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Resumo

O Espectometro Magretico Alfa (AMS), a ser instalado na Estaao Espacial In-
ternacional (ISS) sela equipado com um detector d€erenkov de imagem anelar
(RICH) para medir a velocidade e a carga ekctrica de partglas msmicas car-
regadas. Este detector ia contribuir para um elevado nvelde redundancia nas
medcoees conforme o requerido por AMS, bem como para reg@d de partculas de
albedo. Espera-se uma separacao de carga at ao ferro e unsohesao de velocidade
da ordem de 0.1% para partculas de carga unigria.

Foi contrudo um probtipo do RICH que consiste numa matriz de deteccao com
96 fotomultiplicadores e guias de luz, um segmento do espelbaico e amostras
dos materiais do radiador. O desempenho do mesmo detector fealeado. Serao
apresentados resultados detalhados do teste de feixe de 200hdsaragmentos
onicos produzidos na colisao de um feixe prinmario de isele ndio (CERN SPS) com
158 GeV/c/nucleao num alvo de chumbo. A grande quantidade dkados coligidos
permitiu testar e caracterizar diferentes amostras de aerdge uoreto de dio
para o radiador. As capacidades de reconstrucao de veloddae carga ekctrica
deste subdetector foram con rmadas. Adicionalmente, a re ectidade do espelho
foi avaliada. A aralise dos dados con rma os objectivos do pjecto.

Por outro lado, a precisao requerida na reconstrucao de@eidade e carga baseia-
se num preciso conhecimento de certos parametros do detectresposta da elula
uniaria de deteacao dever ser conhecida ao nvel do 1%6ara nao degradar a capaci-
dade de determinacao de carga. Uma exaustiva caracterizar de todos os elementos
de deteacao foi efectuada antes e durante a montagem do efsor.

Palavras Chave : RICH/AMS, Angulo deCerenkov, Carga ekctrica, Probtipo
do RICH, Teste de feixe de 2003, Testes de funcionalidade dakik@s unitrias de
deteacao







Abstract

The Alpha Magnetic Spectrometer (AMS) to be installed in the Inérnational Space
Station (ISS) will be equipped with a proximity Ring Imaging Cherenkov (RICH)
detector for measuring the velocity and electric charge of ¢hcharged cosmic parti-
cles. This detector will contribute to the high level of redudancy required for AMS
as well as to the rejection of albedo particles. Charge sepamat up to iron and a
velocity resolution of the order of 0.1% for singly charged pticles are expected.

A RICH prototype consisting of a detection matrix with 96 photanultiplier units,
a segment of a conical mirror and samples of the radiator matals was built and
its performance was evaluated. Results from the 2003 beam tgstrformed with
ion fragments originated from the collision of a 158 GeV/c/nueon primary beam
of indium ions (CERN SPS) on a lead target are thoroughly prested. The large
amount of collected data allowed to test and characterize derent aerogel samples
and the sodium uoride radiator. The velocity and electric clarge reconstruction
capabilities of this subdetector were con rmed. In additionthe re ectivity of the
mirror was evaluated. The data analysis con rms the design gts=a

On the other hand, the accuracy of the charge reconstructiorequires that the
single detection cell response must be known at the percent levéxtensive char-
acterization of all the detection elements was performed ipr to and during the

detector assembly.

Keywords : RICH/AMS, Cerenkov Angle, Electric Charge, RICH Prototype,
2003 Beam Test, Detection Cell Functionality Tests
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Introduction

Scientists love a mystery, because solving a mystery in natureans the
opportunity to learn something new about the universe.

High-energy cosmic rays are just such a mystery.
Pierre Auger Observatory homepage

The recent technological advances in the capacity of det&agj cosmic rays strength-
ened the establishment of a new interface eld between partelphysics and astro-
physics: astroparticle physics. In this interdisciplinary reseah eld several fun-
damental issues regarding the origin of matter in the universe@being explored.
The subjects being addressed include: high energy and very highergy cosmic
rays, dark matter, gravitation and neutrinos. In particular the study of cosmic
rays has traditionally been an important tool for understanthg the high energy
processes. The existence of ionizing particles falling into thg€arth's atmosphere
was rst noticed in 1912 by Victor Hess through a series of balloomght measure-
ments. Hess shared the 1936 Nobel prize with Carl D. Anderson, who dgered
the positron in cosmic rays, con rming Dirac's rst prediction of the existence of
antimatter through its quantum-relativistic formulation f or the electron. Cosmic
rays have historically been very important for the developm# of particle physics.
Before the emergence of man-made high energy particle aecalors, they were the
only means of studying energetic collision and decay processe$eTmuon (1937),
the pion (1947), the positron (1932) and particles containgn strange quarks were
rst discovered in cosmic-ray induced reactions.

Interest in cosmic rays has been recovered recently because ecme knowledge
of its spectrum can enlight several fundamental issues like th@@arent absence of
primordial antimatter and the origin of dark matter.

During the last decade an intensive experimental program hasén established

and will keep on taking place for the forthcoming years motated by the previ-
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ous outstanding quests. The region of ultra-high energy of the sgirum (E &
10'8 eV/nucleon) has been studied with experiments like AGASA [1], Hes [2], and
AUGER [3], indirectly detecting cosmic rays on the surface of thearth by observ-
ing the showers of particles they produce in the air. An air showeccurs when a
fast-moving cosmic-ray particle strikes an air molecule higimithe atmosphere, cre-
ating a violent collision. Fragments y out from this collision and collide with more
air molecules, in a cascade that continues until the energy did original particle is
spread among millions of particles raining down upon the edrt By studying the air
showers, scientists can measure the properties of the originabooc-ray particles.

The extensive air showers induced by primary cosmic rays in th@ergy range
10" 10 eV have been probed by experiments like KASCADE [4] and recetby
KASCADE-Grande [5].

The measurement of cosmic rays in the region of medium and lowenergy
(E . 10“eV/nucleon) is made directly and requires sending detector® theights
above most of the earth's atmosphere, using high- ying balloen(e.g. HEAT [6],
ISOMAX [7], CAPRICE [8], BESS [9] and more recently ATIC [10], RACER [11]
and CREAM [12] all taking advantage of NASA's long-duration bathon program),
satellites (e.g. PAMELA [13]) or the International Space Stabn (ISS) like AMS.

As the rst magnetic spectrometer in space, the Alpha Magnetic Sp&rometer
(AMS) will collect information from cosmic sources emanatingdm stars and galax-
ies millions of light years away from the Milky Way. A precurso ight on board
of the U.S. Space Shuttle Discovery, STS-91 took place in Jun@9B for a 10 day
period, at a mean altitude of 370 km, completing 152 orbits at 52° of latitude, in
order to test the design principles. This was achieved as well about 100 million
cosmic-ray events were collected enabling precise measureimieri the spectra of
high energy protons, electrons, positrons and helium nucleifL This rst stage of
the experiment is known as AMS-01. For the second phase an impedvversion
of the detector, with the inclusion of new subdetectors and theompletion of those
from the experimental ight, will be installed in the International Space Station and
will take data for at least three years.

The detector was designed and is being constructed by an intatronal team

of physicists and engineers from 37 universities and researcistitutes located in
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Switzerland, France, Russia, China, Taiwan, Italy, GermanySpain, Portugal, Ro-
mania, Finland and the United States. Important technical chkenges have been
faced to build such a detector for use in space in accordance wdtnict space qual-
i cation standards and safety parameters requested b ational A eronautics and
Space A dministration (NASA). Not only the international support of the experi-
ment but also the joint e ort of the U.S. D epartment of Energy (DOE) and NASA
are making it become true.

Speci cally, AMS has been designed to study the origin and comsition of cos-
mic rays; the physical origin and structure of dark matter; to pobe the existence or
absence of cosmological antimatter and to understand the overalming majority of
matter over antimatter in the visible Universe through the detetion of anti-carbon,
anti-helium or heavier nuclei with a sensitivity 10* better then the current ex-
perimental limits, for example for helium nuclei the upper hit is of the order of
10 ° (He/He < 10 °). These characteristics overwhelm the capacity of the previe
stratospheric balloon experiments which have been limited kiyeir short duration,
resulting in low statistics, and a ected by the absorption power bEarth's atmo-
sphere. AMS will be able to detect cosmic rays with kinetic enags in the range

0.3 0.5GeVto 1TeV.

This thesis is dedicated to one of the subdetectors of AMS, the iRj Imaging
Cerenkov detector (RICH) whose purpose is to perform a highly erate measure-
ment of particle’'s velocity. A relative resolution of 0.1% isexpected for unitary
charges. The RICH detector will also give a measurement of the sdjute value of
the charge, identifying nuclei at least up to iron Z =26). Besides, the measurement
of the isotopic abundances of light nuclei (up té&A  10), essentially secondarily pro-
duced, AMS isotopic measurements will also provide informaticsbout the galactic
halo, cosmic-ray time con nement and will help to distinguish derent propagation
models. The RICH detector will play a key role in this framewdt providing a ve-
locity measurement whose resolution evolutes with charge withlaw like 0.1%=Z.

The device will have a dual radiator composed of a central squanf sodium
uoride surrounded by aerogel tiles with a refractive index ©1.05. The detection
matrix will have 680 photomultipliers coupled to light guides. The whole detector

will be involved by a high re ectivity conical mirror.
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In this thesis my research activity, during a period of four yes as a PhD student
in AMS is presented.

The AMS research group of LIP (Laborabrio de Instrumentaoce Fsica Exper-
imental de Partculas) had an active participation in the ion beam tests performed
with a prototype of the RICH detector at CERN (European Orgarzation for Nuclear
Research) in 2002 and 2003, as well as in the tests with cosmicggyarticipating in
the data analysis. LIP also had an important participation in the aerogel tile optical
characterization that took place at LPSC (Laboratoire de Piisique Subatomique et
de Cosmologie), Grenoble, as well as in the functional testsdafull characterization
of the nal detection unit-cells performed at CIEMAT (Centro de Investigaciones
Energeticas, Medioambientales y Tecnobgicas), Madrid. Fom the point of view of
the software, LIP is partially responsible for the Monte Carlo snulation programs,
for the charge and velocity reconstruction programs and forhe analysis of some
physics channels with the AMS full simulation. LIP is also simulahg the opti-
cal surface roughness e ects within the GEANT4 collaborationmplementing new
tools for a better description of photon propagation. LIP wasesponsible for several
optimization studies for the RICH radiator like the dual radiator con guration, the
aerogel radiator thickness and aerogel tiles' spaces.

As already referred, in order to test the measurement capabikis and design
goals of RICH, a prototype was built with =10 of the detection matrix of the nal
detector. The goal of this work is, on one hand, to evaluate thieehaviour of the
RICH prototype during the ion beam test in 2003 and on the othehand to show
the results of the functionality tests with the nal unit cells grid. In the former
studies three di erent tiles of aerogel were used which allodi¢heir complete char-
acterization. The data from the tracker were also available lwch gave a very precise
measurement of the track and allowed an external measuremeritaharge.

My contribution to the activity of the AMS group during my PhD i ncludes the
participation in the RICH prototype beam tests at CERN and thedata analysis to
estimate the prototype performance. | also did a comparative sty with Monte
Carlo simulation. | studied and implemented the velocity algathm optimization.
This algorithm is based on a likelihood approach for th€erenkov angle reconstruc-

tion and therefore for the particle velocity reconstruction | also took part in the
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functional tests of the RICH detection unit cells at CIEMAT and analyzed the data.

This thesis is organised in nine chapters. In the rst some topicsicosmic-ray
physics are presented: present knowledge about their origingceleration mecha-
nisms and propagation. The matter-antimatter problem with is theoretical and
experimental features is established, with an emphasis on théservational part:
its manifestations, di culties in detection and the recent experimental e orts, in
particular AMS-01 results. The dark matter problem is also apprached.

The next chapter is dedicated to a description of the AMS-02 dettor, where
each subdetector is introduced. Here the aims of the AMS expeemt are exposed.
The third chapter starts with some brief considerations on th&€erenkov radiation
and then the RICH detector, the detector in this current study is introduced. The
RICH standalone simulation is brie y described and the simulabn studies for the
e ects of the radiator black PORON walls on photon ring accefance are presented.

Chapter 4 introduces theCerenkov angle reconstruction method as well as its op-
timization studies. The charge reconstruction method is also tmoughly explained.

Chapter 5 describes the RICH prototype and all the other subdettors present
at the experimental setup for the 2003 beam test. The analysis thie data acquired
is the core of this thesis and it is described in the following elpters.

Chapter 6 is dedicated to the analysis of the runs with the aegel radiator in
di erent con gurations: vertical runs, inclined runs, tile scan runs and wide beam
runs. A complete characterization of each aerogel radiatoras possible. The com-
parison with Monte Carlo is showed and discussed.

Chapter 7 is devoted to the sodium uoride runs analysis and tohte light guide
standalone simulation to explain the disagreement between thsignal observed in
data and Monte Carlo.

Chapter 8 presents the analysis of the runs with a prototype ohe RICH mir-
ror together with the evaluation of the mirror re ectivity. A comparison with the
manufacturer measurement in laboratory is done.

Chapter 9 presents the status of the RICH assembly. The functioliy tests
with the detection unit-cells of the grid G and the aerogel te characterization are
described.

Finally the conclusions obtained from this work are shown.






Chapter 1

Cosmic Rays

The ability to reduce everything to simple fundamental lawses not im-

ply the ability to start from those laws and reconstruct theniverse.
Philip W. Anderson

1.1 Introduction to Cosmic Rays

Cosmic Rays (CR) are high energy patrticles originated in spatieat reach the top of
the atmosphere. The incoming ux is mainly formed by ionized uclei and protons
(98%) and by a small percentage of electrons and a detectabhex of photons and
neutrinos (2%).

Cosmic rays are divided in three dierent categories: Galaati Cosmic Rays
(GCR), Solar Cosmic Rays (SCR) and Anomalous Cosmic Rays (ACR).

Galactic cosmic rays are originated and accelerated far oudsi our solar system.
Their composition is 90% protons, 9% particles, 1% electrons and heavier nuclei
fully ionized, as well as, antiprotons and positrons essentiglproduced in secondary
reactions. GCR are the most typical cosmic rays with energies terding up to
10%%eV.

Solar cosmic rays or Solar Energetic Particles (SEP) have therigin in the Sun
mostly originated from solar ares, coronal mass ejections and atks in the inter-
planetary medium. Their composition is roughly similar to theGCR with energies
up to several hundred MeV/nucleon.

Anomalous cosmic rays [15] are mainly singly charged low energgrticles (<
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100 MeV/nucleon) resulting from interstellar neutral particles that are photoionized
by solar UV photons or by charge-exchange collisions with solaing protons when
they penetrate the heliosphere and are carried by the solar vdn They have more
helium than protons and much more oxygen than carbon. This wsual composi-
tion re ects the fact that only atoms with high rst-ionizati on potentials (above
13.6eV) are abundant as interstellar neutrals. These cosmic ragse below the
detection range of AMS. AMS will detect cosmic rays in the energsange above
few hundred MeV and below 1TeV and these cosmic particles areotight to be
originated by galactic sources.

The discovery of CR dates from the beginning of the $0century when in 1900,
Wilson discovered the continuous atmospheric ionization by rasuring the accumu-
lated static charge. It was believed to be due to the natural dioactivity of the
Earth. In order to check that, Victor Hess (Nobel Prize 1936) fronthe University
of Vienna launched in 1912 an electrometer aboard a balloon&a altitude of 5km.
He discovered that the ionization rate rst decreased up to about00 m as expected,
but then increased with altitude showing thus an outer space @in for ionization
rather than from natural radioactivity coming from the Earth. During the following
experiments, Hess showed that the ionizing radiation was not oflaporigin since it
was similar for day and night time. In 1928 J. Clay discovered #t the ionization
rate increased with latitude thus showing that the ionizationsources were charged
particles de ected by the geomagnetic eld.

D. Skobelzyn (1929), using a newly invented cloud chamber, sdyved the rst
ghostly tracks left by cosmic rays. In the same year Bothe and Kaltster had the
experimental proof that CR are charged particles assuming toebonly composed of
electrons. Later on, in 1937, S. Neddermeyer and Carl Andersorscbvered muons
in cosmic rays. Cosmic rays were used for particle physics reseauokil the appear-
ance of particle accelerators in the fties.

In 1938 T.H. Johnsonet al. discovered that the ionization rate increases from
east to west, indicating that the ionization was due to positily charged particles
correctly assumed to be protons. In the same year, P. Auger discosdrextensive
air showers, showers of secondary nuclei produced by the collisaf primary high-

energy particles with air molecules. Using two cloud chambens the Alps located
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many meters apart and performing coincidence measurement® mdirectly mea-
sured the cosmic-ray energy up to £BeV. In 1948 P. Frieret al. discovered helium
and heavier elements in CR.

In 1950 the U.S. Naval Research Laboratory red the Viking resedncrocket at
the intersection of the geographic and geomagnetic equatarsorder to study the
correlation between the cosmic ray intensity and the pressure @matmospheric tem-
perature. Nine years later, the Russian K. Gringauz ew ‘ion trps' on the Soviet
Luna 2 and 3 missions. Explorer VIl was launched into Earth orbit vth a particle
detector. Later, in 1977, Voyager | and Il were launched to #ninterstellar medium
(ISM). In the period from 1977 until 1982 a series of balloon periments took place.
The data collected allowed Bogomoloet al. to found antiprotons in CR. In 1990
the Ulysses mission was launched to obtain a tridimensional map dfet solar wind
and cosmic rays.

Simultaneously a great e ort to understand the origin and natue of this radi-
ation was done by the theorists. In particular, the understandig of the origin of
the most energetic component of the cosmic rays has made a greatience on the

study of novas and supernovas and on the theory of plasmas in agthysics.

1.1.1 Cosmic-ray spectra

The most striking feature of the cosmic rays is the fact that theienergy spectra
span a very wide range of energies indeed. From the left-hankbipof Figure 1.1 it
is visible that the energies are between 18V and 1G°eV. Below 1§ eV the inter-
action between the Earth's magnetic eld and the out owing star wind forbids any
measurement. This phenomenon is known as solar modulation bgt ux of cosmic
rays. It appears that the greater the solar activity, the greatr the disturbances
in the interplanetary magnetic eld which impede the propagtion of particle with
energies less than 1 GeV/nucleon.

The spectra extends over 32 decades in ux between some millsoof particles
per m? per second at low energies and of the order of one particle penkper
century for the most energetics. Another important aspect of thepectra is that its
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Figure 1.1: The spectrum of cosmic radiation. Left: the total ux [16]. The dotted line shows
an E 2 power-law for comparison. Right: the di erential uxes of di erent species of GCR near
the Earth [17].

form can be approximately represented by a simple power law dfd form

dN
& E (1.1)
where is the spectral index.

The right-hand plot of Figure 1.1 shows the di erential energ spectra for di er-
ent species of CR. One can see that the spectra are fairly similaréach other which
indicates that the particles were generated/acceleratedith similar processes. Up to
values around 18 eV (1PeV), ' 2.7. From here on the spectrum becomes steeper
with " 3 (‘knee’), which could point to a di erent origin for the two regions. From
around 3 10 eV the spectrum becomes less steep again (‘ankle’). The behawio
at 10?°eV has been an important issue. The questions are: if an energy ximaum
has been reached at 5 10'°eV because of the interaction of cosmic rays with the
cosmic background radiation (Greisen-Zatsepin-Kuzmin cut-j or if a plateau is
forming, or whether the ux simply becomes too small to be relialy measured. The
observation of events at energies higher than 2@V has given rise to speculative
ideas about their origin [18]. The question of whether the spiam extends beyond

10
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10?°eV is currently the foremost problem in high-energy particl@strophysics.

The changes in the spectral index re ect the di erent origin ad the propagation
history of cosmic rays with di erent energy: below the 'knee'leir curvature radius
is smaller than the galactic disk thickness, hence their sourcesust belong to our
Galaxy. Above the 'knee' € > 10'8eV), due to the fact that particles can not be
magnetically bound e ciently by the Galaxy, the curvature radius becomes greater
than the disk thickness, and cosmic rays may escape into the galadbalo.

Another possibility is that the 'knee' is associated with the uppelimit of accel-
eration by galactic supernovae, while the ankle is associatedthwthe onset of an
extragalactic population that is less intense but has a hardespectrum that dom-
inates at su ciently high energy. The limiting energy is de ned by the size and
magnetic eld strength of the acceleration regionEnx <Z (B L)).

Primary and secondary cosmic rays

The elemental composition of cosmic rays can be measured at gwes ranging
from MeV to TeV and is similar in good approach to the solar systemalues (see
Figure 1.2). This points to a similarity in the production processes, i.e. both of
stellar nature.

There is a pronounced odd versus everZ variation in the abundance and there
is an abundance peak at iron for both. The rst can be understoods being due to
the relative stability of the nuclei according to their atomc numbers. Nevertheless,
di erences are observed, especially for the most abundant necl H and He, which
are relatively less abundant in cosmic rays. This is not fully wrerstood and it could
be either due to their ionization potential and consequentlyo the greater di culty
in accelerating those particles or due to a di erent birth melsanism. Thespallation
products of C and O (Li, Be, B) and those of Fe (Sc, Ti, V, Cr, Mn, kown as sub-Fe
elements) in the hydrogen nuclei of the interstellar medium armore abundant in
cosmic rays since they are not produced in stellar nucleosynthesFrom the exper-
imental point of view, the B/C ratio is the most signi cant quantity of the relation
between primaries and secondaries. Information on the densitf the interstellar

medium can be obtained comparing the relative abundance ofiparies and secon-
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Figure 1.2: The cosmic ray elemental abundance (H-Ni) measured on board of cosmic-ray

satellite (closed circles) compared to solar system abundances (open circles) and ltmcal galactic
abundances (open boxes)19].

daries. An estimate of the amount of matter traversed based on ras of secondary
spallative products gives a value ranging from 5 to 10 g/chrbetween the injection
and the observation. Being the average density in the Galaxy afproton/cm?, the
amount of matter traversed comes several times the thicknesstbe Galaxy which
proves that the propagation is by di usion [16].

1.1.2 Origin and acceleration mechanisms for cosmic rays

Using the cosmic ray energy requirements and the nonthermal riation as a guide-
line, then the most powerful accelerators of relativistic paicles in the Galaxy should
be supernovae (SN) and supernova remnants (SNR); pulsars; compactreting sys-

tems, like neutron stars or black holes in close binary systems; stasind winds of

12
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young massive stars. It is commonly assumed that cosmic rays with theghest

detected energiesE > 10'°eV, have an extragalactic origin. They might be gen-
erated in active galactic nuclei, relativistic jets, interating galaxies, or result from

the decays of hypothetical topological defects [20].

Concerning the energy, supernovae with its remnants, which manclude neu-
tron stars, are the most probable cosmic ray sources in the Galax@/1] for energies
at least up to the 'knee' at 10' eV and probably up to the “ankle' at 108 eV. The
data on cosmic rays at the Earth and the observations of nontheal radiation from
supernova remnants testify that the particles are acceleradavith high e ciency and
in a wide range of energies. The total power of galactic cosmayrsources necessary
to maintain the observed cosmic ray density is estimated ds,, 10* erg/s that
implies the release of energy in the form of cosmic rays of appirnately 10°°erg
per supernovae if the supernovae rate in the Galaxy is 1 every \&fars [20]. This
value comes to about 10% of the kinetic energy of the ejects il is in agreement
with the prediction of the theory of di usive shock acceleratn for supernovae [22]
discussed below.

Di usive shock acceleration is the most generally accepted press for the inves-
tigation of cosmic ray acceleration in the Galaxy and it assumehke acceleration of
cosmic rays by the outward propagating shock, which results fro the supernova
explosion and propagates in the interstellar medium or in the wd of the progenitor
star.

A description of Fermi's original theory explaining accelation is given, followed
by its modi cation in the context of astrophysical shocks into he more e cient 1%
order Fermi mechanism, known as di usive shock acceleration.

The rotational energy of a young pulsar with periodP that remains after the
supernova explosion is estimated to be 2 10°° (10 ms=P)? erg and may provide an
additional energy reservoir for the acceleration of cosmicys Binary star systems
could also be a source. If one of the participating partners is@mpact object such
as a neutron star or a black hole it accretes mass, which is stropgiccelerated, from
its companion. The candidates discussed above are sources a$ agehccelerators

and are of very small size, they are therefore callgmbint sources

13
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Fermi acceleration

In order to explain the origin of cosmic rays, Enrico Fermi in 149 [23] suggested an
e ective mechanism of particle acceleration. He explored thgossibility of a charged
particle interacting with a moving magnetic cloud in the inerstellar medium (ISM)
and acquiring part of its kinetic energy. These clouds are raér large, several light
years, occupying several percent of ISM, with a density 1@.00 times higher than the
average ISM density. In the original Fermi's theory charged guticles are re ected
from 'magnetic mirrors' associated with irregularities in theGalactic magnetic eld.
Mirrors are assumed to move randomly with typical velocityv, and Fermi showed
that particles gain energy statically in these re ections. If articles only remain
within the acceleration region for some characteristic time a power-law distribution
of particles is found.

In the frame of the cloud:

there is no change in energy because the scattering is elastiee ttloud as a

whole is much more massive than the cosmic ray;
the cosmic ray's direction is randomized by the scattering.

Assuming that ; is the angle between the initial direction of the particle ad
the normal to the surface of the mirror, the change of particlenergy in a single

collision written in the cloud's frame is:

E%= E;(1  cos,) (1.2)
where = V=cand = 1:p 1 2. Going back to the laboratory frame:
E,= EJ(1+ cos) (1.3)

Since the magnetic eld is tied to the cloud and this is very mssive, in the
cloud's rest frame there is no change in energid = E?, and hence we obtain the

fractional change in the laboratory frame energyH, E;)=E,

E 1 cos,+ cos?9 2cos,cos ¢
= ' 2 Sl | (1.4)
E 1 2

Inside the cloud, the direction is randomg cos 2> = 0. The <cos ;> depends

on the rate at which cosmic rays collide with clouds at di erenangles. The rate

14



1.1 Introduction to Cosmic Rays

of collision is proportional to the relative velocity betwer the cloud and the par-
ticle so that the probability per unit solid angle of having a cbision at angle ; is

proportional to (v V cos ;). So

dP
cgs 1ﬂd 1

< cos|>= g = 3 (1.5)
giving ,
E 1+ -=3 . 4,
E -1 2 1 3 (1.6)
since 1.
Thus, the net energy gain (averaged per collision) is
dE/ °ZE (1.7)
and the energy attained by the particle aftem collisions is
E = Eiexp( °n) (1.8)

whereE; is the initial 'injection’ energy of the particle.

This mechanism has to compete with ionization losses. E ectivelthe Fermi
acceleration mechanism has a threshold energy. For protonsghenergy is about
200 MeV, for oxygen about 20 GeV and 300 GeV for iron because ofjter ioniza-
tion losses. Thus, this mechanism cannot produce the similar shapkedberential

spectra for di erent nuclei as discussed in subsection 1.1.1.

First order Fermi acceleration at SN or other shocks

Bell (1978) [24] and Blandford and Ostriker (1978) [25] indegmdently showed that
Fermi acceleration by supernova remnant shocks is particulgre cient because the
motions are not random. A charged particle ahead of the shockoht can pass
through the shock and then be scattered by magnetic inhomogeties behind the
shock (see Figure 1.3). Here a large plane shock front moves witklocity uj.
The shocked gas ows away from the shock with a velocity, relative to the shock
front and ju,j < juyj. Thus, in the laboratory the gas behind the shock moves
to the left with velocity V = u; + u,. Equation 1.4 applies to this situation
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E,
downstream
upstream B
V=-ul+u2

Figure 1.3: Sketch of a collision of a charged particle with a moving shock.

with  interpreted as the velocity of the shocked gas (‘downstreamfglative to the
unshocked gas (‘upstream'). Since the shock is planarcos ;> = -2/3 e <cos 9>
= 2/3. Therefore,
E_1+3 +3°2 4
= 1 = 1.9
E 1 2 3 (1.9)
This acceleration is more e ective ( 1) than the previous mechanism. The

particle gains energy from this 'bounce’ and ies back acroghe shock, where it
can be scattered by magnetic inhomogeneities ahead of the dho€his enables the
particle to bounce back and forth gaining energy each time. his process is now
called the P! order Fermi acceleration (also known as Fermi shock acceleodmt)
because the mean energy gain is dependent on the shock velooityy to the rst

power. The previous process is the"® order Fermi acceleration.

Evidences for shock acceleration from supernova

The characteristic spectrum of synchrotron radiation is feateless, following a more
or less straight line. This is in contrast to a spectrum from a hotadiating gas,
which has many bumps and peaks corresponding to emission fronrtgaular atoms
at particular energies.

The analysis of synchrotron emission, which occurs when high ege electrons
spiral around magnetic eld lines, in Cas A [26] showed the presem of electrons

16



1.2 Propagation Models

with energies up to 200 GeV at the strength of a magnetic eld aunt 500 G in the
young supernova remnant. The interpretation of nonthermaladio emission from
external galaxies con rms that supernova remnants are the éals of acceleration
of relativistic electrons with the same e ciency which is needd to provide the ob-
served intensity of galactic cosmic-ray electrons [27].

Gamma-ray emission associated with few bright supernova remnanhas been
found using the EGRET! catalogue of gamma-ray sources & > 30 MeV [28]. The
gamma-ray uxes from the two most prominent sources, gamma-Cggand 1C443,
indicate an energy of about 3 10* erg for relativistic protons and nuclei con ned
in each envelope, assuming that gamma rays are generated thghu °! 2 decay.

The nonthermal X-rays radiation with a characteristic power aw tail at en-
ergies more than few keV from the bright rims in supernova renamts includ-
ing SN1006 [29, 30], RX J1713.7-3946 [31, 32], IC443, RCW 88][and Cas A [33]
was found in experiments done by the X-ray observatoires ASCA, RX] ROSAT,
Chandra, XMM/Newton. It was interpreted as synchrotron emissiorby electrons
accelerated up to energies as high as 100 TeV. The inverse Coampscattering of
background photons by these electrons and/or gamma rays geaed via ° decays
is the most probable mechanism of the emission of TeV gamma-rayxuletected
from RX J1713.7-3946 [34] and Cas A [35].

1.2 Propagation Models

When the cosmic ray beam, which resembles an accelerated sangflgalactic mat-
ter, propagates through ISM it interacts in various ways degnding on the type of
cosmic ray particle and the constituents of this interstellar mvironment such as gas,
magnetic elds or photons [36].

In our galaxy cosmic rays spend more than 1§ears before they escape into the
intergalactic space. This suggests a di usive process for theiransport, since the
con nement time along a line through the disk of our galaxy wold only be about
10° years.

The distribution of synchrotron radio emission can be observeddim edge-on

1Energetic Gamma Ray Experiment Telescope.
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spiral galaxies such as NGC 891 implying that high energy partés do not strictly

restrain to the thin galactic disk but propagate out into the hdo. Thus the volume
in which cosmic rays can be found is larger than that given by #hthin galactic disk

where most of the stars and energetic processes take place. Cosmjcsources are
probably located in the same region.

Any model whose purpose is describing the transport of CR in the galy has
to reproduce the observational data of many kinds which are leged to cosmic-ray
origin and propagation. All these various observational datarpvide many indepen-
dent constraints and should be used to develop a realistic physligaicture of CR
propagation.

The general equation of di usion can be written as [37, 38, 2B9]

|

N+ HEIN)

3

@ Max

—(dj Nj)+ nv ij =q + nv ijk (110)
k=j+1

m+ Eg

@ @
@I}: F (DFN; WN)) —

where the terms are

=

D N; : the diusion term. D is the di usion tensor;

Bl

V:N; : the convection term originated by the galactic wind,

@QE CYE, 2MtEe N; is the adiabatic expansion term;

m+ Eyg

g is the source term;

@@E(b(E)Ni) is the term of losses by ionization and Coulombian interactioin
the interstellar medium andb(E) dE=dtis the energy loss rate which is only
important for energies. 500 MeV/nucleon;

n . . . - -
ke +1 NV i Nj; represents the secondary particle production per interac-

tion of the speciek in the ISM with the density n;

nv ;N; is the scattering term for particlesj in the ISM with density n;
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%@% (diN;) whered, (E) = —'f is the stochastic reaccelleration term due to the
scattering of charged particles in the magnetic turbulencenithe interstellar

hydrodynamical plasma, this mechanism is a Fermi mechanism otsed order.

It has been pointed out many years ago that the relevant physat propagation
model to be used is the di usion model [38, 21]. According to thdahe sources of CR
should be distributed within the thin galactic disk and the escap from the disk into
the halo and nally into the intergalactic space is determind by di usion. In this
Di usion Halo Model (DHM) a gradient of CR density away from the gdactic disk
is expected, implying a constant streaming of CR particles aw&drom the galactic
disk into the halo.

The DHM competes with the very popular Leaky Box Model (LBM). The LBM
describes an equilibrium model in which cosmic-ray sources apdmary and sec-
ondary cosmic ray particles are homogeneously distributed incean nement volume
(box, galaxy) and constant in time with no gradient of CR densit. Thus the trans-
port of CR is not controlled by di usion but by a hypothetic leakage process at the
imaginary boundaries.

The DHM is a more realistic propagation model. However, the LBM ds been

often preferred for its mathematical simplicity [38].

1.2.1 The Leaky Box model

In a certain sense, the Leaky Box model can be considered as arrextely simpli ed
version of the di usion model. In the LBM particles propagate ffeely in the con-
tainment volume and production and loss of particles are bataed in time, thus the
mathematical description of the LBM is given by a continuity guation. In this case
it is assumed that the di usion takes place rather rapidly and tlat, therefore, the
density of cosmic rays in the Galaxy is constant. Of course, it issgessary to wait a
certain escape time from the system. Under such conditions the ter™ (D N;j)
can be replaced byN—J where g is the escape time of CR from the con nement
volume (Galaxy), often called the age of cosmic rays. By ignag energy changing
processes and radioactive particles the equation becomes thowing [38] at the
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stationary case @=@x0)

N: MNpax
——+nv N =g+ v i Ni (1.11)

esc k=j+1
where all the quantities are now averaged $ n,q $ q.
Consequently, this leads to a system of algebraic equations tbe various kinds
of nucleij which allows to obtainN; = f(¢; j; ;K = J:iiNmax). For the rst
nucleus

qnmax
N Mmax = 1.12
(1= ssot IV 7o) (142

where ¢sc appears as a parameter determined by experimental data. noa sta-
tistical point of view there is an exponential distribution whch governs the escape
of an individual particle and . is the mean of it. The exponential distribution
works since the probability of a particle escaping from the boi time dt is given
by dt= ¢sc(E).

In order to calculate the ratios of secondaries over primasds/p) s iS replaced
by esc Which characterizes the matter traversed in [g/crfi. The relation is

esc(E)=<m> n(cm 3) ¢ esc(E) (1.13)

where<m> denotes the mean mass of gas amd the particle velocity.

esc determination

The determination of s [39] can be done considering a primaiy; and a secondary
S; from Py (g™ = 0, only spallation origin with the production term being given by
nv PSP;). The ratio S;=P; only depends on the parameteresc = esc= <M > and

is written as
Si ps

e 1:~esc; (1.14)
Through the comparison of calculated s/p ratios, such as B/C and $&dFe/Fe,
with the measured ratio, .sc can be extracted from the t to data since it is the
only free parameter. Data for B/C are used because this is the toaccurately mea-
sured ratio covering a wide energy range and having well-eslisbed cross sections.
Figure 1.4 [40] shows such a t to a compilation of measured B/C tis. As the

ratio B/C depends on the energy s IS expected to have an energy dependence.

20



1.2 Propagation Models

0.5
0.4/ (A)
0.3

0.2

Ratio at Earth
|

0.1

4
Lol Lol | MY | [ AT

10! 102 103 10% 10° 108

Figure 1.4: Collection of measured B/C ratios at di erent energies [40]. The curve represents

a tto the data. The t determines the 5. dependence in the LBM. Measured values are from

the following:
®  Garcia-Munoz and Simpson (1979) O Maehl eral. (1977)
© Caldwell and Meyer (1977) ¥1  Simon et al. (1980)
@ Dwyer (1978) a Chappell and Webber (1981)
® Dwyer and Meyer (1981) & Lezniak and Webber (19784)
O Juliusson (1974) A Webber, Damle, and Kish (1972)
¢ Buffington, Orth, and Mast (1978) A Webber eral. (1977)
@ Mewaldt eral (1981) ' & Webber (1982)
@ Ortheral (1978) w Engelmann ez al. (1981)
™ Fisher er al. (1976) < Lund eral (1975)
[d Hagen, Fisher, and Ormes (1977) w Julliot, Koch, and Petrou (1975)
8
< 2 0:8 .
o glem® R for R < 47GV
- , T e (1.15)
o glem®  =av for R> 47GV

Equation 1.15 describes the dependence ofs. as function of rigidity [R =
pciZje (GV)] with ¢ = 12.8gcm ? [41]. Similar calculations have been done by
many authors and Figure 1.5 shows some of the published curvestba rigidity de-
pendence of ¢s(R), which are used by the various authors to t the data on cosmic
rays. Despite the visible di erences existing between these ces; particularly at
low energies, which may be partly due to cross-section uncerta@s, they agree in
their general shape. They all have the maximum around some GeWaoleon and
fall o to higher and lower energies.
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Figure 1.5: Rigidity dependences of the mean escape lenghtesc as published by dierent
authors [41]. This quantity is a free parameter in the LBM and results by tting measured sec-

ondary/primary ratios, such as B/C.

Mean density of the interstellar medium ( ncm 2))

As it was stated above in equation 1.13, the LBM uses the deriveds. values to
obtain the mean age or escape times. of cosmic rays. To proceed like that it is
necessary to previously determina, the mean density of the interstellar medium.

A test particle is needed which is not only sensitive to the totaiatter traversed
in units of g/cm? but also to the gas density through which it traverses. Secondary
radioactive isotopes are such test particles since they are natlp produced along the
mean path of ¢4, but can also decay on their journey, and the number of actuall
survived isotopes depends on the gas density around them. Goahdidates are
those nuclei with decay times 4. at rest comparable to the expected escape timgs.
such as:!%Be (2.3 1®Pyr), 26A1 (1.0 1C°yr), 3Cl (4.5 1CPyr), 3Mn (5.4 1Cyr).
They are known as cosmic-ray clocks.

Thus, considering two isotopes originating from the same primgrlike 1°Be and
°Be, and comparing the measured surviving fraction dPBe which is the radioactive
isotope, or the'°Be/°Be ratio (°Be is a stable isotope), the mean gas density(cm )
can be calculated. Making the following substitution in equatdn 1.14

h [ h [
S+ 1="gs ! S+ 1=+ 1( Lonv) (1.16)
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Figure 1.6: Comparison between the calculated°Be/°Be ratio and data [42]. Measurements at
the top of the atmosphere by ISOMAX ( Hamset al., 2001 [42] and de Nolfo et al., 2001 [7])
compared with space measurements: ACE [43], Ulysses[44] / Voyager 1-2 [45], . ISEE-3 [46],

and IMP 7/8 [40, 47] The lines show the expected beryllium ratio in di erent prgpagation models.
The two upper lines are leaky-box model (LBM) the lower one is di usive-halo model (DHM).

where the approximations P't = Pl2 Psand 't = 2 S were done assuming

|, as the unstable isotope, the ratio of the two isotopes is:

Sz 1% e - (1.17)
S, S+ 1=+ 1( I nV)- .

Determining ~esc from B/C and having data from the isotopic ratio in the con-
ditions de ned above, it is straightforward to invert the relation 1.17. The two
upper curves in Figure 1.6 are di erent leaky-box models. Thep dashed curve
by Yanasaket al. (2001) assumes an average density of 0.34 atomsfcfor the in-
terstellar medium. The solid curve by Molnar & Simon (2001) tais a density of
0.23 atoms/cn? into account. A mean gas density of 0.34 cm 2 with a mean mass
of <m> =2 10 ?*g and assuming the escape length to bes. = 10g/cm? for

cosmic rays around some GeV/nucleon leads to an escape timg 15My.

Model limitations

This simple, linear model that neglects energetic phenomenaad consequently loses
validity at the high-energy regime does not explain some measments for the
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radioactive nuclei. The mean density of the interstellar medm given by the ra-
dioactive nuclei is of the order ofn  0.34[cm 3], while the observations of the
galactic disk give 1[cm 3]. This is usually interpreted as the proof of the existence
of a large, di usive halo empty of matter.

In fact a description in terms of Leaky Box may lead to wrong resis for ra-

dioactive species in a realistic Galaxy [48].

1.2.2 The Di usion Halo model

To solve the equation 1.10 a cylindrical geometry composed @fd regions as shown
in Figure 1.7 is used [39]. The inner area illustrates the thin &actic disk of half-
height h = 0:1kpc and the outer part is the halo. The radius of the cylinders
assumed to beR = 20kpc and the half-height L, whose numerical value is to be
determined, is probably greater than a few kpcl{ 3 10kpc). The half-heights
satisfyh L so the disk is usually considered as in nitely thin for all practal pur-
poses. The solar system is located in the galactic disk € 0) and rotates around
the dense center at a distancd = 8 kpc [50, 51].

It is assumed that cosmic ray sources are placed in the thin galactisk, where
the stars and most of the interstellar gas is located and homogmously distributed
but the cosmic rays themselves di use out and may spend appreclalportions of
their lifetime in the halo. The gas is mostly composed of hydreg (90%), neu-
tral and ionized, and helium (10%), heavier nuclei being psent but at a negligible
amount. The density of interstellar matter is observed to be and n 1 cm 2 for
all radius, son(r;z) = 2h (z)n. Particles escape freely through the halo boundaries
into intergalactic space where the density of cosmic rays is riggpble. Consequently,
the di usion model assumes a gradient in the density of cosmic raygith a maxi-
mum value in the Galactic disk decreasing as a function of distae from the Galactic
plane; the escape of particles from the halo to the intergaliec space is done by dif-
fusion.

The study of the transport of cosmic-ray nuclear component reqes a consid-
eration of nuclearspallation and ionization energy losses. Hundreds of isotopes are
included in the calculations of nuclear fragmentation andrainsformation of energetic

nuclei in the course of their interaction with interstellar g&. There is a powerful
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Figure 1.7: Schematic view of our Galaxy and of cosmic-ray propagation according to a di usin
model [49].

method to solve a set of transport equations for generations oficlei linked by nu-
clear fragmentation of parent isotopes into lighter progetors [20]. This method,
the weighted slab technique, consists in splitting the problenmio astrophysical
and nuclear parts [21, 52]. The nuclear fragmentation prodm is solved using the
weighted slab [38, 39, 53] where the cosmic ray beam is allowedriaverse a thick-
ness,x g/cm?, of the interstellar gas and these solutions are integrated avall the
values ofx weighted with a distribution function G(x), the path length distribution
(PLD), that is derived from an astrophysical propagation mode

The alternative way is the direct numerical solution of the dusion transport
equations for the entire Galaxy and for all successive generais of nuclei [54]. The
numerical method is based on a Crank-Nicholson implicit secondder scheme.

The analytical and numerical solutions for this model show thain the rst
approximation the cosmic ray propagation for not very heavy sible primary and
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secondary nuclei is characterized by only one main parametehe escape length,
Xe (g/cm?) [21]. For an observer in the Galactic disk the relation betweethe pa-
rameters of di usion model and the escape length ¥, = vH=(2D), where is
the surface gas density of the Galactic disk (= 2:4 mg/cm?, at the Sun location in
the Galaxy), v is the particle velocity, H is the scale height of the cosmic-ray halo,
and D is the cosmic-ray di usion coe cient [20]. The previous exprssion for the es-
cape length is valid for nuclei with totalspallation cross sections  (mH )=(X¢hg)
wherem is the average mass of an atom in the interstellar gas artg is the char-
acteristic height of the gas distribution above the Galactic lane. The path length
distribution in this case is approximated by the exponentialdrm G = exp( x=X,)
with the mean matter thickness, X .

The value of the escape length can be found from the data on alulance of sec-
ondary nuclei in cosmic rays like B/C and sub-Fe/Fe ((Sc+Ti+V)/ Fe) so it allows to
determine the ratioH=D. In order to disentangle this correlation it is necessary to
look at measurements of radioactive secondaries, so a t t8Be/°Be leads to an in-
dependent evaluation of the di usion coe cient D and the cosmic-ray e ective halo
sizeH. From Figure 1.6 a di usion coe cientof D = (2 5) 10?8 cm?/s is found.
Combining this result onD with the H=D ratio as obtained by tting the B/C ratio
leads to an e ective size of the cosmic halo df 4 kpc which is in agreement
with the radio-astronomical observations [55]. The charadtistic time of cosmic-ray
di usion from the Galaxy calculated as the mean time which parcles spend in the
volume which is bounded by the full size of the halo i812=2D 7 10 yr.

Thus this value is 10 times greater than the one deduced in tHeBM. The ex-
planation relies on the fact that on the basis of the physical pture of the DHM
the 1°Be isotopes cannot probe the full halo volume which the stableagicles per-
vade because they decay on their way out from the galactic diskhere they are
physically produced. Any attempt to deduce the mean gas densifyom the 1°Be
isotopes, as one does in the LB approach, will overestimate tmeamber. The true
mean gas density which stable particles encounter is much snealkince they Il a
larger volume. That is the reason of the underestimation of thescape time in the
LBM.

Figure 1.6 illustrates that the LBM and the DHM provide di erent dependences
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on the °Be/°Be ratio. These quantities are model-dependent and their msare-
ment over a larger energy range can actually tell what modeledcribes cosmic-ray
propagation and better constrains the propagation paramete. Wider energetic
measurements are needed as well as with higher statistics ad Wé discussed next.

1.3 AMS-02 expected performance on cosmic-ray

uxes measurements

The expected performances of AMS-02 concerning relevant meeements for con-
straining CR production, acceleration and propagation mode can be separated
in three main categories. First, precise measurements of the ez of H, He and
CR species which are believed to have a primary origin (CNO) in laroad energy
range are related to the injection spectra and can constrain ¢hprimary acceleration
mechanisms of CR. The uxes of secondary nuclei (absent near theurces) and the
ratio of these secondary species to the primaries which produt®em by spallation
in the ISM de ne the amount of material traversed by CR since thie acceleration.
Finally, the ratio of radioactive to stable secondary nucleian be used to determine
the cosmic ray con nement time in the Galaxy and, in di usion malels, the e ective
thickness of the galactic halo as explained in section 1.2.2.

AMS-02 will accurately measure the uxes of individual elemédsa with electric
charges 1 Z 26 in the energy range 0.1 GeV/nucleon E . 1TeV/nucleon.
After 3 years of data taking AMS-02 will detect 10° H, 10’ He and 10° C
with energies above 100 GeV/nucleon. In addition, AMS-02 wiitlentify 10* B with
energies above 100 GeV/nucleon and B/C measurements up to 1 TeWicleon [56].
Panel (a) of Figure 1.8 shows the expected B/C sensitivity afte8 months of data
taking.

Regarding the stable light isotope measurements, AMS-02 with tHeICH de-
tector will be able to separate deuterons, D, from protong, from 0.9 GeV/nucleon
in sodium uoride radiator up to 6 GeV/nucleon in aerogel. The foreseen result,
extracted using the simulation of D andp uxes in the RICH detector, is shown
in panel (b) of Figure 1.8, together with previous measuremenfrom other experi-
ments. The simulated statistics corresponds to one day of data tiak) for the aerogel
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Figure 1.8: (a) AMS-02 expected performance on B/C ratio after 6 months of data taking
together with data from other experiments [56] (b) AMS-02 RICH expected measurements for
D/p ratio after 1 day of data taking for the aerogel radiator and one week of dda taking for

the sodium uoride radiator compared with previous experiments; (c) AMS-02 RICH expected
measurements for’He/*He ratio after 1 day of data taking compared with previous experiments
and (d) AMS-02 RICH expected measurements for°Be/°Be ratio after one year of data taking

compared with previous experiments[57].
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radiator and one week of data taking for the sodium uoride ragtor. For helium

isotopes fHe/*He) the separation will start at 0.5 GeV/nucleon with the sodium

uoride contribution and will be extended upto 10 GeV/nucleon with aerogel data.

This is visible in plot (c) of Figure 1.8, which shows the expeetl results for one day

of data taking, together with measurements acquired by othezxperiments. AMS-

02 time-of- ight measurements will extended down these measments to energies
0.1 GeV/nucleon.

Among the -radioactive secondary nuclei in cosmic rays®Be is the lightest
isotope having a half-life comparable with the con nement the of cosmic rays in
the Galaxy, as mentioned before. AMS-02, equipped with the BH detector, will
be able to separaté®Be from the stable’Be in the range 0.5 E . 8 GeV/nucleon.
This is depicted in panel (d) together with measurements frorther experiments.
The simulated statistics corresponds to one year of data takingAMS-02 time-of-
ight measurements will extended down these measurements toexgies

0.15GeV/nucleon. After 3 years, AMS-02 will have collected arod 10 °Be in
this energy range.

Separation power, de ned as m=m where m is the separation between mass
peaks, is higher for lighter elements, suggesting isotope separatshould be possible
up to higher energies in the case of [P/ However, the huge di erence between
proton and deutoron statistics (D/p 10 2) compared to the He and Be isotopes
case eventually leads to the separation being only feasible up t 6 GeV/nucleon
comparedto 8 10GeV/nucleon [57]. For more details on isotopic separation see

reference [58].

These gures clearly show that even a small fraction of the exptec AMS statis-
tics will represent a major improvement on existing results foany of the nuclei.
Present measurements su er from lack of statistics which is notimus in the large
error bars and they are also limited in the energy range. AMS Witover a wider
energy range with unprecedented accuracy.
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Figure 1.9: The interaction of the solar wind with the Earth's magnetosphere [59].

1.4 Solar Modulation

The continuous expansion of the solar corona produces driftttie interstellar plasma
with a velocity around 300 Km/s which conducts 10 protons pecm? to the terres-
trial orbit. This is the solar wind which transports the lines d the solar magnetic
eld producing the interplanetary magnetic eld. Due to the solar rotation, with a
period of 27 days, the strength lines get a spiral form with the daal direction and
making 4% with the terrestrial orbit. At distances from the sun greater than the
astronomical unit, the eld becomes more disordered due to thbermal anisotropy

of the medium and due to irregular expansions of the solar coran
The terrestrial magnetic eld o ers a barrier to the solar wind, see Figure 1.9.

In 1967 Gleeson and Axford [60] proved that the in uence of the By ux in
cosmic rays could be parametrized by the so-called Force Fieldbdel which has
only one parameter: the modulated ux of a particle with enegy Ey is obtained
considering the interstellar ux of cosmic rays with energ\Ey, plus the energy lost
when they reach the Earth Ze), multiplied by a factor less than 1, which only
depends on the initial energyEx + Ze and the nal Ex. The parameter only
depends on the solar activity and has the dimension of a poteati(usually measured
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in MV):
EZ+2mEy

E)= B+ Ze) 2+ 2m(E, + Zo)

(Ex + Ze) (1.18)

where ranges from 350 MV up to 1500 MV in the maximum of solar atvity. So
the ux is maximal when the solar activity is minimal and follows the solar activity

cycles of around 11 years.

Drift models predict a clear charge-sign dependence for thellospheric modu-
lation of charged particle however the simple Force Field med will not be good
enough to take full advantage of low energy measurements. Drihodels predict
a clear charge-sign dependence for the heliospheric modwatiof charged particle.
Cosmic rays of opposite charge drift in opposite directions, talg di erent routes
to arrive at Earth, depending on the solar activity level. A dift has to be included,

as shown inp, p measurements performed by the BESS ights [61].

1.5 The Geomagnetic Field and Geomagnetic Cut-

o

The magnetic eld of Earth can be approximated by a dipole, wbse orientation and
strength are chosen in agreement with experimental data. A merdetailed model

is given by the International Geomagnetic Reference FieldGRF) [62].

The geomagnetic latitude () is the angle measured from the geomagnetic equa-
tor, de ned as the plane normal to the dipole axis, to the pointconsidered and
containing the Earth's center. Figure 1.10 shows the geomagfic eld at an Earth
altitude of 370Km, the altitude of the rst AMS ight (AMS-01) an d the mean
altitude of the ISS. The region close to the South America whetbe magnetic eld
sinks is known as the South Atlantic anomaly. Here, high uxesfolow energy
particles are observed.

The geomagnetic cut-o is the minimal rigidity a charged cosme ray should have
to reach a point located at an altitudeh above the surface and at the geomagnetic
latitude . This cut-o will also depend on the polar angle between the direction
of arrival of the particle and the tangent to circle of latitude. It is given by the
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Figure 1.11: Particle motion in geomagnetic eld [63].

following expression:

60 cos

h ?[(L+cos co$ )=2+1]
1+
E

Reut = 5 [GV] (2.19)

whereRg is the Earth radius.

Another side e ect of the geomagnetic eld is the existence of elnged particles
trapped in the eld. These particles follow a spiral motion alag the eld lines,
bouncing between two mirror points and drifting east-west (seEigure 1.11). Posi-
tive particles will drift to West and negative to East.
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1.6 Antimatter

1.6.1 Antimatter in astroparticle physics

Proving that antimatter exists in cosmic rays is part of a widemproblem of matter-
antimatter symmetry of the Universe. This issue and more generglthe antimatter
problem in space has become apparent after Dirac (1928) hackdicted the existence
of the positron, and Anderson had experimentally con rmed it in1932. In fact,
Dirac put forward the idea of the matter-antimatter symmetric universe, with the
existence of anti-stars made of antiprotons and positrons.

The Big-Bang model assumes that at the rst instants of creationhalf of the
Universe was made out of antimatter. The validity of this models based on three
main experimental observations: the recession of galaxies wihvelocity propor-
tional to their relative distance (Hubble expansion) [64]; thdaighly isotropic Cosmic
M icrowave B ackground (CMB) [65] which is a di usive radiation described ¥ a
blackbody spectrum corresponding to a temperature of (225 0:002)K [66] and
the relative abundance of light isotopes (He, Li and B) formedithe rst stages of
the Universe [67]. However, the presence of cosmological antiteatsomewhere is
missing.

Particle-antiparticle symmetry means that not only parity (P) and electric charge
(C) are conserved but also the baryon number, B, which distingsines baryons (e.g.
protons and neutrons) from leptons (e.g. electrons, -mesons and neutrinos), and
the lepton number, L, which is a principal lepton charactegtic. This means that
particles are always produced in pairs of particle and antgsticle, being produced
from neutral states (B=0, C=0, L=0). According to the Big-Bang theory an equal
number of particles and antiparticles should be produced irhe Universe. How-
ever, no trace of antimatter has been observed so far. How did gale-antiparticle
symmetric interactions end up in the strongly asymmetric Univese known today?

There are three main directions which intend to provide an awer:
(a) Observations:Cosmic rays are the most promising objects for the antimatter

search: antimatter may manifest through annihilation produts which would con-
tribute to the diused -ray spectrum.
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(b)A Symmetric Universe Theorists have come up with the idea that matter
and antimatter have been separated at an early stage of the ueise and formed
domains out of either one of them [68]. The existence of macrop regions of
antistars in a globally asymmetric Universe has been also studieg] 70]. How-
ever, observations do not support this and more complicated drconsequently less
elegant, symmetric Universe models are introduced. In fact, tiie current theoreti-
cal estimates of the expected Cosmic Di use Gamma ray (CDG) speam are not
incorrect by an order of magnitude, the model of a baryon symrr&e Universe is
neither in agreement with the observed uniformity of the CMB or with the mea-

sured diuse -ray spectrum [71].

(c)Theory-antimatter-free Universe: An initially symmetric Universe evolved dy-
namically to a completely asymmetric one where all the antinteer disappeared by
some ‘annihilation catastrophe’, which was inevitable whenhe Universe cooled
down. The baryons that had survived formed the Universe as it isnkbwn. This is
called baryogenesis. This is the most reliable theory until nqudespite the absence
of an explanation for the way the baryon asymmetry had survivedithin the in a-
tion scenario, and for complications likgoreheatingand reheatingafter the in ation.
This implies a violation in baryon number and a CP violation.The baryon number
violation has not been experimentally veri ed until now, the present lower limit on
the proton lifetime determined by the partial width of the decay p! € is set
at ,> 16 10¥years [72]. CP violation was rst measured in the kaon system
and experiments like Belle, BaBar, experiments at LHC and Teron to observe
B?® B oscillations are in progress. It should be noted, however, thalhé strength
of the observed CP violation is far too small to account for the dryon asymmetry

of the Universe.

1.6.2 Experimental search for antimatter

Direct Antimatter Search: observation of antinuclei in cosmic rays.

Antimatter does not exist on Earth in macroscopic amounts, othevise it would

have been annihilated releasing tremendous amounts of energhe constant ux of
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charged particles emitted by the Sun and propagated throughit the Solar System
(Solar wind) allows to exclude antimatter planets since thewould constantly emit
very bright -rays. Photons emitted by other stars do not probe directly theign of
the baryon number of the object from where they are emitted. dftunately cosmic
rays do!

Some distant antimatter objects (anti-stars, anti-galaxies) wuld provide space
with cosmic antimatter particles, primarily antiprotons and positrons but also antin-
uclei. Antimatter particles would di use through space and ewstually reach the
vicinity of the Earth.

Positrons and antiprotons are measured in cosmic rays, but theyaot provide
a clear evidence for such existence of antimatter in the Universance the measured
ux is compatible with secondary production. Antiprotons canbe produced in
interactions of primary cosmic ray protons with the interstdar medium by the

reaction:

p+p! p+p+p+p: (1.20)
Di erent propagation models are used to evaluate the secondaantiprotons pro-
duction [73, 74]. The energy spectrum of these secondary antgons should have
a peak around 2 GeV, with a sharp decrease of the ux below and aleothe peak,
as consequence of the reaction kinematics. This is visible ingbre 1.12. Further

measurements reported a=p ux above the expected for a purely secondary process

(see [75, 76]). Dierent explanations are considered:

antimatter reaching the Galaxy from antimatter galaxies ina baryon-antibaryon

symmetric Universe [77], [78];
production by dark matter particle annihilation (see eq. 1.2);
production by primordial black hole evaporation [79].

Several experiments were done in the energy range 100 MeV ©GeV which
show a good agreement in the peak. The discrepancy observed at knergy can
not be related with primordial antimatter because of the solamodulation e ect

which shifts the energy spectrum towards lower energy valueso $he present data
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Figure 1.12: Cosmic-rayp ux in the energy spectrum from 0.1 GeV to 10 GeV, di erent models
and ux measurements by di erent balloon experiments (left). p=pratio for the same energies as
expected by di erent models and with the corresponding measurements by di erent experinents
(right) [80].

are not su cient to provide a clear answer on the search for primalial antimatter
in the Universe.

A few years ago, the BESS balloon experiment detected antgions at low ener-
gies below 1 GeV [81]. The size of the signal was slightly aboveimsttions available
at the time, from the interaction of cosmic rays with interstelar gas. Bergstrem,
Edsp and Ullio [82, 83], and Bieber et al [84] in 1999 have eualted the e ect of
helium interactions, as well as collective nuclear e ects anproton and antiproton
secondary interactions. The consequences were an increase efdRpectations of
antiprotons in the energy range below 1 GeV, with the main unc&inty coming
from the parametrization of the primary proton spectrum. In prallel, the BESS
experiment also improved its measurements, and the measuredignbton yields are
now smaller. With those developments, there is today no indican for new physics
in the antiproton signal.

Other experiments have been carried out on balloons or sattdb for direct search
of antinuclei in cosmic rays. The most promising is antihelium,nxe it is expected

to be the most abundant antinucleus. It would constitute an evidnce for cosmolog-

36



1.6 Antimatter

ically signi cant amounts of antimatter. Heavier antinuclej, like C, would have even
more profound consequences because they would point to an antleosynthesis
and consequently to the existence of antistars which burnt armtelium.

In addition, the detection of an antinucleus would be a cleasignal of the ex-
istence of antimatter since antinuclei production from matte collisions is strongly

M N Mp

suppressedp+ ISM ! N +::: N=p/ exp

Indirect Antimatter Search:

This can be performed by observation of the -ray spectrum. When hadronic

matter and antimatter interact, they annihilate mainly by t he processes:

8

—+

L+ () texr ()

In such processes both neutral and charged pions would be proddowith similar

N+ N!

multiplicities and energy distributions. Half of the total enegy would be carried
away by the neutrinos and consequently not measured due to theallty in de-
tecting neutrinos.

Annihilation photons, whose spectrum is peaked around E 70 MeV, have an
average energy of 180 MeV and could be detected at a somewhatstafted value
in the cosmic di use gamma spectrum. In 1971, Steckest al. came up with the
idea of using distant redshift annihilations,z 100, to explain the spectra at

1 MeV as originated from the decay of pions produced in baryeantibaryon an-
nihilations. The di use -ray spectra was recently measured on-board the satellite-
borne Compton Gamma Ray Observatory (CGRO) by two groups: the @mpton
telescope (COMPTEL) [85] and the Energetic Gamma Ray-Expement Telescope
(EGRET) [86]. The COMPTEL measurements covered the energy mge from 0.8 to
30 MeV and EGRET the energy range from 30 MeV to 100 GeV. Takingto account
the contributions to this spectrum from di erent astrophysicd objects (quasars, su-
pernovae, blazars, etc.), the spectrum can be consistently repluced and no sign
of annihilation was found.

A sharp spectral line in X-rays at 0.36 keV observed by the ROSAT saltite was
recently ascribed to the highly redshifted products of directeptonic annihilations
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[87]. More powerful detectors are needed to explore this reqg.

Studying the possibility of a universal matter-antimatter symnetry, it was con-
cluded that the electrons produced in the annihilation of derent baryonic signed
particles should induce a distortion of the Cosmic Microwave B&ground (CMB)
spectrum: photons would su er scattering to higher energies @uto the Compton
e ect, and electrons could heat the ambient plasma [71]. Therg@dicted signal is yet

lower than the limit established by COBE on departures from a termal spectrum.

Di culties in the observation of antimatter

Antinuclei from distant sources necessarily pass through extragatic magnetic
elds. If the elds are too high they limit the distance from which antinuclei could
approach the Earth. However, with a poor knowledge of the magtic elds of the
Universe [88], the estimation of the distance the antinuclei ar'om Earth is not
very accurate: the range would vary from a fraction of Mpc tohe distance of the
horizon of the Universe.
After an antinucleus reached our planet the problem would beotdetect it.

Ground-based detection techniques are not very e cient:

There is the atmosphere shielding and the consequent severaknactions;

At the time the shower produced by the antinucleus is detectetthe information
about the nature of the primary particle is practically lost.

Balloon detectors are still a ected by the residual atmosphereand they have
low statistics once they normally collect data for a period raging from a few days
to a few weeks. A more e cient measure would be to install detects on space for
some years. The detector should be equipped with a system to clgadentify the
negative charge of the detected particle. This implies a magtic spectrometer with
the capacity to minimize any background imitating the antinuclei.

Until now, the conclusions are that at least within our local supeluster of galax-
ies (tens of Mpc) there is no antimatter. There were several baon ights of an
instrument called BESS [9] as well as the AMS-01 ight Figure 13 [14]. Both were
magnetic spectrometers and used technologies developed fartiole physics acceler-
ator experiments. The upper limit for antihelium search with AM5S-01 was obtained
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Figure 1.13: Distribution of rigidity times sign of charge for jZj = 2 particles in AMS-01. No
antihelium candidates were found in the rangel 140GV [89].

assuming that the He andHe energy spectrum were identicaHe=He< 1:1 10 ©.
The antihelium search result is illustrated in Figure 1.13. ThéAMS-02 results for
the search ofHe on the ISS is illustrated in Figure 1.14 (left). The expectedpper
limit after 3years of exposure isHe=He < 10 °. If no antimatter is found with
AMS-02 it can be concluded that there is no antimatter to the ege of 1000 Mpc
in the Universe. A comparison between experiments on the limitsf antimatter

detection are presented in Figure 1.14.

1.7 Dark Matter

Rotational velocities in spiral galaxies (see Figure 1.15) dndynamical e ects in
galactic clusters provide convincing evidence that either Mg¢on laws completely fail
at scales of galaxies or, more likely, most of our Universe is madienon-luminous
(dark) matter.

From the Newton theory of gravitation the orbitalqv%:ity of star in the edges
of a group of galaxies, at a distanc®& would bev = G%, whereM is the mass
within the orbit of radius R, and G is the gravitational constant. The velocity does
not depend on the mass of the star, but only on the mass of the galex in the
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to search for antihelium. The region studied by AMS-01 is also illustrated[88] (left). Antimatter
limits for di erent experiments before AMS-02 including AMS-02 [90] and Pamela (right) .

T T T ] T T T T ] T T T T
150 — —
—~ halo
Tm 100 —_
E 4
= _
© 4
=
50 —
disk 7
i gas :
0 ‘ PR S R T NN TR WO N S N T S |
0 10 20 30

Radius (kpc)

Figure 1.15: Rotational curve of the spiral galaxy NGC 6503, determined by radio measurerents
of the 21 cm line emission of neutral hydrogen in the disk. The dashed line shows thetation curve
expected from the disk material alone, the dot-shaded line is from the dark matter h#o alone [91]
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interior of the orbit and on its radius. To have a velocity ind@endent ofR, as the

astronomical measures point to, it is necessary that the mabt grows linearly with

R. The luminosity of galaxies does not behave like this witlR. If only the mass
corresponding to the luminosity was considered, the stars in trezlge would have an
orbital velocity much lower than the observed one. To explaithese observations,
it is necessary to evoke the existence of a quantity of dark mattenore abundant
than visible matter.

A similar value is supported by the measurement of the abundanoé¢ deuterium
in the Universe. Deuterium,?H (or D), as well as*He, was produced during the
primordial nucleosynthesis, although in small quantities. Beima relatively unstable
nucleus, the amount produced is highly dependent of the phattucleon ratio.
From the fraction of deuterium such estimation is obtained ancknowing the density
of photons in the CMB, the density of nucleons is deduced. Thialue is lower than
the expected one.

There are several dark matter candidates [92], [93]:

Baryonic matter

Neutrons and protons;

Among the proposed candidates are MACHOs (Massive Astrophysical Com
pact Halo Objects), i.e. astronomical objects which do not emglectromag-

netic waves and can be observed by meansgravitational lensing

{ Primordial black holes;

{ White dwarfs, which represent the nal stage of a star in the main se

quence, with a mass between 0.1 andvB ?;

{ Brown dwarfs, that are compact objects with a mass below the igion
threshold (mass 0.08M ), that is the minimum mass needed to start

the full thermonuclear fusion cycle in the core of the object;

{ Jupiters, which are hypothetical big planets with a mass of therder of

Jupiter's mass.

2M is the Solar mass.
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{ Neutron stars, that are the nal states of core collapse of supernae.
Cold H; gas, a halo surrounding the spiral galaxies, is another candigat

The recent results from the WMAP collaboration [94] con rm that baryon mat-
ter density ( ph? = 0:0223%39%) is largely insu cient to saturate the total matter
density ( nh? = 0:127%3%) (h = He=100 = 0:73"%:%3, where H, is the Hubble
constant). In addition, baryonic dark matter itself is only responsible for 1/10 of all
the dark matter.

Non-baryonic matter.

Thermal Relics: "hot' and “cold' dark matter, depending on téir relativistic
properties at the time of decoupling from ordinary matter irthe early Universe,
which means patrticles that in a rst stage were in thermal equibrium with

radiation and then decoupled and were relativistic particke (Hot Dark Matter),

from particles which have never been in the same equilibriunand were not
relativistic (Cold Dark Matter).

{ "Hot' Dark Matter (HDM) is required to explain the formation of big
structures (clusters of galaxies and so on). Light neutrinos walse mass
upper limit is m < 2.2eV are obvious candidates but this mass value
implies a limit of 0.1% for their contribution to dark matter.

{ "Cold' Dark Matter (CDM) is required to explain the formation of small
structures (galaxies). Candidates are Weakly Interacting Mssive Parti-
cles (WIMP's): these can be massive neutrinos of either Dirac ordjb-
rana type (m 20 GeV); supersymmetric (SUSY) particles: s-neutrino,
neutralino ( ) which is the lightest supersymmetric particle (LSP) [95];
and the lightest Kaluza-Klein particle (LKP) [96] of certainextra-dimensions
models.

Non-Thermal relics: axions, that are bosons coupled to photonsitiv mass
10 ° eV; monopoles, that are topological defects of very large mass10t® GeV
predicted by Grand Uni ed Theories (GUTS).

SWwilkinson Microwave Anisotropy Probe

42



1.7 Dark Matter

Baryonic 0:04 Luminous 0:006

Baryonicom  0:04
Mater ~ 0:24 Hotom / 0:04!
Tor =1 Non-Baryon 02 light 's
codpv  0:2!
WIMP's
(SUSY LSP=neutralino)

Vacuum energy ( ) 076

Table 1.1: Universe composition taking into account both experimental observationsand theo-
retical predictions and assuming that cold dark matter component is justi ed in a SUSY scenario.

Taking into account both experimental observations and theetical predictions,
the presently mostly supported scenario is roughly described bhd one shown in
Table 1.1.

The formation of structures in the Universe tells us that early #ier the Big
Bang dark matter particles must have been cold rather than hot In fact, if the
dark matter had been hot, then these fast-moving particles wddi have smoothed
out the smaller density irregularities (the seeds for the forni@n of galaxies and
clusters) by streaming from high-density regions to low-densityegions. The rst
objects to form would have been the largest structures (the supelusters) and small
objects (galaxies) would only have formed later by fragmentian. However, this is
inconsistent with observations. The deep image of the sky obtakhdy the Hubble
Deep Field in 1995, together with other observations by groadlkbased telescopes,
identi ed the epoch when most galaxies formed as a few billioyears after the Big
Bang. The Sloan Digital Sky Survey (SDSS), as well as X-ray olvgations, have
shown that clusters form later. Finally super-clusters are foring just today. This
sequence is inconsistent with hot dark matter.

The present knowledge gives the following picture for the elmion of the Uni-
verse: immediately after the Big Bang all the matter is hot, tle cooling down
happens during the expansion until it reaches the temperatarat which SUSY sym-
metry is broken ( 1 TeV): particles decouple from s-particles and, the latter beg

heavy, become quickly non-relativistic and begin to arranghemselves in structures
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due to gravity. Interacting as a self-gravitating isothermicgas, the s-particles form
relatively small structures: the future galactic halos. Duringghe expansion of the
Universe, at a given temperature, baryons decouple from radiian and are attracted
inside the cold dark matter objects to form galaxies.

Neutralinos can be detected directly through its elastic scatting on nuclei [97]
or indirectly looking for anomalies in the expected spectraf @rimary cosmic rays
due to annihilation in the galactic halo. The second option impliesearching

for greater abundance of rare components in cosmic rays likeays, e" and p.

1.7.1 AMS detection of dark matter

AMS intends to indirectly search for dark matter performing hgh statistics precision
measurements op, €, and D spectra and looking for anomalies on those spectra.

Neutralinos can annihilate in the galactic halo in di erent hiannels:
+ | p+Xet+X;2 (1.21)

;o] (1.22)

There are also predictions that antideuterons, which AMS will etect, can be pro-

duced from the collision of SUSY particles.

e" spectrum

AMS-01 measured the positron fractiore® =(e" + e ) from 1-50 GeV [98]. Positrons
were identi ed by conversion ofbremsstrahlungphotons, an approach that yields
an overall background proton rejection of more than 0 and allows to extend the
energy range accessible to the experiment far beyond its desggals constrained by
the performance of the aerogel threshold counter which allede” =p discrimination
only up to 3GeV. The left-hand plot of Figure 1.16 illustrates hese measurements
and shows that the positron fraction measured by AMS-01 is consistewith previ-
ous measurements. However AMS-01 can not identify the possible pasi signal
from neutralino annihilation at higher energies. AMS-02 withthe Transition Ra-
diation Detector (TRD), the RICH detector and the electromanetic calorimeter
will improve the capabilities of detecting such dark matter ginal extending the
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Figure 1.16: The positron fraction e*=(e* + e ) of primary cosmic rays measured by
AMS-01 [98] compared with HEAT-e [100] HEAT-pbar [101] and AMS-01 earlier results[102]
together with a model calculation for purely secondary production (dashed line). The toal error
is given by the outer error bars, while the inner bars represent the systematic comibution to the
total error (left). Statistical accuracy on AMS-02 positron fraction measurement in 3 years ircase
of neutralino annihilation (m =238 GeV, boost factor=166) (right) .

detection range up to 300GeV and collecting around 5&* /year/GeV with an
energy of 50 GeV. The background, essentially composed of misidenti ed pgoms
( p= ¢ 10°) andelectrons (¢ = & 10), is rejected by factors of respectively
1° and 1¢*f. The mean acceptance for positrons in the energy range from @8 t
300 GeV is 0.045 rfsr, with a proton contamination of 4% [99].

The positrons coming from neutralino annihilation will geneate an increase in
the ux. The signal is easier to identify if the neutralino is ina pure higgsino
state [103]* In fact, the annihilation of this neutralino can increase thepositron

ux in two ways. The rst mode is through direct decay of gauge beons:

o WH W ;1 z0z° (1.23)
w*r 1 ¢ Z% ¢'e (1.24)

(the branching ratio for the W* decay ine* is 11%, while for theZ® is 3%).

“Neutralinos are Majorana particles formed by a superposition ofphotino, higgsino and zino;
the relative weights of these particles depend on three parameters of the SUSY model arag they

are changed neutralinos can annihilate in di erent channels.
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Since neutralinos in the galactic halo have a velocity 10 2 ¢, annihilations can be
considered at rest. In this case, positrons coming from directclgys of gauge bosons
will have an energy equal to half the neutralino massr( =2). Their spectrum will
show a steep drop when the energy increases and reaches zero agrargy value
equal to the neutralino mass. The steep descent should provide acstg signature
for this signal providing an easy identi cation. The signal shold appear as a peak in
the positron fraction. The second production channel via anhilations of Higgsino-

kind neutralinos is given by secondary decays of gauge bosons:

w1 W* ! (b and c quarks)! €'

or, the nal products of a cascade of charged pions resultingofim the hadronization
of quarks coming from decays of gauge bosons (! * ! €"). Positrons produced
from pions are ten times more abundant than those from decay$ gauge bosons;
this fact however would not hide the possible signal discussed abkovecause the
energies of secondary positrons are lower. In fact, this secactthnnel contributes
with a wider spectrum peaked at an energy corresponding ta =20.

The right-hand plot of Figure 1.16 shows an example of the faeen results for
the positron fraction measurement made by AMS-02 if the excess time HEAT
data in the energy region from 7 to 10 GeV were due to the anniation of 238 GeV
neutralinos: a signal boost factor of 166 has been used to t the HHAdata [104].
Signi cantly lower boost factors are required if the anomalyis due to LKPs with
masses of few hundred GeV [105]. Clumpiness of dark matter is éakinto account
by a general, energy-independent multiplicative number dad boost factor, by which
the signal computed from a smooth dark matter distribution shoul be multiplied.
However, this is not correct and the clumpiness e ects cannotebdescribed by a
unique number because it depends on energy. The exact distrilmn of the clumps
in the Galactic halo is unknown and the expected signal from santypes of WIMPs
can be quite sensitive to it. Several statistical studies on the ect of halo clumpiness
on the annnihalation signal were done [106]. According to thestudies the boost
factor was considered as a random variable and di erent assunigihs on the clumps
distribution were done. The boost factor was proved to stronglglepend on the

clumpy halo we are living in.
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All the analysis of the HEAT data allowed to conclude that ts taking into
account SUSY predictions together with the expected backguad lead to a better

agreement with data than background-only ts, although not &cellent.

As can be seen from the previous gures, data currently availadldo not allow to
establish the presence, and possibly the type of signal with con dee. One of the
main purposes of AMS-02 is to study the positron fraction with gieer resolution

and at higher energies, i.e. in the region where a potential s@ should be stronger.

p spectrum

AMS-02 will detect antiproton uxes up to 400GeV and 1C° antiprotons will

be detected with E6 5GeV. Antiprotons will be identied as negative single
charged tracks reconstructed by TRD and tracker. The acceptae for this signal is

0.16 srnt between 1 and 16 GeV and 0.033 srn? between 16 and 300 GeV [107].

The main backgound sources are misreconstructed proton inteteons and misiden-
ti ed electrons. For proton rejection a good control of charg confusion, interaction
with the detector and misreconstructed tracks is necessary. Fefectron rejection it
is necessary to use Time-of- ight (TOF) and RICH velocity measiwements at low
energies and TRD and Electromagnetic calorimeter (ECAL) regtion capability at

high energy. The rejection factors are better than POagainst protons and around

10° 10* against electrons.

Figure 1.17 shows the expected pro le after 3 years togetherittv the existing
measurements of the antiproton ux.

However, as explained before for the antimatter case, extrawg a signal from the
spectrum of antiprotons is a very di cult task. It was realized that a few processes
add up together to atten out at low energy the spectrum of secatary antiprotons.
The antiproton signal of supersymmetric dark matter is masked ithis region. The
most interesting region is the one between 10 and 400 GeV wheassuming that
large boost factors ( 10°) enhance the process, a dark matter annihilation could be
revealed [109].
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Figure 1.17: Expected precision on the antiproton spectrum measurement by AMS-02 in 3
years (left) . Antideuteron ux due to secondary production (heavier solid line) and uxes due to

antideuterons of supersymmetric origin[108] (right).

D spectrum

Searches for low-energy antideuterons appear in the meané as a plausible al-
ternative worth being explored [108]. They form when an armroton and an an-
tineutron merge together [110]. The two antinucleons must balmost at rest with

respect to each other in order for fusion to happen. For kinemiat reasons, a
spallation reaction creates few low-energy particles. Lowergy secondary an-
tideuterons are even further suppressed. Energy loss mechanisams also less e -
cient in shifting the antideuteron energy spectrum towards le energies. A maximum
of 2 5 10 ®Dm 2sr 'GeV ! appears for a kinetic energy of 4 GeV/nucleon.

AMS-02 should collect a dozen of secondary antideuterons.

On the other hand, antinucleons are produced in neutralinormihilations with
low energies. Subsequently the fusion into antideuterons hagps, giving origin
to a fairly at spectrum for supersymmetric antideuterium nucki. Below a few
GeV/nucleon, secondary antideuterons are quite suppressed witbspect to their
supersymmetric partners. The right-hand plot of Figure 1.17 shes the ux of D
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foreseen by some supersymmetric theories. This low-energy suggien is orders of
magnitude more e ective for antideuterons than for antipréons which makes the
former signal a much more promising probe of SUSY dark matter thathe latter
one. Unfortunately, antideuteron uxes are quite small (fourorders of magnitude
smaller) with respect to the antiprotons considering both origated from
annihilation. However, if a few low-energy antideutrons ardiscovered, this should
be seriously taken as a clue for the existence of massive neutradirin the Milky
Way.

AMS should reach a sensitivity of 4.8 10 8 Dm 2sr 'GeV ! at solar minimum
activity, pushing it down to 3.2 10 8 Dm 2sr 'GeV ! at solar maximum, for a
modulated energy of 0.24 GeV/nucleon.

spectrum

Gamma rays might be a possible signature of dark matter througlné golden process

! and I Z% or through the continuum coming from other decay
channels during hadronisation.

The most distinctive feature of the -ray spectrum that can be observed as a
consequence of neutralino annihilation is certainly the psence of sharp spectral
lines. The annihilation processes ! and I Z [111] should produce
nearly monoenergetic photons, since WIMP's move in the galaxyith nonrelativistic
velocities and almost at rest. The energy of the photons is thel m and
E m 1 m2=4m? respectively.

The rates of these processes are di cult to estimate because of @ntainties in
the supersymmetric parameters, cross sections and halo density . However
they give a direct measurement of the neutralino mass.

In practice the monochromatic spectral lines will su er a smeang due to redshift
that can turn them in features of the continuum annihilationspectrum. As redshift
only streches the observed wavelength of the photons, the smearassymetric and
looks like a cuto at about the value of the neutralino mass (fo ! ) [112].

A second signature may be found in the continuum-ray spectrum in the form
of a smooth bump at about 1/10 m. This signal is very low compared with the
ux measured by EGRET [113] (about 5 orders of magnitude), thagh there is a
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possibility that the bulk of EGRET ux may be due to unresolved AGN. In this
case AMS, which will explore a quite complementary energy raagwould have good
chances to pick this kind of signal. Moreover it is possible thatlumpy distributions
of dark matter enhance the signal itself.

The EGRET measurements of gamma-ray uxes done in the 1990seathe most
precise data available until now from the 20 MeV up to 20 GeV energy range. More
accurate measurements are needed not only to perform dark rteat searches but
also to analyse emissions from gamma sources (pulsars, blazars, AGNs)sive
gamma background emission and gamma ray bursts (GRB).

GLAST (Gamma-ray Large Area Space Telescope) [114],[115] iethext great
step beyond EGRET, providing a huge leap in capabilities. It igquipped with two
di erent instruments: a Gamma Ray Burst Monitor, working in the energy range
from 20keV to 20 MeV, mainly dedicated to the detection of GRBsand the Large
Area Telescope (LAT), able to reconstruct -ray directions and energies in the range
20 MeV up to at least 300 GeV, which includes the unexplored regi E > 10 GeV.
This detector is beased on silicon strip sensors with a total pealeetive area larger
than 8000 cn? (factor > 5 better than EGRET). GLAST will cover 20% of the sky
(about 2.4 sr), a factor 4 greater than EGRET and it 0 ers a sensivity to the point
like sources< 6 10 °cm 2s ! which is improved by a factor 30 with respect to
EGRET. The GLAST satellite is planned to be launched in May 200 a circular
orbit at 565 km of altitude and it will operate for 5 10 years.

AMS-02 is also planned to do gamma-ray physics. Cosmic photons mbag
detected in AMS using two complementary techniques: photon cegrsions ine" e
pairs in the material upstream of the rst layer of silicon sensorsn the tracker®
[116, 117, 118] and direct photon measurements in the ECAL []1%or a converted
photon the energy range of detection is limited by the upper energylue reachable
for double track reconstruction £ 200 GeV).

The conversion modeensures an excellent photon angle resolution of At
100 GeV, an excellent energy resolution (3% up to 20 GeV, 6% at XB6V), a good
acceptance (0.06hsr at 100GeV) and a large eld of view ( 43). The back-

5The material in front of the rst silicon tracker plane consists of the TRD , the rst two layers
of TOF scintillators and mechanical supports. It represents' 0.23X,.
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ground is mainly due top and e which interact in the AMS detector, producing
secondaries, mainly -rays®, which result in double-track events associated with a
common origin at the interaction point. This background carbe strongly reduced
(rejection factor 5 10* [120]) by identifying events with interactions, vetoing wih
the TRD and cutting on the pair invariant mass.

The ECAL measures photons with a large energy range from 3GeV up
10° GeV. The measurement with this subdetector has an angular restibn of 1°
at 100 GeV, an excellent energy resolution (3% at 100 GeV), a largcceptance at
high energies ( 0.1 n? sr above 100 GeV), but a reduced eld of view of 23*. The
main background is due to charged particles (mainlp, e and He) either passing
undetected in the gaps of the AMS active tracking volume or eating the ECAL
from the side. To reject background it is necessary to identify, He by analysing the
3-dimensional shower development in the ECAL and to identify @rged particles
by requiring the trajectory direction of the reconstructed ECAL to pass inside the
AMS ducial region. A rejection factor better than 6 10* is obtained fore and
better than 1.7 10° for He nuclei. For protons a rejection factor of (5 1) 1
is expected [120].

The left-hand plots of Figure 1.18 show the acceptance and tleeective area
for the two detection modes. The corresponding energy and arguresolutions are
shown in the right-hand plots of the same gure. It is interestiig to observe that
the silicon tracker of AMS-02 will perform measurements with actnparable or even
better angular and energetic resolution than the GLAST telespe. For a deeper

comparison see thesis [121].

In three years the exposure to the galactic center will amourtb 40 days for
the conversion mode and to 15 days for the direct photon modehd integrated
acceptance will be practically the same for the two methods: 1.5 10° m?s [122].

The expectedgammaspectrum in the direction of the Galactic Center measured
by the ECAL-AMS-02 (single photor) after one year of data taken is shown in the
left-hand plot of Figure 1.19. The supersymmetric signal is du® a 207 GeV neu-
tralino annihilation. The superposition with the expected diusive galactic gamma

6A -ray is characterized by very fast electrons produced by alpha particles or other fast engetic
charged particles knocking orbiting electrons out of the medium atoms.
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Figure 1.18: AMS-02 detection capabilities. (a) The AMS-02 acceptance as function of -ray
energy for the two detection modes[120] (b) The e ective areas versus zenith angle at 50 GeV
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[121]
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1.7 Dark Matter

Pulsar Vela - 355.7 jours pour TRK+ECAL
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Figure 1.19: Gammaray ux expected from the Galactic Center for a chosen SUSY model after
one year of data taking with AMS-02 and measured by the ECAL (left) . Expectation from Outer
Gap and Polar Cap models of gamma ray emission from the Vela pulsar. AMS2will be able do

distinguish between these two modelqright) [123].

spectrum is also shown.

Precise measurement of diusive gamma ray uxes may reveal therigin of
dark matter, while gamma rays originating from di erent souces such as active
galactic nuclei (AGN) and gamma ray bursts may provide informizon about possible

quantum gravity e ects.

AMS-02 will be able to measure the galactic and extragalactid dsive gamma
ray spectra up to 16 GeV. In addition, up to 10 gamma ray bursts and about 500
AGN per year will be recorded. This means more information aimidenti ed gamma
sources as well as on known objects and discovery of new sources. dxample a
possible AMS-02 measurement is presented on the right-hand pldt igure 1.19.
Two di erent models of gamma emission from the Vela pulsar [12425] can be
distinguished with AMS-02 gamma measurements in the energy ramdgrom 5 to
50 GeV where there is not enough statistics from EGRET measurents.
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1.8 Conclusions

From the previous overview it is clear that to perform antiméer and dark matter
searches and the foreseen astrophysics studies it is necessary gemxent with a
high sensitivity and very good charge identi cation, rigidity and velocity measure-
ments, with good e=p separation and albedo rejection. In addition it is required
to have a strong system redundancy with a large acceptance andcdoduration
measurements to reduce the statistical errors as much as possibEMS-02 with
its large acceptance (0.5n¥ sr) and large exposure period of at least 3 years will
collect close to three orders of magnitude more statistics thalMS-01 under much
better instrumental conditions which will allow to extend byorders of magnitude the
sensitivity reachead by previous experiments. In addition itprivileged location on
the ISS will avoid any secondaries produced in the Earth's atmsphere. Due to its
large rigidity range, energy, velocity and electric chargeedundant measurements, as
will be shown in the next chapters, due to its goo@=pseparation and albedo rejec-

tion, AMS-02 will allow to do a rich, diversi ed and unprecedeted physics program.

AMS-02 expected measurements
Table 1.2 shows the AMS-02 expected measurements after 3 yedrdata taking.
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1.8 Conclusions

Measurement| statistics | energy range| physics goals
e’ 10/ 1-400 GeV
P 108 0.5-200 GeV | Dark Matter
D 10 0.1-8GeV/A
-ray 10 1-1C GeV
D 1¢° 0.1-8GeV/A
3He 10° 0.1-8 GeV/A | Astrophysics
10Be 10 0.1-7GeV/A
Measurement| sensitivity | rigidity range | physics goals
He=He 10 ® 0.5-16GV | Antimatter
C=C 10 8 0.5-16 GV

Table 1.2: AMS-02 expected measurements after 3 years on the ISS.
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Chapter 2

The Alpha Magnetic Spectrometer

God wills, Man dreams, the Work is born.
Fernando Pessoa in Mensagem

2.1 Physics Goals

The Alpha M agnetic Spectrometer (AMS) is a particle detector that will be in-
stalled on thelnternational Space Station (ISS) for three to ve years to measure
cosmic ray uxes, at an altitude of 430km, on a Slorbit (see Figure 2.1). Itis a
large acceptance (0.5 n? sr) superconducting magnetic spectrometer that due to
its long exposure time will allow AMS to collect an unprecedeatl large data sample
and extend by orders of magnitude the sensitivity reached by gvious experiments.
It is a large international collaboration with around 500 ctiaborators from institutes

in America, Europe and Asia.

Figure 2.1. Artistic view of the International Space Station with the AMS detector on the | eft

arm.
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2 The Alpha Magnetic Spectrometer

The physics aims of AMS, already explored in the previous chagt will be:
Search for cosmic antimatter, through the detection of antuclei with jZj > 2;

Search for non-baryonic dark matter through the detection foannihilation

products appearing as anomalies of the cosmic-ray spected (p, and D);

Measurement of cosmic ray spectra from few hundred MeV up to 1TeVh

particular:

{ hydrogen, helium and beryllium isotopes (Dp, *He/*He, 1°Be/°Be);
{ secondary to primary spectrum (B/C and sub-Fe/Fe)

{ cosmic gamma-ray spectrum.

Events nominally will occur at a rate of about 100 to 2000 per send [126]
depending on orbital location and solar are activity. A total statistics above 18°

events is expected.

2.2 The AMS-01 detector and its test ight

A 'scaled-down' version of the nal AMS detector, AMS-01, was bitiand success-
fully own on the space shuttle Discovery (STS-91) from 2 June until 12" June
1998 at a mean altitude of 370 km including a Mir docking pert of about four
days. The purpose was to guarantee that:

The AMS experiment can function properly in space; in vacuum Wi orbital
temperature changes from 65°C to +50 °C and bombarded by the intense

radiation background;

The detector can withstand the vibration (150dB) and accelation (3g) at
launch and the deceleration (6.5 Q) at landing.

In addition, the similarity between the ight orbit and the IS S orbit allowed
studying the expected backgrounds in the weak signals being s#eed and 100
million events were acquired during the rst 100 e ective hous of data taking and
along a total of 154 orbits inclined at 51.7. The AMS data acquisition system had
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Figure 2.2: Scheme of the AMS detector sent on a ten days ight during June 1998.

lifetimes varying from 40 to 95% with recorded event rates af00 to 100 Hz. The
large majority of events were essentially collected at zenithclinations of 0, 20 and
45 degrees. Albedo data was taken on the last day when the detectaced the
Earth.

2.2.1 Detector description

The detailed experimental setup of AMS-01 is shown in Figure 2.Zhe apparatus
was about 1.6 m high and its horizontal cross section was abouB2?.

The experimental ight apparatus was composed of a permanemhagnet, a
Time-Of-Flight system (TOF), a silicon Tracker (TRK), Veto Counters and an Aero-
gel Threshold counter (ATC).

Charged particles crossing the AMS spectrometer within a geomietl accep-
tance of 0.3 n¥ sr were bended in a Nd-Fe-B permanent magnet with an analyzing
power, BL?, of 0.14 Tn?. The magnet had a cylindrical shape with an inner diame-
ter of 1.1 m and 0.8 m high. Particle identi cation relied on aset of measurements
performed by the following subdetectors.

The TOF detector was composed of four scintillator planes 1 mmhick placed
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2 The Alpha Magnetic Spectrometer

at the magnet end-caps. It measured particle energy loss and st time with a
resolution for singly charged particles of 120 ps. Thereforedlvelocity relative res-
olution was = 3% forZ = 1 particles, the direction of incidence was obtained
allowing to distinguish inward from upward particles and the barge magnitude Z)
and a fast trigger signal were extracted.

The tracker was made of six double sided silicon planes insertedide the mag-
net. The accuracy of the position measurementwaslO mand 30 m respectively
in the bending (Y) and non-bending (X) planes. The particle riglity, R = pcjZje
(GV), was derived from the track curvature. A resolution of 8% for momenta
ranging from around 2 to 8 GeV/c/nucleon was attained. Chargeas also measured
by energy sampling in the six planes.

The veto (ACC, Anti-Coincidence Counter) consisted on a layerf@nti-coincidence
scintillation counters used to tag events interacting insidehte magnet.

The ATC detector was made of 11 modules superimposed in two layef 5 and
6 modules, respectively from top to bottom and placed below thEOF counter. The
granularity of this detector was de ned by the elemental célof 10 cn®, having an
aerogel radiator q = 1.035) inside coupled to a photomultiplier. Its signal relid on
the Cerenkov photons emitted by charged particles crossing thediator material.
This detector performed velocity measurements and was seng#tito the charge
magnitude. It contributed to particle identi cation, namely e=pseparation.

Events were triggered by the coincidence of signals in the folOF planes con-
sistent with the passage of a charged particle through the activeacker volume with
no signal from the ACC.

Physics results

A detailed description of the data analysis as well as the obtad results can be

found in [14] and in its references. A summary of them is presedtéereatfter.

Antimatter search

The antihelium data sample was selected requiring particlesitiv a chargeZ = 2.
Background patrticles are mainly protons with a wrong chargaetermination (magni-
tude and sign) and helium nuclei reconstructed with a negativeign. Wrong charge
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2.2 The AMS-01 detector and its test ight

magnitude reconstruction was reduced to a 10 level by combining the TOF and
tracker independent measurements of the particle energy losghe background com-
ing from wrong sign reconstructed events due to interactionaside the tracker (e.g.

rays and nuclear scattering) was suppressed by demanding a laegeuracy on the
measured rigidity and an isolation cut.

A total of 2:86 1P helium events were selected up to a rigidity of 140 GV. No
antihelium nuclei were detected at any rigidity. The upperimit with 95% con dence
level on the relative ux of antihelium to helium, assuming simar rigidity spectra
was established aﬂ\‘ﬁf < 11 10 5[127].

Particles spectra

Precise knowledge of proton and helium uxes is important fothe determination
of secondary particle uxes p, €") and has strong implications on the prediction of
atmospheric neutrino uxes. Based on a proton sample of& 10° events in the
kinetic energy range from 0.2 to 200 GeV, a proton spectral inde =2:78 0:025
was obtained [128].

The helium spectrum from 0.1 to 100 GeV/nucleon was measured aocwulating
10° events. The spectral index obtained was = 2:74 0:02.

Below the geomagnetic cuto R < 3GV) a second spectra of protons and
helium nuclei was observed [129, 130]. Most of the second spettrprotons fol-
low a complicated trajectory and originate from a restrictedgeographic region.
In the second helium spectrum over the energy range 0.1 to 1.2\@eucleon, in
the geomagnetic latitude from 0:4 to +0:4rad, the ux was measured to be
(6:3 0:9) 10 3=(m?secsr) and, contrary to expectations, more than 90% of he-
lium was 3He (at the 90% con dence level).

Lepton spectra in the kinetic energy ranges 0.2 to 40GeV fa and 0.2 to
3GeV for e were measured. From the origin of the leptons two distinct spaet
were registered: a higher energy spectrum and a substantial sed@pectrum with
positrons much more abundant than electrons. Tracing leptonkom the second
spectrum shows that most of these leptons travel for an extende@nod of time in
the geomagnetic eld and that thee™ and e originate from two complementary
geographic regions [102].

61



2 The Alpha Magnetic Spectrometer

A total of 10* deuterium nuclei in the energy range 0.1 to 1.0 GeV/nucleon e
observed allowing the rst accurate test of galactic con nemeanmmodels.

In a total of 10* deuterium nuclei in the momentum range 1 to 3GeV/c no
antideuterium nuclei were detected. The most precise limit othe ux of antideu-
terium of less than 104 has been obtained [126].

Beyond the primary spectrum, data obtained showed a particleux below the
geomagnetic cuto that could not come from outer space. A deii@d study of
the trajectories showed that those particles arise from the iataction of primary

particles with the top layers of the atmosphere [126].

2.3 The AMS-02 Detector

The AMS spectrometer capabilities were reviewed and extendedth respect to
those of the STS-91 experimental ight through the inclusion bnew subdetector
systems and the completion of others constructed with the statd the art of particle
identi cation techniques.

AMS-02 will have a larger acceptance (Bm?sr) and the magnetic eld will
be produced by a superconducting magnet providing a6 times stronger bending
power. The silicon tracker will have the number of double sidethyers extended
from six to eight in order to reduce bad charge sign reconstruotis and to improve
the reconstruction e ciency. The momentum resolution will beimproved by a
factor 10. New detector systems will be included: a Transition RadiatoDetector
(TRD), a new Cerenkov detector - the Ring ImagingCerenkov detector (RICH) -
and an Electromagnetic Calorimeter (ECAL).

A schematic view of all the subdetectors is shown in Figure 2.3.h& maximum
dimensions of the AMS detector are 33 3 m® and it weighs around 7 tons, a gure
which is strictly controlled due to the shuttle and space statiomestrictions. It will
be subject to several other constraints during the complete missi. The detector
will su er vibration (150 dB) and acceleration (3 g) at launchand deceleration (6.5 g)
at landing. AMS will operate in vacuum (pressure less than 1€° Torr) with orbital
temperature changes from 65 Cto +40 C and will be hit by an intense ionizing ra-
diation (1000 cm ?s 1) background and orbital debris and micrometeorites [126].
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2.3 The AMS-02 Detector

It will operate with limited power (2 kW) supplied by the ISS ard must operate re-
liably for three or more years with no human intervention sine beyond the payload
lift into space no further access is foreseen to the device, whitnplies a strongly
redundant measurement system. The challenge is to build AMS in aape-quali ed
way with several strict limits imposed by NASA.
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Figure 2.3: A whole expanded view of the AMS spectrometerf131}
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2 The Alpha Magnetic Spectrometer

The di erent subdetectors are more thoroughly described in # following and

detailed in reference [126].

2.3.1 Transition Radiation Detector

The Transition Radiation Detector (TRD) [132] is placed at the top of the AMS
spectrometer. Transition radiation (TR) is an electromagnet radiation in the X-
ray energy region ( 1 50KkeV) that is emitted when charged particles cross the
boundary between two media with di erent dielectric constats: ;, ,. The TR
energy is proportional to the relativistic -factor (Lorentz factor). Since the emission
of transition radiation has a threshold of 500, light particles such as positrons
have a much higher probability of emitting TR than heavy paricles such as protons.
This allows for a proton suppression in the momentum range of 10300 GeV with

a rejection factor of 18  10°.

The emission probability at a single interface is very small (10 2) but this can

be enhanced by a multilayer structure which implies multipldransitions.

The AMS-02 TRD consists of 328 modules made of a eece radiator rafn
thick and straw tube proportional wire chambers lled with a XdCO , (80%:20%)
gas mixture at 1 bar absolute from a recirculating gas system dgeed to operate for
more than 3 years in space. Each module, shown in Figure 2.6, @ns 16 straws
of lengths between 0.8 and 2m and with a diameter of 6 mm and 7 of wall
thickness. The eece radiator and the corresponding proporti@l wire straw tubes
where the TR is detected (see Figure 2.4) are arranged in 20 éay. The upper
and lower four layers are oriented parallel to the AMS-02 maegtic eld while the
middle 12 layers run perpendicular to provide 3D tracking. fiey are supported in
a conically shaped octagon structure, as shown in Figure 2.5, ilbwof aluminium

honeycomb material with carbon ber skins and bulkheads.

The challenge consists in building such a detector in a space qued solution
with strict limits on gas tightness, weight, power consumption &d outgassing whilst

assuring structural safety and gas homogeneity in a harsh envirent.
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2.3 The AMS-02 Detector

€
€
)
~
Figure 2.5: The TRD octagon support
structure.
6 mm
Figure 2.4: Transition radiation principle applied to Figure 2.6: AMS-02 TRD module with
the AMS-02 Transition Radiation Detector. 16 straw tubes.

2.3.2 Time-Of-Flight

The Time-Of-Flight (TOF) system [133] is expected to providehe fast trigger (FT)
within 200 ns for charged particles with a negligible ine cency; select, at the trig-
ger level, particles within the AMS acceptance; distinguish Ibeeen upward and
downward particles at the 10° level; measure the particle velocity with = 3%
for protons; estimate the value of the particle absolute charggp to Z' 20 which
complements the measurements made in other subdetectors.

The TOF system consists of four planes of 8, 8, 10, 8 plastic scirdibr counters
each. The planes are roughly circular with 12 cm wide scingitor paddles, one pair
of planes above the magnet called the upper TOF and one pair lbe, the lower
TOF. Both planes are shown in Figure 2.7. Each plane has a sengitiarea of 1.2 m
and within one plane the paddles are overlapped by 0.5cm to@d geometrical
ine ciencies. In order to have e cient background selection and to help the o ine
analysis, the paddles in the two adjacent planes are perpendliarly placed.

Scintillators are 1 cm thick and the light is collected by twaor three Hamamatsu
R5946 photomultiplier tubes (PMT) in each side. This guararges a redundant
system. The TOF operation at regions with very intense magnetields forces the
use of shielded ne mesh phototubes and the optimization of theegmetry of the
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2 The Alpha Magnetic Spectrometer

light guides, with some of them twisted and bent. This minimizethe angle between
the magnetic eld and the PMT axis. Figure 2.8 shows a TOF scintiator paddle
with twisted and bent light guides.

Figure 2.7: Top view of the design and ight paddles during an assembly test of the upper(left)
and lower (right) TOF.

Figure 2.8: Assembled TOF paddle.

The measurement in the TOF of the crossing time between scintitlar planes
allows to extract the velocity through = L= t. The time of ight resolution for
two scintillators, tested in a test beam at CERN in October 2003 wh indium beam
fragments of 158 GeV/c/nucleon, is shown in Figure 2.9 as furioh of the particle
charge. One of the tested scintillators had bent and twisted lig guides (C2) like
the one presented in Figure 2.8, while the other one had benglit guides (C3). A
time resolution of 180 ps was measured for this conservative aumration. However,
as the measurement in AMS-02 will be done with four independenmeasurements,
the time resolution which can be inferred is of the order of 13® for a MIP?. In this
time-of- ight measurement system is intrinsically related with the TOF time
resolution, t:

—=—=—=c (2.1)
wherelL is the distance between the TOF planes. For a ight distance of 1 m and
a time precision t =130 ps, the relative resolution for TOF velocity measurement
is [/ ' 3% for particles with 1.

IMinimum lonizing Particle
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2.3 The AMS-02 Detector

P1 0.164 + 0.001

P2 0.086 + 0.001

Figure 2.9: Time of ight resolution for a set of two scintillators and di erent char ged nuclei.
Results were obtained with nuclei fragments of an indium beam of 158 GeV/c/nucleontaken at
CERN in October 2003.

2.3.3 Superconducting Magnet

A key feature of the AMS-02 detector, responsible for a major paof its analyzing
power, is a strong superconducting magnet of 0.86T in the centehich corre-
sponds to slightly more than six times the value of the AMS-01 permment magnet.
The bending powerB L2 is 0.862 T nf. The design was mainly in uenced by the
constraints on the maximum weight allowed, while providing e largest possible
geometrical acceptance and bending power.

The superconducting magnet system for AMS-02 [134] consists of arpa large
Helmholtz (‘dipole’) coils together with two series of six smadir racetrack coils cir-
cumferentially distributed between them, as shown in Figure.20. The dipole coils
are used to generate the majority of the transverse magnetic el The racetrack
coils are included to increase the magnitude of the overallgble eld; to reduce the
magnitude of the stray eld outside the magnet (maximum stray dd is 4mT at a
radius of 2.3 m) and to reduce the magnetic dipole moment-( 0) of the magnet
system to avoid an undesirable torque on the ISS resulting froméhnteraction with
Earth's magnetic eld.

All superconducting coils are situated inside a vacuum tank andperated at
a temperature of 1.8 K with super uid helium. The magnet coilsand the toroidal
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2 The Alpha Magnetic Spectrometer

helium storage vessel with a volume of about 250@re screened from heat radiation
by a series of cold helium gas thermal shields. Figure 2.11 showfayout of the
AMS-02 magnet system including helium vessel and vacuum tank. THee bore of
the magnet system has a diameter of 1.1 m. The outer diameter d¢fet vacuum tank

is 2.7m and its height is 1550 mm. The magnetic eld points in x direction.

+L s
RACETRACK COIL RACETRACK END FRAME
ASSEMBLY

DIPOLECOIL

+Y

Ants

+X

NS

P N : CASE
HELUM S N 7
VESSEL ) ( Y

Figure 2.11: Layout of the superconducting
Figure 2.10: AMS-02 coil con guration. magnet.

The magnet will be launched with no eld, it will be charged oity after instal-
lation on the ISS. Because of parasitic heat loads, the helium liMgradually boil
away throughout the lifetime of the experiment. After the prgect time of 3 to 5
years, the helium will be used up and the magnet will warm up andilivno longer
be operable.

2.3.4 Tracker

The central part of the AMS detector is occupied by the siliconracker detector

(STD). The tracking system [135] is composed of 8 layers of doakdided silicon

microstrip sensors with 2264 units, 586 7205 0:30 mn? each with a total area

of 6.7n? arranged in 5 planes. There will be a total of 2500 silicon sensors
arranged on 192 ladders. A ladder is made of a variable numbdrsilicon sensors
(from 7 to 15). The strips are daisy-chained to increase the deton surface while

using a limited number of readout channels. The three inner tcker planes have
silicon ladders on both sides and the two outer planes only on@side. Figure 2.12
shows one of the inner planes completely equipped.
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Figure 2.12: Tracker inner plane equipped Figure 2.13:  Rigidity resolution for protons
with ladders. and helium nuclei as function of the particle's

rigidity.

The position of the charged particles crossing the tracker laggeis measured with
a precision of 10 m along the bending planeY OZ) and 30 m on the transverse
direction. Particles rigidity (R = pcjZje) is measured with an accuracy better than
2% up to 20 GV and the maximal detectable rigidity is around 3 V. The rigidity
resolution for protons and helium nuclei is shown in Figure 231

The absolute value of the electric charge is also measured fronesyy deposition
(dE=dx samplings) up toZ  26. Such extended measurement is possible due to

the low noise and wide dynamic range of the silicon readout efemics.

2.3.5 Ring Imaging Cerenkov detector

The Ring Imaging Cerenkov Detector (RICH) will be located right after the last
TOF plane and before the electromagnetic calorimeter. It ia proximity focusing
device with a dual radiator con guration on the top made of amgel and sodium
uoride (NaF). The expansion height is 46.9 cm. Its detection mtrix is composed of
680 photomultipliers and light guides and a high re ectiviy conical mirror surrounds
the whole set. The RICH was designed to measure the velocity of giyn charged
particles with a resolution = of 0.1%, to extend the charge separation up to
iron, to contribute to e=pseparation and for albedo rejection.

A more detailed description of this subdetector is given in thaext chapter.
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2 The Alpha Magnetic Spectrometer

2.3.6 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) [136] is located at hie very bottom of
the AMS detector just below the RICH and is a ne grained lead-sntillating ber
sampling calorimeter that provides an accurate 3-dimensiohianaging of the longi-
tudinal and lateral shower development. It provides high ( 10°) electron/hadron
discrimination in combination with other AMS subdetectors andgood energy reso-
lution, expected to be E=E' 102%= E(GeV) 2:3%. This result was evaluated
from beam test data analysis depicted in Figure 2.14 (right). fie ECAL provides
a standalone photon trigger signal and also provides AMS with notonverted 's
detection capability with an angular resolution of 1°.

The AMS-02 ECAL consists of a lead-scintillating ber sandwich wit an active
area of 648 648 mnt and a thickness of 166.5mm. The calorimeter is composed
of 9 superlayers, each 18.5mm thick and made of 11 grooved, 1 nnick lead foils
interleaved with layers of 1 mm diameter scintillating bersand glued together with

€poxy.
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Figure 2.14: Scheme showing AMS02 ECAL lead-scintillating ber structure (left). ECAL
energy resolution as funtion of the electron beam energy. These results are fronhné beam test at
CERN, in July 2002, using electrons with an energy from 3 to 180 Ge\right) .

In each superlayer, bers run in one direction only. The detdor capability of
reconstructing the shower in a 3-D image is achieved by pilingpuhe superlayers with
bers alternatively parallel to the x-axis (4 layers) and y-is (5 layers). Left-hand

70



2.3 The AMS-02 Detector

scheme of Figure 2.14 illustrates the lead-scintillating becalorimeter of AMS-02.

The calorimeter has a total weight of 496 kg and a thickness e¢esponding to

17X o radiation lengths.

At one end of the bers a multi-pixel (2 2) photomultiplier (Hamamatsu R7600-
00-M4) is placed. Each anode covers an active area of ®mn¥, corresponding to
35 bers, de ned as a cell with a granularity 0.5 Molere radius. In total the
detector is divided into 1296 cells (324 PMTs) which allows 18amplings of the

electromagnetic shower.

2.3.7 Anticoincidence Counters

The AMS-02 anticoincidence counters (ACC) [126] are made ofisdlators BI-

CRON BC414, 8 mm thick that surround the silicon tracker and aretted tightly

inside the inner bore of the superconducting magnet as seen irg&ie 2.15 (left).
There are 16 scintillator paddles with dovetailed edges forenmetic purposes. The
ACC detects particles that enter the tracker laterally, bepnd the AMS acceptance.
Those particles may confuse the charge determination if thegdve hits in the tracker
close to the tracks of interest. The ACC scintillation counterslesign allows a high

e cient rejection of undesirable particles.

Figure 2.15: ACC System inside the inner bore of the AMS-02 magnet(left). ACC light
transport system, from the bers embedded in the panels, through the couplings to the RITs
located on the outer rim of the vacuum case(right) .

The mesh photomultipliers that register the light signals fronthe ACC panels
are Hamamatsu R5946 and have to work in a moderate KG) magnetic eld at
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2 The Alpha Magnetic Spectrometer

locations on the top of and on the bottom of the magnet vacuumese, approximately
40cm from the racetrack coils. To deal with this and to minimie the e ect, the
PMTs are oriented with their axis parallel to the stray eld. Wavelength shifter
bers Kuraray Y-11(200)M, 1 mm wide, are used to collect lightfom the scintillation
panels and are embedded in grooves milled into the scintillah panels. Groups of 37
bers are collected in two output ports at both ends of the conters. They have two
photomultipliers in each end, mounted on the rim of the vacum case. Right-hand
panel of Figure 2.15 depicts the ACC light transport system.

2.3.8 Star Tracker

AMS-02 will have a star tracker on board. Gamma rays are not a @ed by the
solar, galactic and intergalactic magnetic elds, so they potrto their source. To
relate these sources with phenomena observed in other bandsha electromagnetic
spectrum like X-ray region, ultra-violet, visible, infrared ad radio, it is necessary
to have an accurate measurement of the direction to which thestector is pointing
when the event occurs. Because the space station is a large andibdx structure it
is necessary to make this measurement with a device attachedetitly to AMS-02.
The star tracker called AMICA [137] (for Astro Mapper for Instrument Check of
Attitude) will perform this measurement. In AMS the highest angilar precision
( arcmin) is given in the measurement of converted gamma rays lilie silicon
tracker. So to avoid any systematic shifts the device is attacheto the silicon
tracker structure. A star-mapper is conceptually an imagingpptical instrument
able to autonomously recognize a stellar eld through the matding of the observed
point sources with an on-board astrometric/photometric catbbgue and to calculate
its own orientation with respect to an inertial frame. The AMICA on AMS is
responsible for providing real-time information that is goig to be used o -line for
compensating the large uncertainties in the ISS ight attitwde and the structural
elasticity degrees of freedom. This device provides a prec{se20 arcsec) real-time
(at rates up to 20 Hz) 3D transformation of the AMS mechanical x- frame to sky
coordinates.

As shown in Figure 2.16, it consists of a pair of small optical telegges (AMICA
Star Tracker Cameras or ASTCs) mounted on either side of the uppsilicon tracker.
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2.3 The AMS-02 Detector

Each telescope consists of an optics system, a low frame-transfearge coupled
device (CCD), a support and a ba e to limit re ected daylight. The AMICA optical
system consists in a special, fast lens /1.25 with 600 mm aperturaca75 mm focal
length, Itered to pass 475 to 850 nm for noise reduction and torpvent saturation,
as well as protect from IR and UV. The CCD covers a eld of 63 6.3 with an

image scale of 0.36m/arcsec.

Figure 2.16: Star Tracker mounting on the AMS-02.

The two cameras are identi ed as ‘starboard’ (ISS right wingand “import’ (ISS
left wing) according to the ISS technical conventions. Theydve to be oriented
to maximize their view toward space, avoiding both the rotatig solar planels of
the ISS as much as possible (the starboard can not avoid al0% average time
obscuration) and attached radiators and the central part of he ISS. In addition,
having two cameras pointing in opposite directions ensuresdhat least one will

always have a clear view of space without solar interference.

23.9 GPS

In AMS-02 it is necessary not only a directional correlation praded by the star
tracker but also a precise temporal correlation (of the orderfdew microseconds)

between AMS-02 measurements and UFECtime for direct comparison with the

2Coordinated Universal Time
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2 The Alpha Magnetic Spectrometer

measurements from other missions. Time information is obtainefdlom the ISS,
but due to the limitations of the LRDL?® the reference time accuracy would be
a few tenths of seconds, which is insu cient. In AMS, short time peapds, up
to few seconds, can be accurately measured with a precision of threler of sub-
microseconds by the trigger system. Nevertheless, they are subjéationg term
drift and lack of an absolute reference. To overcome this AM&ill be equipped
with a global positioning system (GPS) with two patch type antemae mounted on
an upper USS member pointing in di erent directions to ensure that the sigmls

from a su cient number of GPS satellites can always be caught.

3Low Rate Data Link
4The Unique Support Structure (USS) is the primary structural element of the AMS-02 payload.

Its purpose is to structurally support the cryomagnet cold mass and the whole detctor during
launch, landing and on-board loading and integrates them with shuttle and ISS.
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Chapter 3

The RICH Detector of the AMS

Experiment

Let there be light.

in Genesis 1:3

Cerenkov detectors have been widely used in high energy phgsand astrophysics
for particle identi cation (PID) purposes. Several exampleof their application in
astrophysics experiments like in balloon experiments are BES9], CAPRICE [8],
ISOMAX [7]. In particular, AMS-02 will be equipped with a proximity focusing
RICH detector. Their use allows to measure the velocity and chge magnitude
of charged patrticles in a very accurate way, leading to padie identi cation (PID).
They rely on the properties of the emitted radiation by a paricle crossing a dielectric
medium (radiator) with a velocity greater than the light speel in the same medium.

Di erent Cerenkov detectors can be classi ed in the following groups: eiential
counters, threshold counters and Ring Imaging CHerenkov cowrs (RICH) [138,
139, 140, 141].

3.1 Cerenkov Radiation

The Cerenkov radiation e ect was identi ed and characterizedjn 1934, by Vavilov
and Cerenkov while they were trying to understand the origin of ta weak lumi-
nescence that salt solutions emit when struck by gamma ray&erenkov published
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3 The RICH Detector of the AMS Experiment

a paper in which he proved that the light emission was caused by @pton elec-
trons moving quickly through the liquid and showed the relatnship between the
emission angle and the refractive index of the medium [142]. 1937 Cerenkov ra-
diation was explained in the frame of classical electrodynaasi by I. M. Frank and
I. E. Tamm [143]. The quantum formulation of the theory of theCerenkov e ect
was elaborated by Ginsburg a few years later [21]. In 1958grenkov, Frank and
Tamm were jointly awarded with the Nobel Prize in Physics for tle discovery and
interpretation of Cerenkov radiation.

The use of this radiation for particle physics experiments hatb wait for the end
of World War Il and the development of the vacuum photomultigier which allowed

time coincidence measurements as well as single photoelectsensitivity.

Phenomenological description

A charged particle crossing a dielectric medium, with a refréige index n, po-
larizes the atoms along its track so that they become electrigipoles. Owing to
the transient nature of this phenomenon, polarized atoms @t back to equilibrium
by emitting a short electromagnetic pulse. If the speed of the picle, v= ¢, is
lower than the speed of light in the mediumg, = c=n, the polarization is symmetric
around the trajectory points of the particle and the interfeence between the wave-
fronts does not occur (Figure 3.1 (left) (a) [144, 145]). Onhe other hand, if the
speed is greater than the speed of light in the medium, the waveiits generated in
each point of the patrticle's path create a constructive intéerence, a net dipole eld
appears even at large distances from the particle and cohereadiation is emitted
with an angular aperture . with respect to the direction of motion, with the pho-
tons uniformly distributed in the surface of a cone with an apéure 2 .. This is
the Cerenkov e ect, and . is the Cerenkov angle. Figure 3.1 (left) (b) illustrates
the polarization for the casev > c=n [144, 145].

The necessary conditiony > c=n, implies the inequality 3.1.
> 1=n (3.2)

and can be understood from the Huygens's construction of Figurel3right) which
shows the formation of \Huygens' spherical wavelets", generateadlong the particle
trajectory. The same construction also implies the cosine of thgpening angle of
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3.1 Cerenkov Radiation

Figure 3.1: |lllustration of the Cerenkov e ect [144, 145] (left). Huygens's construction for the
Cerenkov radiation emitted by a particle traveling with a speed v greater than c=n, the speed of
light in the medium. The resulting wavefront is indicated by the dashed line and mowes in the
direction of the arrow (right) .

the Cerenkov cone, named/ach cone cos . should obey expression 3.2.
ct=n 1
COS¢= — = — 3.2
c= o . (3.2)

Consequently, the determination of . is a direct measurement of the velocity of
the particle. The lowest value of that obeys equation 3.1 is called thehreshold

velocity and is determined by the refractive indexh of medium.

According to equation 3.2, the emission angle depends on palgicspeed ()
and on the refractive index (). For di erent refractive indices there are di erent
threshold velocities or threshold momenta and di erent maximum emissioangles,
as can be seen in Figure 3.2.

The resulting radiation covers a band of frequencies correspbng to the various
Fourier components of the electromagnetic pulses emitted kiie medium dipoles.
It propagates normal to the Mach cone surface and it is linearlpolarized along
the direction perpendicular to theCerenkov cone surface, where the electric el&

oscillates. Figure 3.3 illustrates theCerenkov light polarization vectors [146].

The energy carried o by Cerenkov radiation E) per unit of length (dx) and
range of frequency ¢! ) for a particle of chargeZe was calculated by Frank and
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Tamm and takes the form [146]:

d’E  Z? ~ 1 zz2 ~ .,
odl - c 1 o) I = c I'sin® ; (3.3)

where = e§~c = 1=13704 is the ne structure constant. Because of the chromatic
dispersion of the optical mediumn is a function of the radiation frequency! . The
radiated energy grows linearly with the frequency and withie square of the electric
charge.

From the previous expression it can be deduced that the energysk due to the
Cerenkov e ect is much smaller than the ionization energy losdn the case of an
electron that moves with ' 1 across 1cm of waterr( = 1:334), in the spectral
range =400 700nm, the electron loses about 510 4 MeV by the Cerenkov e ect,
whereas its energy loss by ionization is 2 MeV [146].

Since the energy carried by each photon is:
E =-I (3.4)

and beingN ¢, the total number of radiated photons, the total radiated enggy, E

45 | o 45
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Figure 3.2: Dependence of the emission angle {) with the particle velocity ( ) and variation
for materials: aerogel and NaF (left). Dependence of the emission angle ) with the particle's

momentum per nucleon @) for two materials: aerogel and NaF (right) .
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3.1 Cerenkov Radiation

Figure 3.3: Cerenkov light polarization vectors. The electric vector E lies in the plane de ned
by the particle direction and the photon direction [146]

E=N%E ) dE = E dN'; (3.5)

allowing the number of radiated photons per unit of length ath range of frequency

to be expressed as:
d2N rad Zz 1
= 1 —— 3.6
dxd! c 2n2(1) (3.6)

On the other hand, the number of radiated photons per unit legth and energy

is given by
dZN rad 2 ) 1
dxdE = hc 2= 1 2p2

which results from substitutingd! by dE =~ in equation 3.3 and using 3.5. Then

(3.7)

dependence with the energ¥ is not explicitely written. It is notorious that the
light yield increases with radiator thickness (), the squared particle charge Z2),
the particle velocity ( ) and the refractive index of the medium ). The constant

term in expression 3.7 is 370 cm eV !, which allows to write:

d2 N rad

' 370Z% 1

1 1 1 .
IxdE 2n? cm “eV " . (3.8)

The number of photons emitted per unit path and per unit energ interval is
constant for a given chargeZ and this number is a fundamental quantity for the
detector design.
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3 The RICH Detector of the AMS Experiment

The total number of photons emitted in a radiator of thicknesd. can be ob-
tained by integrating equation 3.8. Taking into account theoverall e ciency ( ) for
detecting the emitted photons which includes the e ects oftteir propagation up to
the arrival into the photodetectors (collection e ciency) and the detection e ciency
(quantum e ciency) of the devices, the number of photoelectons per unit of length

(cm) is
z
Npe: ' 370Z°L < sin* > (E) dE =370 Z%L < si® >< > E: (3.9

On the other hand, the total number of radiated photons per uih of length in

terms of the wavelength range is obtained using the followingtegration:

Z
dNrad 2
=2 7 ? 1 1 d—. (3.10)

dx ) 2n2( ) 2

The number of Cerenkov photons emitted per unit of wavelength intervatl is
proportional to d = 2, consequently most of the photons are emitted in the UV
region. Moreover if the variation ofn( ) (for a discussion of this variation, see

subsection 3.3.1) is smooth in the same range,

1

1 20y = 1 co . = Ssirt . : (3.11)
The number of radiated photons per unit of length comes
dNrad
=2 Z 2 sin® 1. (3.12)
dx 1 2

3.2 Physics aims with RICH

The Ring Imaging Cerenkov detector (RICH) was designed to perform highly accu-
rate velocity measurements with a relative resolution / 0:1% for ' 1 and
Z =1 particles and to extend the electric charge separation atast up to the iron
element € = 26). The RICH will also contribute to the e /p and e" =p discrimi-
nation through an e cient mass separation The lower energy ragn will be covered
with the TOF starting at 1.5GeV. The RICH will also contribute to the rejection
of albedo particles which are not expected to generate a resge from the counter.
The mass of a particle is related to its momentump, and velocity, , through

: Y : o
the expressionm = &° 1 2 and its determination is based on the measurement
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Figure 3.4: RICH separation power for H, Figure 3.5: The RICH acceptance is
He, Be isotopes(left) . around 80% of the AMS acceptance. RICH

accepted polar angles are represented in the
shaded region and AMS accepted polar angles

are in the continuous region.

of both quantities. In AMS-02 the momentum is extracted from tle information
provided by the Silicon Tracker (see subsection 2.3.4) with aletive accuracy better
than 2% for the energy region interesting for isotope mass septoa. The associated
mass uncertainty depends on both the momentum and velocity @aracy m=m =

( p=p 2( =), where = E=m is the Lorentz factor. From the previous
equation it is clear that the error on the velocity will domirate as the momentum
increases. The expected results concerning mass separation wita AMS/RICH

for hydrogen ©/p), helium (3He/*He) and beryllium (*°Be/°Be) were shown in

Figure 1.8.

The separation power, de ned as the number of mass sigma,, between the two
mass peaks; " is shown in Figure 3.4. Looking at the separation power for dirent
elements, at di erent energies, for both radiators and imposma separation between
the mass peaks of at least 2 3 |, it is visible that RICH is able to discriminate
isotopes, such as helium®He/*He) and beryllium nuclei (°Be/°Be), up to a kinetic
energy per nucleon of 10GeV and 8GeV, respectively.
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3 The RICH Detector of the AMS Experiment

If AMS-02 was not equipped with the RICH detector mass separatiocould still
be done using the TOF's velocity measurement. However, due todlpoor velocity
resolution obtained ( 3%) it would separate helium isotopes only up to low energies
( 1GeVinucleon) and would be hard to separate beryllium isotopes.

The RICH geometrical acceptance is of 0.4 n¥ sr, which is around 80% of the
AMS acceptance. Figure 3.5 compares the polar angle distribor for a simulated

set of events passing through AMS and the RICH detector.

3.3 RICH setup

The AMS/RICH is a proximity focusing device with a dual radiata con guration
on the top made of a low refractive index radiator, aerogel = 1:050, and a central
square of sodium uoride (NaF); a high re ectivity mirror surrounding the whole set
and a detection matrix with light guides and photomultiplier tubes (PMTs). The
RICH has a truncated conical shape with an expansion height 064 cm, a top radius
of 60 cm and a bottom radius of 67 cm. The total height of the dettor is 60.5cm.
The detection plane has a 64 64cn? central square hole to minimize matter in
front of the electromagnetic calorimeter. In Figure 3.6 a pepective and a schematic
view of the RICH detector with the corresponding dimensions iepresented.

When a charged particle crosses the dielectric material of thradiator with a
velocity higher than the light speed in the medium, a cone dferenkov photons is
emitted. This light cone intersects the detection basis, drawg a ring, as the one
represented in Figure 3.7. Complex photon patterns can occat the detector plane
due to mirror re ected photons. The event displayed is generat by a simulated
beryllium nucleus passing in the sodium uoride radiator.

It is called a proximity focusing detector because due to the daator thick-
ness there are series of concentri€erenkov rings emitted, each corresponding to
a di erent emission point located along the particle's path. i the simple case of
the vertical incidence of the particle illustrated in Figure3.8, the focusing e ect
is almost attained since the expansion heightl, is much larger than the radiator
thickness,H,,q4. Consequently, the ring width, W = H,,q tan ., is negligible com-
pared with the ring radius,R. For ' 1, W  0:8cm for ann = 1:050 aerogel
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Figure 3.6:
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Figure 3.7: Beryllium event with ' 1

generated in the NaF radiator and detected
in the PMT matrix. This pattern includes re-
ected and non-re ected branches. The outer
circular line corresponds to the lower bound-
ary of the conical mirror and the small squares
are the photomultipliers. More details of the
matrix are shown in Figure 3.25.
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3 The RICH Detector of the AMS Experiment

radiator, 2.5 cm thick.

For di erent inclinations, W will also be a function of the particle polar angle
and of the azimuthal angle of the photori .

The RICH design was drastically constrained by volume, weighi.04.8 kg), power
consumption (110 W), long term reliability of components, thenagnetic eld in the
photodetector region, which will reach close to 300 G in the pltodetector volume,
and the amount of matter traversed since below the matrix therevill be an Elec-
tromagnetic Calorimeter. The proximity focusing principle using solid radiators
and photomultiplier detectors, has been considered as the mastitable technique
to meet all the requirements [148] above.

Within AMS-02, as illustrated in Figure 2.3, the RICH is locatel on the lower
part of the spectrometer, between the lower Time-Of-Flightiad the Electromagnetic
Calorimeter. The RICH is being built by INFN-Bologna, Centro ¢ Investigaciones
Energeticas, Medioambientales y Tecnobgicas (CIEMAT),Instituto de Astro sica
de Canarias, Laborabrio de Instrumentecao e Fsica Expdamental de Partculas
(LIP), University of Maryland, Florida A&M, Universidad Nacional Aubnoma de
Mexico (UNAM) and Laboratoire de Physique Subatomique et de Cosaotogie de
Grenoble (LPSC). Its assembly has already started at CIEMAT in fain and is
foreseen to be nished in January 2008. The nal integration othe RICH in AMS
will take place at CERN in 2008.

3.3.1 Radiator

The radiator is a key component of any RICH detector. It detanines the kinetic
energy range of measurements and the velocity and charge resioh due to its
optical properties.

The choice of the material for the radiator was strongly consaéined by the fact
that it must operate in outer space. In these conditions, a solid neerial is preferred
to any gaseous or liquid kind of radiator by its higher robustres and simpler con-
struction. In the domain of solid radiators the choice is not lwad. Among classical
materials the lower refractive index is proportioned by thesodium uoride crystal
(NaF) with n' 1:334 which has already been used with satisfactory results in the
RICH detector of the cosmic ray balloon experiment CAPRICE [19} 150]. Another
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possibility is o ered by silica aerogel (AGL) already used in the ATC of the AMS-01
ight.

The AMS-02 RICH radiator has a dual composition made of 92 squaeerogel
tiles with a side length of 11.4cm, 2.5cm thick with a refractie index 1.050 and
16 sodium uoride tiles with the same side length and a thickness &8 mm in the
centre covering an area of 3434 cn?. The radiator tiles are supported by a 1 mm
thick layer of Hesaglas [151] methacrylaten(= 1:46) free of UV absorbing additives.
There are gaps between the aerogel tiles of 1 mm lled with bta PORON walls for
structure rigidity purposes. Figure 3.9 shows a scheme of the RIGQiddiator while

the right-hand picture shows the radiator container with somessembled tiles.

Figure 3.9: Radiator container with part of the tiles assembled.

The implementation of a double radiator setup constituted by sdium uoride,
with a refractive index of 1.334, in the center and aerogelléis surrounding the
sodium uoride provides a larger acceptance and extends tower values the par-
ticle momentum range covered overlapping with the TOF's rage [58]. This will
impose further constraints on the propagation models of cosnmiays, based on the
measurement of the ratios Dp, 3He/*He and °Be/°Be.

The kinetic energy per nucleon threshold is a function of theefractive index
and is given by Ty, = n:pr12—1 1 m, wherem is the nucleon mass. For aero-
gel 1.050 and sodium uoride the thresholds are respectively,50GeV/nucleon and
2.1 GeV/nucleon. These thresholds are illustrated in both plotsf Figure 3.10 as well

as the Cerenkov angle (left) and the radiator light yield (right) for both radiators.

IThis is only a short name, not to be confused with a chemical formula.
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Figure 3.10: Variation of the Cerenkov angle with the kinetic energy for di erent radiator
materials: aerogel 1.030, 1.050 and sodium uorid€left) .

Evolution of the number of photons that are emitted when a singly charged partick crosses aerogel
1.030 and sodium uoride with the kinetic energy (right) .

As previously mentioned, this design has the additional advaage of partially
overcoming the central ECAL dead area, which is a real problefor the innermost
particle impact points in a radiator only composed of aerogel

A set of events crossing the RICH detector were simulated withinhe AMS
acceptance, for the case of an aerogel radiator with a refra@ index of 1.050, a
thickness of 2.5cm, and for an expansion volume height of 46r@.c The average
ring acceptance, understood as the fraction of visible photepnwas calculated for
each event and is represented as function of thé and Y coordinates of the particle
impact point in the radiator, in Figure 3.11. Events passing dse to the radiator
centre have low photon ring acceptances since most of radiatgdotons fall within
the non-active detection region.

Particles reaching the radiator within 15cm of its centre ha ring acceptances
lower than 22%. Moving on from the radiator centre, the ring eceptance increases.
Close to the radiator borders the photon ring acceptance desases again due to the
photons escaping through the radiator edges.

Replacing the central aerogel tiles with a radiator having higher refractive index

like sodium uoride would minimize this since particles crossmthe NaF with ' 1
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Figure 3.11: Distribution of the average Cerenkov ring acceptance as function of the the co-
ordinates of the particle impact point in the 1.050 aerogel radiator, for aset of events simulated

within RICH acceptance.

will radiate photons with a Cerenkov angle . 42°. Given the wider Cerenkov cone
in NaF, the fraction of photons falling in the inactive regionis minimized and con-
sequently the reconstruction e ciency is increased.

For a more complete study on the choice of a dual composition ftre RICH
radiator see thesis [58].

The NaF radiator covers an acceptance of 11% of the total numbef particles
crossing the RICH radiator.

The presence of a sodium uoride radiator in a particle's pathantributes with
4.6% of radiation length, while aerogel contributes with 3%. From the point of
view of the weight of the detector, critical in objects to be s# to the outer space,
the sodium uoride will contribute with 1.5kg. The total weight of aerogel, NaF
and radiator container is 16.4 kg.

For aerogel 1.050 the radiation light yield isN = 83/cm for a unitary charge with
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Figure 3.12: Chromatic dispersion, used in simulation, in the aerogeh = 1:050 radiator (left)
and in the NaF radiator (right) .

" 1 while for NaF isN = 389/cm. These values are obtained from integration
of equation 3.7 along the range of th€erenkov emission energy (E ' 2:4eV).
The right-hand plot of Figure 3.10 shows the evolution of the umber of radiated
photons in NaF and aerogel with the kinetic energy per nucleanf the particle.

Any optical medium is characterized by a chromatic dispersiom, which means
that the refractive index depends on the wavelength of the photons that cross the

medium (n( )). Consequently for . comes:

1 .
n()

As a result a dispersion from the expected value of calculated using the ref-

cos(c) =

(3.13)

erence value fom is observed. This is more signi cant for the NaF radiator than
for the aerogel as can be observed in Figure 3.12. The amplieudariation of the
refractive index within the detection range of the photomulpliers in the NaF is
Nnae 0:025 (right), nearly six times greater than in the aerogel caséeft), that
IS Nnac.  0:0044. Figure 3.13 shows the variation of the refractive indewith
respect to the nominal value for aerogel n=1.050 and NaF. Thdoge, the wave-
length spectrum of the detected photons determines the resulfjy Cerenkov angle
spectrum due to this radiator chromaticity. This detected wavelength spectrunte-

pends not only on the intrinsic Cerenkov radiation emission spectrum of equation
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Figure 3.13: Variation of the refractive Figure 3.14: Wavelength spectrum of the
index with respect to the nominal value both Cerenkov photons (at emission and detection).
in aerogeln = 1:050 (plain distribution) and The production spectrum of Cerenkov pho-
sodium uoride (shaded distribution) due to tons is the monotonous decreasing curve
the chromatic e ect. (%l /). The convolution of this spectrum

with the detection PMT e ciency spectrum
gives rise to the second curve. Both spectra

are normalized to unit.

(3.10) but also on the PMT photocatode sensitivity (Figure 3.24 There are still
other minor e ects such as the Rayleigh scattering wavelengttiependence and the
absorption wavelength spectrum of the plastic foil layer belothe radiator tiles that

can produce some modulation on thidetected wavelength spectrum

In this way, considering only the convolution of the emission spgum with the
PMT e ciency spectrum of Figure 3.24, we show what would be the avelength
spectrum of the detected photons in Figure 3.14. For an easigpmeciation of the
change of form, both spectra are normalized to unit. Note thatypbdecreasing of the
dispersion of the photons wavelength spectrum, this convolotm has a nice e ect

which is to attenuate the chromaticity.

Nonetheless, the chromatic e ect remains and has a direct impétion on the
Cerenkov angle resolution, since even for a xed particle velity there is not a single

89



3 The RICH Detector of the AMS Experiment

Figure 3.15: Aerogel transparency.

value for the refractive index in theCerenkov relation:

<( ) =arccos (3.14)

1 .
n()
The e ect of the chromaticity in the reconstructed velocity resolution will be
analysed in the next chapter.
The nal choice for the aerogel is a hydrophilic aerogel prasted by Boreskov
Institute of Catalysis Institute in Novosibirsk (CIN) with a refractive index 1.050.

The reasons for this choice will be carefully discussed in Chap&

Silica Aerogel

Silica aerogels (AGL) have been produced with a broad rangé refraction in-
dices, from 1.006 to 1.14, bridging the gap between gas anda@dliquid) Cerenkov ra-
diators. In fact traditional gas and liquid radiators have a efractive index either
smaller than 1.0018 (GF,,) or larger than 1.27 (liquid GsF14) [152]. The use of silica
aerogel as a radiator inCerenkov threshold counters was suggested by M. Cantin in
1974 [153]. Since then it has been used in sevetarenkov detectors and recently
in HERMES [154] at DESY, LHCb [155] at CERN and in AMS-01 [156].

Aerogel is a man-made material that could have a density as lovg éhree times
that of air. It consists of grains of amorphous silica (Si§) with sizes ranging from 1
to 10 nm linked together in a three-dimensional structure lle by trapped air. This
structure determines an internal surface close to 100Gy that plays a key role in
the chemical and physical properties. Aerogel's refractivedex n can be related to

its density according to the known equation

n=1+ k() (3.15)
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with k being a non-dimensional, wavelength dependent quantity ohé¢ order of
0.2 [157] at = 400nm. The knowledge of this coe cient is necessary for a fast
and simple refractive index control during production. Dengy values ranging from
0.003 g/cn? to 0.55g/cm? are available corresponding to refractive indices af =
1:0006 andn = 1:11 respectively. The transparent look of aerogel is shown in
Figure 3.15. The aerogel production in Novosibirsk [158] has dad in 1986 and the
rst samples appeared in 1988. Nowadays silica alcogel blocke aynthesized via a
two-step method from tetraethoxysilane. High-temperature suwgrcritical extraction
of alcohol solvent is performed to process wet alcogel to aeebglhen aerogel blocks
are baked at 640C to remove organic residuals and to improve aerogel transpasy.
The granular structure of aerogel with a typical length scalefdew nanometers
determines its optical properties. Due to this structure, phimns that cross the ma-
terial su er Rayleigh scattering, losing their original dire¢cion. The macroscopic
scattering cross-section is proportional to the inverse of thertb power of the pho-
ton's wavelength ( scat / ) and on the other hand is the inverse of the scattering
length ( scat = ﬁ) The transmittance, t, is a measure of the fraction of unscat-
tered photons at the exit of the radiator. It is a function of the path length crossed
by the photon in the medium, according to the expression belowyhich is a good

approximation in the photon wavelength region from 300 nm t@00 nm:
t(x; )= Aexp( Cx= %= Aexp( X=Lscar); (3.16)

wherex is the distance crossed in the radiator ané is the measured transmission in
the long-wavelength region. The interaction length is giveby L s = g where the
coe cient C, called the clarity coe cient, is a measure of the material tansmittance.
The greater the clarity coe cient the lower the transmittance. The NaF has a
negligible clarity coe cient and the chosen aerogel has a va¢ of 0.0052 m*cm *
[159].

The bluish haze that surrounds aerogel samples is an e ect of tikayleigh scat-
tering since short wavelengths are the most severely a ected blgd continuous scat-
tering mechanism. Therefore, an important concern associatedth the design and
construction of a RICH detector with an aerogel radiator is ithe Cerenkov photons
that transverse the aerogel without any scattering are in su ciat number to allow

the measurement of their emission angle with the expected acaay. The fraction
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R of photons with wavelength that come out unde ected from the radiator after

being produced is given by
R =A %1 exp( CL= %)=CL: (3.17)

In fact, from expression 3.12 the total number of photons proaed along the
aerogel lengthL is expressed by
Z L

dNrad
o =K, N®=K dx=KL; (3.18)
0

while the total number of photons produced along the aerogahd crossing out the

tile without su ering Rayleigh scattering is given by
dN" st = K p dx (3.19)

where p is the probability of a photon being produced at a depthx and do not
interact in the radiator which can be written asp = Ae (- s Considering

the interaction length Ls.os = “4=C, the following result may be obtained
dN™ 5 = KAe (b 07t gy (3.20)

Evaluating the integral along all the crossed distanck the previous expression
can be expressed as

z
N st = KAe [t L @t dx = N™ % = KA %1 exp( CL= %)=C:
° (3.21)
Finally R is obtained as
N no scat
R = N - A 41 exp( CL= %)=CL: (3.22)

Photons can also be absorbed in the radiator material. In aerelgthe absorption
is negligible compared with Rayleigh scattering. In fact, te absorption rate is
two orders of magnitude below the scattering rate so it can be gkected in a rst
approach [160]. In NaF, absorption would be the only signi caninteraction that
photons can su er but negligible since the radiator thicknessivery small compared
to the absorption length Laps 100cm).

Another photon dispersion e ect present in silica aerogel is th@fward scatter-
ing (FS) e ect (Mie e ect). In contrast to the nearly isotropic Rayleigh scattering,
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the anisotropy in the dielectric constant of the medium causes lgght scattering
which is strongly forward peaked, as suggested by its name. FSrésponsible for
the sometimes fuzzy or deformed images of objects viewed thgh aerogel. This
surface e ect was rst studied in reference [161] and studied inetiail in reference
[162]. According to these references, forward scattering commestly from the
boundaries of the aerogel tile crossed by light and a ects a Ige fraction of the
Cerenkov photons in the whole wavelength range. For each pbo refracted out of
the radiator a probability Prs of scattering on a surface cluster was assigned. In this
case, the photon su ers forward scattering with an angular distbution according
to P()=(sin = ?)exp( sin® =2 ?),

Aerogel optical measurements

For a good resolution on the velocity measurements to be attad several aspects
concerning the aerogel tiles have to be controlled since thesll operate in space for
a long term. Several measurements of the optical properties the aerogel (clarity
and refractive index) have been done at LPSC, Grenoble and @EMAT, Madrid.
The aerogel ageing, as well as an intensive study on the e ecttbermal variations
and mechanical vibrations in the mentioned properties wasied both at CIEMAT
and UNAM.

An experimental setup to measure the aerogel transmittance wasoomted in
CIEMAT. Itis composed of a support wheel housing 4 aerogel samglplaced in vac-
uum, a LED, a spectrophotometer CARY-Win-UV sensitive to photons' wvelengths
in the range 200 800 nm and a PC. The apparatus is illustrated in Figure 3.16.

Left-hand plot of Figure 3.17 shows the adjusted function of #form presented
in 3.16 to the data points of the transmittance variation withthe photon wavelength
for a sample of aerogeh = 1:030 from Novosibirsk. The results for the maximum
transmittance (A) and clarity (C) coming out from the t to the data points for the
three aerogel samples from Novosibirsk and Matsushita manufactus are shown in
Table 3.1. The sample that presents the best clarity value is thdatsushita aerogel.
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3 The RICH Detector of the AMS Experiment

Figure 3.16: Transmittance measurement setup.

Figure 3.17: Spectrum of the transmitted light through the aerogel sample from Novosibiisk
n = 1:030 (left). Aerogel ageing curvegright) .
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Manufacturer n A Ao (%) C ¢ ( m*cm?)
Novosibirsk  1.030 94.770.27  0.005090.00003
Matsushita 1.030 96.790.98 0.003790.00012
Novosibirsk  1.050 97.020.38 0.00524 0.00005

Table 3.1: Maximum transmittance and clarity measured in laboratory for the three aerogel
simples from Novosibirsk and Matsushita manufacturer[163}

The variation of maximum transmittance and clarity with time, which is gener-
ically called the aerogel ageingvas also measured.

The results show a degradation on clarity of 05 10 2 m“*cm lyear ! which
corresponds to 10%/year. This leads to a decrease on the numbéradiated photons
lower than 3%.

The aerogel refractive index was also measured and this proaesl will be de-

scribed in Chapter 9.

3.3.2 Mirror

A high-re ectivity mirror surrounding the whole RICH expansion height was in-
cluded to increase the device acceptance. Around 33% of the fmns produced in
the aerogel point outside the detection matrix. The inclusiorof a high re ectivity

mirror recovers a great majority of these photons.

Figure 3.18: RICH conical mirror.

The RICH mirror has a truncated conical structure with an expasion height of
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Figure 3.19: Photons' incident angle at the mirror in the ight setup, events within AMS
acceptance (left) . Mirror re ectivity measurement in the laboratory as function of the photon
wavelength for di erent incident angles: 15°, 30°, 45°, 60° (right) .

46.3 cm, a top radius of 60 cm and a bottom radius of 67 cm. It vggits around 3.5 kg
and is illustrated in Figure 3.18. It consists of a carbon ber rmforced composite
substrate with a multilayer coating made of aluminium (100 nmand silicon dioxide,

SiO,, (300 nm) vacuum deposited on the inner surface.

The re ector is produced in 120 composite segments, which are framed with
composite ribs at the entire perimeter of the mirror. It is maé using a replica
technique using a mandrel (a die) on which the carbon ber plgeare positioned
before being cured. The mandrel and plies are oven cured und@acuum. The
polishing process consists of covering the mirror surface with kit layer of resin (a
few tenths of a millimeter), epoxy, to eliminate as much as ssible the roughness of
the carbon ber ( 15nm). After a second cure process, the mechanical part of the
lateral surface is ready. Next, the anges and the ribs are glddo the lateral surface
using the mandrel as a reference. The three sectors are produead assembled.
The nal step is the coating by the electron gun method, the mosexperienced
method, to guarantee deposition uniformity. This ensures a mtivity higher than

85% for 420 nm wavelength photons.

Figure 3.19 (left) shows the photons' incident angle with respéto the normal
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Figure 3.20: Fraction of re ected photons at the detection matrix (at the top light guides level)
generated by a sample of particles generated in the AMS acceptance, with' 1 in aerogel 1.050
(left) and sodium uoride (right) together with an expansion volume height of 46.2cm. (Mirror
re ectivity=0.85).

to the mirror surface in the ight setup, for events with ' 1, simulated within AMS
acceptance impacting in two types of aerogel radiator: CINA50C = 0:0055 m“*cm 1!
and CIN1.030C = 0:0054 m*cm *. The maximum incidence is around 65for the
ight con guration. Right-hand plot of the same Figure presens the mirror re-
ectivity measurement in the laboratory as function of the ploton wavelength for
di erent incident angles: 1%, 3(°, 4%, 6(°. The measurements con rm the expec-
tations, a re ectivity higher than 85% for most of the wavelenths for photons with
an incident angle of 60 is attained.
Figure 3.20 presents the fraction of the photon generated by particle with
* 1 that reaches the PMT readout matrix after su ered re ection In the sodium
uoride case, all the events have re ected photons due to theuflger emission angle

(¢ 471°. In aerogel around 70% of events have re ected photons.

3.3.3 Light guides and detection cells

In order to reduce dead areas between adjacent photomultigts and consequently to
increase the photon collection e ciency, an array of light gides was added, coupled
to each photomultiplier. A light guide unit is a pyramidal pdyhedron composed
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Figure 3.21. PMT housing plus light guide [131}

of 16 independent, plastic tubes glued on a plastic plate. Thailbes are made of
an acrylic plastic free of UV absorbing additive (DIAKON LG 703) 126] with a
refractive index of 1.49 close to the one of the PMT windown(= 1:5). These
characteristics were chosen to obtain a transmittance as higls @ossible over the
wavelength range of the PMT detection (from 300 to 650 nm), a low density to
minimize the weight of the whole structure and a thermal expasion coe cient small

enough to withstand temperature gradients without signi can deformation.

A schematic insertion of the light guide with a PMT is shown in Figire 3.21 and
a picture of the entire detection cell is presented in Figure.32. The cell ts inside a
shielding tube to protect the PMT from the stray magnetic eld (300 G) that is not
shown in the last picture. Despite the purpose of reducing the deareas between
adjacent PMTs there are gaps of 3mm even at the top of the liglguides because

of the presence of the shielding and to mechanical assembly reason

The 16 pieces that compound the light guide, with three di eent shapes, are held
together by a thin layer (1 mm) on the top made of Hesaglas acrgl{151]. Inside
the light guide, photons are conducted by internal re ectias. The light guide unit
is optically coupled to the active area of phototube cathod@rough a 1 mm exible
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Figure 3.22: Detection cell including PMT, front-end electronics, light guide matrix and (half)
housing shell[148]

optical pad. With a total height of 31 mm, a total volume of 13 m? and a collecting
surface of 34 34 mn?, it presents a readout pixel size of 8.5mm. The optimum
dimensions have been determined to maximize the photon cali®n e ciency.

The light guide is mechanically attached through nylon wire to the photomulti-
plier polycarbonate housing. The housing has been designed tsere the alignment
of the photomultiplier pixels and the light guide within the shielding cells.

3.3.4 Photomultipliers

The detection matrix is composed of 680 photomultiplier tube (PMTSs) that with-
stand moderate magnetic elds. The Hamamatsu R7600-00-M16 [1&4as the cho-
sen photomultiplier for the AMS-02 RICH due to the reduced sizefast response
under low operational voltage (800 V), large anode uniformjtand low sensitivity to
external magnetic elds [126]. Also required are a good tolamee to night/day tem-
perature variations in space, a good resistance to vibration drieasible operation in
vacuum. On the other side, RICH operating principles requira PMT with a high
guantum e ciency, a precise spatial resolution for velocity reolution purposes, a

good single photoelectron resolution and a linear response in ml@&range of charges
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for a charge identi cation at least until the iron.

The photomultiplier selected is the 4 4 multianode R7600-00-M16 from Hama-
matsu, with a sensitive zone of 44 mn? and a pitch of 4.5mm. The photocathode
is a bialkali with a borosilicate window. It provides a single potoelectron response.
The chromatic range of counter will be limited at short wavelegths by the cuto
of the borosilicate window, the spectral response is from 300 t&®nm, with the
maximum at =420nm, according to the curve shown in 3.24. Considering the
wavelength spectrum of the radiatedCerenkov photons, taking into account the
chromatic dispersion,n( ), which is more relevant for the NaF case, the average

guantum e ciency comes

R o L1 isd
min QE 2 2”( )2
< o >= —R (3.23)
max 1 l 1 d
min 2 2n()?
which gives for ' 1 particles in aerogel a mean quantum e ciency< oe >=

0:1443 and for the sodium uoride< ,¢ >= 0:1444. These values were computed
from a simulation that took into account the chromatic e ect and the Hamamatsu
curve shown in 3.24. Figure 3.14 already introduced the waeglgth spectrum of the
detected photons.

When photons strike the photocathode window and the excitedextrons in the
valence band get enough energy to overcome the vacuum levakrier, they are
emitted into the vacuum as photoelectrons. The charge ampktation is obtained
due to a chain of 12 dynodes which results in a gain of the orderi® for an applied
voltage of 800V. The single photoelectron resolution is0.7 and a large dynamical
range is ensured for charge separation with the RICH.

The RICH photomultipliers will operate with a high stray magretic eld (300 G)
so they have to be surrounded by a shielding case made of soft iroml@diamagnetic
material (VACOFLUX 50). Therefore each unit of the photon deéction system as
shown in Figure 3.23 consists of a photomultiplier coupled to gght guide, high volt-
age (HV) divider plus front-end (FE) electronics, all housed angotted in a plastic
shell and then enclosed in a magnetic shielding with a thicknesarying from 0.8 to
1.2 mm according to the matrix position (see right-hand schemd Bigure 3.25).

The matrix is composed of di erent modules: square (with 143 ds) and trian-
gular (with 27 cells) with gaps between them. As aforementiodethere is a non-
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active area at the centre to insert the electromagnetic calmneter (ECAL), which
is a square with a side length of 63cm. The detail of the matrix isepresented in
left-hand scheme of Figure 3.25.

Complete detection cells as depicted in Figure 3.23 were tedtin a vibration
table to ensure that they can support the acceleration duringahding and take-o .
The tested devices broke between 19 and 24g which is more than 3 times the

required quali cation values.

3.3.5 Front-End Electronics

Figure 3.22 shows three printed circuit boards on the base ofalaPMT which form a
80M HYV resistor divider which provides the bias for each dynodef the phototube,
optimizing the power consumption and maintaining a very highinearity. A special
ASIC (Application Specic Integrated Circuit) was developedand mounted on a
forth board connected by a exible kapton cable. It containsl6 channels of a charge
preampli er which feeds an RC-CR shaper and a sample & hold cuit, which xes
the maximum of the shaped signal. In order to increase the resal for small
signals, an amplier with a gain 1 or 5 was added. A track-and-hold system

allows the 16 channels of the PMT to be multiplexed, encoded isequence, and

Figure 3.23: The photon detection system(left) and an exploded view of the main components
(right) .
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Figure 3.24: The R7600-00-M16 Hamamatsu PMT (left). PMT quantum e ciency variation
with the detected wavelength (right) [164].

134 cm

63 cm

ECAL hole

Final RICH PMT matrix (680 PMT's)

Figure 3.25: Top view of the RICH PMT matrix (680 PMTs): detail of the matrix with  the
active parts and the inactive ones: ECAL hole, module gapgleft). Distribution of the shielding
thickness depending on the magnetic eld intensity: Yellow cells Thickness = 1.2 mm; Gve cells

Thickness = 1.0 mm; Cyan cells Thickness = 0.8 mm
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read by the ADC (Analog to Digital Converter) [165].

3.4 RICH Standalone Simulation with GEANT
3.21

The RICH detector was fully simulated through the GEANT3.21 pakage, available
in [166] and supported by CERN. This code has been updated seudrmes when-
ever there was a design modi cation or a new parameter de niin for the selected
materials of the detector. The main idea was to develop a sination package as
close to reality as possible.

Di erent geometry con gurations established for the ight setup, as well as for
the di erent con gurations with a RICH prototype that will b e referred in Chapter 5
were implemented and the physical processes, namégrenkov radiation, photon
scattering and absorption, were simulated. For example, all éhoptical properties
of the aerogel like refractive index and clarity measured iraboratory were de ned
in the simulation.

The generated events, when not speci cally described for a dedted study,
are isotropically distributed on the solid angle (before applpg AMS acceptance)
and uniformly distributed on the primary impact plane. A geneated particle with

> 1=nis propagated along the radiator material and generatgSerenkov photons
along its track. Each photon is followed step by step until it isdetected in the
photomultiplier matrix. The photomultipliers’ response is ako simulated with a
statistical function that will be introduced in Chapter 9. At t he detection level a
simulated event is characterized by its hit coordinatesX;,Y;) and by the signal of
each hit (S)).

The importance of this standalone simulation package was natous for the opti-
mization of several parameters of the detector like the duahdiator optimization [58]:
the dimensions and the thickness of each radiator; the expansibeight determina-
tion; the size of the light guide among others.

The RICH simulation was intensively used on this thesis to test theelocity
and charge reconstruction algorithms that will be presentechithe next chapter,
to perform an evaluation of the charge systematic errors, to preew the e ect of
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some geometry modi cations and to study the detector physicalrpspects after some
parameter variation. Two examples of the two last mentioned @nts are presented
next. The radiator inner walls e ects on the photon ring accptance is an example of
the rst, while the e ect of the refractive index random spreadon isotope separation
illustrates how this simulation can be used to foresee the detectcapability with a

change in the refractive index.

3.5 Design Studies

E ect of the Radiator Inner Walls on Ring Acceptance

As was described before there are opaque gaps between the asrbops of 1 mm
lled with black PORON foam for structure rigidity purposes. This does decrease
the Cerenkov ring acceptance which is de ned as the fraction ofsible photons in
the detection matrix. The ring acceptance takes into accotithe radiator outer and
inner walls, the photons lost due to total re ection, the mirra re ectivity and the
matrix non-active area. A deeper explanation of this concépvill be introduced in
the next chapter at the moment of the charge reconstruction nieod description,

document [58] presents the subject carefully.

The idea of this study is to quantify the reduction in the numbe of photons
due to existence of radiator walls. Ara priori, geometrical crude and conservative

calculation can be done. This is in the sense that the worst casellvine taken.

Scheme 3.26 represents a side view of a radiator tile with a léhgL and a
thicknesst, as well as the contiguous tile with a wall in the middle of then. First,
a particle is considered as impacting on the top of the radiatan a point D cm
far from the tile edge with an inclination and it is assumed that all photons are
radiated from the top. The idea is to calculate the percentagof events with a
reduction of any amount in their photon ring acceptance dueot the loss in the
walls where the photons would be absorbed. With this purpose éhmext step is the
calculation of the active surfacede ned as the tile area in which all the impacting
particles would generate fully contained photons in the sant#ge. AssumingD o0 as
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100

Figure 3.26: Scheme of two contiguous aerogel tiles with a block of black PORON foam between

them. Not drawn to scale.
the impact point distance from the tile edge where this condin is ful lled comes
Digo = ttan + t=cos tan .cos = t(tan +tan ): (3.24)

Assumingt =3cm, < > ' 20° (mean value of distribution 3.5) and .  13:86°

(n =1:03) follows

D1go = 0:61t[cm] = 1:83cm (3.25)

and nally for the active surface S, and for the total surface S;,

Sa=(L 2Dig0)’ (3.26)
S = L2 (3.27)

which straightforward gives theinactive surface S

Si =4D10o(L  D1o0) (3.28)

In fact,

ﬁ — 4D100(L DlOO) — 54% (3 29)

St L2
however this is the worst case in the sense that only particles Wwian azimuthal

angle that makes them point outside the tile are being considered. lfact, for the
same impact region considered as inactive there are particlegacting with opposite
values of that would generate fully contained rings. We can roughly mtiply this
value for 1=4 which allows to conclude that around 13.5% of the events asemehow
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a ected, losing part of their photons. However, in order to havea more feasible
answer to the aforementioned e ect a complete simulation of thradiator PORON

gaps was done and compared with the case with no PORON.

Simulated radiator: Matsushita aerogel

{ Tile radiator pitch = 11.4cm
{ Refractive index = 1.03

{ Clarity = 0.0058 m“cm 1!
Expansion height: 46.3cm
Polyester foil: 1 mm thick

Mirror re ectivity: 85%

Particles were generated within all the AMS acceptance and seted in order to
be within the RICH acceptance.

Figure 3.27 presents two event displays of the same event impact in the same
aerogel radiator point ( 20;51:7) cm represented by a dot. Both displays are a
top view of the detection matrix where the particle track is &o represented. On
top of it, the symbols and indicate the positions at the radiator top level
and at the detection matrix level, respectively. The second siplay also presents the
double radiator con guration and each radiator tile locaton is discriminated. In the
case represented on the left-hand the radiator tiles were sinatgd in a contiguous
geometry while on the right the gaps between them were intraded. The rst case
shows, for the same track and same impact position, an event with @l contained
ring with a direct branch and a re ected branch while in the seand a clear loss of
photon ring acceptance is observed in the re ected branch dde the absorption of
Cerenkov photons in the black PORON foam.

A set of 1 1C° events crossing only the aerogel radiator were simulated withi
the AMS acceptance and in the conditions established above. Theerage ring
acceptance was calculated for each event and is representeduaction of the X and
Y coordinates of the particle impact point in the radiator. Ohce more the gaps were
simulated in one case and not in the other. Figure 3.28 depictkd result for both

106



3.5 Design Studies

RUN O /EVENT 2 7 — RUN O /EVENT 2 . =N =
60 — N y 60 — i
A I e
A i N T
L A N L N
40 & | 01 40 I 7 01
) i i ! / i)
20 20
\
0 0
=20 —-20
X o X g
-40 N % —40 v
o b N
-60 — —-60 —
| | I R ] | | | | I R ] | |

—60 —40 —20 0o 20 40 60 —60 —40 —-20 0 20 40 60

Figure 3.27: Two displays of the same simulated event in a Matsushita aerogel radiator n=1030,
C=0.0058 m“*cm ! with no black PORON walls between the tiles (left) and in a radiator with
inner opaque walls(right) .

cases, respectively, on the left-hand and on the right-hand p# On the left-hand
the result is similar to the one presented in Figure 3.11 for thenal aerogel radiator
n = 1:050. Events passing close to the NaF radiator (closer to the centehave
the lower photon ring acceptances since part of the radiatechptons still fall within

the non-active region. On the right-hand mapping, there is aisible additive e ect
which is the reduction of the photon ring acceptances coreged with a specic
grid distribution that coincides with the gaps between the amgel tiles. Particles
impacting close to the gaps with incidences that di er from tle vertical clearly

generate events with reduced photon ring acceptance.

The next step is to quantify the photon ring acceptance reduan. Bringing this
idea in mind a direct test is to look at the ratio of the calculaéd acceptance for the
events generated in a geometry with gaps and the calculatetigion ring acceptance
for the case with no gaps for the same event. Both quantities acalculated in an
event-by-event basis. Figure 3.29 shows this computation withll the distribution
normalized to the total number of events. It is visible that 11%of the events
have their acceptance reduced by any amount due to the presenaf the radiator
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Figure 3.28. Cerenkov ring acceptance distributions according to the impact coordinates for
aerogel 1.030 both in the case with no black PORON gaps between the tilegeft) and considering
them (right) . The events were generated within all the AMS acceptance and the radiator is the
same described in text

gaps. This value is obtained by counting the population belothe peak of 1, which
represents the amount of events that stay una ected (89%). Itsidirectly read from
the plot that 2% of events with null acceptance are introduak in the case of the
geometry with gaps while it is computed an average acceptanceduction around
8%. This value is much more optimistic and realistic than the atservative geometric
calculation.

The relevance of the mirror presence for aerogel events coroasfrom the anal-
ysis of the mirror acceptance distribution illustrated in Figue 3.30 (left). In the
simulated aerogel together with the described geometry arodr60% of the events
have re ected photons and 4% of the events have fully re ectepatterns which
can be read from the peak at zero (40%) and from the peak at onar the mirror
acceptance, respectively.

In a similar way, to study the in uence of the black PORON gaps irthe mirror
acceptance the same type of plot, representing the ratio beter the calculated mir-
ror acceptance for the events generated in a geometry withggand the calculated
mirror acceptance for the case with no gaps for the same evenasvdone and is pre-

sented in Figure 3.30. Once more both quantities are calcuéat in an event-by-event
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Figure 3.29: Ratio between the visible acceptance calculated for events generated in a geometry
with black PORON gaps and the visible acceptance calculated for events generated in a gaetry

without gaps.
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Figure 3.30: Distribution of the mirror acceptance computed from re ected patterns generated
in an aerogel radiatorn = 1:03 (left). Ratio between the mirror acceptance calculated for the
events generated in a geometry with PORON black walls and the visible acceptance calated for

the events generated in a geometry without PORON (right) .
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3 The RICH Detector of the AMS Experiment

basis. Figure 3.30 (left) shows this computation with all the ditribution normal-
ized to the total number of events. It is visible that 13% of the wents have their
acceptance reduced by any amount due to the presence of theieddr gaps. This
value is similarly obtained by counting the population belowthe peak of 1, which
represents the amount of events that stay una ected (87%). Itsidirectly read from
the plot that 5% of events with null acceptance appear in thease of the geometry
with gaps while an average acceptance reduction around 11%domputed. This
reduction value is slightly higher than the reduction amountor the whole pattern

but it is also not very signi cant.
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Figure 3.31: Event display with a larger radiator tile con guration. Ratio between the vi sible
acceptance calculated for the events generated in a geometry with PORON black walls anthe
visible acceptance calculated for the events generated in a geometry without PORON. Thewo
distributions correspond to the case of a tile width of 11.4 cm (full dots) anda tile width of 17 cm

(open dots).

The nal step of the study intended to observe what would happerf & larger ra-
diator tile con guration was introduced. The studied dimenson was half of the NaF
square width which is around 17 cm. Figure 3.31 (left) illustri@s the new radiator
tile division with a dashed line. The event is the same depicted Figure 3.27 where
its previous geometry is discriminated. A smaller reductiomithe photon ring ac-
ceptance is expected but it is necessary to quantify it. The sanmot, representing
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the ratio between the calculated photon ring acceptance favents generated in a
geometry with gaps and the calculated photon ring acceptaador the case with no
gaps for the same event, was done. Figure 3.31 shows it in the disiition with
open dots, while the distribution describing the previous geoatry with smaller tiles
is superimposed with full dots.

It is observed that events with reduced acceptance constituteow 8% of the total
number of events instead of 11%. Now only 1.3% of the events hanel acceptance
while before they summed up to 2%. The average acceptance reiilon in the case

of a larger tile pitch is around 6%, quite close to the previoud8%.

Conclusion

The presence of opaque gaps between the aerogel tiles of 1 mkad lwith black
PORON foam does have an e ect on the photon ring acceptance,espally for events
generated by particles impacting close to the tile borders. @eidering a tile pitch
of 11.4 cm the simulation in the de ned conditions foresees thd1% of the events
lose some part of the photons compared to the case with no gapsvieetn the tiles.
An average acceptance reduction 8% is expected, which is not very signi cant
since the radiator under construction has a high light yield foZ = 1 particles (11
photoelectrons). On the other hand, since 60% of the eventslfay in the RICH
have re ected photons it was relevant to quantify the same ragtion for these
re ected photons. 13% of the events presented a reduced mirracceptance while
the average acceptance reduction amounts to 11%, which idlgtiot very signi cant.
The simulation predicts that an enlargement of the aerogellé pitch to 17 cm which
is half of the sodium uoride square side length leads to 8% of thevents with part
of its acceptance reduced while the mean acceptance redantis around 6%. This
value does not show a great improvement and the tile enlargenteloes not appear
to be an advantage since as was stated above 8% of acceptanceaicton is not
signi cant. Therefore, for rigidity purposes it is worth having blocks of PORON
foam between the aerogel tiles which will not signi cantly rduce the photon ring

acceptance.
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Chapter 4

Velocity and Charge

Reconstruction Algorithms

The human mind has rst to construct forms, independently, lbere we
can nd them in things.
Albert Einstein

4.1 Introduction

This chapter introduces the two reconstruction methods for elocity and electric
charge measurements developed at LIP for cosmic charged pelds impacting in the
RICH detector. The velocity reconstruction method was rst deeloped by J. Borges
[167] and later on optimized and tuned, while the electric etige reconstruction
method was rst established by A. Keating [168] and then improvetih the present
study. Article [169] presents an overview of both reconstructiomethods.

The event reconstruction consists of th€erenkov angle determination which di-
rectly leads to the velocity ( ) measurement. The complete reconstruction algorithm
will be described in detail, as well as its optimization proakire. All the uncertain-
ties that a ect the Cerenkov angle determination will be thoroughly explainedn
the begining of the present chapter.

The electric charge reconstruction method will be also minule described as
well as the systematic uncertainties that a ect the determin&on of this quantity.
Simulation results will be shown for both velocity and chargelgorithms. Finally
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4 Velocity and Charge Reconstruction Algorithms

the conclusions will be presented.

4.2 Cerenkov angle uncertainties

The accuracy of the velocity measurement made with the RICH gends on the
accuracy of theCerenkov angle reconstruction. Aerogel and NaF show intrinsidgal
di erent sensitivities to the Cerenkov angle as is explicit in the following relation
derived from the Cerenkov angle relation 3.2:

— =tan . ¢ (4.1)
The uncertainty in . () arises from di erent factors:
pixel size of PMT readout matrix ( Rp);
radiator thickness H;aq ) Rt);
radiator chromaticity (n( ) ) Rn).

Consequently the uncertainty in . is given by:

e | ;CJier {Z Ehick} ghrom; (4.2)

geom
c

where  2%°™M accounts for the uncertainty sources of geometrical natur@ikel size
and radiator thickness) and "™ accounts for the intrinsic chromaticity.

In rst approximation the geometrical Cerenkov angle uncertainty estimation can
be obtained from particles with ' 1 impinging perpendicularly on the detector and

neglecting refraction at the radiator transition. The deteted photon ring width can

be related to the photon arm ¢l) and to the transverse ring width ( R, = Rcos ()
through:
R> Rcos:. R
tan( o) g Hecos . Ccos” . 0 (4.3)
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%l

DR

Figure 4.1: Uncertainty of the reconstructed . due to the photon ring width uncertainty.

Given the small uncertainty in . ( . 1), the error on the Cerenkov angle is

obtained, .

¢ cog ST (4.4)
where R= Rp Rt with  Rp and Ry being the increase of the ring width
due to the pixel size e ect and due to the radiator thickness, reggtively.

As the Cerenkov reconstructed angle is an average on the individuaconstruc-
tions based on each detected photon of tHéerenkov pattern, the nal error will be
lower than the single hit contribution. In fact the error in mean angle in every event
scales down with the number of photoelectrong\l, detected on the reconstructed

pattern. p
_ i B ¢ Single hit
c— N ) c W
From now on the refraction at the exit of the radiator will be taken into account.

(4.5)

Therefore the ring radius can be written as:

R = Ttan .+ Htan ,

H tan , (T=H 1) (4.6)

with , representing the angle of the refracted photon at the radiats exit. Hence,

performing the derivative of the last expression and using the 8iis law the uncer-
tainty on the Cerenkov angle can be expressed as:

R (1 n?sin® )32

° H ncos . '

(4.7)
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Radiator thickness

Since the Cerenkov detector of AMS is a proximity focusing RICH, the radia
tor thickness introduces a spreading of the photons on th€&erenkov ring. From
Figure 3.8, for a vertical incidence, Rt = W = Ttan .. For aerogel 1.05 with
C =0:0052 m*cm 1! an e ective thicknessT should be assumed due to the scat-

tered photons. Assuming a uniform distribution for the photon enssion along the

radiator,
R+ :
Rr= p— = p—tan .: 4.8
T -IQE pTZ c (4.8)

For the n = 1:050 aerogel radiator,T¢s = 1:7cm thick, Ry  1:8 mm while for
the sodium uoride radiator, 0.5cm thick, Ry 1:3mm.

Pixel size

The pixel granularity corresponds to the cell detection areaof the light guides
(3.4cm=4 = 8:5mm) and brings an error to the measurement of the hit coordi-
nates used in the reconstruction of the ring. Consequently, th€erenkov angle
measurement is also a ected. The pixel contribution for the ucertainty R arises
from the independent uncertainties present on each coordiesof the detected point,

( X; YY), as follows:

R = X X Y Y.
"7 Rp Rp
Since pixels are squared, X = Y leading thus to:
Rp = X=Y (4.9)
X _ 085cm 25 mm:
SRS ' '

Chromaticity

The chromatic e ect was already introduced in subsection 3.8, where it was shown
that it is more relevant for the sodium uoride radiator than for the aerogel, as shown
in Figure 4.2. For aerogel 1.050-" = 0:10% while for sodium uoride —* = 0:43%.

According to expression 4.10, for a particle with * 1 crossing the NaF radiator
the dominant factor producing a larger chromatic e ect in tre emitted photons is
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4.2 Cerenkov angle uncertainties

-, since . would be higher than in aerogel for the same. Neglecting the photon's
refraction comes:

The next step will be introducing the refraction e ect. On the other hand the
cosine of the reconstructedCerenkov angle can be expressed as cf§ = X with
n being the average refractive index calculated within the dection range of the

photomultiplier. Combining this information allows to write 4.6 as:

nsin &
n2sin® rec

hence manipulating the expression and observing the geometriyFigure 4.1 leads

to the following expression for the sine of the reconstructed akeg
r

R 1 1R
sin = — ————= ——: 4.12
¢ n R2+H2 nd (4.12)
consequently the cosine is written as:
r
1 R?
cos .°= = nz2 —: 4.13

On the other hand from the emittedCerenkov angle a similar expression can be

written as: S
1 1 R ?
= —— n?() — (4.14)
n() n() d
and after some manipulation the following geometrical expssion can be obtained
R ? 1
§ = n = (4.15)
and therefore r
1 1
cos & = a n2 n2+ —: (4.16)

which can be derived in order of the real refractive index leiang to the chromatic

uncertainty in . given by:
n
tan rec

rec —
c

(4.17)
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Figure 4.2: Refractive index variation due to the chromatic e ect for an aerogel radiator n =
1:050 (left) and for sodium uoride (right) .

A Cerenkov angle uncertainty of 3.2mrad is expected for aerogel 1.050 while
for sodium uoride a spread of 4.8 mrad is foreseen. This is in agreement with the
observed uncertainty for the reconstructed. () in aerogel and NaF illustrated in
Figure 4.3. This distribution was obtained performing a simaition of the chromatic
e ect in both radiators. In this simulation Cerenkov photons were generated with a
wavelength distribution law in 1= 2 and for each of them the refractive index( )
is calculated. The quantum e ciency cut is a priori applied aad for each detected

photon the Cerenkov emission angle is calculated.

Conclusions

To summarize the e ect of all the geometrical uncertaintiesrédiator thickness +
pixel size) and the chromatic uncertainty on the error of theeconstructedCerenkov an-

gle allows to write

1 ( Ry Rp) (1 n?sin® )32 n
= p— —_— 4.18
¢ N H ncos . tan rec (4.18)

with N being the number of photoelectrons.
The contribution of each uncertainty to the nal single-hit resolution for the
Cerenkov angle and velocity is summarized in Table 4.1.
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The aperture angle of the emitted photons with respect to theadiating particle is
A charged particle with > ¢ eqium that impacts on the top of the RICH dielectric

Table 4.1: Single-hit estimated uncertainties for Cerenkov angle () and velocity ( ).

4.3 Velocity Reconstruction Algorithm
known as theCerenkov angle, ¢, and since there is a relation 3.2
between the charged particle velocity () and this aperture,

derived from the Cerenkov angle reconstruction.

4.3.1 Pattern tting

Figure 4.3:
radiator n

10000
8000
6000
4000
2000

medium of the radiator emits photons uniformly along its trak. The photons are
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either refracted or fully re ected at the radiator's bounday, depending on their
incident angle (). Those which pass the radiator can have re ections on the con-
ical mirror and then reach the photomultiplier plane where lhey can be detected.
Therefore, a hit pattern is produced with a geometrical ringacceptance depending
on the radiator particle's impact point (1), particle's direction (; ) and photon's

aperture angle (). This is schematically represented on the following Figure.4.

radiator
(n)

RBMIR

Figure 4.4: Scheme with the photon's path length through the RICH detector. One of the
photons is re ected and the other, at right, reaches directly the photomultiplier plane of the
detector.

This pattern can be regarded as a parametric function givenyb
|

"Rpat(" 5 o) f Xpar(' 5 o) Ypar(' 5 0)g 0<'< 2
wheref X pat; Ypatg are the coordinates for the points of the curve parameterideny
' . The variable . is the only free parameter for the t since theCerenkov angle
reconstruction procedure relies on the highly accurate infmation of the particle
direction (; ) provided by the tracker. This will correspond to the axis of he cone
described by the photons' trajectories.

The procedure developed to reconstruct these patterns can barsunarized as a
parametric ray tracing of the trajectories of theCerenkov photons in a simpli ed
framework where all of them are emitted at a single point insidene radiator.

The kinematic con guration of the mother particle is descriled by 6 parameters:
the spherical angular coordinates ; g together with a point P, = fxy;w;z.g
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4.3 Velocity Reconstruction Algorithm

specify the trajectory. The velocity is given by .. In our framework, all the photons

will be emitted at P,; see Figure 4.5.

Figure 4.5: |lllustration of the photon tracing. Assigning values to the particle traject ory

parametersfx,;yy;z,; ; @, each photon is parameterized by . and the azimuthal angle' [167]

Knowing the particle trajectory parameters, and for a given alue of , each
photon trajectory is parameterized by a single azimuthal pameter’ (0 <'<
2 ). The meaning of this azimuthal angle is well illustrated in Figure 4.5. The
photons' trajectories are traced through the detector, up tdheir impact points in
the detection matrix. It is the intersection of these trajectoies with the detection
matrix that constitutes the Cerenkov tting pattern.

Complex photon patterns can occur at the detection plane due mirror re ected
photons, as can be seen on the right-hand display of Figure 4.6h& event displayed
is generated by simulated beryllium nuclei in the sodium uode radiator. Each
touched pixel is called a hit. The . reconstruction developed at LIP is based on a
tto the Cerenkov photon pattern. As depicted by the schematic draw ofi§ure 4.6,
the idea is to nd the pattern that better ts the collection o f detected photons in
the PMT readout matrix.

To summarize, the tracing can be seen as a procedure that takess the input
and gives the corresponding detection point in the matrikXq; y4g as the output. For
more details on these calculations constituting the support a@his tracing procedure
see thesis [58]. With this tool the distances between the data ipts (hits) and a
predicted pattern can easily be computed.
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60 —

40—

20

Figure 4.6: Schematic view of an incoming particle generating hits in the PMT readout matrix
that provide the input to the pattern t (left). Beryllium event display generated in a sodium
uoride radiator (right) .

4.3.2 Maximum likelihood method

As was previously mentioned, theCerenkov angle reconstruction procedure relies
on the highly accurate information of the particle directim (; ) provided by the
tracker. The emitted Cerenkov photons can su er interactions inside the aerogel
radiator (Rayleigh scattering and absorption) and forward sdéering at the exit of
the aerogel, while in the sodium uoride radiator photons caonly su er absorption.
Outside the radiator photons can be either absorbed or re eatieon the mirror and
can fall in an active or non-active area of the detection matt. Consequently, the
reconstruction of the Cerenkov angle has to deal with two types of photons; those
which are only slightly deviated from the expected photon pa¢rn due to the pixel
granularity, radiator thickness and chromaticity e ects ard those which spread all
over the detector, as the photomultipliers noise. The formetype corresponds to
the signal that produces theCerenkov ring. The distance of these photons to the
expected pattern is almost gaussian distributed re ecting esseatly the uncertainty
related with pixel size, radiator thickness and chromaticity A more careful observa-
tion of the residuals distribution computed relatively to theexpected . pattern for

a 2.5cm thick, 1.050 refractive index aerogel radiator witl = 0:00512 m*cm 1! is
introduced in Figure 4.7. A structure well described by a doublgaussian function is
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Figure 4.7. Hits residuals relatively to the expected pattern for 50000 simulated helium evets in
all AMS acceptance for an aerogel 1.050 radiator setup, 2.5cm thick witflC = 0:00512 m“*cm !,
and an expansion height of 46.2 cm. The right-hand plot shows the same distributin in an extended
scale.

visible. The function used to t the distribution is given by the sum of two gaussian
functions centered at the same mean value ( = 0), where N;, ; are respectively

the number of hits in each population and the gaussian width:

F(X) = Gi(5 1N+ Ga(5 2iNg) " 4 (4.20)
I PO 2 L) PR 2
2_ 1 p 2 1 2_ 2 p 2 2

The presence of a second gaussian is necessary to take into accouatforward
scattering e ect introduced in Chapter 3 and the pixel e ect. The former implies
that part of the photons are scattered away from the reconstraed ring but forward
peaked generating an enlargement of the residuals distribati. The latter implies
that discrete hit coordinates will appear with a distance amag them which is a
multiple of the pixel size (8.5 mm) or a multiple of the pixel dagonal F? 8:5cm).
Therefore the double gaussian description is applied both to ragel and sodium
uoride events.

It is convenient to weight the hits, excluding the particle his, according to
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4 Velocity and Charge Reconstruction Algorithms

their distances to each hypothetical . pattern during the t. A natural approach
to this task is to use a maximum likelihood function [170] in wlth a probability
is assigned to each hit included in the t. For a random variablex distributed
according to a probability density function (p.d.f.) f (x; ) with a known form but
unknown parameter , the probability that n random independent measurements of
X, (X1;X2; i Xp), are in the intervals [xq; X1 + dx], [X2; X2 + dX] ... [Xn; X, + dX] is

given by
W
P(Xi 2 [xi;xi + dxi])= f(xi; )dx: (4.21)

i=1
If the p.d.f. f (x) and the parameter describe those data then a high probability
for the data that were actually measured is expected. Sinak; do not depend on
the parameters, the same reasoning applies to the following fttion L ( ) called the

likelihood function
Y\I
L()= f(xi; ) (4.22)

i=1

The present case study can be written as

W
L= PIri( o) (4.23)
i=1
where the parameter to estimate is. and the random variable is replaced by the
hit residual, r;, to the currently considered . pattern. P is the probability density
function followed by the residuals, in fact

q
C s )= Kep(' iy ©) Xi)z"'(Yexp(' HOERE (4.24)

where' ; is the hit azimuthal position in the photon pattern which is neessary to
evaluate for each residualPfr;( .)gdr describes the probability of a hit placed at a
distancer; from the expected pattern given by a certain being atr <r ; <r + dr.

The probability density function for a detected hit being eiher signal or noise
should be of the type

Piotal () = Psignai (') + Phoise (I): (4.25)

As was mentioned before the signal is well described by a doubkugsian func-
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tion. Therefore, the signal p.d.f. term can be expressed by

! # ! #l
2 2

1
F)signal (r) = Csignal p—; exp A~ + p_i exp
2 1 2 1 2 2
(4.26)
where the meaning of each parameter of the gaussian was alreadyablished and
In rst and good approximation the tail of the residuals distribution (background

hits) can be assumed as at and therefore described by a constantlgd. function
Phoise () = Choise - (4.27)

The values of the constant€gjgha and Ceise Will be xed from the normalization
of the overall p.d.f. (Pt ). So for an event withN hits, S hits belonging tosignal

and B hits to background

S B
N=S+B, 1=_—+ —; 4.2
S+B, 1= o+ (4.28)
which implies the normalization condition:
0 0

where D represents the maximum distance of a hit to the pattern and is &hti-
ed with the active matrix dimensions. After integration the following values are

obtained:
S
Csignal = W
1
Cnoise = bE. (4.30)

The nal combined probability function can be written, taking into account that

S —
v=1 Dbas

n # n #!
1 r °? 2 1 r ? b
Pr)=(1 b p=—=—ex - — + p——exX - — +
=1 b pyF—ep 5 — ZoeP 5 5
(4.31)

with the independent parameters ;, 5, ;= ﬁ

uated from the residuals distribution, andb, the background fraction. From the t

with i=1,2 and D to be eval-

presented in Figure 4.7 the gaussian widths are evaluated to be= 0:374 0:001cm
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and , =1:348 0:008cm and normalization factordN,; and N, describe the relative
population of the two gaussians, so from the same gure; = 0:76 and , = 0:34.
The D parameter is taken as 134 cm which is the diameter of the matyi corre-
sponding to the spatial domain on which each residual falls intoTo evaluate the
background fraction b it is necessary to de ne a cut distancel,; that separates
the population of hits that are signal and the population thatbelongs to the back-
ground. This implies a ne tuning of the parameterb that will be explained in the
next subsection.

The de ned probability should also take into account the signalstrength n;
which is proportional to the number of emitted photons withait su ering from the
saturation of the hits occupancy.

The nal likelihood function can be written as

W
L(c)= . P™M[ri( o)l (4.32)

i=1
The weight will be considered as the signal strength for, > 1, otherwise it will
be assumed to be 1 in order to avoid the single photoelectron disgien ( ,e  0:76).
Figure 4.8 shows the single photoelectron distribution extréed from test beam data
in 2003.
For numerical reasons the minimized function is logL ( ) which is equivalent
to the maximization of L( (). This does not change the minimum position, but

merely enlarges the function curvature close to the minimum.

Particle signal in the light guide

When a particle crosses the light guide material which has a thigefractive index
(n = 1:49), it produces a large number ofCerenkov photons. In fact, about six
times more photons per unit length are produced than in the aegel 1.050. As a
consequence clusters of several hits come up in a small area cewl rinto the same
photomultiplier. It is desirable to reject these hits from thet to the Cerenkov pat-
tern. The reconstructed event display of Figure 4.9 shows the ect described. If
particle clusters were not removed from the set of points to t e reconstructed
pattern would be the inner one instead of the (clearly visiblegxpected one.
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Figure 4.8: Single photoelectron signal extracted from test beam data.
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Figure 4.9: E ect of particle hits on the pattern t

[167] Without removing particle hits the

reconstructed pattern would be the inner one. The larger ring is the simulatedCerenkov pattern.
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Figure 4.10:  Hit residuals relatively to the expected pattern for 50000 simulated helium
events in all the RICH acceptance for an aerogel 1.050 radiator setup, 2.5cm thcwith C =
0:0052 m*cm !, and an expansion height of 46.2 cm: cut distance for separation between signal

and background hits.

In this velocity reconstruction method, hits closer than 5cmrbm the particle
impact point at the readout matrix are rejected. The impact wint results from the

extrapolation of the AMS track to the readout matrix.

4.3.3 Optimization studies
Background level tuning

As was previously mentioned, evaluating the background fraon bis equivalent to
de ning a cut distance d.; that separates the population of hits that are signal and
the population that belongs to the background. In simple termm the cut distance
will be the distance up to which hits will be considered as signalits and will be
associated to theCerenkov ring. Beyond the cut distance only background hitsra
considered to be present in the residuals distribution. Figure. 20 illustrates the cut
distance for separation between signal and background hits.

In practice the problem implies solving the following equatin for di erent cut
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4.3 Velocity Reconstruction Algorithm

distances which gives di erent background leveldy.

b
5 (4.33)

(1 B(Ga(deut) + Ga(dewt)) =

Samples of 10000 helium events with' 1 were simulated within all the AMS
acceptance, impacting uniformly in the aerogel region of hRICH radiator. The
relative velocity resolution = is estimated from the distribution ( ™ recy
where S™ ' 1, for each established pairl{ d.,;). The evolution of — with dgy
is presented in the left-hand plot of Figure 4.11. The velogitresolution improves
with the cut distance, according to expectations, up to a valuaround 1cm. This
was foreseen because signal hits belonging to Berenkov pattern are being added
to the reconstruction. For distances beyond 1cm a at region isbserved where
the relative velocity resolution for helium nuclei in aerodel.050, 2.5 cm thick in the
ight setup is around (0:636 0:006) 10 3. The existence of this region proves that
by associating more hits to the ring the velocity resolution is ot degraded which
is a consequence of the fact that the probability density fun@in is weighting well
the signal and the background hits. For distances from the ringrgater than 4cm
results suggest that the resolution starts to degrade. However ihé at region the
velocity resolution is insensitive to the cut distance. Therefe it was decided to set
the cut distance atd.,;=2.0 cm, which leads to a background levdb=0.776 and to
a resolution of (0635 0:006) 10 2 for the helium nuclei in the same setup.

The right-hand plot of Figure 4.11 shows the relative velogit resolution for
helium nuclei in the aerogel 1.050 radiator versus the cut detice using a likeli-
hood with a double gaussian description for the signal probaltyli together with
the same study using a single gaussian in the signal function in thedd. P(r) =
1 bGy(ry) D£. This model leads to a lowed.,; which is 0.60 cm corresponding
to a background levelb = 0:950 and nally to a optimized velocity resolution of
(0:638 0:006) 10 2 which is compatible to the optimized value using the dou-
ble gaussian model. However from Figure 4.7 it can be seen that this with a
distance of 0.60cm are clearly in the central gaussian regionhigh indicates that
they are good candidates for signal hits. Such a low value foretcut distance that
optimizes the velocity resolution suggests that the whole sigheegion is not being
well described by the p.d.f. that uses only one gaussian for the 1s& probability.
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Figure 4.11: Relative velocity resolution for helium nuclei in aerogel 1.050, 2.5 cm thickin the
ight setup versus cut distance between signal and noise hits spatial distribution. Onthe left
the probability density function in the likelihood uses a double gaussian descriptiorfor the signal
probability while on the right the same result is plotted (full squares) together with the result
using a single gaussian (open dots).

The model with a double gaussian for the signal description willedbadopted in-
stead of the single gaussian model. The reconstruction e ciencyif protons using
the rst model is 1% increased with respect to the e ciency using he description
with only one gaussian. In additionb parameter is less sensitive to radiator proper-
ties using a double gaussian description. The optimized velogcitesolution for the

two models is comparable.

Photon emission point

The emission point in the radiator assumed for photon tracing inhe pattern t pro-
cedure is a parameter that is a source of systematic error for @elty reconstruction.
The lower this point is chosen the larger will be the reconstrted Cerenkov angle.
This feature is illustrated in the scheme of Figure 4.12.

It was mentioned several times before that th&€erenkov photons are emitted
along the entire particle track in the dielectric material & the radiator. However, in
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4.3 Velocity Reconstruction Algorithm

Figure 4.12: lllustration of the emission point e ect on . reconstruction. Moving the emission
point from the top to the bottom of the radiator necessarily leads to di erent reconstructed angles:

1 and ,. The scheme is not drawn to scale.

aerogel they can interact through di erent e ects: Rayleighscattering and absorp-
tion. The cross section for Rayleigh scattering isscat / - While for the absorption
itis as/ - [160], so only the rst e ect will be considered for the calculdbn of
the mean photon emission vertex. Considering as the interaction probability per
unit of length, which is given byp = £ whereC is the radiator clarity, the photon
mean free path can be expressed as

p™dx.

<X>= My
pln X

(4.34)

According to equation 3.20 and using the variables de ned in Bure 4.13p™,

the photon non-interaction probability for a crossed distancex = f(;; '), Is
given by ke P*. Hence, \
X k e Pxdx
<X>= R ; (4.35)
o k e Pxdx
which simpli ed is expressed by
<x>=" - (4.36)
- p\ e p‘ 1 .

Assuming as a rst and crude approximation the photon path de nedoy ~ =

cos

with < > 2 which is in fact the distance crossed by the particle and >
358nm,C = 0:0052 m*cm ! and H,,g = 2:5cm comes< x > 1:53 which is
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rad
e

Figure 4.13: lllustration of the mean photon emission vertex in the radiator with a thi ckness
H:ag. The total distance crossed by the photon isl, while x is the distance crossed until an

interaction.

61% of the radiator height. In reality the distance crossed by # photon is also a
function of the particle direction ( , ), the Cerenkov angle (;), the photon emission
point (z) and the photon azimuthal angle' , thatisd (;; ;z;'). Obviously the
foreseen emission point is not in the middle point of the radiatoheight. Since
the Rayleigh scattering probability increases with the raditr crossed length it is
expectable that the photons emitted near the radiator top & most scattered and
thus lost from the ring. So az origin coordinate closer to the bottom is expected
with a shift depending on the clarity coe cient. The greater the clarity, the higher

the expected shift.

The emission point was ne tuned using the RICH simulation. It is onstrained
to be along the particle track so that thez emission coordinate is the only remain-
ing degree of freedom. For the study the fraction of radiatordight that is the z
coordinate divided by the radiator thickness &) was considered.

The velocity reconstruction was applied using samples with 200 helium events
generated within the RICH acceptance with ' 1 by simply varying the emission
coordinatez. The expected e ect is a direct shift of the reconstructed peak from
the unity. This e ect can be appreciated in Figure 4.14 whiclshows distributions
of ( sm '€¢) for photon emission vertex at 44% and 70% of the radiator thicless

at right and at left, respectively.

Figure 4.15 presents the evolution of the systematic error of ¢hmean recon-
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Figure 4.15: Simulation study showing the
Figure 4.14: sim 'e¢ distributions for ne tuning of the z coordinate of the emis-
vertex at 44% and 70% of the radiator thick- sion point assumed for the pattern tracing.
ness. An aerogel 2.5 cm thick with a clarity co- An aerogel 2.5cm thick with a clarity C =
e cient C =0:0052 m*cm ! was simulated. 0:0052 m*cm ! was simulated.

structed velocity value with the percentage of radiator heigt. This shows a linear
variation with the optimal emission vertex at 60.4% of the raditor height. The
value obtained with the simulation performed is in agreemenwith the value ob-
tained from the calculation presented above.

Background level tuning for sodium uoride

The same optimization study applied to aerogel was also done tbe sodium uoride
radiator. The residuals distribution can be observed in Figurd.16 (left). A double
gaussian function can be tted to the distribution and it is clea that the population
of the second gaussian is relevant.
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Figure 4.16: Hit residuals with respect to the expected pattern for 50000 simulated helium
events in all AMS acceptance for a sodium uoride radiator setup, 0.5cm thick, and anexpansion
height of 46.2 cm (left). Relative velocity resolution for helium nuclei in sodium uoride, 0.5cm
thick in the ight setup versus cut distance between signal and noise hits in the spatal distribution
(right) .

For the optimization procedure, evaluating the backgroundraction bimplies the
de nition of a cut distance dq; that separates the population of hits that are signal
and the population that belongs to the background. In practal terms the problem
once more consists in solving equation 4.33 for di erent cut dishces leading to
di erent background levels. Samples of 50000 helium eventstiv ' 1 were simu-
lated within all the NaF acceptance. The relative velocity reolution = is again
estimated from the distribution ( S™ rec) where S™ ' 1, for each established
pair (b, dsyt). The evolution of — with dg is presented in the right-hand plot of
Figure 4.16. The velocity resolution improves slightly as theut distance increases
and reaches a stable region aftad.; = 3cm where the relative velocity resolution
for helium nuclei in NaF, for the ight setup is around (233 0:02) 10 3. Since
the velocity resolution stabilizes ford,,; = 3cm, this will be increased to 4 cm for
reconstruction e ciency improvement, which corresponds to &ackground level of
b=0:186.
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4.3 Velocity Reconstruction Algorithm

4.3.4 Simulation results: velocity studies

The results presented in this subsection have been collected imetframework of
the RICH standalone simulation mentioned in Chapter 3. The mostundamental

parameters used from now on are presented in Table 4.2.

n 1.05
aerogel radiator| Haq 2.5cm
C | 0:.0052 m*cm 1!
NaF radiator n 1.334
Hag 0.5cm
foll n 1.56
H il 1.0mm
expansion height 46.2cm
light guide n 1.49
size 34mm
pitch 37 mm
mirror re ectivity 85%

Table 4.2: Simulated parameters.

Figure 4.17 shows reconstructe@erenkov patterns using the velocity reconstruc-
tion algorithm described in this section. The patterns at lefare generated in aerogel
while the patterns at right are generated in the sodium uori@ radiator. The par-
ticle direction is traced with a straight line segment and the article impact point
at the top of the radiator corresponds to the point where the sil line turns into
a dashed line. The impact point at the detection plane is repsented by a crossed
point. Cerenkov rings generated by di erent charged particles areghown and it is
clearly visible that the velocity reconstruction algorithm s even able to recognize
complex patterns like the ones generated in sodium uoride. Hese patterns may
contain re ected branches generated by photons that are rected only once and
by multi-re ected photons. The given examples introduce paérns with segments
coming from double re ections.
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tom) nuclei in aerogel 1.050, 2.5cm thick radiator(left) and sodium uoride (right) . The recon-
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Figure 4.18: Distribution of ("¢ sim ) for protons (' 1) impacting in the aerogel (left)
and in the sodium uoride radiator (right) .

Figure 4.18 (left) introduces the reconstructed velocity diribution from simu-
lated proton data in aerogel. It is a sample with 50000 eventsegerated within
the aerogel radiator acceptance with * 1. A gaussian t is applied to the dis-
tribution and the resolution foreseen for singly charged paxles is estimated to be

=(1:20 0:01) 10 3. This value ful lls the requirement of measuring proton
velocity with a resolution of one per thousand. The reconstruet velocity distribu-
tion for protons in sodium uoride is presented in the right-had plot of Figure 4.18.
In the present case a resolution of = (3:09 0:03) 10 3 is attained for singly
charged particles. Some tail events are visible in both reconsttion. They arise
from reconstructions with a low number of hits and could be etiinated imposing
a number of reconstructed hits in theCerenkov pattern higher than four. Unless
it is explicitly mentioned all the accepted reconstructionave at least three hits
associated to the reconstructed ring.

The obtained resolution for singly charged particles is in fulagreement with
the predicted uncertainty presented in Table 4.1 for aerogel However the NaF
resolution extracted from simulation is better than the calclated one due to the
bias introduced in the distribution of the number of hits usedn the reconstructed
ring. This result will be con rmed in Figure 4.19 (left) showirg a good agreement
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4 Velocity and Charge Reconstruction Algorithms

with the resolution extracted from  evolution with Z.

Figure 4.19 shows the evolution of resolution with the charge obtained with
aerogel and NaF radiators in the ight setup. It is expected thavelocity resolution
varies according to a law/ 1=Z, as expected from the charge dependence of the
photon yield in the Cerenkov emission up to a saturation limit set by the granularity

of the detection matrix. Therefore the law
S

2
@)= 2

+ B2 (4.37)

should rule the evolution. HereA is the resolution for a singly charged patrticle
while B is the asymptotic term with the meaning of the resolution for a &ry high

charge. For aerogeh = (1:263 0:005) 10 2andB =(0:202 0:001) 10 2 while

for sodium uoride A = (4:44 0:01) 10 3%andB =(0:531 0:001) 10 3. The

evaluated resolution for singly charged particles in sodium aride is better than the

expected result from the t to the other charges, as con rmed fsm the misaligned
point for Z =1 . This is due to the bias introduced in the event sample due tthe

three hits cut.
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Figure 4.19: Expected evolution of the resolution with the charge obtained with aerogel(left)
and sodium uoride (right) radiators in the ight setup.

The velocity resolution for each radiator can be extracted &m the gaussian tto
both distributions in Figure 4.18 as stated above, however thalues obtained should
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not be directly compared to characterize each radiator renstruction capability
because of the di erent statistics on the number of hits. The distbutions on the
number of hits associated to the reconstructed proton patterria aerogel and sodium
uoride are presented in Figure 4.20. A mean number of 7.8 hiis used in aerogel

while 3.9 hits are used in a proton event reconstruction perfored with sodium

uoride.
Mean 7.782 i Mean 3.870
- RMS 2.397 : RMS 1.127
6000 [ e 12000 =
_ . B
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Figure 4.20: Number of hits on the reconstructed pattern for proton events in aerogel(left)
and in sodium uoride (right) .

Figure 4.21 shows the distribution of the number of photoeleains for proton
events with ' 1 impacting in the aerogel (left) and NaF (right) radiators. The
tted functions allow to disentangle the photon ring acceptace e ect a concept
that will be introduced in subsection 4.4.3. From the t to the arogel distribution
is extracted a mean number of 8.87 photoelectrons for 100%ntained proton rings,
while for the NaF radiator a mean number of 4.32 photoelectranis expected in
the same conditions. The method used to derive these numbers igegi in detail in
appendix A.
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Figure 4.21: Number of photoelectrons for ' 1 proton events in the aerogel(left) and NaF
(right) radiators.

The single-hit resolution is the proper estimator to compare # intrinsic resolu-
tions for the reconstructed velocity in each radiator. This gtimator is built multi-
plying the factor P Nhis by the ( "¢ sM) for every event. Figure 4.22 shows the
single-hit velocity resolution for aerogel for simulated partles with ' 1.

Figure 4.22 (right) shows the evolution the single-hit veloty relative resolutions
for aerogel and sodium uoride with the simulated momentum penucleon.

All the accepted reconstructions have at least three hits assot@d to the re-
constructed pattern. In fact, reconstructions with two assoctad hits could be con-
sidered since theCerenkov angle reconstruction has only one free parameter)(
However, due to the background contribution, reconstructios with only two hits

su er from contamination and are rejected.

4.4 Charge Reconstruction Algorithm

4.4.1 Method description

The Cerenkov photons produced in the radiator are uniformly ertied along the
particle path, L, inside the dielectric medium and their number per unit of ergy
depends on the particle's chargeZ, velocity, , and on the refractive index,n,
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Figure 4.22: Single-hit relative  resolutions for aerogel for ' 1 particles (left) and single-hit

relative resolutions for aerogel and sodium uoride versus the simulated momentum per nucleon
(right) .

according to the expression:
dN
—/ zL 1
dE 2n2

Therefore, to reconstruct the charge the following procedearis required:

= Z?L sin? (4.38)

Cerenkov angle reconstruction ().

Particle path estimation, L, which relies on the information of the particle
direction provided by the tracker.

Photoelectron counting associated to th€erenkov ring.

Photon detection e ciency evaluation.
The number of radiated photons N ) which will be detected (N,¢) depend on:
{ the interactions with the radiator: absorption and Rayleighscattering in
the aerogel case"(aq);

{ the photon ring acceptance: part of the photons are lost thrgh the
radiator's lateral and inner walls, due to total re ection in the radiator-

air transition, because of mirror absorption and because some phios
fall into a non-active area ( geo);
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4 Velocity and Charge Reconstruction Algorithms

{ the light guide losses (jg);

{ the photomultiplier quantum e ciency ( "pmt)-

Hence,

Npe/ N radllrad IIgeo "Ig "pmt (4-39)
After all the detection e ciency factors are calculated the targe of the incident
particle is simply given by

Npe(Z =1) © "ror Lsin? ¢

(4.40)

Each point will be explained in detail in the following subseobns.

4.4.2 Counting of the number of photoelectrons

The number of photoelectrons related to th&€erenkov ring has to be counted within
a ducial area in order to exclude the uncorrelated backgrowd noise. Therefore,
photons which are scattered in the radiator are excluded. Ths&ignal is integrated
until the same cut distance used in the velocity reconstructionlgorithm. For aero-
gel 1.050 this value igd,; = 2cm. The right-hand plot of Figure 4.23 shows the
integrated number of hits as function of the distance to the ng. It is visible that

at 20 mm the integrated signal is already stable.

N hits

7000 [ B A RanaannaRN
i +++++++

6000 [ -

5000 F +

4000 F +

3000

2000 [

1000 [

T TR T R
d (hit-pattern) (mm)

Figure 4.23: Distribution of the integrated number of hits as function of the hit distance (right)
to the reconstructed Cerenkov pattern generated in the aerogel radiator 1.05Q]eft) .
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4.4 Charge Reconstruction Algorithm

4.4.3 Photon ring acceptance

The ring acceptance measures the fraction of radiated phot®nhat reach the pho-
tomultiplier matrix. It is computed considering the di erent photon loss factors:

escaping through the radiator's lateral and inner walls;

totally re ection at the following interfaces: radiator-air, radiator-foil and foil-

air;
losses in the conical mirror (assumed to have a re ectivity of 85%);

fall in a non-active area of the detection plane (gaps in theMTs, matrix mod-

ules junctions, hole of the electromagnetic calorimeter, dd PMT or pixel).

Figure 4.24 shows a representation of th€erenkov photon pattern generated
by an incident particle whose impact point in the radiator is k,y) and direction is
(.)

The photon pattern represented with a solid line corresponds tthe photons
reaching directly the photomultipliers. Those photons whichare re ected in the
mirror produce a pattern represented by a dashed line. Finallghe photons which
fall in non-active areas are represented by a dotted line.

For a certain event, the photon ring acceptance is obtained/tadding the di erent
fractions ofvisible photons; namely, the fraction of photons hitting the PMT matiix
directly "ggo) and the fraction of incident photons in the mirror 'gﬂeig) weighted by
the mirror re ectivity (). Therefore the photon ring acceptance can be written as:

ge0: n Dir + n Mir (441)

geo geo

Conversely, the ringinvisible acceptance gives account of the fraction of photons

lost in the calorimeter hole cg'gg) and in the radiator interfaces.

Since Cerenkov photons are emitted azimuthally uniform in partite's reference
frame the values of'3l,, "H% and "} are easily obtained by taking into account
the di erences between the azimuthal angles () corresponding to the extreme in-
tersection points of theCerenkov cone with the non-active regions of the detector,

* h and with the mirror, ' ™.

uDir _— j' lm ' ?J+ jl ? I Ej.uMir - j' gl ' lmj.llHO| — j' 2 ' EJ (442)

geo — 2 ' geo 2 ' geo 2
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4 Velocity and Charge Reconstruction Algorithms

Figure 4.24: 3-dimensional view of photon pattern tracing in RICH detector, where ' | are
azimuthal angles that are the limits of visibility of the Cerenkov pattern by intersection with
the inactive detection region of the matrix and ' |, are the extreme intersection points of the

Cerenkov pattern with the conical mirror.

For more details on this calculation see thesis [58].

The previous calculations where applied to several eventsdatwo of them are
showed below in Figure 4.25. The aerogel event has a ring adegge " ;.,~81.6%
while the sodium uoride event has a ring acceptancge,=33.1%. In the latter case,
a large fraction of photons are totally re ected in the sodiumuoride-air interface
and another part fall in the ECAL hole.

Figure 4.27 shows the distributions of the photon ring acceptaes for events
with  =0:999 falling in the 1.050 aerogel radiator (left) and in the sadm uoride
square (right). Basically in both cases there are no fully contaed rings in the
matrix. In the aerogel distribution a peak between 80% and 95% appears that
corresponds to events almost fully contained and to totally rected events that are
also almost fully contained because the re ectivity is set at 85%The percentage of
invisible events in aerogel is 1.5% while in the sodium uoridéhere are no events
falling totally in a non-active detector region. For sodium uoride, a large fraction
of events falls in the range from 10% to 35% and the maximum d=tted acceptance
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Figure 4.25:

Impact point=(-22.6;50.0;0.0) "g¢,=29.7%

=22:8 =756 "Mt =61.1%
=0:999 .=17:7% "Inv =9.3%

Beryllium event detected in the PMT matrix, generated in aerogel radiator,

n =1:050 2.5cm, with an expansion volume height of 46.2cm.

Pkol= 0.
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Figure 4.26:

Impact point=(1.3;-11.3;0.0) "p:,=20.8%
= 15:01° = 347.5° "g"eig =14.5%
=0:999 =413  "Iv=64.7%

Beryllium event detected in the PMT matrix, generated in sodium uoride radiator,

n = 1:334, with an expansion volume height of 46.2cm.
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Figure 4.27: Distribution of the photon ring acceptance given by "ngO + " gﬂ,;g , with  =0.85:
for an aerogel radiator, n = 1:050 (left); for a sodium uoride radiator, n = 1:334 (right); both
setups with an expansion volume height of 46.2 cm. Particles generated in all thAMS acceptance,
with  =0:999

value is slightly above 80%. The distribution presents two digtict populations of
events peaked at 25% and at slightly less than 50%. The last onerresponds
to events with the direct branch not a ected by the presence ofhe matrix hole,
leading to higher values of the photon ring acceptance, wailthe rst population
corresponds to events that despite having large rings see a sigait part of the
direct photons fall in the dead square with a side length of 64cm

The extreme variation of "4, from event to event is clear in both aerogel and

sodium uoride.

4.4.4 Detection e ciencies evaluation
Radiator e ciency

The main interactions su ered by the Cerenkov photons inside the aerogel radia-
tor are Rayleigh scattering and absorption while for the sodiunuoride radiator
the only signi cant interaction that photons can su er is absoiption but negligible
since the radiator thickness is very small compared to the absaign length. The
absorption rate is two orders of magnitude below the scattergnrate in the aerogel
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4.4 Charge Reconstruction Algorithm

so it can be neglected in a rst approach [160]. The radiator e &ncy depends
on the distance,d (; ; ;z;"), crossed by the photons inside the radiator, which
is function of the particle direction (, ), of the Cerenkov angle (), of the pho-
ton emission point ¢) and of the photon azimuthal angle' . The photon crossed
distance can be simply written asd (z;' ) for each photon generated by the same
particle. It is calculated by integrating the probability of a photon not to interact in
the radiator, p" = e ¢ (" )=km | glong the radiator thickness and along the photon
azimuthal angle ( ). For Rayleigh scattering, the interaction length dependsrmthe

wavelength of the photons, according to expression:

Liw = *=C (4.43)

whereC is the aerogel clarity.

Therefore, the fraction of photons surviving to the radiatorinteraction (radiator

e ciency ) can be evaluated through the following expression:

Z i

max d(z;' )

rad = — dz e tim d (4.44)
H rad 0 v

min

1 Z H rad

where H,5q is the radiator thickness. Figure 4.28 presents the evaluate@diator
e ciency, ".a4, for an aerogel radiator (1.050), 2.5cm thick, with a clant coef-
cient C = 0:0052 m*cm 1. The radiator e ciency in aerogel is around 65%.
Equation 4.43 shows a dependence on the photon's wavelengtlattis an unknown
variable for each photon. An average wavelength could be usedtlihis quantity
would depend on the radiator's clarity. The best solution wowl be parametrizing
the interaction length as function of the clarity. In this algorithm the function Ly
is given by

L (C) = per (crm); (4.45)
where C is expressed in m*cm !. The derivation of this parameterization will be

explained in the next paragraph.

For a matter of simplicity the integration on the variable was not considered

in expression 4.44. If it was explicitly written it would be:
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Figure 4.28: Radiator e ciency, "iaq , for an aerogel radiator (1.050), 2.5 cm thick, with a clarity
coe cient C =0:0052 m*cm 1.

rad — . 7z 7 7 .
R Z=c 'dz:
R0 .. °© f()dddz: (4.46)

The function f ( ) is the detected wavelength spectrum for th&€erenkov pho-
tons, which corresponds to the convolution of the emission speaatn with the PMT
e ciency spectrum.

The derivation of the parameterization (4.45) used to go fronthe model of
equation (4.46) to equation (4.44) consisted in searching whiwalue forL;, should
be used in equation (4.44) to obtain the same result of equatiod.46).

More simply, the parameterization is obtained by equallingxpression (4.46) to

(4.44) and solving numerically the resulting equation on theariable L, . Explicitly:

Z Z
1

— aiz )
p™ - e tm ddz =0  for Liy; (4.47)
,

wherep™ represents the computation of the triple integral of equatio (4.46). Here

p"t stands for the 'probability of not interacting'.
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4.4 Charge Reconstruction Algorithm

Repeating this procedure for a set of di erent clarity valuesa curve of points,

which can be parameterized, is obtained. The result is dispkeg in Figure 4.29.
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2 . i \x\‘ :
- “\\ 354
175 0004 0005 0006 0007 0008 0009 001 0004 0005 0006 0007 0008 0009 0.01
C (r’rm4cm'1) C (mn4cm'1)
Figure 4.29: Interaction length versus Figure 4.30: E ective average photon
clarity with two di erent tted models: wavelength versus clarity with linear t.

one free parameter (dashed line) and two free

parameters (solid line).

Upon the points, two di erent ts are presented. The dashed line arresponds

to the model L, (C) = % wherep; is the only free parameter. This t model is
clearly inadequate. The solid line corresponds to the mode|,; (C) = % where

both p; and p, are free parameters. This model corresponds to the parameperi
tion of equation (4.45). The values obtained for the two-pameter t are: p; '
0:0326 (in m* 987cm%133) - n, ' 0:867 (dimensionless). The odd units qf; result
from using a non-integer value for the exponemt,. In fact, for each clarity coe cient

of a certain radiator material, the average photon waveletly <> needed to repro-
duce the interaction length i, is not constant as can be appreciated in Figure 4.30.
The e ective average photon wavelength introduced in the diator e ciency calcula-
tion is <> photon = [P1 C* PI]%25 with p; ' 0:0326 (in m* %887cmP133) ;p, * 0:867
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4 Velocity and Charge Reconstruction Algorithms

(dimensionless), as presented above.

Light guide e ciency

Figure 4.31. Light guide scheme with the de nition of the photon incident angle ( ).

Photons can be re ected when reaching the light guides' surfacor be trans-
mitted between adjacent light guide divisions. The light guid e ciency factor
depends on the incidence angle of the photons on its top J. This photon angle is
schematically represented in Figure 4.31. The distribution dhe photon's incident
angle on the top of the light guide is shown in the left-hand ptoof Figure 4.32 for
photons radiated in aerogel 1.030, aerogel 1.050 and sodiutoride. For photons
generated in aerogel the incidence angle in the top of the hitgguide is up to less
than 50° while for sodium uoride is up to 7. The light guide e ciency as function
of the incident angle at the top of the light guide cell is presged in the right-hand
distribution of Figure 4.32 which was extracted from the RICHsimulation.

This e ciency is calculated event by event taking into accoumt the probability
of a given photon getting into the photomultiplier cathode sice it entered the light

guide, and integrating it along the reconstructed photon pdérn:

1 Z
g = — . ol (5 o' )ld": (4.48)

Distributions of the light guide e ciencies for events within AMS acceptance in

aerogel 1.050 (left) and in sodium uoride (right) are shown irFigure 4.33.
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Figure 4.32: Incidence angles at the top of light guide for aerogel and sodium uoride(left) .
Light guide e ciency as function of the incident angle at the top of the light guide (right) .

The light guide e ciency is lower for photons radiated in the sodium uoride
(25% < |4 < 47%) than for photons radiated in aerogel 1.050 (43% |5 < 82%)
due to the higher incident photon angles.

In this algorithm the light guide e ciency is calculated only as function of
In fact this is also function of the photon azimuthal angle, , 4[ (;' )] and of
the light guide prism, from now on called light guide pipe, on hich it impacts.
The 16 pipes have three di erent geometries: central, latekand corner pipes. This
fact means di erent inclinations of the pipe walls with respet to the guide top
surface and to the photon incident direction and consequentlgli erent detection
e ciencies. However, an average over all the photon azimuthangles and for the

three pipe types is done for the light guide e ciency calculaon.

Photomultiplier e ciency

The PMT quantum e ciency is de ned as the ratio between the number of photons
reaching the PMT photocathode and the number of photoeleains produced. It will
be assumed as a constant valus (4%) for each event since the photon wavelength
spectrum is not a ected by the reducing factors. It results fromthe convolution
of the photons' radiated energy spectrum with the quantum e cency curve of the
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Figure 4.33: Distribution of the light guide e ciencies for events within the AMS acceptance
in aerogel 1.050(left) and in sodium uoride (right) .

photomultiplier as expressed in equation 3.23. However, thiadtor will be applied
as a multiplicative correction factor evaluated from simulion as will be explained

in the next paragraphs.

Total e ciency

The overall event e ciency can be written as:

1 Z Hrad n)@hs Z ' Im

ax d(z; )
"ot = dz i d et "g( ) <"pm > (4.49)
2H rad 0 i

i min

where H,,q is the radiator thickness, is the polar angle of the radiated photon,
Npaths 1S the number of visible branches constituting the reconstruet pattern (i.e.
re ected and direct branches), and ; is the re ectivity for the i path.

Figure 4.34 (left) presents the overall e ciency", without taking into account
the PMT e ciency, for a sample of events crossing the aerogel raator, while Figure
4.34 (right) presents the same distribution for events generad in the sodium uoride
radiator. In aerogel 1.050 this total e ciency is lower than50% while in NaF it is
between 4% and 30% with a peak structure re ecting the same e epresent in the
photon ring acceptance distribution (right-hand panel of Fyure 4.27). The previous
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Figure 4.34: Distribution of light guide e ciencies for events within the AMS acceptance in
aerogel 1.050(left) and in sodium uoride (right) .

overall factor was an analytical calculation, however a saripg was done to evaluate
the fraction of photons lost in the gaps between the aerogeldgs and in the dead
spaces between light guides. This non-analytical strategy wéallowed for sake of
simplicity in the calculations and consequent computing timeaving.

In addition, a multiplicative correction factor can be evaliated from simulation
by comparing the calculated overall detection e ciency wih the detection e ciency
computed from simulation as the ratio between the number of ghoelectrons and
the number of radiated photons K '=N"a%), |n fact not only the e ect of PMT
guantum e ciency but also the e ect due to the presence of a plast foil after
the radiator with a certain absorption (< " oner >), Which are small contributions,
can be extracted from the slope of the line adjusted to the pomtion of points
in Figure 4.35. The spread of the scattered point distribution #h respect to the
straight line with a slope di erent than one re ects the overal factors.

In this framework,
"wt(reconstruction) <" pmi > <"omer > = "wor(Simulation ); (4.50)

which allows us to write

"wt(simulation) _ 1
"tot (reconstruction) slope

<" pmt > <" other > = (4.51)
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Figure 4.35: Comparison between the evaluated e ciency and the value obtained from simula-

tion for aerogel 1.050.

The mean quantum e ciency value a ected by the aforementioed small correc-
tions is
<" pmt > <" other = 14% (4-52)

4.5 Charge Reconstruction Uncertainties

The number of radiated photons by an electric chargé, crossing a dielectric medium

with > C meqgium 1S given by:
N / LZZ?sir? ¢ (4.53)

where L is the radiator length crossed by the charged particle. The sanggantity
can be written in terms of the number of photons emitted by a moton (N o) with

the same velocity and with the same crossed radiator length,
N =N (Z% (4.54)

The same relation is valid for the number of photoelectron$y e, from here on called
N and Ng, the number of photoelectrons detected in Z = 1 ring. Hence, the charge
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Z can be expressed as

N
z2= — 4.55
N (4.55)
an this error can be written as
1 1
Z=—-——— N: 4.56
2NoZ ( )
- q ~N
ReplacingZ = -, comes:
1 N
= ___p 4.57
PN (4:57)

The error on the measured number of photoelectrons,N, has di erent components:
( N)Z — ( Nstat)Z + ( N PMT )2 + ( N Syst)2; (458)

where NS@ s the statistical uncertainty, NS@ = pW; NPMT = pW oe IS
the error associated to the PMT signal ampli cation, where . is the single pho-
toelectron channel width; nally N st is the systematic error whose origin will be
discussed after all the algebraic manipulation.

Replacing N in expression 4.57 and after some manipulation nally comes:

Vv
1 1+ 2 N 2
Z= Eﬁ o+ zz — (4.59)
ey e}
statistical error systematic error

This expression describes the two distinct types of uncertaisets that a ect the
measurement ofZ: the statistical and the systematic. The statistical term is in-
dependent of the electric charge and depends essentially oret@Gerenkov signal
detected for singly charged particlesNo) and on the resolution of the single photo-
electron pe. The systematic term increases witlz and dominates for higher charges.
It appears due to non-uniformities at the radiator level conmg from spatial vari-
ations in the refractive index, tile thickness or clarity; ordue to non-uniformities
in photon detection e ciency, which can take the form of a gldal photomulti-
plier gain variation due to temperature e ects, a magnetic éd perturbation or an
intrinsic variation that arises from the di erent gains and quantum e ciencies; non-
uniformities in the light guide properties (material, georetry, etc.) or on the optical
coupling between light guides and photomultipliers.
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The uncertainty coming from non-uniformities in the detedbn cells is scaled
down on an event by the factorIo Necnannels - Therefore non-uniformities at the level
of the photomultiplier are less important since a multianode WIT is used.

The RICH goal of a good charge separation in a wide range of neicimplies
the choice of photomultiplier tubes with a good single photdectron resolution, a
radiator with a high light yield to directly reduce the statistical error and a strict
control of the systematic errors which limit the identi cation of nuclei for higher
charges. The last feature implies a good mapping and monitogrof potential non-
uniformities present on the detector. Concerning the non-ufiormities at the radiator
level, the charge dependence with the refractive index, redor thickness and clarity
will be deduced next. The control of the systematic uncertaines at the detection

level will be studied in Chapter 9.

4.5.1 Refractive index tolerance

To cover a wide range of charge separation in the RICH detectas can be observed
in Chapter 6 a maximum systematic uncertainty of the order of 1%an be tolerated.

The total number of photons emitted in a radiator of thicknesd can be obtained

by integrating equation 3.8 which leads taN / sin® (=1 2+12 that implies

N0 1 212 1
( 1n ) (n )(for " 1 and forn=1.050): (4.60)
N, 1 = 1
Hence,
( n 1) N, 2 n_ ( n 1) n 1 !
n 1 N, 07 =71 n 0 o

syst

From the point of view of the velocity reconstruction the acoatable variation for
the refractive index can be estimated based on the limit of thedoyllium isotope mass
separation which is the highest element that AMS expects to be &bto separate
in a wide range of kinetic energy which is from:8 . E . 8GeV/nucleon (see
section 1.3). According to what was discussed before, neglectpigptons refraction

at the radiator/air transition, the relative resolution of is given by
s

1 n ?
_:]gﬁ (tan )2 2+ - (4.62)
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where — is the variation in the refractive index due to the chromatice ect and
N is the total number of photoelectrons in the event. Since inemogeln = 1:050
-4 11 103 . 4mradandtan . 0:32 and for beryllium nucleiN B¢
N" (Zz=4)2 110comes— 11 10 “
The inhomogeneities of the refractive index that are beingistussed appear as a

systematic contribution that will add up quadratically to the velocity uncertainty.

L (4.63)
TOT N syt

The rst parcelis 1.1 10 “ which automatically constrains - oyst to be not
greater than 10 “ if the purpose is not to a ect the present kinetic energy limit ér
beryllium isotope separation.

The reconstructed mass has an uncertainty which is related tdé velocity and
momentum uncertainties through the following relation:

e ?p; (4.64)

So the higher is the measured value the greater is the degradation in the mass
resolution because— is highly ampli ed by the 2 factor. It is expectable that a
degradation in — could be signi cant in the context of isotope separation.

In brief the constraints for the refractive index variation ae of the same order
for charge reconstruction and for velocity reconstruction aecting beryllium mass

separation.

45.2 Radiator thickness tolerance

Variations on the radiator thickness will have implicationson the Z quality mea-
surement.

The number of radiated photons emerging out from the radiatavithout su ering
Rayleigh scattering depends on the radiator thickness and ohd clarity. This natu-
ral reasoning arises from the fact that the integrated signal fdhe charge computa-
tion is calculated by adding the signal of the hits correlateavith the Cerenkov ring
which are those produced by unscattered photons.
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The total number of radiated photons along the aerogel heiglii,,q and crossing

out the tile without su ering Rayleigh scattering is given by

Z H rad dN

Nt = oy P dz: (4.65)

0
Where‘é—g = K, p Is the probability of a photon not interacting after crossing a

distancez, pir = e P> with p= — = C= “ whereC is the clarity coe cient. After

integration the following expression is obtained
N™=KLn(@ eP): (4.66)

The systematic error due to a radiator thickness variation wilbe

N _ N‘ﬁ(z)_ p z

N N int ez 1

(4.67)

which leads to -
N int (Z) .
Nint °
Considering a charge systematic uncertainty of the order of 1%whose origin
NNt (z)
Nint
that together with L, =3:12cm implies that the allowed variation in the radiator

z= L (% 1) (4.68)

will be explained later in section 6.5, the same considerations applied to

thicknessis H;,g = z 0:4mm.

For the previous deduction two simpli cations were used. Firstthe photon path
length was identi ed with the particle crossed distance; seconthis distance was
calculated as the distance crossed by a vertical particle in thadiator, | = Hoq.
However, as< > 2 the assumed photon path length is only 6% di erent from
the mean patrticle length. In reality the distance crossed by thghoton is a function
of the particle direction ( , ), of the Cerenkov angle (.), of the photon emission

point (z ) and of the photon azimuthal angle' ,d (;; ¢z ;).

4.5.3 Clarity tolerance

Studying the reconstructed charge variation with the aerodeclarity C is simply
studying the variation with the scattering interaction length L, since a relative
variation on the clarity is a direct variation of the scattering interaction length:
Lint
Lint

— C.
= = (4.69)
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The systematic error due to a clarity variation will be

N iﬁ(L ) —@NW L
N ; ot int
= it O (4.70)
N N int N int
and after some manipulation it can be written as
N im(I—int ) Lint H rad =Lint Lint
— = 1 — =0:35 4.71
N int L int @rad =Lint 1 Lint ( )

int
ConsideringL iy = 3:12cm and allowing for a systematic uncertainty%

of the order of 1% the maximum acceptable relative variatiomn L, or on the
clarity is of the order of 3%.

L int _C

I—int C

3% (4.72)

The same simpli cations for the photon crossed distance inside tadiator used

in the previous subsection were assumed.

4.5.4 Simulation results: charge studies

Figure 4.36 (left) shows the reconstructed charge peaks frommsilated hydrogen,
helium, beryllium, carbon and oxygen nuclei in the aerogehdiator. Each sample
has 20000 events and was generated in the aerogel radiatoregatance. Figure 4.36
(right) presents the evolution of the charge resolution with he same charge. The
data points are tted with the law of equation 4.57 and the paameters obtained
are ,. =0:56 001 and TN =(4:24 0.05%. Z =1 was excluded of the t

due to its better resolution than the expected from the ; evolution with Z. In

fact, the low number of photoelectrons associated to proton ents and the required
minimal number of hits generate a truncated distribution notreally gaussian and

consequently a simple gaussain t does not evaluate correctlydtwidth of this peak.

4.6 Conclusions

The velocity of the cosmic rays with the RICH detector of the AMSxperiment can

be measured through the reconstruction of th€erenkov angle using a maximum
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Figure 4.36: Charge reconstruction with simulated data in the RICH detector with the aerogel
1.050 radiator (left). Charge resolution obtained with a gaussian t to the charge peaks of the
distribution pn the left (right) .

likelihood approach. The method consists on nding th€erenkov angle maximising
the overall probability of the detected hits to belong to itscorresponding pattern.
Charge reconstruction is made in an event-by-event basis. It sed both on the
velocity reconstruction procedure, which provides a reconsicted photon pattern,
and on a semi-analytical calculation of the overall e ciencyto detect the radiated
Cerenkov photons belonging to the reconstructed photon ring

The velocity reconstruction algorithm was optimized and a olution of =
(1:20 0:01) 10 2 is attained for protons with ' 1 in aerogeln = 1:050 while
in the sodium uoride a resolution of = (3:09 0:03) 10 2 is attained for the
same kind of particles.

Electric charge is reconstructed with a systematic ofNﬂ =(4:24 0:05)%.
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Chapter 5

The RICH prototype of the AMS
Experiment:. 2003 Beam Test

.. Where the web was born!
CERN webpage

5.1 Introduction

In order to validate the RICH design, a prototype with an arrayof 9 11 cells lled
with 96 photodetector readout units similar to part of the nal model was con-
structed. In addition, di erent components associated to the RCH operation were
tested and evaluated: the aerogel radiator characterizatioregarding the physics
goals of the experiment, the charge and velocity measuremsind the RICH Monte
Carlo validation and tuning.

Its performance has been evaluated both with cosmic rays at skel (mainly
muons) and beam ions. The former tests took place at LPSC in Grdnle between
March and August of 2002, while the latter took place in 2002 an@003 at the
CERN SPS using a beam of secondary ions produced by fragmentatiof a primary
beam. The description of the cosmic muon tests can be found in §14.71] and the
corresponding data analysis can be found in [167]. The detailanalysis of the 2002
beam test can be found in [172, 173]. The analysis of the 2003 imetest will be
herein described and was independently presented in the thegi§3].

The cosmic-ray tests proved the correct performance of the fieend electron-
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5 The RICH prototype of the AMS Experiment: 2003 Beam Test

ics as well as the performance of the readout system. The same s$egtoved the
counter capability of measuring particle velocity as well asf measuring charges
equal to unity despite the fact of a natural limitation existing on the available
spectrum. However, the data acquired had limitations on the statics due to the
reduced geometrical acceptance derived from the use of witeambers to measure
the particle's track. The same subdetector did not provide a gcise measurement of
the particle's momentum. This constrained the complete angsis of the candidate
aerogel samples for the radiator.

Moreover, the idea of performing a beam test was to study the dadtor's response
to higher charges similar to the CR ux in space. Ideally, the in beam test should
cover the sensitivity range of the RICH counter, i.e. it should mvide isotopes over
the mass rangeA . 30 with 4 < P=A < 10 GeV/c/nucleon (P=Ais the momentum
per nucleon) to study the measurement capability for nuclear mass identi cation
(isotope separation) and it should provide higher-charged nigt up to a realistic
limit for charge separationZ . 26. In addition, high Z ions are also interesting to
test the overall response of the photodetection system in the high regime. With
the SPS ion beam charges up td 30 were available with a suitable control of
the beam settings.

In the rst ion beam tests (2002), three Matshushita aerogel samgs (1=1.03,
1.05) and two Novosibirsk samplesn=1.03, 1.04) were tested and their light yields
were evaluated. The counter performed well but from data ahgis some modi ca-
tions to the front-end electronics were suggested. The idea afsecond beam test
arose from the need to test the new electronics, to test a mirror @iotype and to
evaluate the performance of a sodium uoride sample and of neweragel batches.
The presence of a tracker prototype provided a much more preeitrack as well as

an accurate and independent charge measurement.

5.2 RICH Prototype

The RICH prototype consists of a photomultiplier readout matix with 96 units,
corresponding to about 14% of the total number of channels irhé nal detector
(see Figure 5.1), plus a radiator.
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34.1cm=(11x3.1cm) 134 cm

wl 6.2

ECAL hole

(WwoT'eX6)

Prototype PMT matrix (96 PMT's)
Final RICH PMT matrix (680 PMT's)

Figure 5.1: Prototype and ight setup PMT matrices. The prototype PMT matrix consis ts of
approximately one module of the nal setup. The shadowed row of the Prototype matix has no
PMT's.

The detection system was equipped with the nal multianode phomultiplier.
Since the mounting of the light guides with 31 31 mn¥ were done with no gaps, a
continuous active readout area of 27.934.1 cnt was de ned. This will not be the

case in the ight con guration since the magnetic shielding strature was changed.

In the two beam tests, di erent samples of the radiator materialwere tested
and placed in a board connected to an adjustable supporting stiture allowing
to use dierent expansion heights in order to have fully contaed rings on the
detection matrix like in the ight design. Dierent producti on batches from two
manufacturers, Matsushita Electric Co. (MEC) [174] and Catalgis Institute of
Novosibirsk (CIN) [175] with di erent refractive indices between 1.03 and 1.05, were

analysed. A sample of sodium uoride was also used.
Figure 5.2 shows a photographic view of the prototype setup.

The front-end electronics (see subsection 3.3.5) consists of grli ers that
integrate the charge of the corresponding PMT anode and comvet in voltage
signals. The acquisition is a process of double sampling of the ltue signal
picked up at the sensors, rst with gain 1 and then 5, meaning that there are
data related to the 32 channels of the preampli er (16 2 gains). The 32 signal values
are sent to the ADC (Analog to Digital Converter) that performs the digitization.
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5 The RICH prototype of the AMS Experiment: 2003 Beam Test

Figure 5.2: RICH prototype.

The front-end electronics designed at the LPSC-Grenoble ibé nal one to be
used in the ight setup. Figure 5.3 shows the front-end chip ardtecture.

Figure 5.3: Front-end chip architecture [176]

The readout system consists of three CAEN boards model S9007 [1&[r¢ady
used in the PAMELA experiment. Each of these boards has an AlteraFGA?® of
the APEX20KE family [178] whose main task is to generate the sigrsato activate
the read-out, process the digitized data and store the results memory to be read
from the external control. Each board is connected to 33 PM¥' (528 channels).

1A FPGA is a programmable device that allows the integration of di erent lo gic functions.
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5.3 2003 Beam Test

Moreover it has an Analog Device DSP of the series ADSP2187 [1#t§t performs
the digitized data processing and calibrates the detector.

The external control system is located 40 m away from the protgpe and it is
composed of a personal computer where a control program deyald in LabView [180]
is running; a VME module dedicated to read the registered evenfrom the RAM
memories and store the data in the hard disk of a SUN machine; anahally the
power supplies of high and low voltage to feed the patch-panéhe readout boards
and the piggyback boards

The DSP operation mode can be selected from the external cositroom (PC)

and can be switched to:

Normal mode: By default data is taken using this mode. In this nae the
DSP reduces the event data, i.e. it ignores the pixels whose rsadjamplitude
is below a certain threshold (three peq) and in addition proceeds to pedestal
subtraction. Moreover this mode performs a selection of gairthe gain 5
ADC counts are checked and if it exceeds a value lower than 38#@ gain 1
is kept, otherwise the gain 5 is retained. This results in lessformation to
handle;

Raw data mode: In this mode there is nor data reduction neitlgain selection,
every pixel is directly written in both gains in the externalmemory. This is
the established mode for pedestal acquisition and for the eleatric stability

studies.

The readout and storage systems were specially designed for theCRI prototype.
For a more complete description of the RICH prototype electracs see the technical
note [181].

5.3 2003 Beam Test

As was mentioned in the beginning of the present chapter, the H prototype was
subject to two beam tests, one in October 2002 and the other in Quder 2003 both

2Responsible of adapting the signals to allow the interface between the readout lands and the

external controls.
3Electronic noise.
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5 The RICH prototype of the AMS Experiment: 2003 Beam Test

at CERN using the H8 line of SPS facility. In this section a compte description
of the 2003 test beam will be given together with some referesc® the 2002 test
beam. The experimental conditions were similar, yet with smiabut meaningful

di erences.

5.3.1 Experimental setup

Figure 5.4 shows a general view of the 2003 beam test setup in th@erimental
area H8-SPS at CERN. All the subdetectors were placed along thedme line. The
prototype was placed inside a light-tight container. The sefo was completed with
AMS silicon tracker prototype layers placed upstream, 2m far from the proto-
type; a TOF prototype placed downstream; two multi-wire promrtional chambers
(MWPC); two organic scintillator counters; and, during a certin period, a plastic
Cerenkov counter. The two scintillators, placed 1 m apart in front of the prototype
container, provided the DAQ (Data Acquisition) trigger as well as an independent
charge measurement. The silicon tracker prototype providedwery precise measure-
ment of the patrticle's track parameters for the event reconsiction as well as an
external selection of charge. In the 2002 beam test the pargctrack was measured
by a multiwire proportional chamber (spatial resolution of 21 mm) and a microstrip
silicon chamber (spatial resolution of 0.99 mm). In 2003 the mgarement performed

by the tracker prototype was much more precise.

The 2003 setup was of a major importance because it reproduce&sywapproxi-
mately the scenario foreseen for the AMS detector were three gpkndent measure-
ments of the electric charge are done by the TOF, tracker andIRH. Regarding
the track reconstruction this system provides the same type of rasurement: the
silicon tracker prototype reconstructs the particle track baed on the signals left in
di erent planes and extrapolates it up to the RICH radiator plane. The extrapo-
lated point is used as an input for the velocity and charge renstruction algorithms.
However, compared to the AMS conditions, the system is not compéesince the
superconducting magnet is missing.
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5.3 2003 Beam Test

Figure 5.4. Top view of the test beam 2003 experimental setup using CERN SPS facility

Beam characteristics

The basic principle of the beam generation and transport systera of the type used
at all accelerator facilities for secondary beam productionBasically a heavy ion
beam is used to bombard a production target. Inside the target aterial, incident
ions undergo nuclear fragmentation in peripheral collisiegwith target nuclei with a
large cross section. The incident beam velocity is conserved tye fragments, with
only a minor spread of few percent due to the collision kinemas.

In 2003 the secondary beam was obtained by bombardment of ade@b, Z =
82) target with a primary beam of 10’, 158 GeV/c/nucleon indium (In, Z = 49)
ions per spill from the CERN SPS, while in 2002 a beryllium (B& = 4) production
target was bombarded with 20 GeV/c/nucleon lead ions with a siitar intensity.

In 2003 a monochromatic particle beam with a momentum resoion 0:15%

P =P 1:5% was obtained. This is approximately the same momentum regatbn
expected for the AMS spectrometer. The optics of the line was rned to provide

167



5 The RICH prototype of the AMS Experiment: 2003 Beam Test

a beam as parallel as possible, with a divergence smaller than dach The beam

section was 1 mn? for the narrow beam runs and 1 cn? for the spread beam runs.

The beam nuclear composition could be selected according tcetdesiredA=Z
value of the fragmentation products by setting the beam lineigidity at the appro-
priate value. Three main selection values were establisheti=Z = 2 (“*He, 5Li, 1°B,
12C,...), A=Z = 2:25 to enhance the’Be peak andA=Z = 2:35 to enhance the in-
dium peak. The runs with theA=Z = 2 setting of the beam line rigidity were narrow
beam runs mentioned above while the runs with=Z = 2:25 rigidity selection were

spread beam runs. For more details on the beam design see refezer{@82, 183].

Setup Con guration

Di erent setup con gurations were established for data taking The prototype setup
could be rotated with respect to the beam line. The default coguration is estab-
lished placing the prototype perpendicular to the beam linesarepresented in the
top scheme of Figure 5.5. In the tilted con guration the detetor is rotated with
respect to beam line in order to allow particle incidences of 05°, 1(?, 15° and 20
(see lower left-hand scheme of Figure 5.5). The prototype setugtates, as a single

piece, around a xed point that is placed 1.2cm from the detection plane.

With the prototype xed in the rotated position, data can be aquired with
a mirror prototype, which is a segment with 1/12 of the total aanuthal coverage,
placed close to a lateral side of the detection matrix as repreged in the lower right-
hand scheme of Figure 5.5. The last interesting con guration fodata acquisition
consists in leaving the prototype in the default con gurationand taking data with
the same radiator and the same expansion distance but placing tmadiator in
di erent points with respect to the incident beam direction. The runs acquired in
these conditions are referred to ascan runsand are specially dedicated to the study
of tile uniformity.

The di erent setup con gurations enabled the evaluation of loth the prototype
performance and the reconstruction algorithms with data sirtar to the ight con-
ditions.
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Figure 5.5: Scheme with the di erent setup con gurations established for prototype data acqui-
sition. Default con guration (top). Tilted setup (bottom left) . Tilted setup with mirror prototype
(bottom right) .

5.3.2 Data Characterization

During the 2003 test beam, which lasted ten days (from Wednesd&®2™ to Friday,
315t October), around 10 million events were acquired. The protgpe expansion
distance was adjusted in order to have fully contained rings, #gang from 7 cm for
the sodium uoride runs up to 43cm in the aerogel case. Some examples of fully
contained rings measured with the beam of ion fragments witthé A=Z=2 setting
for beam rigidity can be observed in Figure 5.6. The photon ptarns from left to
right and from top to bottom correspond to Z=2 (helium), Z=3 (lithium), Z=7
(nitrogen), Z=12 (magnesium), Z=18 (argon) and Z=27 (cobalt) ions impacting

on aerogel radiator,n=1.03, 3 cm thick. The expansion distance was set at 42.3 cm.

5.3.3 Other subdetectors

The set of additional subdetectors present in the prototype beatest setup is re-
sponsible for providing an external trigger as well as givindhe particle track and/or

giving a complementary charge measurement.
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Figure 5.6: Examples of Cerenkov rings obtained with the beam of ion fragments. The photon

patterns correspond toZ=2,3,7,12,18 and 27, from left to right and from top to bottom.
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Scintillator counters

Two organic scintillators, 100 100 mn?, of the type NE-102 coupled through light
guides with RTC-2262B photomultipliers were placed in the &am path for trigger
purposes andé—'i measurements. Figure 5.7 shows the ADC signal spectra measured

L L L L L L
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500

ADC anode SC1 ADC anode SC2

Figure 5.7: ADC signal spectra for both organic scintillators used in 2003 test bem: SC1 (left),
SC2 (right) . The setting of beam rigidity was A=Z=2.

by both scintillators. Visible and well separated charge peaks @mnbserved in both
SC1 and SC2. In a stable setup, for charged particles with the samvelocity, the
signal is expected to be proportional taz2. However, for high charges4 & 6),
guenching e ects occur and the response departs from the expeet behaviour on
Z2. Charge separation is visible up t& 15 20 for aA=Z =2 beam.

The calibration procedure is done run by run and at least one ahge peak must
be identi ed. The case of Be Z = 4) is very illustrative of how this can be done.
Since®Be is not a stable nuclide, the corresponding yield of this elemt for the
A=Z = 2 setting, is basically absent from the beam population. This mmistakable,
wider gap seen in charge spectra of Figure 5.7 identi es its ghbouring peaks as
Z = 3 (lithium) and Z =5 (boron).

The calibration for low charges is based on the peak value detenation for
each scintillator performing individual gaussian ts. Peak coalinates are used to
calibrate up to Z  18. After this limit, due to the low statistics, the peaks are
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Figure 5.8: Reconstructed charge spectrum obtained combining anode signals from both scin-
tillators (left). The setting of beam rigidity was A=Z=2. Comparison of the charge measurements

made by the organic scintillators and by the RICH (right) .

not clearly visible which determined that the calibration isdone in a rst step by
linear extrapolation combining measurements from both sciitiators. After that
the distribution of Z = Zgcy Zscz is used for cross calibration and the charge
measured by one scintillator is corrected to be in agreementtivithe other, which
means Z peaking at zero. The peaks are now visible and their position rtdbe
evaluated to the correct place. The nal result is the averagef the two charge
measurements. The charge spectrum of Figure 5.8 (left) with Vide peaks up taZ

26 is obtained after applying the compatibility cut betweerthe two measurements
1Zsc1  Zscz) < 0:5. Finally, Figure 5.8 (right) presents the comparison of chge
values measured by the scintillators and RICH. lon separation nabe seen up to
Z =25 and an excellent correlation is obtained. For the detagld study on scintillator

calibration see reference [184].

Silicon Tracker prototype

A silicon tracker detector (STD) prototype [185] with six ladcers, ve of them with
12 sensors and one with nine sensors, was present during the 2003rbsst taking
synchronized data with the RICH prototype. Data were stored iran ASCII le with
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the following information:
Tracker run number and a common event number

Charge measurement with information on the number of ladderssed and 2
of the measurement both for S- and K-sidés

Track data: o set, slope, 2 of linear tting and number of ladders used in
the t.

The track is linearly extrapolated from the tracker coordimtes to the top of the

RICH prototype radiator:

Xextr = Xso ¥ X+ ID

Yexr = Yso + Y+ mD (5.1)

where s ,Ysmo ) IS the reconstructed position in the tracker] and m are the two

slopes in each direction, x and y are the o sets between the origin of the tracker
frame and RICH frame in the test beam andD is the distance between the sil-
icon tracker and RICH prototypes. The extrapolation of the tack to the RICH

frame (Xexrr LYexr ) has to be compatible with the RICH measurement{xcy ,Yrich )

(obtained by a procedure similar to the one explained in subsémh 5.10). The
alignment consists of determining the values of x, y and D by minimization

of the residuals between the track determined by the RICH andhe STD track

extrapolated to the RICH. For more details on the track reconstiction analysis
see [163].

This extrapolated track is very useful, as will be proved late since it will be
used as input for the RICH velocity reconstruction and consequo#y for charge
reconstruction as well.

On the other hand, the charge measurements provided by the tileer provided
an independent way of selecting charges for velocity and clyarreconstruction qual-

ity studies. The result of the combined measurements of six ladders shown in

4The junction side strips, or S-side, have a readout pitch of 110 m. The ohmic side, or K-side
(its name coming from the fact of being the side where the kaptons are connected), sp$ have a
readout pitch of 208 m. The particle's curvature is measured by the sensors in the S-side due to

its better resolution.

173



5 The RICH prototype of the AMS Experiment: 2003 Beam Test

Figure 5.9 for both S-side (left) and K-side (right). Nuclei carbe identi ed up to
iron (Z=26) with K-side and up to argon (Z=18) with the S-side. Figure 5.10 (left)

2 10°

10 F

N PR BRI B R S 3 N B RPN R S
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Z by Tracker S side Z by Tracker K side

Figure 5.9: Reconstructed charge spectra by prototype tracker S{left) and K-side (right) .

presents the comparison between the charge measured by the RIGhRH the charge
measured by the tracker K-side while the right-hand plot showshe same compari-

son between S-side measurement and RICH. An excellent correlatis obtained in

both cases.
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Figure 5.10: Comparison between charge measurements made by the K-side of silicon tracker
prototype and the RICH (left) and between the S-side and the RICH(right) .
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Time-of-Flight prototype

In the 2003 beam test [186], four TOF scintillator counters wit di erent con gura-
tions of the light guides were tested: C1, C2, C3 and C4, accang to their order in
the beam line. C1 and C4 had straight light guides, C3 had bentght guides and
C2 had twisted and bent light guides.

TOF measures the crossing time between two scintillator planes@ extracts the
velocity through = L= t. The time-of- ight resolution for C2 and C3 as function
of particle charge is shown in Figure 5.11 (left) as functionfdhe particle charge.
As was described one of the tested scintillators had bent and twest light guides
(C2) while the other one had bent light guides (C3). A time redation of 180 ps was
estimated for this conservative con guration. However, sincehe crossing time in
AMS02-TOF will be done with four independent measurements, thi@me resolution
which can be inferred is of the order of 130 ps for a MIP.

As was said in Chapter 2, TOF, like the tracker, measures the chge through
dE=dx samplings. Figure 5.11 (right) shows the charge measurementrfrehe anode
signal of one of the TOF counters (C2) tested in ion beam at CERMi2003, which
in principle is the most unfavourable case. Charge separatiom o aluminium is
visible.

P1 0.164 + 0.001

P2 0.086 + 0.001

[_Entries 67418
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Figure 5.11: TOF measurements with a set of two scintillators: time of ight resoluti on for

di erent charged nuclei (left) and charge measurementgright) [126].
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5.3.4 Radiator Samples

One of the main purposes of the 2003 beam test was to select theogel radiator
for the ight setup with the best optical properties based on a hgh light yield,
good velocity resolution (better than 102 for Z = 1 particles) and large range of
charge identi cation (up to Z  26). Dierent aerogel batches from two di erent
manufacturers: Matsushita Electric Co. (MEC) [174] and Catalgis Institute of
Novosibirsk (CIN) [175] were tested. Some samples from the 2002 imetest were
also submitted to test. Two samples of sodium uoride from Crystraritd [187]

were also studied. Table 5.1 shows the list of the tested radiators.

Short name  Manufacturer n size( w hmm?® 2002 2003
CINy03.103  Novosibirsk  1.03 100 100 30 P
CINy03.104  Novosibirsk  1.04 57 57 26 P
CINY03.105  Novosibirsk  1.05 55 55 25 P
CINy02.103  Novosibirsk ~ 1.03 50 50 25 PP
MECy03.103 Matsushita ~ 1.03 115 115 11 (3 tiles) P
MECy03.1036  Matsushita 1.036 42 56 11 (3 tiles) P
MECy02.103  Matsushita ~1.03 113 113 11 (2 tiles) P
MECy03.105 Matsushita ~1.05 100 100 11 (2 tiles) P
NaF Crytan Ltd  1.334 80 80 5 P
NaF10mm  Crytan Ltd  1.334 80 80 10 P

Table 5.1: Silica aerogel and sodium uoride radiators studied in the 2003 beam test. Some of
the samples were also tested in 2002. The number between brackets in the tilezsi entry refers to
the number of tiles piled up to obtain the nal radiator thickness. The dimensions presented refer

to a single tile.

5.4 Data Characterization

All the data taking, performed over a ten-day period, was redlme monitored using
a visualization program developed by the CIEMAT group. The posgram reads a
certain number of events stored in memory and displays theéerenkov patterns. At
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5.5 Photomultiplier Calibration

a rst glance this allows to check if the ring is fully containel, if it presents a re ected
branch, in case one is expected, or if the kaptons are corrgctlollecting the signal.
The scintillator's ADC countings were also shown. However, thisijust a quick

check of the data quality. Prior to data analysis, a set of actiamare performed:
calibration: photomultipliers, MWPC, scintillators, track alignment;
checking of the detection matrix stability;

checking of the beam characteristics.

5.5 Photomultiplier Calibration

An accurate photomultiplier calibration is a key condition br an accurate charge
measurement.

As in the ight matrix, the prototype PMT's are powered by groups with the
same high voltage (HV) regulators. This requires that PMT's are sted by their
gains, which were previously measured. The PMT's in each grouprtrolled by a
given HV unit have their gains contained in a narrow range in aler to provide a
uniform response that does not limit the established dynamic rge of the detector.
In the 2003 beam test the nine photomultiplier kaptons were éewith the high
voltage values described in Table 5.2.

Kapton Nb 1 2 3 4 5 6 7 8 9
Voltage (V) 758 768 800 832 836 841 845 852 866

Table 5.2: Nominal voltage values applied to each of the nine kaptons.

The rst step is the calibration of each of the 1536 channels. A thration
procedure shall provide the evaluation of two important chaacteristics for each
channel within each photomultiplier: its electronic noise & its response to light.

For each channel it is necessary to determine the pedestal pasitiwhich asso-
ciated with the pedestal width ¢4 indicates the threshold to apply in the reduced
mode. The pedestal width gives a measure of the channel's eteaic noise. The
pedestal width is less variable than the peak position and has average value of
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5 The RICH prototype of the AMS Experiment: 2003 Beam Test

5ADC counts in gain 5. The peak value is subtracted from the raw ADC signal,
and ADC corrected readings lower than three standard deviatis of the respective
pedestal are rejected.
It is important to know, channel by the channel, the response ta single pho-
toelectron (p.e.) with ampli cation factors 1 and 5. This isknown as the gain and

is essential for charge reconstruction. The number of photoeteons is given by

<# ADC> <Ped>
Gain

The status of the channel is also registered indicating if the anhnel is working

correctly or not. Problematic channels are discarded from #hreconstruction. The
problems detected more often are an excess of noise, double egative pedestal
and extremely low gain.

Regular calibration runs were taken along the test beam pedo

Calibration runs

Data used for calibration belong to one of two types:

LED® run: A widely used method of determining the gains consists in rae
suring the collected signal in the anode at very low levels ofjhit, where the
great majority of successes detected in the PMT were generateg énly one
incident photon: single photoelectron method. The signal obined is what is
called the single photon answer. Data acquisition is done in ramode, mea-
suring the complete ADC spectrum as shown in Figure 5.12 (right)lable 5.3
summarizes the LED runs taken in raw mode, additional runs aravailable
in reduced mode. However these runs were not used for calibratisince the
gains obtained were systematically higher then the gains olited from raw
modes (5%).

Pedestal run: data acquired in the absence of light to simply meare the elec-
tronic noise. Data are also collected in raw mode and the trigges generated

by software. Table 5.4 summarizes the pedestal runs collected.

SLight Emitting Diode
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5.5 Photomultiplier Calibration

Run Day Nb events Mode HV (V)
1001 22 7319 raw nominal
611 30 25718 raw nominal
635 31 10603 raw [nominal]50V

Table 5.3: LED runs.

Run Day Nb events Mode HV (V)
1000 22 2066 raw nominal
501 23 3032 raw nominal
524 25 6141 raw nominal
528 25 4240 raw nominal
536 25 7076 raw nominal
558 26 7024 raw nominal
577 27 2122 raw nominal
506 28 2308 raw nominal
605 29 7045 raw nominal
610 30 3116 raw nominal
629 31 2198 raw nominal
634 31 35419 raw [nominal]50V

Table 5.4: Pedestal runs.

Pedestal calibration

1D 101
:E . 33;2 , Entries 25717
ntries A 1992
RUN S0 % pean 955.3 10 I‘ S 45.03
2| ch37 RMS 4.936 :
103 !
: /ndf 5491 | 27 Run-611.ch.10¢
onstant 246.5 2 _ -
ean 955.3 10 Gain=95.93
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Figure 5.12: Gaussian adjust to the pedestal of channel 37 in run 50%left). Spectrum of the
PMT response in the single photoelectron regime, tted with the set of functions descibed in the
text (right) [163].
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5 The RICH prototype of the AMS Experiment: 2003 Beam Test

Both LED and pedestal runs can be used to determine the pedestadak position
and its width ( peq). Using the latter type of data, a gaussian t is performed to
the signal like it is shown in Figure 5.12 (left).

A pedestal drift was observed for all channels. It occurred mogthafter human
interventions in the setup and it is not observed neither insida run nor between
pedestal and LED runs. The pedestal mean value shift along the telseam period
can be appreciated in Figure 5.13 (left). The mean value of ¢hshift as well as the
r.m.s. are plotted for each run. During the time bound by the wical dashed lines,
some channels of two PMTs presented negative or double pedesilhe rst kapton
pedestals moved to smaller values so these channels were remdrn@d the plot.

The pedestal width is around 4.75 ADC channels in gain5 and is kept stable
within all the data taking period as can be appreciatted in Fjure 5.13 (right). The
mean value and the r.m.s of the pedestal sigma distribution oflahe channels are

presented.
% 5r . 6
B4 %5.75 -
% 3 i e % 55 |
g 2 - 558 35.25 -
10 : ? 5t
1 E 610 L 4s 7
2 425 |
st o
5 T P T P SO P 35 T P P PR TR T PRI P PN
23 24 25 26 27 28 29 30 31 32 ¥ 23 24 25 26 27 28 29 30 31 32
Time-day Time-day

Figure 5.13: Pedestal mean value shift during the beam test period. The mean value of the
shift as well as the r.m.s. are plotted for each run(left) . Pedestal width. The mean value and the

r.m.s of the distribution of pedestal for all channels are presentedright) . [188]

Gain calibration

The channel-by-channel gain calibration was done using dataken with a blue
LED. Run 1001 was taken at the very beggining of the beam test sgt, before the
in-beam data taking. Run 611 was taken one week later, whilem 635 was taken
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5.5 Photomultiplier Calibration

with high voltage decreased by 50V in order to accomodate a higr dynamic range
required by the beam settingsA=Z = 2:35 (nuclear fragments up to indium).

s 180
25 1D 200 - | ID 100
200 | | Entries 1536 160 | Entries 1536
175 | | Mea 26.16 140 £ | Mean 124.3
150 [ | RM 8.379 120 | | RMS[L 39.93
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G x1 (run 611) Gx5 (run 611)
Figure 5.14: Gain distributions with gain 1 (left) and 5 (right) [188].
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Figure 5.15: Comparison between measured gains for all channels from run 611 and 1001 with
amplication 1 (left) and 5 (right) [188].

Figure 5.12 (right) shows the response of one channel in the simgihotoelectron

regime. The tted function corresponds to a sum of a gaussian futien introduced
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5 The RICH prototype of the AMS Experiment: 2003 Beam Test

to describe the pedestal and a set af-photoelectron response functions whose am-
plitude is modulated by the Poisson distribution. More detailson the t function
are given in note [189]. The overall t shown in Figure 5.12 irades the contri-
bution of the one and two photoelectrons response and gives theean number of
photoelectrons and the gain. The evaluated mean number of gioelectrons, , is
0.5, 0.22 and 0.14 for calibration runs 1001, 611 and 635, respvely. The gain
of all channels measured in run 611 in gainl and 5 is shown in the left- and
right-hand plots of Figure 5.14 respectively. The mean gaimiampli cation 1 is
26.16 while with ampli cation 5 it is 124.3 ADC channels. These results are in
agreement with the gains calculated from calibration run 1@ within 2% as can be
measured from the spread of the data points in Figure 5.15.

Channel status

It was not possible to calibrate less than 2% of the channels ankis number varies
slighly along the beam test period [163]. The channel status daming information
about the quality of the gain and pedestal determination is icdluded in a database
that is read during data analysis.

5.6 Stability of the Detection Matrix

The stability of the photomultiplier gain was monitored during the beam test at
di erent periods of time. A good observable to monitor the gan stability is the
mean signal amplitude per hit in helium rings because these ateet most abundant
nuclei in the runs with the A=Z = 2 setting of the beam line rigidity. Figure 5.16
shows the distribution of the single photoelectron. The peak iat 1 p.e. but the

mean value is slightly higher due to the big tail at right.

Figure 5.17 shows the signal per hit for samples of 5000 eventsfirrun 538 (left)
and run 542 (right). According to this, at the run level, the obseved variations are
at the level of 1/1000.
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5.7 Detection of bad PMTs in data analysis

Although the calibration procedure allows to detect channslwith problems and

identi es them in the status les for later exclusion from the reconstruction pro-

cedure, low e cient channels can appear. Their presence is téeted through the

analysis of theCerenkov signal integrated in time. Figure 5.18 shows an acculated
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5 The RICH prototype of the AMS Experiment: 2003 Beam Test

distribution of 34700 helium events produced in an aerogeldiator 1.03. Photomul-
tiplier 52 (blank square) is killed because the signal analysis@lied a decrease of
signal in that region. The procedure to check the azimuthal dtribution of the sig-
nal was simple: rst, the ring was divided in four parts each caring an azimuthal
region of 90, then in six (6(°), eight (45°), 12 (3(?), 18 (20°) and 24 (19) parts.

15

10

Y (cm)
o
T
N
1S5
w

-10

15

Figure 5.18: Detection plane with a display of 34700 helium events.

The signal was integrated within an window of 1.5cm. The patta division in
four parts shows that the region between 27Gand 360 registers a relative decrease
of the signal related to the average signal of the four branche$ the order of 10%,
according to what is visible in the top left-hand plot of Figue 5.19. The subdivision
in more parts (6, 8, 12, 18 and 24) allows to constrain the depdel region between
the 258 and the 300, as visible from the three points with a variation of 35%
in the last plot of the sequence. In fact, the pattern division inl2 parts allows
to approximately look at the PMT dimension which is between 25and 30 of
angular coverage. The decrease of 40% in the relative signati@aon with respect
to the average signal appears in the angular region occupieg photomultiplier 52
which apparently shows a lower e ciency. This photomultiplier was subsequently

eliminated from reconstruction as shown in Figure 5.18.
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Figure 5.19: Relative variation on the number of photoelectrons per pattern fraction of helum
events. From left to right and from top to bottom: 4, 6, 8, 12, 18, 24

5.8 Photomultiplier Saturation E ect

The preliminary reconstructed charge analysis of the beam tedata shows a shift on
the charge peak position clearly visible fo ~ 14. This is illustrated in Figure 5.20
in the data represented with white squares. A decrease in the restructed charge
with respect to the expected value is noticeable and it is cleghat this shift in-

creases with charge reaching more than one charge unit far= 24. This sug-
gests a saturation e ect of the ADC. An e ective correction to the non-linearity

was applied. This correction consisted of using the functiooorrected signal =

A (signal C)2+ B (signal C)+ C where A = 0:003628,B = 1:094335,
C = 26:0. The e ect on the di erence between the reconstructed chaegvalue and
the expected charge versus the expected charge is shown withdots superimposed
on the previous plot. The shift is now only of the order of 0.1 @rge units for higher
charge values. The signal values before and after the correctiare registered in the
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5 The RICH prototype of the AMS Experiment: 2003 Beam Test

plot of Figure 5.21. This correction will be applied for all he analysed runs.
Despite this single correction being applied, new measuremsnbf the PMT
linearity would be very useful.

o No saturatiort correction
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Figure 5.20: Dierence between the reconstructed charge value and the expected charge versus
the expected charge. Open square points represent the data obtained without any correch in
the measured signal, full dots represent the data points with a single correctio, described in text,
applied to the PMT channel response.

5.9 Prototype Simulation and Reconstruction Pack-
age

The prototype simulation was included in the RICH standalone ackage described
in section 3.4. This process had already been done to describe 2002 beam test
setup and was updated in 2003 to include the new features. The silation code
is basically common for the ight and prototype setups tested ir2002 and 2003.
The choice of the setup to simulate is done by data cards. The velty and charge
reconstruction algorithms are the same apart from minor chaeg like the optimized
velocity reconstruction parameters for the di erent radiabrs and the identi cation
of the radiator on which the particle impacts that is speci ¢ d the ight setup. The
necessary updates are basically at three levels:
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Figure 5.21: Corrected signal given by the e ective parameterization explained in the text
versus original signal. The solid line represents the measurements before cection while the
dashed line represents the corrected measurements.

First, it is necessary to read the DAQ data le generically namedern.runnb
(e.g. cern.510). This le contains all the information abotithe event: run and
event number, the detected hits and corresponding signal tager with the
information on which gain mode was used when it was acquired.af@ from
the auxiliary subdetectors like scintillators,Cerenkov counter, wire chambers
and silicon tracker are also registered. Calibration data forhe tracker are
read from external ASCII les as well as the PMT calibration les with the

information on gain G, g, pedestal position, width and channel status.

The simulation of the data acquisition setup is de ned accordigpto data cards
that specify if the run is vertical or not and if it includes mimror or not. The

geometry of the prototype was already introduced.

Finally, a circular t to each vertical event is used and the saittillator calibra-
tion is processed from the ADC measurements read from an ASCII le-or
inclined events a velocity reconstruction with three free pameters is done to
determine the velocity and the impact point at the top of the adiator (X o; Yp).
For each event, six velocity and charge reconstructions arerprmed, one for
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each available track:

Track Type Detector

1 wire chamber 1

2 wire chamber 2
3 RICH (from circular t)
4 RICH (position of the pixel

with the highest signal)

5 RICH ( xed point for the whole run
computed from the mean value of track 3
6 STD

Table 5.5: Track types.

All the read and processed data coming from the reconstructiongarithms are
registered in an output le containing two CWN® PAW [190] ntuples numbered 1
and 2. The second one describes the run and prototype geometrnydas lled just

once. The rst contains the variables measured and reconstrued for each event.

5.10 Event Reconstruction

Reconstruction of the particle impact point

For the vertical runs (= 0), the particle impact point at the top of the radiator
can be obtained from theCerenkov ring. For these events the pattern is a perfect
circle that can be tted. An example of an event like this is theone presented in
Figure 5.22.

The centre of the Cerenkov pattern can be obtained by using the three-point
method. As the name suggests trios of points are used. The methadbased on

the geometrical property that the perpendicular bisector o& chord passes through

6Column-Wise-Ntuple. In a CWN the elements of each column are stored sequentially.The
CWN storage mechanism has been designed to substantially improve access timedfacilitate com-
pression of the data, thereby permitting much larger event samples (several hundredsf Mbytes)
to be interactively processed, e.g. using PAW.
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Figure 5.22: Event from a vertical run.

the centre of a circumference. Figure 5.23 illustrates thercumference centered
at point C with coordinates @;0. The chord [P,P;] is perpendicular to the line
segment M;C] and in particular the half line segment P;M,] is also perpendicular
to [M,C]. The same is valid for P,Ps] that is orthogonal to [M,C] and [P,M,] to
[M,C].

P3

P2

P1

Figure 5.23: Circumference with the centre at point C (X;Yc), chords [P2P3] and [P1P2]. My

and M, are the mean points of the chordgP;P,] and [P2P3], respectively.
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This is simply expressed as
8

< [PiM4] [M;C]=0
[P2M2] [M2C]=0:

In terms of the point coordinates this is written as
8

S Xwy XaiYu, V) (Ko XwgsYe Yw,)=0
Xm, X23Ym, Y2) (Xe Xwmy, Ye Yw,)=0;
where Xu,; Ym,) and (Xu,; Yu,) are the mean points of the chordsH;P,] and

[P,Ps] calculated as,

X1+ X Y1+ Y,

XMlz%; M1 — 12 2 (52)
Xo+ X Y, + Y.

XM2: 22 3; YMZ: 22 3:

The di erences in equation 5.2 can be simpli ed using the folleing notation

Xq= XMl X1 Y, = YMl Y, (53)
X2= XM2 Xz, Y2= YM2 Y2:

Solving the system, the coordinates of the centreX(; Y.) are found to be

Y, + 22 Xy 22y,
T ES o
Y.
Xe= Xwm, Xl(b Yu,): (5.5)
1

These equations are solved for each established trio of hits oktbvent. For an

NI
' (N 3 3l

obtained for the centre ¥.;Y.) are clusterized in a two-parameter space and the

event with N hits equation systems like 5.2 are built. Finally the values
centre coordinates are taken to be the average coordinatefstioe most populated
cluster.

This method was namedtcircle and was extremely useful in the beginning of
data analysis when the tracker calibration les were not avéable and when the
MWPC presented some problems.

Figure 5.24 shows the distribution of the reconstructed centreoordinates for
helium events from beam test, with an incidence perpendiculéo the matrix, calcu-

lated using the tcircle method . The precision obtained is much better than the pixel
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Figure 5.24: Distributions of the reconstructed particle impact point in the detection matrix
for helium events from a vertical run with a setting of beam rigidity A=Z=2.

size: x. ' 0:18cmand v, ' 0:20cm. The distributions show some tails due to the
presence of background events that will be discussed in the nexbsections and that
were not eliminated at the present stage. The resolution of theentre determina-
tion improves using higher charges due to the higher number loits available to the
algorithm. The reconstructed mean values for the centre catinates are basically
the same, with a better resolution (x. ' 0:11cm and v, " 0:15cm). The recon-
struction e ciency of this method is 94% for helium and 99% foiZ > 2. The beam
divergence measured with the tracker datais X =0:34mrad and Y =0:20mrad
for runs with A=Z = 2, so these runs are very well focused and the developed
algorithm is appropriate for vertical runs.

However the resolutions obtained above have the e ect of the &m section
( 1mn?). To eliminate the beam spread e ect and to estimate the real s®lu-
tion of the tcircle method, the procedure was applied to a sample of helium events
simulated with a xed impact position in the radiator and the sane setup con-
ditions were ful lled. Figure 5.25 shows the reconstructed o&re coordinates for
helium events with a vertical incidence. The precision of theethod evaluated from
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Figure 5.25: Distributions of the reconstructed particle impact point in the detection matrix

for helium events impacting vertically in the same radiator point.

helium events is of the order of 1 mm.
The track determined by the tcircle is used to perform the alignment between
the RICH and the tracker prototype as mentioned in Section 30.

5.11 Conclusions

In order to validate the design of the AMS-02 RICH, a prototype ws constructed.
The performance of this prototype has been tested with cosmicuons and, in Octo-
ber 2002 and October 2003, in a beam of secondary ions at the QMERBPS produced
by fragmentation of a primary beam in a Be and Pb target, respégely. The main
purposes of the 2003 test were to validate the ight front-endlectronics, character-
ize the aerogel and sodium uoride radiators and evaluate thmirror re ectivity.

The present chapter introduced the RICH prototype and the 20 beam test
setup. Also give were a brief introduction on the simulation softare, photomulti-
plier calibration, scintillator calibration and tracker alignment which measurements
are essential for the data analysis that will be presented in therthcoming chapters.
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Chapter 6

Aerogel radiator studies

Life is a sum of all your choices.
by Albert Camus

6.1 Introduction

The present chapter will introduce the aerogel data analysisode with the samples
available for 2003 beam test which were summarized in Table 5.Dnly vertical
runs with fully contained rings will be used in the present angkis. The evalua-
tion of the aerogel samples in order to make a nal radiator chce was one of the
key issues of these tests. The light yield of each sample was evatghtas well as
the velocity and charge reconstruction capabilities. Recormsiction of velocity and
charge were made with two independent methods. The results pented here were
obtained using LIP reconstruction methods. The data analysis \8acompared with
Monte Carlo (MC) expectations. The radiator tile uniformity concerning the light
yield (subsection 6.6.1) and the refractive index (subsection@?2) was also studied.
Finally, the results obtained allowed to choose the nal aerag to be used in the
ight setup.

6.2 Data selection

Data selection is necessary to remove wrongly reconstructed ¢k and to reject

multiparticle events originated either from fragmented bam particles or due to -
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6 Aerogel radiator studies

ray emission. Fragmentation can arise from the interaction ofdam nuclei with the
material in their path, for example in the trigger scintillators, the Cerenkov counter,
if present, or in the aluminium window of the RICH prototype. Bvents with a
non-uniform distribution of hits in the ring are also eliminaed.

The goal is obtaining a well reconstructed event sample to cectly estimate the
measurement capabilities of the detector. According to this aet of event quality

cuts must be de ned and applied.

Track compatibility

If available, the STD track is always used in the reconstructio so it is meaningful
to apply a cut on the track quality. An additional track is reconstructed from the
RICH ring hits following the procedure described in Section.50. Figure 6.1 shows
the residuals in the detector plane for both tracks. The seleaéracks, are those
which have at most three standard deviations from the centralalue determined by

a gaussian t.

10" F 32/ ndf 5260. | 246 00 F 32/ ndf 5332. | 247
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Mean 0.1901E-01 F Mean -0.2105E-02
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Figure 6.1: Residuals between thex (left) and y (right) coordinates determined by RICH and
by STD. The selected events have a residual within three standard deviations.

Figure 6.1 illustrates this cut which discards events whose ttk reconstructed
by RICH is not consistent with the STD track either due to the presence of more
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6.2 Data selection

than one particle in the matrix originated from fragmentaton or due to an abnormal

presence of noisy hits.

Estimator for the number of particles crossing the RICH

It is important to eliminate events with more than one partide in the detection
matrix arising from fragmentation like the event presented irFigure 6.3 (right). The
estimate of the number of particles (Na) is based on the comparison of the signal
per PMT with the average signal per PMT calculated using all thgghotomultipliers
of the matrix. The expression to be calculated for each PMT is:

M; (6.1)

where $is signal of each PMT and $= ; S. The distribution of that variable is
represented in Figure 6.2 (left). The cut to establish if the sigad per photomultiplier
corresponds to the signal left by a particle is set at 4 and is ma# upon the plot.
This limit separates the region of the plot with a decreasing &nd from the stable
part. If the previous ratio is greater or equal than 4 then onenore particle is

counted.

rd
PR IS N S NN SN U T [ T S SR I S S N |

Signal PMT; XN, / Signal TOT N

Figure 6.2: Distribution of the signal per PMT divided by the average signal per PMT. PM Ts
giving a value greater or equal than four are candidates to be particle spotgleft) . Distribution of
the estimated number of particles per event for events within (solid line) and outof three standard
deviations in  (dashed line) (right) .
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6 Aerogel radiator studies

The distribution of Np,. is introduced in Figure 6.2 (right). The distribution
represented with a solid line shows the number of particles estted to be in the
matrix for events within three standard deviations of the vedcity distribution. The
distribution described by a dashed line corresponds to the numbef particles es-
timated to be in the matrix for events more than 3 away from the center of the
velocity distribution.

An alternative cut to the particle number estimator to reject fagmented events
and abnormally noisy events was established. Noisy events can le¢gected by de-
manding a small noise/signal ratio. The distribution of the rato between the signal
observed out of the ring, excluding the signal of the particleihcandidates, and
the signal counted in the ring is presented in Figure 6.4. The pk close to the
origin represents the distribution of events with an acceptde noise/signal ratio.
The cut to separate the population of events with a normal rat from extremely
noisy events is set at one. Therefore, events with an integratsignal out of the ring

width greater or equal than the ring signal are excluded.
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Figure 6.3: Background events: event with clustered hits(left) and event with fragments (right) .
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6.2 Data selection

Kolmogorov probability

For events generated by vertical particles the azimuthal dtribution of the hits in
the detected ring should be at sinceCerenkov emission is uniform in the azimuthal
angle' (see Figure 4.5). So reconstructions like the ones shown in Figl6.3
(left) should be rejected since they clearly correspond to oddients compared to
the uniform rings depicted in Figure 5.6. Clustered hits are nesented upon the
Cerenkov ring.

Since the velocity reconstruction algorithm provides the lis azimuthal angle
in the particle's frame this can be used to check the uniformyjtof the azimuthal

distribution of the hits with a Kolmogorov test.
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Figure 6.4: Distribution of the ratio Figure 6.5: Kolmogorov probability
between the signal out of the ring, excluding distribution for the events within 3  of the
the particle signal, and the ring signal. The velocity distribution (hatched distribution)
vertical line marks the established cut value. and out of this region (plain distribution).

Keeping in mind the purpose of eliminating the same type of eventhat the
Kolmogorov probability is supposed to discard, an estimator dald ring atness
was created. This is built as the average cosine of the hit aaithal angles weighted
by the hit signals, w;, because not only the number of hits should be uniformly
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Figure 6.6: Flatness estimator versus number Figure 6.7: Flatness estimator cal-
of hits. culated with the cosine (top) and with

the sine (bottom) of the hits' azimuthal

angles.

distributed but also their signals. So it is expressed as

P nhits

.~ W; COS' |
Flatness = —p— L

nhits
i=1 Wi

(6.2)

This variable scales down with the number of hits of the eventral this is observed
in Figure 6.6.

The same estimator with the function sine was built to eliminateevents that
could have one cluster in one side and another in the opposite sidehis con gura-
tion would give a good value for the atness estimated with cose

The reconstruction capabilities of the RICH prototype will ke evaluated from a
selected sample, according to the following criteria:

compatibility between track elements from RICH and tracker

one particle requirement;
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6.2 Data selection

azimuthal uniformity of the hits distribution.

Table 6.1 summarizes the events selection cuts.

Selection variable cut
RICH and STD track residuals| jXrich Xstpj < 3
jYrich  Ystpj < 3
Npart =1
Proby,l > 01

Table 6.1; List of selection cuts.

The e ectiveness of the cuts on the event selection was evaledtby using two
data samples: asignal samplemade of events with reconstructed velocity within
two standard deviations of the expected value anbackgroud eventcomposed of
bad reconstructed events (reconstructed velocity more tharnve standard deviations
from the expected). The signal selection e ciency after appiyng all the cuts is of
65% while a very good background rejection e ciency of 97% @btained. Table 6.2

shows the corresponding results obtained.

Selection variable Signal | Background
e ciency rejection

RICH and STD track residuals 78% 66%
Npart 88% 69%
Probko 89% 28%

Table 6.2: Signal selection and background rejection e ciencies for each quality cut, applied as

the last cut.

The importance of each cut on the nal selection can be estimadey applying it
as a last cut to the samples. Figure 6.8 shows the reconstructedoty distributions
at di erent stages: prior to cuts (solid line), after Ny, and track quality cut ( lled
histogram) and after Kolmogorov probability cut (hatched dstribution surrounded
by a dotted line). All the e ciencies presentend in Table 6.2 wee estimated based
on data collected with radiator CIN103 irradiated with a verical beam. These
values are quite similar for the other two aerogel radiatorsdMEC103 and CIN105)
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Figure 6.8: Reconstructed velocity with helium data collected using radiator CIN103 before ag
event selection cut (solid line), after tracker quality cut (dashed line), after Npa cut (lled) and

after Kolmogorov probability cut (hatched).

since the selection re ects the setup and the beam conditions neahan the radiator

characteristics.

6.3 Velocity Reconstruction Results

The three aerogel radiators extensively studied in the 2003 &r@ test are shortly
called CIN103, MEC103 and CIN105. Table 6.3 summarizes some diee optical
parameters for each radiator together with some setup paranes. The optical
parameters that characterize each aerogel were ne tunneck{ractive index, clarity,
forward scattering probability and the width of the forward sattering angle) looking
for the agreement on di erent distributions. The refractive hdex was ne tunned
forcing the average value of the reconstructed to be compatible with the particles
velocity in the beam (' 1). Then the forward scattering probability and the
width of the forward scattering angle were determined throudga scan on the space
of these two parameters in order to nd the pair that best describs the agreement
between the residuals distribution in data and in MC. Finally, xed all the other
parameters the e ective clarity was determined by imposinghe agreement between
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6.3 Velocity Reconstruction Results

the total signal in the Cerenkov ring in data and in MC. The complete procedure
to determine the modeling parameters is thoroughly descriden thesis [163].

The e ective clarity value obtained for the Novosibirk radiaor is close to the
values measured in laboratory, already presented in Table 3.1However, the ef-
fective value determined for the Matsushita radiator disagreefrom the laboratory
measurement most probably due to the fact that in the beam test tiee tiles, 1.1 cm
thick each, were stacked in order to give the nal radiator thtkness while in the
laboratory the measurement was performed using only one til®ther laboratory
measurements have shown that piling up aerogel tiles can dedesthe overall trans-
mittance, which puts the Matsushita aerogel in disadvantage sie only tiles with a

thickness of the order of 1cm are produced. Since three di efteaerogel radiators

Radiator Nerf Cett (M “4cm 1) Pq (mrad) Hag (cm) H (cm)
CIN103 1.0300 0.0004 0.00520.0001 0.140.02 17 4 3.0 42.3
MEC103 1.0309 0.0003 0.00580.0001 0.140.02 235 311 42.3
CIN105 1.0529 0.0006 0.00550.0001 0.190.02 14 3 2.5 33.45

Table 6.3: Silica aerogel radiators studied in 2003 beam test and their e ective parameters:
refractive index, clarity, forward scattering probability and standard deviation of the forward
scattering angle. Aerogel thicknesses and the setup expansion heights are also prdsein

are under study and a di erent setup is being used, the parametof the velocity
reconstruction have to be optimized for each case.

In a rst step, looking at the residuals distribution [Figure 6.9(left)] for CIN105
tted with a double gaussian function, as explained in subsectin4.3.2, allows us
to conclude that the presence of a second gaussian is almost unssagy. The
population in the second gaussian is only 15% of the one in the trah gaussian
while the standard deviation of the second is two times largehan the rst (in the
ight setup the ratio between them is 3.6). As explained befor¢he presence of a
second gaussian is justi ed by the requirement of taking into aocint the forward
scattering e ect and the pixel size. The latter e ect is smallerin the prototype
(7.75mm) and the former is less noticeable due to the smaller gansion height
in the prototype setup (42.3cm). Therefore for the sake of simpity a model to
describe the signal containing only one gaussian will be used.
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Figure 6.9: Hit residuals with respect to the expected pattern for 50000 simulated helium evers
impacting vertically in an aerogel CIN105. A double gaussian function is usedd t the residuals

of hits considered as signal hits(left). Scheme with the e ect of the ring enlargement due to the
forward scattering e ect (right) .

The e ect of the Cerenkov ring enlargement due to the forward scattering e éc
enhanced by a higher expansion height is illustrated in the tgrhand scheme of
Figure 6.9. H is the expansion height that in the ight setup is 46.2cm whilen
the prototype for the runs testing CIN105 radiator was establistd to be 33.45cm.
The particle direction is perpendicular to the detection maix and L is approxi-
mately the distance crossed by the photon since it leaves the ratbr and impinges
on the detection plane. | is the photon refracted angle and , is the forward scat-
tering emission angle. The ring width enlargement, x, depends linearly with the
expansion height (H),

X Ltan H .,

X = X 6.3
COS COS cog , (6.3)

Comparing the ring thickness generated in the ight setup witlthe one generated

in the prototype setup comes:

Xight _ Hpign _ 462 _

=1:38 6.4
Xproto H proto 3345 (6.4)

The ratio between the standard deviations of the second gaussifor both cases
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6.3 Velocity Reconstruction Results

fight _ 135
proto 0:853
which is compatible with the ratio between the foreseen ringidth enlargement.

1:5 (6.5)

From the previous analysis it is reasonable to describe the sigpapulation in the
residual distribution by a single gaussian model. The ring residlsparametrization
had to be done with simulated events in order to avoid the pixation e ect present
in real data events coming from a narrow beam. The residual digiutions for
the three aerogel radiators tted with the aforementioned mdel are introduced
in Figure 6.10. All the residual distributions were obtained fom simulation using
events generated by particles impacting uniformly in a cerdl radiator square of
5cm side length. This constrained region also guarantees futtgntained rings.

The likelihood function to be used is:

P(r)=(1 b)pzlr exp % L Bb: (6.6)

According to what was explained before, evaluating the backgund ratio b im-
plies the de nition of a cut distanced.; that separates the population of hits that
are signal and the population that belongs to the backgroundn practical terms the
problem reduces to solving the following equation for di en& cut distances which

give di erent background levels:

(1 B G(d)= O ©.7)

Samples of 20000 vertical helium nuclei with ' 1, generating fully contained
events, were simulated in the CIN103 and MEC103 radiators and Q@0 in the
CIN105 radiator. The relative velocity resolution = is estimated from the dis-
tribution (™ rec), for each established pairlg, d..¢). The evolution of — with
deyt for each radiator is presented in Figure 6.11.

The optimized d.; parameter, corresponding to the best velocity resolution, is
summarized in Table 6.4 together with and b.

The z coordinate of the emission vertex was also tuned. The optimizah pro-
cedure applied was the same described in Chapter 4. Figure 6@d2sents the evo-
lution of the systematic error of the mean reconstructed veldyi value with the
fraction of radiator height for the z coordinate of the photon emission vertex for
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Figure 6.10: Hit residuals with respect to the expected pattern for 50000 simulated helium
events impacting vertically on aerogel CIN103(left), MEC103 (middle) and CIN103 (right) .
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Figure 6.11: Relative velocity resolution for helium nuclei impacting in CIN103 (left), MEC103
(middle), CIN105 (right) in the prototype setup versus cut distance between signal and noise hits
spatial distribution.

the three aerogel radiators studied. All samples show a linearnation with the
optimal emission vertex at 0.552, 0.564 and 0.570 of the radiatheight for CIN103,
MEC103 and CIN105, respectively.
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6.3 Velocity Reconstruction Results

radiator b | deut

CIN103 | 0.33| 0.31| 0.80
MEC103| 0.39| 0.46| 0.82
CIN105 | 0.41] 0.30| 0.98

Table 6.4: Optimized parameters for velocity reconstruction with the di erent aerogel radiat ors
of the RICH prototype.
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Figure 6.12: Fine tuning of the z coordinate of the emission point assumed for pattern tracing.
This simulation was done for CIN103 (left) ; MEC103 (middle) and CIN105 (right) .

The optimized reconstruction parameters, , b, d. and the z coordinate of
the emission point were used in the data velocity reconstructionThe resolution
of the measurement was estimated using a gaussian t to the reconstructed
spectrum like the one shown in Figure 6.13 for helium nuclei. Ehsample was
selected according to charge measurements from both the silidmacker prototype
and the scintillators. In the present case, data were collecteditiv the aerogel
radiator CIN103, 3.0 cm thick with an expansion height of 42.3w. The events shown
correspond to particles inciding vertically and generatinfully contained rings. The
track prediction used was the STD measurement. The value ofreconstructed from
a simulated helium sample is also shown in the superimposed shadestdgram
proving the good agreement between data and Monte Carlo.

The results on velocity resolution for ' 1, helium nuclei impacting on each of
the aerogel samples tested in 2003 are summarized in Table 6.5.
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Figure 6.13: Comparison of the ( 1) 10 distribution for helium data (black dots) and
simulated data (shaded).

The velocity resolution given by equation 4.1
can be related to the setup expansion height as

— =CO0S .Sin . H since tan . = according to the
right-hand scheme. Therefore the expansion height
is inversely proportional to the velocity resolution
which allows to extrapolate the results introduced in

Table 6.5 for a common expansion height (33.5cm)

from the values measured at the adjusted heights.

All radiators tested ful Il the RICH requirement for measurement. In fact, CIN103
presents a slightly better value due to the smalleCerenkov angle and the good
transparency. The CIN105 radiator also presents a very precisesodution although

it has a higher refractive index.

resolution forZ=2, H=33.5cm
radiator CIN103 MEC103 CIN105
() 10°|0.421 0.003| 0.434 0.002| 0.459 0.004

Table 6.5: Velocity resolution for a helium particle with ' 1 obtained for all the aerogel
samples tested in 2003 and extrapolated for a common expansion height of 3m. Data were

from a beam with A=Z = 2.

Finally, Figure 6.14 shows the reconstructed velocity distritions for helium
events impacting in CIN103 using two di erent algorithms: the LP algorithm pre-

206



6.3 Velocity Reconstruction Results

sented in this thesis and the CIEMAT algorithm. The last algorihm is based on a
single hit reconstruction [173] which means that a velocity Vae is reconstructed for
every detected hit. The resolutions achieved with both methis are compatible and
a bias in the mean reconstructed value of the order of 10is observed. This is an
expectable shift, intrinsic to the di erent geometrical appoaches for evaluation
since one is based on an average of hit distances to tGerenkov pattern (LIP)
and the other is extracted from an average of single-hit estirred velocities, i
(CIEMAT).

‘\‘ [0 CIEMAT
‘ o LIP

1 0 1
(1-b_ )10

rec

Figure 6.14. Comparison of the(1 ) 10® distribution for helium data reconstructed with
CIEMAT (shaded) and LIP (dotted) algorithms.

6.3.1 Evolution of velocity resolution with charge

The charge dependence of the relative velocity resolutionrfthe same radiator is
shown in the right-hand plot of Figure 6.15. The di erent chages were selected
using external and independent measurements performed by thiéicon tracker pro-
totype and by the two scintillators. The observed resolution vaes according to a
law in 1=Z, as is expected from the charge dependence of the photon ¢igi the
Cerenkov emission, up to a saturation limit set by the pixel size dhe detection
unit cell. The function used to perform the t is the following, already introduced
in Chapter 4:
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()= 5 +B? (6.8)

where A means the resolution for a singly charged particle whileB means the
resolution for a very high charge generating a large number lots. The tted values

are presented in Table 6.6. Simulated data points faf = 2, 6, 16 are marked upon
the same plot with full squares. A full agreement between data drMonte Carlo is
observed for all simulated charges. Data used are froA=Z = 2 beams since they
present a larger number of high-charged particles.
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Figure 6.15: Velocity resolution for di erent aerogel batches: dependence with the particle

charge for data (open points) and simulation (full squares).

The evaluated resolution for singly charged particles, givenylparameter A, is

208



6.4 Light Yield Evaluation

radiator H (cm) A 10° B 1C

CIN103 42.3 0.6590.003 0.0370.001
MEC103 42.3 0.7740.001 0.0500.001
CIN105 33.3 0.8720.003 0.047 0.001

Table 6.6: Fitted parameters A and B from the function (6.8) applied to the velocity resolution
versusZ distributions presented in Figure 6.15.

in any case better than the predicted ight resolution for the sane particles (0.1%).
This is expected because the test beam is the most favourable srémdealing with
fully contained Cerenkov rings which means the maximum possible number of hits

available to the reconstruction.

6.4 Light Yield Evaluation

The light yield of the aerogel radiator has implication on tle velocity and charge
resolutions. Therefore, the aerogel characterization is amportant issue for the
nal choice of the radiator. The aerogel light yield dependsn the tile thickness and
on its optical properties (refractive index and clarity). Asruns with A=Z = 2 have a
large helium sample, the light yield is evaluated for heliumuclei and extrapolated
for protons (Z = 1). Several factors have to be taken into account for the desption

of the ring signal distribution. The general case is exposed in Appdix A and the
factors to be taken into account for the helium signal estimadn in the beam test

conditions are here exposed:

statistical uctuation of the number of photoelectrons:
the large signal collected 1f) for helium nuclei obey a gaussian law of mean

signal

2
Gy(n; )= pytp—e 2" )

photomultiplier signal ampli cation:

the uncertainty associated to the charge ampli cation in ever dynode causes
a natural spread on the photoelectron response,raphotoelectrons signal will
be measured X) according to,
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1>(n2

. — 1 1 2n pe .
Ga(n; )= P Pe e © ;
particle velocity pro le:

all the beam particles have 1,

ring acceptance pro le:
only fully contained rings are used.

Therefore, the number of photoelectrons distribution will le lled according to

the following function wheren is the number of photoelectrons

b3
f(X; 5 pesNo)/ G1(n)Gz(x;n) (6.9)
n=3

and the parameters to be determined are the global normalizan factor Ng, the
single photoelectron width .. and the average number of photoelectrons,.

Table 6.7 summarizes the light yield foZ = 1 extracted from the average num-
ber of photoelectrons forZ = 2 in each radiator. A good agreement is observed
between the data signal and the simulated signal for CIN103 (batin right plot of
Figure 6.16).

radiator CIN103 MEC103 CIN105
<Npe>|9.99 004 10.660.04 14.270.05

Table 6.7: Expected light yield for Z =1, ' 1 particles in CIN103, MEC103 and CIN105
radiators.

The light yield has been evaluated from the analysis of heliusamples collected
in 2003 and from the analysis of proton data samples gathered2002 with di erent
beam momenta between 5 and 13 GeV/c [191].

Figure 6.17 (left) shows the light yield evolution of the di @ent aerogel samples
tested in 2002 with the proton beam momentum. A t to each set of dta was
applied and the light yield for a proton with ' 1, generating fully contained rings
in a radiator with a common thickness of 3cm was extrapolatedThe right-hand
plot of the same gure shows the light yield normalized to 3 cm ticskness for the
di erent aerogel samples tested in 2002 and 2003. Two interasyi features are
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Figure 6.16: Number of photoelectrons evaluation for Z=2 particles impinging in CIN103 (top
left), MEC103 (top right) , CIN105 (bottom left). The results are tted by the function 6.9.
Comparison of data and MC signal for events generated in CIN103bottom right) .

noticeable. On one hand, the same sample of CINy02.108as used in both years
and its light yield analysis shows the same value which provesdisetup stability and
the aerogel's good performance after a one-year period; & tother hand, it is clear
that the highest signal comes from a CIN sample produced in 2003thvrefractive
index 1.050 re ecting the very good clarity ( 0.0055 m?*/cm) of the aerogel batch.

1The designations were the same used in Table 5.1
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Figure 6.17: Light yield as function of proton beam momentum for the di erent aerogel samples
tested in 2002 (left). Light yield comparison based on beam test data from 2002 and 2003. All
values were extrapolated to fully cointained rings generated by a particle wih ' 1 and in an
aerogel radiator with a thickness of 3 cm(right) [191].

6.5 Charge Reconstruction Results

The spectra of reconstructed charges in the di erent aerogebdiator samples are
shown in the panels of Figure 6.18. The reconstruction methodsed was the one
described in section 4.4. Each spectrum displays a structure of ligeparated in-
dividual charge peaks over the whole range up to irorZ(= 26). The rst three

spectra refer to the charge measured with CIN103, MEC 103 and CIBH, respec-
tively with a beam selection ofA=Z = 2 while the lower right-hand plot refers to a

beam selection oA=Z = 2:25 measured with the same CIN105 radiator.

The charge resolution for each element, shown in Figure 6.19asvevaluated
through individual gaussian ts to the reconstructed charge paks selected by the
independent measurements performed by the scintillators arithe silicon tracker
prototype. The charge resolution up toZ 22 is shown. A charge resolution for
proton events slightly better than Q17 charge units is attained with CIN105 and as
expected the best charge resolution is provided by this rad@at due to its higher
photon yield.
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6.5 Charge Reconstruction Results

CIN103 MEC103

CIN105

Zrec

Figure 6.18: Charge peaks distribution measured with the RICH prototype using: CIN103
3cm thick (top left) ; MEC103, 3.3 cm thick (top right) ; CIN105 2.5 cm thick (bottom left) with
a beam selactionA=Z = 2 and a beam selectionA=Z = 9=4 (bottom right) . Individual peaks are
identiedupto Z 26.

The charge resolution as function of the chargé of the particle follows a curve
that corresponds to the error propagation orZ which can be expressed as:

1+ 2 N 2
Nope+z2 N (6.10)

This expression, already presented in (4.59), describes the twigstinct types of
uncertainties that a ect the measurement ofZ: statistical and systematic. The
statistical term is independent of nuclear charge and dependssentially on the
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Figure 6.19: Charge resolution for dierent aerogel batches. The results are tted by the

function (6.10). The dark blue squares are MC data points generated foZ =2, 6 and 16.
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6.6 Aerogel Tile Uniformity Studies

amount of Cerenkov signal detected for singly charged particledN§ 14:27) and
on the resolution of the single photoelectron peak {). The systematic uncertainty
scales withZ, dominates for higher charges and is around 1%. It appearsealto
non-uniformities at the radiator level coming from variatons in the refractive index,
tile thickness or clarity or due to non-uniformities at the ptoton detection e ciency
like PMT temperature e ects or light readout non-uniformities (light guide and
guantum e ciency). Monte Carlo data show a negligible systemat uncertainty
(below 0.65%) as expected because the radiator is simulated asiniform block
and since all events present the same topology (vertical, fulontained rings) the
touched photomultipliers always corresponds to the same samapWwith the same
simulated response.

Table 6.8 summarizes the tted parameters in data points andni Monte Carlo.

radiator No data type | pe (%) | N (%)

CIN103 | 9.99 0.04 data 62.5 0.3] 1.16 0.05
MC 60.7 0.4 | 0.62 0.07
MEC103 | 10.66 0.04 data 63.7 0.3] 1.05 0.07
MC 65.0 0.4 | 0.64 0.08
CIN105 | 14.27 0.05 data 67.5 0.3] 0.94 0.03
MC 61.9 0.4 | 0.45 0.07

Table 6.8: Aerogel response: signal foiZ = 1, single photoelectron width and systematic
uncertainty.

6.6 Aerogel Tile Uniformity Studies

The thickness and the optical properties of the aerogel tileseed to be monitored
as any variation on these properties will endow uncertainteeon charge and velocity
measurements. Prototype data collected with particles incidg in di erent positions
of the tile can be used to evaluate its uniformity. At the tile sale a set of runs
with narrow beams ( 0.3 0.5cn¥) inciding in a matrix of nine points separated by
2.5 3:5cm were used. In addition, wide beam runs with a section0.7 1.2cn?,
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6 Aerogel radiator studies

corresponding to a beam selection &=Z = 2:25 can also be used. All the setup
parameters were kept stable and the dierent impact positionon the tile were
achieved through displacements of the aerogel plane. Thisf the former runs
called scan runs for the latter, the dierent impact positions resulted from the
natural spread of the beam. Therefore, the measurement of bate ring signal and
the velocity will be used to control the tile uniformity. The former will be sensitive
to the clarity, thickness and refractive index and the latterwill re ect any changes
in the refractive index.

The data collected for the three radiators are summarized inable 6.9.

Scan runs Spread runs
radiator | focused beamA=Z = 2) | wide beam A=Z = 2:25)

Nb of points | H (cm) | Nb of points| H (cm)
CIN103 9 42.3 1 33.45
MEC103 9 42.3 1 33.45
CIN105 4 35.3 1 33.45

Table 6.9: Collected data for aerogel uniformity studies.

6.6.1 Photon yield uniformity studies

The purpose of the photon yield uniformity study is to quantifyany variation of
the parameters at di erent points of the aerogel tile that ca in uence the charge
measurement. The strategy used to quantify these variations was look at the
mean number of photoelectrons. Helium nuclei from data samplésZ = 2 were
used in this study. These samples were selected according to the2&and scintillator
measurements.

Figure 6.20 (left) shows the spatial distribution of scanned pois in the CIN103
aerogel tile. Each point is separated from the neighbouringomt by 2.5cm. In
the right-hand distribution the mean number of photoelectras produced by helium
nuclei impacting in each tile position is presented. Only eiglpoints are available
since position 5 generate€erenkov photons close to the tile border with signi cant
losses. The standard deviation associated to the mean number of fFeectrons
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Figure 6.20: CIN103 tile scan: tile scheme with the scanned pointgleft) and mean number
of photoelectrons for Cerenkov rings generated from particles impacting in each scanned point

(right) .

distribution quanti es the uniformity associated to the tile. For the set of eight
measurements with CIN103 the tile uniformity was veri ed at tre level of (05
0:1)%.

Figure 6.21 presents the same measurements for the scan done WithMEC103
aerogel tile. In this case each point is separated from the nbigpuring point by
3.5cm. Here again only eight points are available since positi® also generates
Cerenkov photons close to the tile border with signi cant lossesThe registered
measurement for position 2 was excluded from the average of tither measurements
because it is a very low value. The uniformity for MEC103 was estated to be at
the level of (0.6 0.1)%.

According to the information presented in Table 5.1 the side Igth of CIN103
tile is 10cm while the side length of MEC103 is 11.5cm. Howevehnet CIN105
tile has the reduced size of 5cm, which excludes the previousascmethod for
uniformity studies. Figure 6.22 shows an event with part of theimg width lost at
the edge of the detection plane. Fortunately data from a widbeam are available,
allowing to study the uniformity at a small scale ( 4mm). The prole of the
particle impact points for helium events is depicted in Figte 6.23 (left). The beam

extension is 0.7cm in the x direction and 1.2cm in they direction, covering
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Figure 6.21: MEC103 tile scan: tile scheme with the scanned pointgleft) and mean number
of photoelectrons for Cerenkov rings generated from particles impacting in each scanned point

(right) .

an area of 1cn?. The grid marked upon the gure was used to select the event
samples according to the impact region and contain 1000 events. The grid cells
have 4mm of lateral dimension. A small fraction of the analyzed evén had
just a fraction of the Cerenkov ring, therefore an acceptance correction had to be
applied to the mean number of photoelectrons. Figure 6.23 @tt) shows the mean
recontructed charge for the di erent data samples. Once moreehum events were
selected using scintillator and silicon tracker information, ad the track used in
the reconstruction was provided by the tracker. The variatio on the mean charge
relates to the variation on the mean number of photoelectrcsmasTZ = %%
uniformity level of (0.6 0.1)% was evaluated from the mean charge variations. This
can be translated in a variation of the mean number of photoat&ons of (1.2 0.1)%.
The CIN103 uniformity was also evaluated using the wide beam tagique. The
mean reconstructed charge shown in Figure 6.24 (right) vari@dong the tile within
(0.3 0.1)%. A uniformity on the mean number of photoelectrons ofhie order of
(0.6 0.1)% was registered. A good agreement between the uniforyngvaluated
in both methods using the narrow and the wide beam is observed.h@& left-hand
distribution shows the tracker coordinate measurements deduoing the beam pro le

used in this run.
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Figure 6.22: Accumulated helium events generated by particles with the impact point at
(1.5;1.5)cm in the CIN105 aerogel tile. Part of the ring width is lost at the left edge o the

detection matrix.

According to the study, all the radiators show a uniformity at the level of 1%.

6.6.2 Refractive index uniformity studies

Any relative variation in the refractive index directly re ects on the reconstructed

velocity value according to expression 6.11.
n
— = — 6.11
- (6.11)

Therefore, the tile uniformity concerning the refractive mdex can be evaluated
looking at the variation of the mean reconstructed velocityri di erent points of
the tile. However, this study cannot be done with the scan runs lbause of the
uncertainty on the tile position which a ects the expansion hght. This systematic
uncertainty is larger than the magnitude of the non-unifornmies to be determined.
For instance, a variation of 1 mm in the expansion height lead®ta variation in the
velocity measurement of the order of 1G.

The evaluation of tile uniformity will be based on data colleied with a wide
beam. The impact regions to be used will be the same, presentedFigure 6.23
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Figure 6.23: Beam pro le of a wide beam with the corresponding division in di erent samples
for analysis (left) . Average reconstructed charge for helium events impacting in CIN105 tile. Each

point corresponds to a grid section of the wide bean{right) .
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Figure 6.24. Beam pro le of a wide beam with the corresponding division in di erent samples
for analysis (left) . Average reconstructed charge for helium events impacting in CIN103 tile. Each

point corresponds to a grid section of the wide bean{right) .
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Figure 6.25: Beam pro le of a wide beam with the corresponding division in di erent samples
for analysis (left) . Average reconstructed charge for helium events impacting in CIN103 tile. Each

point corresponds to a grid section of the wide bean{right) .

(left) and Figure 6.24 (left) for CIN105 and CIN103, respectivg. The nucleus
used in this study is the lithium nucleus Z = 3) since in the present beam selec-
tion it is almost as abundant as the helium nucleus. This fact ecabe appreciated
in the right bottom plot of Figure 6.18. Using this higher charg has the advan-
tage of dealing with Cerenkov rings with more hits which leads to a more precise
measurement of the average velocity value. Th& = 3 charge was selected us-
ing scintillators and STD information and the mean reconstrued velocity can be
observed in the left- and right-hand plots of Figure 6.25 for IBI105 and CIN103,
respectively. The refractive index uniformity is n <(0.06 0.02) 10 2 for CIN105
and n<(0.007 0.002) 10 2 for CIN103.

6.7 Conclusions

A complete characterization of the three aerogel radiatorssed in the 2003 beam
test was done in the present chapter. Velocity and charge redruction algorithms
were tested over a well selected data sample. The velocity red@n dependence
with the charge and results are in full agreement with Monte Q#o simulation. All
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6 Aerogel radiator studies

the radiators tested ful Il the RICH requirements for measurement.

The light yield of each radiator was evaluated and is in goodgaeement with
the Monte Carlo simulation. The measurement made clear that & highest signal
comes undoubtedly from CIN105.

Charge reconstruction was studied and a clear charge separatiop to Z = 26
was achieved. A charge resolution for helium events slightlyetier than ;, 0.2
was observed together with a systematic uncertainty of the ordef 1%.

The aerogel tile uniformity concerning the light yield was en rmed and the non-
uniformities are smaller than 1.2% for all samples. This resultas obtained both
from the analysis of data obtained in di erent runs from a scan fothe tile, except
for CIN105 tile due to its reduced dimensions, and from data obitzed in the same
run using a wide beam. All the measured variations on the mean nio@r of photo-
electrons are consistent with the systematic uncertainty on theharge measurement
( 1%).

The study of the bias in the mean value of provides us with a direct estimation
of the refractive index variation which is set to be lower than n < 10 #. All the
measured variations on the mean num

The detector design including an aerogel radiator was valited and a refractive
index 1.05 aerogel was chosen for the RICH radiator, ful llig the demand for both
a large light yield and a good velocity resolution. This is paicularly important for
singly charged particles for which the light production woud keep the reconstruction
e ciency at a good level through time. In addition MEC products are available
only in 1cm thick tiles which implies the pile-up of tiles andan increase of the
surface scattering. However, MEC material is hydrophobic andasier to manipulate
while the CIN aerogel is hydrophilic. Nevertheless, keeping ¢hradiator plane in
dry conditions in the AMS scenario is easily achievable and doest represent a
signi cant technical di culty. The deterioration on a long p eriod of the hydrophilic
aerogel has been excluded by the comparison of the performait a CIN sample in
2002 and 2003 beam test which showed no degradation in the ligheld. All these

facts lead the collaboration to elect CIN105 as the nal aerag radiator.

222



Chapter 7
Sodium Fluoride Radiator

Has anything escaped me? ... | trust that there is
nothing of consequence which | have overlooked?
Sherlock Holmes in The Hound of the Baskervilles

by Sir Arthur Conan Doyle

7.1 Introduction

As was thorougly described in the RICH setup (Chapter 3), the cémal part of
the radiator is a squared region with 34 34cn? made of sodium uoride (NaF),
with a refractive index of 1.334. This con guration provide a larger acceptance
which increases the reconstruction e ciency and extends to Veer values the particle
momentum range covered.

During the 2003 beam test a sample of sodium uoride with 88cn? with a
thickness of 0.474 cm, close to the 0.5 cm established for the tgtetup, was tested.
The purpose of the performed tests was to evaluate the responsehd detector to
the NaF generated events and the robusteness of velocity and gp@reconstruction
algorithms dealing with the NaF generated patterns. Another irportant point that
NaF data allows to study is the light-guide detection behaviauin a region of higher
photon incident angles. Due to the higher refractive index afodium uoride, pho-
tons are emitted with a largerCerenkov angle which is ampli ed by the refraction
at the NaF/air transition, and as a result they reach the light-giide surface with a
greater angle to the normal than in the aerogel case.
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7 Sodium Fluoride Radiator

Collected data are summarized in Table 7.1 and corresponds toedent inci-
dences. The distance between the radiator plane and the detect plane (expan-
sion height) was adjusted to a value slightly higher than 7 cm inrder to have fully
contained rings in the detection plane. The beam selection waet to A=Z2=2 for
all the NaF study.

Runnb H,yg (cm) H (cm) Mirror A=Z
557 0.474 7.2 0 no 2
561 0.474 7.2 5 no 2
562 0.474 7.2 10 no 2
564 0.474 7.2 15 no 2
565 0.474 7.2 20 no 2

Table 7.1: Sodium uoride data characteristics: run number (run nb), radiator thickness (Haq ),
expansion height H), angle between the beam line and normal to the radiator plane (), presence
of mirror and beam selection A=Z)

7.2 Data With a Normal Incidence of the Beam

Figure 7.1 shows a fully contained nitrogen evenZ( = 7) generated in the sodium
uoride radiator. The reconstructed particle impact point by the tcircle method
(RICH track reconstruction), explained in subsection 5.10, ismarked upon the g-
ure. This point shows a deviation with respect to the position othe pixel with
maximum signal. In Figure 7.2 is visible a shift of the order of Ina. In fact, the
beam position is very stable along the test period foA=Z=2 data and is of the
order of the values for the reconstructed coordinates presedtin Figure 5.24.

The result for the RICH reconstruction of the impact point is shavn in Figure 7.3
forZ =2and Z > 2 events. The latter distribution allowed to determine an e etive
position of the particle impact point with a higher precision.The coordinates of the
point obtained are the following K e ; Yerr )=(1.318;1.165) cm common to all events
of the run. The deviation observed is due to the existence of e®talk! between

1This e ect consists of detecting the photon in a di erent PMT channel from the corresponding
coupled light-guide pipe that it entered.
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Figure 7.1: Sodium uoride event with Z=7. The event is a fully contained ring with the

reconstructed impact point marked with a cross.

di erent light-guide pipes, which enlarges the ring becausef ¢the outwards radial
direction of the Cerenkov photons. In practice, this e ect displaces some chagls

including the particle hit channels.
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Figure 7.2: Dierence between the coordinates of the pixel with maximum signal and the
reconstructed impact coordinates.

The e ective track will be used because although it does not inchate the beam
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Figure 7.3: Coordinates of the RICH reconstructed impact coordinates.

position, it leads to a better reconstructed resolution. Otherwise, using the nom-
inal track the obtained resolution is 30% worse.

7.3 \elocity Reconstruction

Before analysing the sodium uoride data the velocity algortim has to be tunned
in a process analogous to what was done for the aerogel. The dasi distribution
is shown in Figure 7.4 (left). This distribution was also extrated from simulation
using a uniform distribution of the particle impact point in the radiator in a central
square with 5cm. A single gaussian was tted to the distribution ad a sigma of

= 0:746 0:003 was extracted. A likelihood function like the one descrdal in
section 6.6 was assumed and the determination of the backgrouradio b and of the
cut distanced.,; followed as described before in the previous tunning proceeu

Samples of 15000 vertical helium nuclei with ' 1 and fully contained rings were

simulated. The relative velocity resolution = is estimated from the distribution
( sim r€c), for each established pairl§d..;). The evolution of = with dgy is
presented in Figure 7.4 (right). The optimized cut distance iset at d.; = 2:18cm
which corresponds to a backgrount= 0:10.
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Figure 7.4: Hit residuals relative to the expected pattern for 40000 simulated helium eventsn
the sodium uoride radiator of the RICH prototype (left). Relative velocity resolution for helium
nuclei impacting in the sodium uoride radiator in the prototype setup versus cut dist ance between
signal and noise hits in the spatial distribution (right) .

The selected sample of events ful lled the same criteria used faerogel analysis
(see section 6.2). The track compatibility was imposed as welsa one particle
request and Kolmogorov probability> 0:1. Reconstructions with less than three
associated hits were rejected. The independent charge selectivas done using the

scintillators and STD information.

Figure 7.5 shows the distributions of reconstructed velocityof helium nuclei
using beam test data (left) and simulated data (right). The resolution is better in
data[ = =(3:28 0:02) 10 ®thaninMC[ = =(3:47 0:02) 10 3]. However
the reconstructed velocity values in real data and simulatioare shifted with respect
to the nominal ( ' 1) around two standard deviations. This is observed due to
the cross-talk e ect which causes an enlargement of théerenkov ring associated
with the reduced expansion height. Assuming an enlargement of the ring this
leads to aCerenkov angle increase of ;' x=H . The same e ect is present in the
ight geometry. However, due to the higher expansion height @2cm) compared
with the reduced prototype expansion height in this run (7.2m) the reconstructed
velocity does not su er any visible shift.
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Figure 7.5: Distribution of ( "*¢ 1) 10° for helium events from beam test(left) and simulated
data (right) .

Figure 7.6 (left) introduces the evolution of the relative elocity resolution with
charge for sodium uoride data. Each point is evaluated from aaussian t to

ahe distribution ( '¢¢ smy A t to the data points allows to derive — =

6:3620:04 2 +(0:77 0:.022 10 3.

7.4 Charge Reconstruction

Figure 7.6 (right) shows the measured charge spectrum with the diam uoride
radiator. Only the helium charge can be identi ed with a resaltion (Z =2) =
0:350 0:003 charge units. This is expectable due to the reduced ligheyd forZ = 1
which is ofNy 3 photoelectrordsﬂs is translated in an expected statisticarror

for Z measurement of (Z) = % 1L0'%e 0:35, assuming pe  0.7. This con rms

that sodium uoride is not appropriate for charge reconstruabn, however this was

not the reason for its inclusion.

228



7.5 Light Yield Evaluation

Db/b*1.E3
o ~

AU

30
ZRICH

0 2 4 6 8 10 12 14 16 18 20

z(scinmstd)

Figure 7.6: Evolution of the relative error on reconstructed with the particle charge for sodium

uoride (left). RICH reconstructed charge with the sodium uoride radiator (right) .
7.5 Light Yield Evaluation

For the light yield evaluation a sample of helium events was afyzed. The number
of photoelectrons and the number of hits were used to monitohé radiator response
as the former is sensitive to any e ciency variation and the later to the cross talk
e ects. Figure 7.7 shows the reconstructed signal number of plualectrons and
number of hits for both real data and simulated samples, togethewith the ts

according to the function described in 6.4 for the number of ghoelectrons. For the
number of of hits a Poisson function was applied. The results asbown in Table 7.2.

A disagreement between data and MC is observed. Data presents igher signal

< Npe > < Nhits >
Data | 1291 0:.03| 1115 0:03
MC | 1126 0:.03| 9:63 0:.03

Table 7.2: Mean number of photoelectrons and hits for the reconstructed signal for a helium

sample in NaF both in data and MC.

( 15%) when compared to the MC prediction.
The radiator thickness was measured to b, = 0:474 0:005cm. The thick-

ness measurement uncertainty leads to a light yield variatioaf 1%, which is negli-
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Figure 7.7: Distributions of the number of photoelectrons (top) and number of hits (bottom)

for helium events in prototype (left) and simulated data (right) .

gible and does not explain the observed disagreement.

A possible explanation for this disagreement is the light guidbehaviour due
to the large incident angle of photons at its top. The aforemmgioned angle, , is
represented in Figure 7.8 (left).

The results obtained for the relative variation of the light yeld as function of
the photon incident angles for vertical runs for each of thehree radiators (CIN103,
CIN105 and NaF) are shown in Figure 7.9 (left). The aerogel dataif the vertical

230



7.6 Light Guide Simulation

runs (= 18:67) shows an agreement better than 1%.
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Figure 7.8: Light-guide scheme with the de nition of the photon incident angle ( ). Light-
guide e ciency as function of the  as derived from the RICH simulation. The angular incidences

covered with beam test data are marked upon the plot for aerogel and sodium uoride.

The aerogel runs in the beam test allowed to test the light-guelbehaviour over
a photon angular region up to 35 The NaF perpendicular con guration together
with all the tested inclinations ( =59, 10°, 15° and 2(°) allowed to study the same
feature in an angular region ranging from 30 to PO This is visible in Figure 7.9
(right) which presents the distribution of the photon incidert angles of the events
depicted in Figure 7.10.

The light-guide e ciency is considerably more stable ( 80%) for photon inci-
dences up to 20 as can be observed from Figure 7.8 (right). Beyond this value
it decreases very rapidly. A bad description of the light-guiel behaviour in the
MC simulation could be signi cant in the angular region correspnding to the NaF-
generated photons. A detailed standalone light-guide acttyiwas developed to have

a better understanding of the light-guide detection e cieng.

7.6 Light Guide Simulation

A detailed standalone simulation of the detection cell used irhe RICH prototype
was developed in GEANT 3.21. The light-guide geometry was upta and some
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Figure 7.9: Light yield relative variation between data and simulation as function of the photon
incident angles for vertical runs for radiators CIN103, CIN105 and NaF. Theaerogel data shows
and agreement better than 1% while a data excess of 14% is observed in Ngfeft). Distribution
of the photon incident angles at the top of the light guide for NaF data generated byparticles with
inclinations =5°, 10°, 15° and 2 (right) .

corrections on the material properties were introduced.

Simulated geometry

As was described in Chapter 3 a polycarbonate housing surroundietdetection cell.
This piece can be observed in Figure 3.22. On the previous versiof the RICH
simulation the housing was not introduced. Figure 7.11 showséHousing structure
in dashed, surrounding the PMT, part of the front-end electroits and extending
up to 10 mm from the light-guide basis. This particular geomeyr was introduced in
the standalone light-guide simulation.

Another important change was the PMT shielding that used to be siolated
as a 100% absorbing material. The shielding is represented ingkie 7.11 by a
parallelepipedic shape with a height of 75 mm that basically stounds all the de-
tection cells. Both housing and shielding re ectivities are iportant to be taken

into account because considering them allows to redirect plusts with certain in-
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Figure 7.10: Accumulated helium events generated by particles with =5°, 1, 15° and 2C°

impinging in sodium uoride.

cidences to the light-guide piece which increases the simwddtdetection e ciency.

The simulated geometry is presented in Figure 7.12 (left).

Re ectivity measurement

The re ectivity of the housing and shielding materials was meaured at CIEMAT,
Madrid with the spectrophotometer Minolta CM-2600d depictd in Figure 7.12
(right). The measurements were done with the ight pieces. Indct, the hous-
ing used in the prototype detection cells is made of the same neaial used for
the ight, however the shielding material di ers and only a piece used in the ight
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Figure 7.11: Geometry of the detection cells used in the RICH prototype. All the dimensions

are expressed in mm.

con guration was available.

The three panels represented in both Figures 7.13 and 7.14me®pond, as quoted
in the gures, to the re ectivity measured with the Specular Canponent Included
(SCI), Specular Component Excluded (SCE) and Specular Comapent (SCI SCE)
for di erent faces of the housing and for the non-welding faseof the shielding and
at di erent points, respectively.

The spectrophotometer provides the rst two measurements. SClrpvides the
full re ectivity while the SCE provides the non-specular corponent. The specular
re ectivity can be extracted from a direct subtraction of the two measurements
above.

A perfectly specular surface corresponds to SCI SCE and re ects light in a
directional manner such that the angle of re ection is appraxately the angle of
incidence. A completely rough surface corresponds to SCI SCE. This type of
surface re ects light in a non-directional manner (di usely) A perfect absorption
would lead to SCI' SCE" 0.
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7.6 Light Guide Simulation

Figure 7.12: Complete simulated detection cell: light guide, PMT, housing and shielding(left) .
Spectrophotometer Minolta CM-2600d [192] (right).

The mean values measured for the re ectivity, for the perceage of specularly re-
ected photons and non-specular photons at > =420 nm (maximum of quantum

e ciency detection) are presented in Table 7.3.

<re > | < Specular componert | < Non Specular componernt
Shielding | 45% 66% 34%
Housing 5% 50% 50%

Table 7.3: Mean values for the re ectivity measurements with Minolta CM-2600d.

The values assumed in the simulation were:

5% of re ectivity with 50% of specular component for the housig specularity;

a variable shielding re ectivity and specularity from 0 to 100%.

Simulation procedure

The Cerenkov photons were uniformly generated at the top of theght guide ful II-
ing the following characteristics:
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Figure 7.13: Housing re ectivity measurements with spectrophotometer Minolta CM-2600d on
di erent faces.

wavelength spectrum proportional to 1/ 2 as expressed in equation 3.10 and

shown in the left-hand panel of Figure 7.15;

uniformly generated between ©and 90 (Figure 7.15, middle);

uniformly generated between ©and 360 (Figure 7.15, right);

a random polarization to the photo
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7.6 Light Guide Simulation

Figure 7.14. Shielding re ectivity measurements with spectrophotometer Minolta CM-2600d

on non-welding faces at di erent points.

\\g E
The latter property was obtained consid-
eringK as the vector associated to the pho- ™ &
ton's path in the RICH frame. ..

N
A system of coordinates with base vectors K v
d, ¥ and K was built with:
q
8 = ( kikq0)= kZ+ K2 (7.1)
¥ = R 4d u
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The polarization vector is generated in the

K v
transverse plane de ned byd and v. K
a
g = E d = cos (= = sin =
s G ) - =
¢ = E v = cos

Therefore, is randomly generated between 0 and 2and the electric eld is

de ned as
E =sin d +cos w: (7.3)
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Figure 7.15: Distributions of generated photon wavelength (left), (middle) and (right) .

7.6.1 Results
Detection e ciency

A re ectivity of 100% and a specularity of 100% were initiallysimulated for the
shielding surface. The detection e ciency is de ned as the fretion of the detected
photons in any pixel of the PMT and is represented in Figure 761 The rst panel
shows the light-guide detection e ciency for all photons. Thenext panel represents
the same detection e ciency for photons that enter the lightguide cell and are
con ned to its volume which means they do not touch the shieldg. Comparing
the rst distribution with the second an increase of the detectia e ciency is visible
for higher incidence angles, as expected. This angular regis clari ed in the third
panel that shows the detection e ciency for photons that toutied the shielding.
The mean incident angle of this population is around 30and an e ciency increase
of more than 4% is reached for this angle compared to the fulbsorbing shielding.
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Figure 7.16: Distributions of the light-guide detection e ciency versus the photon incident
angle: for all the detected photons(left) , for light-guide-con ned photons (middle) and for photons
re ecting on the shielding (right) . An extreme shielding re ectivity of 100% and a specularity of
100% were considered.

Following the distribution of the photons hitting the shielding will be looked in
detail [Figure 7.16 (right)]. A fraction of 29% of the photors were shifted from one
light-guide pipe to another (cross talk). Most of the photonshat su ered cross talk
have entrance angles in the light guide above 5@&s shown in Figure 7.17 (right).
Figure 7.17 (left) shows the photon's angle distribution enténg the light guide and
being detected in the same light-guide pipe.
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Figure 7.17: Distributions of the light-guide detection e ciency versus the photon incident angle
for photons re ecting in the shielding: photons that do not su er cross-talk (left), photons su ering
cross talk (right) . A shielding re ectivity of 100% and a specularity of 100% were considered.

The dependence of the light-guide e ciency with the shieldig re ectivity and
its specularity was evaluated. Figure 7.18 shows the variatioof the detection ef-
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Figure 7.18: Light-guide detection e ciency variation compared with a fully re ective and
specular shielding: 50%(left) and 100% (right) re ectivity.

ciency when compared to the full re ective and specular caseThe spectularity
dependence is only relevant for large incident angles (> 75). In particular, the
higher detection e ciencies are obtained for the di used caséspecularity = 0). The
dependence of the detection e ciency with the re ectivity is only relevant for angles
greater than 50. The higher is the re ectivity, the larger is the e ciency as can
be seen in Figures 7.18 obtained with re ectivity 50% and 100%nd specularity

ranging from O to 1.

The photons incident angle on the top of the light guide can beeconstructed,
Figure 7.19 (right) shows this reconstruction together withlhe simulated angle (left).
The reconstructed angular distribution can not be used for the K tunning, however

its number N5 can be used and compared with the data valull 35" . A scan

ring
on the parameter space of re ectivity and specularity was donand a ? test was
performed. Helium data from NaF run 557, which is a vertical runwere used. For

these data the photon incident angle on the top of the light gdie was 62°.

P
The estimator was built as expressed in equation 7.4 whelghy"™ = N( )
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Figure 7.19:

by simulated, vertical, helium nuclei (left) and distribution of the reconstructed photon incident

Distribution of the photon incident angles at the top of the light guide generated

angle on top of the light guide for helium data collected in the 2003 beam tesright) . The shielding
was simulated with re ectivity and specularity 100%.

P
and Nr?n'g" = N ( ;ref;spec). N( ;ref;spec) will be explicitly written ahead.

2 _ Nime N (ref; spec)

al

(7.4)

DAT
N ring

The left-hand panel of Figure 7.19 shows the distribution of # photon inci-
dent angle on the top of the light guide IN &2 ()] extracted from simulation as
mentioned above. Figure 7.20 (left) introduces the lightygde e ciency 5¢( )
for re ectivity one and specularity one. The distribution was tted using a function
m whereP; =0:594 0:127,P, =0:106 0:040 andP; =46:6 7:6. How-
ever due to a feature of the simulation the photon's angle at thlight-guide entrance
is only stored for those which entered the light-guide mediumAccording to Fresnel
laws, part of the photons that cross an interface between two mia with di erent
dielectric properties are transmitted but another part are e ected. The percentage
corresponding to each part depends on the incidence angle ahd higher the angle
of incidence the lower the transmission is. Figure 7.20 (right) skvs a correction to

this distribution which is the ratio between the number of phtons detected inside

Ning ()

and outside the light guide Nowie ()

as function of the photon incident angle at
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Figure 7.20: Parametrization of the light-guide detection e ciency for a shielding re ectivity
and specularity of 100% (left). Ratio between the number of photons detected inside and outside

the light guide as function of the photon incident angle at its top (right) .

the top of the light guide. This is parametrized by the curvd?; P, exp(Psx) where
P, =0:90 0:07,P,= 0:0001 0:0002 andP; =0:10 0:02. The counted number

of photons at the light guide in the simulation will have to be orrected and the

Nintg ()

correction factor will appear ascorr = 1= :
NoutLc ( )

ThereforeN ( ;ref; spec) is obtained as follows:
N( ;ref;spec)= NE=S( )y 6( ) r(ref;spec) eeo corr: (7.5

The re ectivity r(ref;spec) is extracted from curves like the ones presented in
Figure 7.18. The photon ring acceptancesgo has to be taken into account because
the observed rings are not completely contained generating rmean geometrical
acceptance of 92%.

The result of the 2 test for the di erent re ectivity-specularity pairs tried is
shown in Figure 7.21. The region of the expected minimum fronght-guide stan-
dalone simulation is around 75% for the re ectivity. Di erent values of specularity
lead to a minimum. This re ectivity value is slightly higher than the value of 45%

measured in laboratory.
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Figure 7.21: 2 values as function of the specularity and re ectivity. The region of the expected
minimum is around a re ectivity of 75%.

The next step will be directly applying the simulated light-gude geometry used
in the standalone simulation of the unit cell to the RICH simulaion. Since the
specularity seems to be degenerate this will be set close to thé&®easured in the

laboratory.

The relative variation between collected and simulated datan the number of
NDAT N SIM . NDAT N SIM
SR and on the number of hits —t emts—  for each
pe

hits

set of shielding re ectivity and specularity values is summared in the panels of

photoelectrons

Figure 7.22. The initial disagreement observed for simulatedut re ectivity and
null specularity is the rst point marked upon both plots. Considering a re ectivity
of 45% and a specularity of 60% the disagreement on the numberpbiotoelectrons
is reduced from 15% to 6.2% and the disagreement on the numbéihds, from 16%
to 8%. Increasing the re ectivity to higher values closer to tk 75% that lead to the
minimum values of the 2 test reduces the disagreement to values better than 4%
in both cases. However an agreement is not yet reached. Highereetivity values
were tried reducing the disgreement on the number of photoeteons. The last two
values have the simulation geometry improved: 1 mm of air wastioduced between
the housing and the light guide, which seems to be more realistitan having both
pieces in direct contact. The relative variation on the numbr of photoelectrons for
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Figure 7.22: Relative variation between collected and simulated data on the number of photo-

electrons and on the number of hits for each set of shielding re ectivity and speculariy values.

the same re ectivity of 90% and specularity 60% improves from92 to 1.6%. With
a re ectivity 100% the agreement is at the level of 0.9%, hower this re ectivity
value is too high and not compatible with the 45% measured fohé ight shielding.
As mentioned before this material di ers from the one used in # prototype but it
was the only piece available.

7.7 Conclusions

Data acquired with the sodium uoride radiator show a resolutia on the recon-
structed for helium nuclei of [ (3:28 0:02) 10 3] which is compatible with
the expected resolution from MC simulation.

For these runs, theCerenkov rings were built from photons inciding the light
guide at larger angles ( 62°). The prototype data analysis for large photon incident
angles on the light guide shows a data/MC discrepancy of the aed of 15% on the
number of photoelectrons. An incomplete description of the dettion cell at the
simulation level could be the reason since the re ectivity of tb shielding was not
considered and the housing volume was not introduced.

The light guide was extensively studied building a detailed stadalone simulation
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7.7 Conclusions

of the detection cell. The shielding re ectivity and speculaty values measured
in the laboratory were introduced as well as the housing conugation and the
corresponding re ectivity and specularity.

Data and MC agreement improves to a level better than 1% congidng a shield-
ing re ectivity of 100%. Nevertheless, this re ectivity valueis not compatible with
the 45% measured for the ight shielding. This material di ersfrom the prototype

one but it is the only one available to be measured.
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Chapter 8
Mirror Prototype Studies

“...and if you're not good directly,' she added, 'I'll put you ttough into
Looking-glass House. How would you like THAT?'
Alice quotation in Through the Looking Glass

by Lewis Carroll

8.1 Mirror Prototype

The RICH design includes a conical mirror to increase the detec's geometrical
acceptance. A mirror prototype was included in the RICH prattype and its perfor-
mance was studied during the 2003 beam test. A picture of the mir prototype is
shown in Figure 8.1 (left). This is a segment with 1/12 of the tal azimuthal cov-
erage. It has the same curvature as the nal device and it is 2&chigh and 29.5cm
wide. A coating of silicon monoxide, SiO which presents a bettee ectivity, was
used while the nal coating to be used in the ight piece is madefasilica, Si0,.

The purpose of these tests was to measure the mirror's re ectiyitfrom data
analysis and compare the measurements with the manufactureatd. The position
of the mirror in the prototype was chosen in order to obtain a sig cant fraction
of photons in the mirror. Figure 8.2 illustrates the establishe& con guration while
Figure 8.3 shows the scheme with the mirror limits represented dashed, the mirror
distanced is marked upon the gure.

Data collected with the mirror prototype are presented in Take 8.1. Di erent
angles of the setup with respect to the beam line were used togettwith di erent
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Figure 8.1: Mirror prototype.

radiators and di erent mirror positions.

Radiator

Figure 8.2:
prototype.

Mirror

Rotated setup with mirror

F RUN O /EVENT 1

Figure 8.3:

Mirror prototype position.

Mirror analysis
Run Nb | A= radiator | H (cm) (°) | d (cm)
575 2 CIN105 42.3 15 15.5
579 2 | MEC105| 43.8 20 10.0
580 2 | MEC105| 38.65 | 20 10.0
581 2 | MEC105| 38.65 | 15 10.0
583 2 | MEC105| 38.65 | 10 10.1
584 2 | MEC105| 38.65 0 10.1
585 2 | MEC103| 423 0 10.1
586 2 | MEC103| 423 10 10.1
587 2 | MEC105| 423 20 10.2

Table 8.1: Mirror data.
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8.2 Velocity Measurement with Re ected Hits

Di erent particle angles together with slighly di erent mir ror distances origi-
nate di erent acceptances for the re ected photon brancheas can be observed in
Figure 8.4. Data presented were collected using radiator MEG3. A maximum
of 36% for mirror photon ring acceptance is reached for a setuptated 20° with
respect to the beam line. Figure 8.5 shows di erenterenkov rings for each of the

inclinations mentioned.

0.36 | Mirror acceptance  run 580
034

I run 581

u

032

I run 583
0.3 - u
0.28

[ run 584
0.26 E

0 25 5 75 10 125 15 175 20
Q(degree)

Figure 8.4. Mirror coverage dependence with particle inclination for runs with MEC105.

8.2 Velocity Measurement with Re ected Hits

The coordinates of the particle impact point K;Y ) and the velocity reconstruction
are obtained through a three-parameter t that returns the Cerenkov angle ().
This track determination is done event by event since the tacle method is no
longer applied for inclined events. The reconstructed for helium events in CIN105
in a setup that includes the mirror are shown in Figure 8.6 (left The present
con guration generates events with 21% of the hits arising @ m re ected photons.
A gaussian t is applied to the distribution and a resolution (Z =2) = (0 :480
0:002) 10 3 is extracted. The same procedure is applied to the other chasg
selected using scintillator information. The resolution obtained is presented in
Figure (8.6) (right). The function (4.37) is adjusted to the cata points and the
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8.2 Velocity Measurement with Re ected Hits

resolution parametersA = 0:956 0:004 andB =0:079 0:002 are obtained.

X?/ndf 5851 [ 45

Constant 1898. + 14.73
e -0.2068E-05 + 0.2933E-05

0.4800E-03 + 0.2332E-05

09 F

103} 0.8 F

Db/b*1.E3

07 E

06 F
05 F

04 |
os L

If 0.2
l o \Q{l"&.‘_‘

H | 0.1 vevesess

@

10° |

0 [T

-0.004 -0.003 -0.002 -0.001 0  0.001 0.002 rg.é)03 Sl[)ﬁ%)04 0 5 10 15 20 25

Z(sciniwstd)

Figure 8.6: Reconstructed for helium events impinging in CIN105 radiator, (run 575) (left).
Evolution of  resolution with charge obtained for the same radiator (right) .

To conrm that the presence of the mirror does not deterioratehe velocity,
resolution the single-hit resolution for reconstructions usingither only direct hits
or only re ected hits was calculated. In order to conrm how t varies with the
mirror acceptance this estimator was calculated for runs aaged with MEC105
with di erent particle inclinations. The same data deal with re ected branches
which have the acceptances shown in Figure 8.4. Figure 8.7 sisothie evolution
of the single-hit resolution for Cerenkov ring reconstructions based only on hits
coming from re ection or only on direct hits. The former recostructions do not
show deterioration, and in fact the resolution is even bettenf the order of 34 10 3
while the latter reconstructions give a resolution that is sligly higher than 45 10 3
for the patterns with the maximum number of direct photons. Ths is expected due
to the fact that re ected hits are associated to photons with lager photon arms,d
(see section 4.2) which reduce the uncertainty in.
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Figure 8.7: Evolution of the single-hit resolution for a reconstruction using either only direct
hits or only re ected hits, as function of particle inclination for MEC105.

8.3 Charge Measurement

Figure 8.8 (left) shows the reconstructed charge spectrum usiag the hits available
in the Cerenkov patterns generated by P5particles impinging in CIN105, 2.5cm
thick. The charge peaks are well separated along all the spagatr. Figure 8.8 (right)
shows the helium peak reconstructed using all the hits of the ewte The achieved
resolution is of (01728 0:0008) charge units.

104F /ndf 2674 1 18
3 Constant 6158. + 4821

Mean 4 2.003 = 0.1060E-02
Signi 0.1728 + 0.8360E-03

Figure 8.8: Reconstructed charge(left) and reconstructed charge for helium events(right)
generated by particles impinging in CIN105 radiator (run 575).
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8.4 Re ectivity Evaluation

8.4 Re ectivity Evaluation

Mirror re ectivity can be evaluated solving the system of equabns 8.1 since the
constant of proportionality is the same for both cases. To calaite the nal quantity

it is necessary to count the signal in each branch and evaluateethmost signi cant
e ciency factors involved in its detection which are the phdon ring acceptance
and the light guide e ciency since the photon's incident angt at the top of the
light guide has di erent distributions for re ected and direct photons. There is no

signi cant di erence in the radiator e ciency between the two types of photons.

dir rad wodir  wodir
Npe / N geo g

N[;gf / N rad |||‘gee‘f0 u;’gf "mir (8.1)

Therefore from equations 8.1 the mirror re ectivity (‘i ) can be extracted to
be:

Nref udir --ijir

no pe geo g
mir- = N dir wref uref (8.2)

pe geo g

The re ectivity will be evaluated based on data from run 575 whre the radi-
ator CIN105, 2.5cm thick was used. Helium events were selecteddatie signal
distributions for direct and re ected branches are shown in gure 8.9.

The signal distribution for the direct branch was tted with th e function 6.9
introduced in section 6.4. Depending on the statistics the fution G,(n) is replaced
by a PoissonP (n). Since the number of photoelectrons in the re ected brancks
small (< 10 on average) a Poisson function is used. The nal tting functn is
given by the sum over all channels of the product function desbed and written as:

X
f (X; , p:e:; NO) = P(n)G(X; n) =
" " #
Ye ng g 1 1 x n 2
= N() P—P= exp = P= (83)
n=1 n! 2 N pe: 2 N pe

where the parameters to be determined are the gaussian norraalion factor, Ny,
the single photoelectron width, ..., and the average number of photoelectrons,.
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Figure 8.9: Distributions of the number of photoelectrons measured in the direct(left) and

re ected branches (right) for photon patterns generated by particles impinging in CIN105 radiator,
2.5 cm thick together with an expansion height of 42.3cm (run 575).

The Poisson function describes the statistical uctuation relaed with the measure-
ment while the gaussian describes the uncertainty of the instrusntation. The t
values obtained are presented in the statistical boxes of eaclofp The average
signal of the re ected hits is 951 0:02 while the average signal of the direct hits
is 3538 0:05. These values together with the e ciency factors are preseed in
Table 8.11.

The calculated re ectivity is "y (751  0:2)%.

The estimated error only takes into account the statistical eor. The most
important sources of systematic uncertainties are the confusioof hits near the
separation between the re ected and direct part (they can diter be associated to
one or another), the uncertainty in the mirror position whichdetermines the fraction
of re ected and direct ring and the fact that the photomultipliers limits most of the

times are not coincident with the limits of the branch.

The manufacturer's re ectivity measurements according to poton wavelength
are shown in Figure 8.12 (left). The values were obtained foi drent photon in-
cident angles (18, 3(°, 45° and 6(). The run 575 from which the re ectivity was
evaluated in the present work deals with photon incidences of64°. The mean
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Figure 8.10: Heljum event from run Figure 8.11: Factors involved in mirror re ec-
575. tivity determination for run 575.

wavelenght for the detected photons i > = 376:8 nm. For these incidences the
evaluated re ectivity value is in agreement with the manufaturer measurements.
In fact, the closest measured incidence is = 60 and for< > = 376:83nm the
measured re ectivity is  75.8%. The re ectivity values for the mirror prototype are
lower than the manufacturer measurements for the nal mirroshown in Figure 3.19
(right) due to the di erent coating of both objects. The mirror prototype has a coat-

ing of SiO while the nal mirror has a coating of SiQ.

8.5 Conclusions

The main goals of the mirror data analysis were ful lled. Diaent fractions of
re ected photons were obtained displacing the mirror prototpe from the lateral
side of the detection matrix together with di erent setup rotaions.

Velocity reconstruction was performed wih a three-parametet that gives the
Cerenkov angle and the particle impact coordinates. The ewtilon of the recon-
structed velocity resolution with charge was studied for a paitular run with radi-
ator CIN105 and its behaviour is in agreement with expectatits.

Data do not show a visible degradation on reconstructions witherected hits.
In fact, the resolution is even better, being of the order of = =3:4 10 2 while
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Figure 8.12: Manufacturer measurements for prototype mirror re ectivity versus photon wave-
length for di erent photon incident angles (left). Distribution of photon angles with respect to
normal to the mirror surface at the incident point for run 575 (right) .

reconstruction using only direct hits is slighly higher, = =4:5 10 3. From
the point of view of charge reconstruction with the same radiat, the reconstructed
spectrum using all hits shows well separated charges with no sigant degradation
on the charge resolution.

Mirror re ectivity evaluation was done and the result obtained was cross-checked
with the manufacturers' measurement. The result obtained,,; (751 0:2)% is

in good agreement with the measured values.
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Chapter 9

RICH Assembly Status and Tests

The only source of knowledge is experience.
Albert Einstein

9.1 Introduction

The RICH is a complex detector and its long assembly process isishing. This
thesis could not be concluded without stating the detector's npesent situation. In
the previous chapters beam test data were analyzed, whichailed to evaluate the
prototype capabilities for velocity and charge measuremegitand to select the best
radiator for the nal RICH detector. The present chapter will brie y describe the
RICH assembly status as well as the prior to assembly characteriian tests of each

element of the detector, in particular the functional tests bthe detection cells.

9.2 RICH and AMS Assembly Status Overview

The RICH assembly started in September 2003 at CIEMAT in Spain ahis foreseen
to be nished before the end of 2007. Table 9.1 resumes the diet tasks to ful ll
or already ful lled in the RICH assembly.
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9 RICH Assembly Status and Tests

RICH Assembly tasks Date
Unit cells assembly P
LG assembly P
LG wiring P
Dallas sensor assembly P
Shielding assembly P
Grids assembly B
Detector plane assembly P
in the main structure
Radiator plane assembly P
Integration at CERN January 2008

Table 9.1: RICH and AMS assembly status.

9.2.1 Unit cell assembly

The 680 unit detection cells introduced in subsection 3.3.3 vgesassembled before the
end of 2005. The assembly procedure will be herein brie y dedwed. First the front-
end electronics is connected to each photomultiplier tubé&hen the photomultiplier
is surrounded by a polycarbonate housing which is xed by Dow-&ning 93-500,
a space-quali ed optical silicone with insulator properties. Te silicon is injected
between the housing and the photomultiplier tube. The housings the interface
between the PMT and the walls of the shielding grid.

Meanwhile the 16 light guide pipes are glued. For a more conag description
of this procedure see thesis [193]. A thin Im of Dow-Corning iplaced in the PMT
window to guarantee the optical contact between the photontiiplier and the light
guide. In addition, for a mechanical security reason, the liglyuide is mechanically
attached through nylon wires to the photomultiplier housing

Afterwards the shielding is installed and the Dallas thermal seors (DTS) are
glued to it as close as possible to the photomultiplier. The pugse is to measure the
temperature variations su ered by the detection plane durig the mission. The idea

is to correct the photomultipliers' gain variation due to thetemperature uctuation.

1All the AMS-02 subdetectors are equipped with thermal sensors DS18B20 produced by Dab
Semiconductor. They have a measuring precision of 0.& in the range [ 10 C,+85 C].

258



9.2 RICH and AMS Assembly Status Overview

Figure 9.1: Sequence of unit cell assembly.

Figure 9.1 shows the complete sequence of the unit cell assembly.

The unit cells were subject to vibration tests and to thermal cgles. The purpose
of the rst tests is to ensure that the mechanics and the functioality of the unit cell
are not a ected during the launch. The vibration test was doneat INTA 2, Spain
using an array with 8 units subject to 6.8 g. No mechanical damagievere observed
and the photomultiplier gain was not a ected. The thermal cyle tests were done
at CIEMAT and consisted of 8 thermal cycles covering the tempature range from

30°C to +55°C during 6h20m. Each unit was recalibrated after those tests dn
the gains and pedestals remained essentially the same, with oBlyphotomultipliers

and 2 ASIC presenting a signal decrease.

9.2.2 Detection plane assembly

The detection cells are assembled in an octagonal, supportingwsiture made of
aluminium with a central square for the insertion of the elecomagnetic calorimeter.

The detection plane is divided in eight di erent grids, four ectangular and four

2Instituto de Tecnica Aeroespacial
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9 RICH Assembly Status and Tests

Figure 9.2. Scheme of rectangular and triangular grids.

triangular. The assemblage and cabling of each zone is done safEy. The main
elements of each grid are shown in Figure 9.2. Each set is assenhloy successively

placing internal beams and rows of unit cells [193] as depect in Figure 9.3.

The internal cabling is done welding the HV cables to the corsponding PMTs
and connecting the front-end electronics to the exible kafon cable’. A sti ness
skin is placed at the basis of the grid to reinforce the structureThe HV patch panel

and the read-out boards are located in the external supportinstructure.

All the grids have already been assembled and have been subjecatmechanical
t test to guarantee the insertion in the main structure, and furctional tests at
CIEMAT. Vibration and vacuum tests at INTA were done to grid G. After those
new functional tests were performed.

3This cable transports the signal from the photomultipliers to a time memory integrated in the
CDP (Common Digital Part), which is the electronic level above the front-end electronics.

260



9.3 The RICH System Characterization

Figure 9.3: Grid mechanical assembly.

9.2.3 Radiator and mirror assembly

A rst mechanical assembly trial of the RICH radiator has startedat CIEMAT.
The aerogel tiles are cut at the corners and black PORON foars placed around
each tile. Meanwhile the NaF cover is placed and bolted by 13 sgas and PORON
foam is placed behind and around each tile. In addition, aegel and NaF require a
controlled dry environment. Due to this fact the radiator wil be in a sealed container
lled with neutral gas (nitrogen). The container should haveventing capability to
compensate atmospheric pressure variations during launch arahding. With this
purpose venting valves are included and 2 TEDLAR/TEFLON bags@.6" each) are
used.

The mirror is ready and prepared to be assembled. Before that amoplete
re ectivity mapping will be made.

9.3 The RICH System Characterization

9.3.1 Physical Motivations

To cover a wide range of charge in the RICH detector, as can bd&served in

section 6.5, a maximum systematic uncertainty of the order of 2% can be tol-
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9 RICH Assembly Status and Tests

erated. The systematic origin in the beam test is attributed to fhe non-uniformities
of the radiator since in each run the same particle inclinatiomnd velocity is ob-
tained, leading to the same sample of PMTs being touched by tli&erenkov photons.
This level of fully correlated systematic uncertainty seems tbe unavoidable from
beam test studies so the systematics value of 1-2% will be considkes the upper
acceptable limit for the remaining contributions to the nal uncertainty.

As explained in section 4.5, in the ight scenario, this systemati uncertainty
in the charge measurement can arise from non-uniformities ahe radiator level
coming from spatial variations in the refractive index, tilethickness or clarity; from
non-uniformities in the mirror re ectivity, in photon dete ction e ciency, which can
take the form of a global photomultiplier gain variation dueto temperature e ects,
a magnetic eld perturbation or an intrinsic variation that arises from the di erent
gains and quantum e ciencies; or from non-uniformities in tle light guide or in the
optical coupling between photomultipliers and light guids. Consequently, in order
to keep the systematic uncertainty below that value a number ofactors need to
be measured and kept under control. Each of them will be analgd in the next

sections.

9.3.2 Radiator monitoring

The charge dependence with the refractive index of the aeedgiles was deduced
in subsection 4.5.1. It is expected that to contain the systematiuncertainty under
1%, the refractive index should not have a spread greater tha 1*. The expected
velocity resolution also imposes this value as the maximum agtable variation on
the refractive index. The charge dependence with the tile itkness and clarity were
deduced in subsections 4.5.2 and 4.5.3, respectively. The a#ion allowed in the
tile thickness is H;,q  0:4mm while the maximum acceptable relative variation
on the clarity is of the order of 3%. The constraints on the refctive index, tile
thickness and clarity imply that these quantities have to be masured for each indi-

vidual tile.

Aerogel tile characterization
Full maps of the aerogel tile thicknesses have been acquired latboratoire de
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9.3 The RICH System Characterization

Figure 9.4. Aerogel tile thickness maps[194]

Physique Subatomique et de Cosmologie Grenoble. LIP and Universidad Na-
cional Aubnoma de Mexico have also collaborated in the task. Figure 9.4 shows
some thickness maps for four di erent aerogel tiles. These measorents will be
extended to all tiles and the thickness for each tile coordit@ will be introduced in
the RICH simulation. The results are being organized in a datase. The optical
characterization of the aerogel is another important issue toontrol. It includes
mapping the refractive index and the clarity within each tie. The refractive in-
dex determination was done using the method of gradient measunent thoroughly
explained in [195]. Figure 9.5 shows an example of a refraetiindex map for one

aerogel tile.

Figure 9.5. Refractive index map of one aerogel tile.[194]

The measurement performed in a set of 44 tiles provide the folllng statements:
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9 RICH Assembly Status and Tests

the refractive index variation between aerogel tiles is ohe order of 1.2 .
the refractive index variation within a tile is of the order d 0.3h .

Therefore, the need of characterizing the refractive indexf the tile is clear.

The refractive index variation: physical implications

According to what was said in subsection 4.5.1 relative variatis on the aerogel
refractive index greater than 10* can be signi cant for isotopic mass separation
with RICH in particular for beryllium isotope separation. Two simulations were
done, one with the aerogel refractive index xed at 1.050 andnother with a ran-
dom variation around the nominal value of n  1:6 10 3, which is a conservative
assumption. For the last one in order to save time and since the imast was to
study the isotope mass separation in the upper limits of kineticnergy, only events

with a momentum per nucleon greater than 5 GeV/c were simulated

Simulation conditions:

Simulated Setup:

{ Radiator: Novosibirsk aerogel

Tile radiator pitch = 11.4cm
Refractive index = 1.050 xed and with a random variation of n
16 10°3
Clarity = 0.0052 m?*cm !
{ Expansion height: 46.3cm

{ Polyester foil: 1 mm thick
Simulated events: 8.5 1(° beryllium (°Be and 1°Be).

The analysis of the simulated beryllium samples was done by R. iega [196]
and both cases were compared to evaluate the random spread & en the detector
capabilities. The isotopic ratios were calculated for eachrtic energy bin since the

mass resolution ,, depends on . This quantity as well as the separation power,
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9.3 The RICH System Characterization

already de ned in Section 3.2, were also calculated and compd with the corre-
sponding quantities evaluated from the simulation with no spid in the refractive
index.

Figure 9.6 (left) shows the evolution of the reconstructed vetity resolution
with the number of hits used both for the case using the nominal fractive index,
represented by full dots, and considering the random spread indhrefractive index,

represented by squares.

o 0.75 r
= \ 0.34] 10
* L
e 07 r + o3k ePBe: no cut
Foes | t i B
8 L 0.3}
% 06 —+ t . : | *T
. 0.28] I
055 + * * [ +4 '+‘ |
I 0.26} ;
05 } i ¥ T 7
A ' 0.24} e
045 : +#
04 '_ f 0.22: ﬂ‘f
L [] 0.2: ++ |
0.35 R [ 4 +
- + 0.18[ .
03 | + :_f*+ .
- 0.16f
025 T PR FEENE PR PR PR PR FEET P i
20 30 40 50 60 70 80 90 100 110 3 4 5 6 7 8 910
nhits E.. (GeV/nuc)

Kin

Figure 9.6: Evolution of the reconstructed velocity resolution with the number of hits (left). Re-
constructed isotopic ratios of beryllium versus the kinetic energy per nucleon. The mtted function
is according to the Strong and Moskalenko mode[54] (right). Both the nominal refractive index

case (squares) and case of the random spread in the refractive index (full dots) arepresented.

Figure 9.6 (right) represents the isotopic ratios as functionf the kinetic energy
per nucleon for beryllium isotopes in the case of the simulateéndom variation
in the refractive index. The plotted function describes the tBong and Moskalenko
model [54], according to which all the beryllium isotopic abudances were simulated.
Left-hand plot presents the beryllium isotopic ratios withot any cut on the number
of hits used in velocity reconstruction. Mass reconstruction la when the'°Be peak
is “hidden' under the large peak. The two peaks are mixed ankd result of the mass
t does not provide us the correct ratio between the two isotops. This happens

when the separation between the two mass peaks falls to around,2 Using all
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9 RICH Assembly Status and Tests

events mass reconstruction fails at 7 GeV/nucleon when previously this happened
at 8 GeV/nucleon

Mass resolution gives a more reliable estimate for reconstrumii capabilities
because it is almost insensitive to the details of individual ts. Figure 9.7 (left)
shows the mass resolution as function of the kinetic energy pewateon. Using all
the events the resolution curve in the case of a simulated randowariation of n
appears shifted with respect to the curve with a simulated xeadh by approximately

one energy bin, whose width corresponds to al0% of variation of the kinetic

energy.
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Figure 9.7: Beryllium mass resolution (left) and separation power (right) as function of the
kinetic energy per nucleon in the case of a simulated random variation of the reéctive index
(squares) compared with the case of a simulated xecdh (full dots).

The separation power—mm is the number of mass sigma, ,, between the two
mass peaks. Figure 9.7 (right) shows the separation power for thase of a simu-
lated random variation of the refractive index (squares) congred with the case of
a simulated xed n (full dots). Assuming that the reconstruction fails when separa-
tion power reaches 2.5. The kinetic energy limit is now 6.6 GeV/nucleon while
previously, with no variation in n, was 7.6 GeV/nucleon.

This simulation study con rms that a random spread in the aeroderefractive
index orthe orderof n 1:6 10 ) does have an e ect on the mass reconstruction.

The kinetic energy limit for mass separation might decrease byo1l 20%. In the
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9.3 The RICH System Characterization

case of'°Be/°Be, mass separation is feasible at least up to7 GeV/nucleon.

9.3.3 Re ector monitoring

A precise map of the mirror re ectivity is needed since the re eted branch of the
Cerenkov pattern is used in the particle charge calculationThe uncertainty in the
reconstructed charge due to the uncertainty in the signal of #hre ected hits can be

derived from the following expression:

Z=No Npe (9.1)

whereNy is the number of photoelectrons associated to tHéerenkov ring generated
by aZ =1 particle and N is the total signal and is given by the sum of the number
of photoelectrons associated to the direct and re ected brahes. On the other hand
the signal of the re ected hits is a ected by the mirror re ectivity ", which allows

to write the following expression:

Npe = NG+ NJ&F = 0N+ " ™o N (9.2)

where 9" and '® are the photon ring acceptances for the direct and re ected
branches, respectively.

In the present situation it is assumed that the charge uncertaigtis due to
re ectivity variations, which a ect the whole re ected bran ch in a correlated way.
Performing the derivative of expression 9.1 leads to:
1_Ng

Z=:z e 9.3
2 Npe IImir ( )

Assuming the most conservative case which is of 100% re ected eve(M 3’ =
Npe) and expecting a systematics o lower than 1% allows to conclude that":n%"
should be lower than 1%.

Due to the spinning coating procedure in the mirror productin, azimuthal ( )
non-uniformities in the re ectivity are expected to be highy suppressed, the dom-
inant spatial contribution arising from vertical variations. However, a re ectivity

map as function ofz coordinates will be obtained using the spectrophotometer
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Figure 9.8: Re ectivity measurement setup [197]

Minolta CM-2600d [see Figure 7.12 (right)]. A semiautomatic $ep has been de-
signed to provide the position measurement with an accuracyl mm. The scheme
of the setup is depicted in Figure 9.8. A rotating mast, placedtahe center of the
mirror, holds a laser point which ashes the target position ontie re ector. Once
the measurement is done the mast rotates 1@ the next position. When the
scan is complete the pointer is manually xed to a di erent heght along the mast
(step of 2 cm) for a new scan, now with a di erenz. The measurements will be done

in a clean room at CIEMAT. These results will also be included inhe database.

9.3.4 Detection matrix monitoring

One signi cant non-uniformity at the detection level is the ntrinsic variation that
arises from the di erent gains and quantum e ciencies of the potomultipliers. The

right-hand panel of Figure 9.9 shows the distribution of the pbtocathode luminous

sensitivity Sc(A=Im) = 'ek((l’;)) extracted from the Hamamatsu datasheet for the pho-
tomultipliers of the rectangular grid G, depicted in Figure9.11. The photocathode
sensitivity Sy, which is directly related to the quantum e ciency, is the ratio of the

cathode currentl (subtracted the dark current) to the incident ux expressed

in photometric units [lumen (Im)]. The measured values presém relative spread
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Figure 9.9: Typical temperature coe cients for cathode sensitivity [%/ C] versus photon wave-
length for di erent photocathode materials [198] (left). Cathode luminous sensitivity from the
Hamamatsu datasheet for the 143 photomultipliers of grid G(right) .

7% with the average< Sy > 97:95 A/lum.

Assuming that in each photon ring generated by a particle with * 1 an average
of 20 photomultipliers are touched the systematic e ect due to th spread on the
guantum e ciencies is of the order of 7%;p 20 1:5%".

Another non-uniformity in the detection is a global photomutiplier gain variation
due to temperature e ects. The left-hand panel of Figure 9.9ntroduces reference
data on the temperature coe cient for the bialkali photocathode. This coe cient
is 0:4%/ C for the detected wavelengths. Therefore the temperature tie PMT-
grid must be monitored at the degree level in order to correctagn variation due to
temperature e ects. Other non-uniformities can be observedithe light guide or
in the optical coupling between photomultipliers and lightguides. All these e ects
were already discussed in section 4.5 and lead to systematic unaétties in the
charge measurement.

In order to attain an accurate Z measurement, a precise knowledge& (7%) of

the single Unit Cell photo-detection e ciency and gains is regired. The intrinsic

4This e ect was not present in the prototype since the beam was focused and consequentiyi¢
same sample of photomultipliers was touched.
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9 RICH Assembly Status and Tests

spread in PMT gains and quantum e ciencies (QE) even more when additional
elements are considered, i.e. light guide, glueimply the need of a well-de ned cali-
bration and monitoring of the RICH detection cells. The idead to map the di erent
detection cells building a complete database with the measuments on pedestals,
gains and relative quantum e ciencies. The functional tests wre performed during
the RICH assembly.

The results shown in this chapter were acquired in the rst half 2006 at
CIEMAT in Madrid. LIP also collaborated on the measurement carpaign for a

short period.

Experimental Setup
All the optical and almost all the electronic devices used in theeasurements for the
characterization of the detection cells were placed insidéotack box with dimensions
1140 890 720 mm with a wall thickness of 20 mm. The box had a top door and
lateral door that allowed an easier access to the devices. Figu.10 shows a picture
of this box. Previous tests con rmed that this box is a light-ight container. All the
aforementioned calibration tests were done with grid G.

An overview of the experimental setup used for the functionajittests is presented
in Figure 9.11. The personal computer was placed upon the tablvhile all the other

devices were inside the box:

grid G with 143 photomultipliers divided in 5 CDPs (Common Dgital Part);
integrated optical bre system;

port multiplexer which receives the signal from the parallebort and sends it

to three boards that the port multiplexer is made and whose fuwtions are:

{ trigger and fast trigger signal generation, busy generation;
{ Dallas temperature sensors readout;

{ direction of the control and reading commands between the @uisition
cards;

high voltage brick to feed the photomultipliers;
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9.3 The RICH System Characterization

Figure 9.10: Black box used in the functional tests[199]

a converter between AMSWiré and parallel port;

JINF, which is a board including the connections with the 5 CDB, the HV
brick control using Lecroy protocol, the trigger and busy corection with the

grid and the low voltage supplier.

Calibration method

All data can be characterized as acquired with no high voltager with the
nominal high voltage set at 800V. The rst type only provided thepedestal peak
position and its width. The second type of data includes the saatted \dark runs”,
which consist of data acquired in the absence of light to simply rasure the electronic
noise (pedestals and dark current), and the LED runs which alleed to determine the
gain through the use of the single photoelectron method as eapied in Section 5.5
and the relative quantum e ciencies. The latter type of runs @n also be used to
characterize the pedestal.

SCommunication protocol for data transmission
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9 RICH Assembly Status and Tests

Figure 9.11: Experimental setup used in the functional tests[199]

The single-photoelectron method of determining the gains usists, as previously
explained, in measuring the signal recoiled in the anode at yelow levels of light,
where the great majority of successes detected in the PMT werengeated by only
one incident photon. A t to the signal using the biparametric inction described
in reference [189] allows to determine not only the gain buiso the mean number
of photoelectrons. Figure 9.12 shows a t to the signal spectrunbtained in gain 5

using the aforementioned function.

The mean number of photoelectrons can also be straightforward derived from
the number of events in the pedestal and the total number of ents. In fact since

the probability of not having any incident photon is given by

Po=¢e ; (9.4)

the number of events in the pedestal is
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Figure 9.12: Fit to the signal spectrum acquired in gain 5 of a certain PMT channel using a
biparametric function to describe the single photoelectron response.

Npep = Ntor € (9.5)

which leads to a mean number of photoelectrons expressed as:

= n Neeo . (9.6)
Nrtor

The number of events in the pedestal is counted until the ADC pdson at

pedestal peak position plus three standard deviations.

Results

Pedestal analysis

The pedestals for each PMT channel were acquired both with theigh voltage
switched o and on. No di erence was observed between both measunents.
First, the pedestal of each channel was tted with an e ective dinction given by the

t of two gaussian functions centered at the same mean value with two widths
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9 RICH Assembly Status and Tests

Figure 9.13: Distributions for pedestal width (left) and dark current versus the number of
standard deviations of the pedestal peak(right) of all channels of the 131 photomultipliers of grid
G [199]

and ,. Each gaussian is weighted by a factor that takes into accounheir relative
populations. The e ective function and the e ective variane@ for the global tting

function can be written as it is explicit in equations 9.7.

Fet = G(; 1)+(1 )G(; 2)
= i+(@ ) 3 (9.7)

Figure 9.13 (left) shows the pedestal width (,eq) acquired in gain 5 for all chan-
nels of 131 photomultipliers of grid G. The mean width is:8 0:2 channels. The
stability of the pedestal position and width were checked durmp a 25-day period
and a stability within 1.5 ADC channels and 1% was measured, resjiely.

The other factor to be controlled is the dark current. The dak current [200] is
not, strictly speaking, a noise; however, noise that is associatedth it does impose
a limitation on the detection of very low energy radiation. The current that ows
in the anode circuit when voltage is applied to a photomultifer in total darkness

has two components:

a continuous one due to leakage on glass and insulation surfaces,
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9.3 The RICH System Characterization

an intermittent one, consisting of pulses of a few nanosecondsraition.

The e ect of the various sources of dark current varies accardy to the oper-
ating and environmental conditions (applied voltage, gaintemperature, humidity,
etc.), and also according to the tube's history (e.g. past storagand illumination
conditions). Some of the sources are temporary in their e ectn which case the
dark current eventually settles down to a stable level. Other swces are perma-
nent, meaning they are independent of the history of the tubdike leakage currents,
thermionic emission, eld emission or background radiation.

As previously mentioned, the dark current was evaluated withite HV turned on.
Figure 9.13 (right) shows the normalized distribution of the amber of counts per
channel within each fraction of the pedestal width. The darkurrent ratio for ADC
channels positioned at a distance equal to the pedestal peak giosi plus 4 ,eq iS

7:5 10 ° which is a low value.

Gain calibration

The scheme established to perform gain calibration on the conepé detection
plane consists of an integrated LED- bre system. Four bres lighthe detector vol-
ume upwards from the detection plane and the light is re eci@in the methacrylate
layer placed at the radiator bottom. The re ected light uniformly illuminates the
detector plane. The bres run below the lower skin mentionedni subsection 9.2.2
to bre connectors located in the octagonal structure. An exteanal blue LED is
optically coupled to the bres. More technical details on ths device are explained
in Appendix B.

Each bre system is placed in one corner of the ECAL hole as depéct in
Figure 9.14 (left). This system was also conceived to be used whte magnet is
switched on for a nal calibration and following correctiongo calibration constants.
The concept design has been previously validated by the simulan software [201].

In the current tests using the grid G only one set of bres is beingsed and its
position is illustrated in Figure 9.11 (left). The distribution of the average number
of photoelectrons as function of the PMT position in grid G is sbwn in Figure 9.14
(right). As expected, the photomultipliers closer to the bresystem see more light
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Figure 9.14: Integrated optical bre system location in the detection plane (left) . Spatial
distribution of the mean number of photoelectrons observed by the PMTs in grid G caisidering a
bre location on the bottom right corner of the grid (right) . [199]

Figure 9.15: Distributions of the average number of photoelectrons(left) and gains (right) for
all the channels of the 131 PMTs calibrated in the grid G using the integrated optcal bre system.
[199]

than the others.

Figure 9.15 (left) introduces the measured average number gfiotoelectrons for
all the channels of the 131 photomultipliers tested in grid GThe mean value is 28
and the spread is 0. Figure 9.15 (right) shows the distribution of the evaluate
gain ( 5) for the same channels. The mean value is 109 ADC counts with a spd
of 15 ADC channels.

Since the previous illumination is not quite uniform, as preed in distribution of
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9.3 The RICH System Characterization

Figure 9.16: Location of the portable optical bre system in the detection plane (left) . Spatial
distribution of the mean number of photoelectrons observed by the grid G PMTs condlering a
bre location centred at the top of the grid (right) . [199]

Figure 9.14 (right), due to the location of the bres a validaion of the calibration
was done using a portable optical bre system. The new system is pkd on the

central top of grid G as illustrated in Figure 9.16 (left).

Figure 9.16 (right) introduces the new illumination map wit the average number
of photoelectrons as function of the PMT location. Figure 9.7 (left) shows the
average number of photoelectrons for all the channels witthé mean value of the
distribution at 0:23 and a spread of @9, while the gain distribution is shown in
the right-handed plot of the same gure. The average gain is ntered at 110 ADC
counts and the distribution presents a spread of 14 ADC channels h@& results allow
to conclude that gain calibrations are consistent for both ilminations and in both
cases the calibration results are consistent with the values frothe Hamamatsu

database.

Gain stability was also studied during 15 days. The gain was progdo be stable
within 19%.

PMT relative detection e ciency
The photoelectron detection e ciency for each photomultigier was evaluated using
a relative method. The relative e ciency will be de ned as the ratio between the
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Figure 9.17: Distributions of the average number of photoelectrons(left) and gains (right) for
all the channels of the 131 PMTs calibrated in the grid G using the portable optcal bre system.
[199]

average number of photoelectrons for a given PMT and the awage number of
photoelectrons seen by a reference PMT. Thus the estimator cée expressed by

relation 9.8:

iz116 (1)
- p i=1;16 : .
Eff i=1:16 ref (l) (9 8)

According to what was said in Section 9.3.1 the detection e ciecy should be
known at the level of 7%. A unit-cell adapted LED system was used tperform
the relative calibration of the unit cell response in terms of\aerage photoelectron
number. An LED was connected to four optical bres, each of themattached to a
unit like the one presented in the drawings of Figure 9.18 (&f From now on this
measuring system will be called bre stand system. Each of these usiis adapted
to the top of the light guide as depicted in the same scheme of tlaorementioned
gure. Figure 9.18 (right) shows the grid G with the four- bre stand system. The
system was rst validated on a row of eight photomultipliers copled to light guides
(see presentation mentioned in [201]).

The experimental setup was the same used for pedestal and gain lea&on.
A stable setup is required, this was proved to be the case by magimepeated
measurements of the amount of the detected light within 2%.

Since the four bre stand devices do not give exactly the same aunt of light to
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9.3 The RICH System Characterization

Figure 9.18: Optical bre stands system (left). Grid G with the optical bre stands system
(right) .

the unit cells and since it is necessary to obtain the relative eciency with respect
to the same reference for all the grid, the four devices shoula bntercalibrated.
Therefore, the bre stand devices were numbered as 1, 2, 3 and@levice 1 was taken
as the reference calibration tool since it provides more lighEvery measurement
made with one of other devices is then divided by its correspdent made with
device 1.

PMT EFFICIENCY MAP (G—GRID 19
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Figure 9.19: PMT relative detection e ciency map for grid G [199]

Figure 9.19 shows the mapping of the relative detection e ciecy for grid G
while Figure 9.20 (left) introduces the distribution of the sane quantity, showing a
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Figure 9.20: Relative detection e ciency PMTs in grid G (left) . Reproducibility of the relative
detection e ciency (right) . [199]

spread of 5.7%. The measurement was done twice and Figure 9.8Qht) proves
that the reproducibility of the measurement is within 1.1%.

All these e ciency values will be added to the database.

9.4 Conclusions

The RICH integration is almost completed. A detailed charadrization of the de-
tector plane parameters as well as the radiator tile refraste index and thickness
variations were performed before the nal assembly. The mirrage ectivity mapping
will be also done.

The same calibration procedure, described here for grid G, wapplied to the
other grids and the results on the relative detection e cieng, pedestals and gain
evaluation will be incorporated into the RICH database.

The RICH integration in the AMS spectrometer is scheduled to stain January
of 2008.
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AMS is a high energy particle detector developed to measure casmmay uxes
outside the Earth's atmosphere. It will be installed on the Intenational Space
Station and will stay there collecting data for at least 3 years.The instrument is
equipped with a proximity focusing RICH detector based on a med radiator of
aerogel and sodium uoride, enabling velocity measurementsitiv a resolution of
about 0.1% forZ = 1 particles and extending the charge measurements up to the
iron element.

Velocity reconstruction is made with a likelihood method. Carge reconstruction
is made in an event-by-event basis. A complete description ofthanethods as well
as simulation results were presented in this thesis. Evaluatiori both algorithms on
real data taken with in-beam tests at CERN, in October 2003 wasohe. These data
were acquired using a prototype of the RICH built at LPSC. The dtector design
was validated and a refractive index 1.05 aerogel from Novosgk was chosen for
the radiator, ful lling both the demand for a large light yield and a good velocity
resolution. Photon yield aerogel uniformity was estimated athe level of 1% while
the aerogel refractive index uniformity is lower than @6 10 3.

The sodium uoride performance was also evaluated. The velbcreconstruction
capabilities are according to expectations from MC simulain. Sodium uoride
data allowed to study the light guide detection behaviour fotarger photon incident
angles. A data/MC signal disagreement was detailed study throtga dedicated light
guide standalone simulation. The complete and correct desdign of the detection
cell was updated in the RICH simulation.

A prototype of the mirror was used in the beam tests and its re dovity was
derived from data analysis. The obtained value is in good agreent with the optical

measurement of the manufacturer. Data do not show a visible deglation on charge
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and velocity reconstructions with re ected hits.

Beam test data analysis concerning the charge reconstructionosts a systematic
uncertainty of the order of 1%. In the ight scenarium this unertainty appears due
to non-uniformities at the radiator level, at the mirror surface leading to di erent
re ectivity values or at the photon detection. In order to keep the systematic un-
certainties below 1%, the aerogel tile thickness, the refrae¢ index and the clarity
should not have an unknown spread greater than 0.4 mm, 10and 3%, respectively.
The relative uncertainty on the re ectivity measurement shoid be controlled better
than 1%. At the detection level a precise knowledge<(7% level) of the single unit
cell photo-detection e ciency and gains is required.

A detailed characterization of the photomultipliers gainsand pedestals as well as
the relative detection e ciencies of the unit cells was donat CIEMAT. A complete
map of the mirror re ectivity will be made at CIEMAT. The radi ator tile thickness
and refractive index mapping was performed at LPSC. All these @asurements were
(will be, in the case of re ectivity) done before the nal assemly and will be added
to the RICH database for a complete knowledge of their valueg the simulation
and reconstruction level.

The RICH detector is being constructed and its assembling to th&MS complete
setup is foreseen to begin in January of 2008.
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Appendix A

Fit to the Cerenkov ring signal

An e cient model to describe the distribution of the number of photoelectrons de-
tected in the Cerenkov ring was previously applyed by R. Pereira and it is tiroughly
explained in [191]. TheCerenkov signal associated to a ring is obtained from the
signal counting within 3 of the reconstructed pattern. Its description, can be

done taking into account the di erent factors that contribute to it:

statistical uctuation;

photomultiplier ampli cation:
the uncertainty associated to the charge ampli cation in eacldynode causes

a natural spread on the photoelectron response.

ring acceptance:
the ring acceptance, corresponding to the fraction of detesd photons, varies

from event to event, as in the ight case;

particle velocity:

1 -
2n2 !

Npe/ sin® ¢/ 1 (A.1)

signal threshold:

a minimal number of three hits is required to have a reliableeconstruction.

Therefore, the modulation function describing the ring sigriafor a set of events,

can be parametrized in terms of:
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A Fit to the Cerenkov ring signal

the statistical distribution followed by the photoelectron sigal population:
e n
n!

P(n;, )= (A.2)

The probability of getting n photoelectrons out of an expected number is
given by a Poisson distributionP (n; ). For large statistics, the distribution

tends to a gaussian
n 2#
1 n
= P : (A.3)

P(N )= P=p—exp
the photomultiplier ampli cation: the photomultiplier an ode signal depends
on the number of photoelectronsn() inciding in its cathode; its shape for any
statistics of n photoelectrons can be derived from the photoelectron respsmn
of the photomultiplier. Figure A.1 shows the distributionsf, obtained for 3,
4, 5 and 6 photoelectrons. An accurate description of the singlégoelectron
spectrum is needed in case of a low mean number of photoelecton oth-
erwise the single photoelectron response can be approximated dgaussian
with a width close to 0.7 p.e.

Hence, the signal function can be generically described in tesrof a normaliza-
tion factor A and a mean number of photoelectrons:

s
fx; )=A  P(n; )fn(x); (A.4)
n=3

where the sum takes into account the applyed thresholdh( 3).

In case of collecting events with di erent ring acceptances;(), the mean number
( i = i o) of photoelectrons will change from event to event. Therefe, the ring
signal distribution will be given by:

X X
f(x; 0)= A WiP(n; )fn(x); (A.5)

n=3 i
whereW; is the weight associated to the ring acceptance distribution dlhe events.
Hence, the nal signal distribution corresponds to a weighted surof the di erent
signal distributions for all the possible acceptances. For the mgel 1.05 and sodium
uoride in the ight setup the distributions considered were the same introduced in
Figure 4.27.
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Figure A.1: Expected signal distribution for 2, 3, 4 and 5 photoelectrons, extrated from prdo-
type data acquired with CIN105.

Finally, in case of dealing with a population of events geneed by particles
with di erent velocities the mean number of photoelectronswill change according
n2 1: 2 . . .
to j =W, 0= —1 o, Where o is the number of hits foreseen for a photon ring
acceptance of 100% and ' 1 particles. In this case, the overall function is written

as: 2 X X
f(x; o)= A W; P(n; §)fn(X); (A.6)

n=3 i j

with ¢ the free parameter that gives the expected light yield for aQD% contained

n2 1= 2
nZz 1 -

ring generated by ' 1 particles. The weightW; is written as |
This method is used to tthe number of photoelectrons counted the Cerenkov rings

generated in the aerogel 1.05 and NaF radiators for 1 particles in the ight

setup. Figure 4.21 shows this result for protons. The issue of pat velocity pro-

le is naturally solved because only 1 particles were studied in the light yield
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studies performed in this thesis, so the ring signal estimation gnhas to deal with

the other points.
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Appendix B

LED characteristics

The LED used in the photomultiplier functionality tests for gan calibration and

relative e ciency evaluation was a blue pulsed LED (Kingbridit W53MBC) oper-

ating at 3.48V with 3 lters to attenuate the light. The blue source colour devices
are made with GaN on SiC Light Emitting Diode. The main charateristics are

summarized in Table B.1. The left-hand distribution of FigureB.1 introduces the
LED relative radiant intensity as function of the wavelengthshowing the peak of the
spectral response at 430 nm, while the left-hand plot proves tlywod directionality

of the same diode ( 16).

Figure B.1: Relative Radiant Intensity (left) and directionality (right) for LED W53MBC from
Kingbright.
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LED characteristics

Material Gallium nitride
Viewing Angle (2 1-,)* 16
Luminous Intensity @ | Minimum 50 mcd
Typical 150 mcd
Electrical/Optical characteristics @T A=25 C
Peak Wavelength® 430nm
Dominant Wavelength ® 466 nm
Forward Voltage (Vg) @ | Typical 3.8V
Maximum 45V
Reverse Current (k) ® | Maximum 10 A

Absolute Maximum Ratings @T =25 C

Power dissipation 105 mwW

DC Forward current 30mA

1., is the angle from optical centerline where the lu-

minous intensity is 1/2 the optical centerline value.

Table B.1: LED characteristics. Test conditions: (a) 1r=20 mA;
(b) VR=5V.
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