain values were found to be much below the previous values

measured at the laboratory. Further study is needed to understand the reason for this.
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Figure 4.8. Two signals, one used as reference and the other one used as a gain signal.
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Figure 4.9. The triangle points show the gains of the PMTs which were measured in
laboratory, the full points show the gain for the same PMT from the installation.
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5. CONCLUSION

In this chapter the PMT gain and timing test processes results, CASTOR TBO0S
data analysis results and CASTOR installation will be discussed.

The PMT measurement methods at Cukurova University test station consist of
some tests which are necessary to check the results of the manufacturer. The purpose of
these tests was to determine whether the PMTs suggested by the manufacturer were to
satisfy the operational requirements listed in table 2.1 or not.

The tests were performed on two groups of Hamamatsu R7378A PMTs: First
group were 75 PMTs. The first step was to check all PMTs physically whether there
were any scratches on the window, any breaks anywhere of the PMT and any problems
on the pins. The next step was to measure the anode dark current, anode current,
cathode current, gain, linearity, collection efficiency, rise time, pulse width and transit
time.

There were 50 PMTs in the second group: When PMTs were checked physically,
the edge of one of the PMTs was broken so we eliminated it and the other 49 PMTs’
were found to be suitable enough for the tests. Then, we measured the anode dark
current, anode current, cathode current, gain, linearity, collection efficiency, rise time,
pulse width and transit time. The results given as the average values at 1 kV can be seen

in table 5.1.

Table 5.1. Measurement results, average values at 1 kV.

Parameter Value Unit
Anode dark current | 1.23x107° A
Anode current 1.27x107° A

Cathode current 64.89x10°° A

Gain 1.949x10°

Rise time 2.48 ns
Pulse width 6.008 ns
Transit time 13.72 ns
Detection time 19. 728 ns
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The highest anode dark current which was measured to be 3.240 nA at 1 kV
belongs to the PMT numbered BA0979. All other PMTs have values less than this one.
These measurement results were within the required limits.

The highest gain was measured to be 5.28x10° at 1 kV and belongs to the PMT
numbered BA0918. The lowest gain which was measured to be 4.54x10° at 1 kV
belongs to PMT numbered BA0900. The average value of the gain at 1 kV was found to
be approximately 1.949x10° for all the PMTs. The result is very close to the value given
by the manufacturer.

The highest detection time which was measured as 22.232 ns at 1 kV belongs to
the PMT numbered BA0975. All other PMTs have values less than this. So we can
declare that Hamamatsu R7378A type PMTs are suitable for the CASTOR calorimeter.

The last CASTOR prototype performance study used the data which were
collected during the test beam of 2008 at the CERN/SPS/H2 beam line.

The H2 beam line is described shortly and the detectors which are in the H2 in
front of and in back of the prototype allow us to learn several characteristics of the
beam. According to the information of these detectors, several cuts were applied to
make clean beams not containing unwanted particles. After the beams were cleaned
(pions and electrons), the presented results in this study focus on both the full length
(EM+HAD sections) and the first three (sumEM + HAD1) channels of the Saleve and
Jura sides of the prototype, and include studies for the energy response, surface scan and
longitudinal distributions of the showers.

The prototype is shown to have good energy linearity and energy resolution for
both EM and HAD sections.

According to this analysis, HAD section has been found to have good energy
linearity and good energy resolution. For studying energy linearity and resolution of
HAD section, pion beams (20, 30, 50, 80, 100, 120, 150, 300 GeV) were used and
stochastic (p;) term was found to be around 187%.

And also, x-surface scan (shower shape) study was conducted with 80 GeV pion
beams. The core of the shower was found to be 5.395 mm, and the cloud of the shower
was found as 29.11 mm for the Saleve side.

According to this analysis, EM section has good energy linearity and good

energy resolution. For studying energy linearity and resolution of the EM section,
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electron beams (10, 20, 50, 120, 150, 180 and 200 GeV) were used and stochastic (p;)
term was found to be around 58.88%. Energy linearity and resolution for EM section
were analyzed.
Also, x-surface scan (shower shape) was studied with 100 GeV electron beams
and the transverse (x) of the EM section to be found 1.288 mm for the Saleve side.
Moreover, y surface scans were done. 80 GeV electron beams were used for the

y-surface scan study. In this analysis, longitudinal distribution was also studied.

CASTOR detector was installed into HF platform in CMS. In this study, the
general information about the installation of the CASTOR detector was given.

The magnitude of the magnetic field around CASTOR area was measured as
0.051 T on the front and 0.214 T on the middle side of the calorimeter at 3.8 T.

The movement sensor results showed that all the movements were below the
required limits.

The signal gain values were found to be much below the previous values

measured at the laboratory. Further study is needed to understand the reason for this.
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