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Riassunto della tesi

Questo lavoro di tesi descrive gli ultimi risultati ottenllo studio dei fenomeni

di channeling e volume reflection in cristalli incurvati. INE912 J. Stark, un

fisico tedesco, ipotizzo che alcune direzioni in un cristpbtevano risultare piu
trasparenti al passaggio di particelle cariche: questagpgenne verificata speri-
mentalmente con fasci di ioni solo negli anni '60 e da allavesi studi vennero

intrapresi soprattutto a bassa energia.

Il fenomeno venne definitohannelinged avviene quando una particella ca-
rica attraversa il cristallo allineata rispetto ad un suenpi(o asse): essa rimane
intrappolata tra i piani cristallini a causa di una serieti correlati con i diversi
atomi, diversamente da quanto avviene in un materiale amibrhoto della par-
ticella nei piani puo essere descritto come il movimentargi carica in un campo
elettrico: la buca di potenziale che si forma permette iffic@mento del moto.

Una svolta importante nello studio di questi fenomeni ameenel 1976 ad
opera di un fisico russo, E. Tsyganov, il quale propose dirirare dei cristalli
di silicio per deviare fasci di particelle cariche: curvangh cristallo, infatti, vi &
una corrispondente piegatura dei piani atomici che lo wostiono; pertanto una
particella che viene confinata tra due piani atomici nonfaw@ltro che seguirlo,
deviando dalla sua traiettoria nominale. Tre anni dopostguielea venne confer-
mata sperimentalmente presso il Fermilab di Chicago (USA).

Solo recentemente e stato scoperto e studiato un intetefsaomeno legato
alla curvatura dei cristalli: all'interno del volume cadlino puo avvenire la con-
dizione di tangenza tra il canale costituito dalla buca depniale e la traiettoria
della particella incidente. In questa condizione possavergre due fenomeni:
la volume capturdin cui una particella viene confinata in un piano cristal)ie
la volume reflectionn cui la traiettoria di una particella subisce una rifleasio
totale nel volume. Questo secondo fenomeno venne scopari®87 in alcune
simulazioni e venne osservato sperimentalmente per leaprotta nel 2006.

| fenomeni di channeling e volume reflection vennero acadti grande in-
teresse dall’'ambiente scientifico: I'idea di sostituirgetyi pesanti e di grosse di-
mensioni come i magneti dipolo con oggetti di pochi millimstiscito I'interesse
ed incentivo la ricerca.
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La prima naturale applicazione di questi oggetti sembsemesproprio la col-
limazione in acceleratori di particelle. | moderni accateri richiedono un si-
stema di collimazione a multi stadio per ridurre gli effetéll’alone del fascio
ed aumentare la luminosita della macchina: in generaleattcglle dell’alone
vengono deviate su tutto I'angolo solido sfruttando I'gffedi multiplo scatter-
ing allinterno di collimatori primari (materiali amorfi}p sciame prodotto viene
successivamente assorbito da collimatori secondari eterz

In acceleratori di alta energia, come ad esempio il Largerstacollider
(LHC) presso il CERN, questi sistemi di collimazione devasupportare una
grande quantita di radiazione e devono essere efficietitizaando il sistema
appena descritto, si € stimato che nella prima fase dincafione di LHC, la lu-
minosita massima raggiungibile sara solo il 40% di quatkaninale. | cristalli
curvati potrebbero rappresentare una valida soluzionesatqyroblema: essere
utilizzati quali collimatori “intelligenti’, deviando Igarticelle dell'alone in una
particolare direzione con un’alta efficienza.

Tuttavia la collimazione e solo un esempio delle possipiplicazioni di questa
tecnologia: da fasci di ridotte dimensioni (microbeama adidiazione, diverse li-
nee di ricerca sono attualmente in fase di studio o test. tab&am sono utiliz-
zati in adroterapia per il trattamento tumorale, in biokoger lo studio del com-
portamento di una singola cellula all’interno di un tessutcapplicazioni legate
all’ambiente ed all'arte per la determinazione della cosigione di campioni e
manufatti. Tradizionalmente sono prodotti tramite lefgiteostatiche e magneti.
In questo ambito I'effetto di channeling potrebbe essemattsito per focalizzare
i fasci, mentre strutture diverse (come i nanotubi) peremebibero di creare fasci
di dimensioni ridotte.

Per quanto riguarda la radiazione, cristalli noti con il modi ondulatori
potrebbero rappresentare la sorgente di radiazione debfutn un sincrotrone,
elettroni ultrarelativistici possono irradiare in magréépolo (radiazione di sin-
crotrone) o in sezioni diritte per mezzo di magneti onduiateviggler, generando
diversi tipi di radiazione in termini di intensita e spettrl cristalli ondulatori
dovrebbero permettere di sostituire questi ultimi, fo@n fascio di fotoni di
alta intensita.

Questa tesi si apre con la descrizione dei possibili camppglicazione dei
cristalli, confrontandoli con le tecniche attualmentetesa presentando breve-
mente lo stato di sviluppo di ciascuna applicazione.

Alla fisica dei cristalli € dedicato il capitolo 2: partendai cristalli diritti per
arrivare a quelli curvati e all’analisi di tutti i fenomerfie possono caratterizzare
il passaggio di una particella carica in un cristallo. L& parte del capitolo si
addentra nel difficile ambito della radiazione emessa dacetle leggere (elet-
troni e positroni) in cristalli curvati.

Il nocciolo duro di questa tesi e rappresentato dal lavperimentale e di



Riassunto Vil

analisi dati svolto all'interno della collaborazione H8RX) che ha come scopo
principale lo sviluppo di un sistema di collimazione bassuocristalli di silicio
curvati. | dati sono stati raccolti nel periodo Maggio-Novare 2007, anche se
durante la scrittura di questa tesi un lungo periodo di pdasiee in corso.

Il comportamento dei cristalli & stato studiato su unadidefascio estratto
(H8, presso il Super Proton Synchrotron del CERN) con unpsdadicato, de-
scritto nel capitolo 3: la traiettoria delle particelle neericostruita a partire dalle
informazioni di rivelatori a microstrip di silicio (con un@soluzione spaziale di
5um), mentre i cristalli (a strip 0 quasimosaico), piegatntii@ holder meccanici,
sSono posizionati su un sistema goniometrico di alta precesper I'allineamento
sul fascio e per lo studio del comportamento tramite gli smagolari. La proce-
dura di stripping dei raw data e descritta in appendice A.

| test sono stati effettuati con diversi fasci di particellgrotoni con mo-
mento di 400 GeV/c, adroni positivi e negativi di momento I88V/c ed elet-
troni/positroni di 180 GeV/c.

Il capitolo 4 descrive parte dei risultati raccolti dalldlaborazione H8RD22
in questi due anni: questo lavoro di tesi si basa principatmesull’analisi del
comportamento dei parametri della volume reflection in fome del raggio di
curvatura e sulla radiazione emessa da elettroni e posgt@ndo il cristallo &
in condizione di volume reflection. Nel 2006 il fenomeno delblume reflection
e stato misurato ad alta energia tramite I'utilizzo di kateri al silicio sviluppati
per un esperimento spaziale; nel 2007 un setup dedicatorhreepgo uno studio
approfondito dei parametri della volume reflection (angtildeflessione, RMS
ed efficienza) al variare del raggio di curvatura del cristatiai dati raccolti e
stato possibile identificare un particolare valore del ragaje per cui il prodotto
tra I'angolo di deflessione e I'efficienza € massimo.

Nel Novembre 2007 e stata (per la prima volta) valutatadigaraone emessa
da elettroni e positroni da 180 GeV/c in condizione di volueigection: lo spet-
tro di energia dei fotoni si estende sino a 100 GeV ed e stéorato sfruttando
un metodo spettrometrico basato sull'utilizzo di rivelat silicio di grandi di-
mensioni e di un calorimetro elettromagnetico per l'idkcdizione dei leptoni.
| risultati sperimentali sono stati confrontati con calcmhalitici e simulazioni
con GEANT3 per quanto riguarda la condizione amorfa (oalishon orientato)
ottenendo un buon accordo, mentre vi € una discrepanzaisaltati teorici e
sperimentali per quanto riguarda la radiazione emessalumereflection, che
richiedera un supplemento di indagine sia teorica chdrepetale.

Nellottica di utilizzare un cristallo in volume reflectigrer la collimazione,
con il vantaggio di una grande accettanza angolare (superio 100urad rispetto
a~ 8 prad per il channeling a 400 GeV/c) e di una grande efficiearscessario
aumentare I'angolo di deflessione (0 prad rispetto a quello di channeling, su-
periore a~ 100purad), mettendo tanti cristalli uno di seguito all’altro:particelle
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riflesse dal primo cristallo entrano nell’accettanza debseo che le riflette a sua
volta e cosi via.

Nel 2007 e stato valutato il comportamento di un multi efist costituito
da 5 cristalli quasimosaico controllati remotamente ttarmotori piezoelettrici.
Il sistema di multi cristallo e stato studiato in terminiahgolo di deflessione,
efficienza e ripetibilita.

Il capitolo 4 riassume anche parte dei risultati ottenutjuresti due anni: dal
comportamento di un cristallo incurvato con adroni neggaélo studio prelimi-
nare di un cristallo di diamante, sino all’evidenza spentake del channeling
assiale, intrappolando la particella nelle due direzioni.

L'insieme di risultati presentato in questa tesi dimostrme i cristalli (la cui
storia inizia quasi un secolo fa) siano un argomento di estrattualita, e come
I'utilizzo nel campo della collimazione sia solo una dellesgibili applicazioni.
Se da un lato in questi ultimi due anni i diversi effetti sotetismisurati e capiti
dal punto di vista teorico, rendendo la tecnologia prontags di collimazione,
lo studio dell’emissione di radiazione € un campo aperto diverse possibili
applicazioni: dalla creazione di una sorgente di positpeniil linear collider
alla collimazione di fasci di elettroni e positroni, alleoguzione di fasci fotonici
di alta intensita con ondulatori cristallini, per svariasi tra cui quelli in fisica
medica.

Entrambi questi aspetti vengono affrontati nelle concosdella tesi. Per
guanto riguarda la radiazione, viene descritto un setupcdedper una fase di
misura a diverse energie. Nell'ambito della collimazioviene illustrato il pro-
getto CRYSTAL, approvato dal Research Board il 3 settemB@82che consiste
di un test di collimazione nell’'SPS con protoni da 120 GeVale test € previsto
nel 2009, con un possibile seguito nel 2010 a Fermilab caasidib da 980 GeV
del Tevatron.



Introduction

When a physicist hears the word “crystal” he thinks of calaters, silicon detec-
tors, a particular state of matter. When he hears the wordyfveid he thinks of
big, heavy objects. More or less 30 years ago, it was expetatig demonstrated
how a crystal (a bent crystal to be more precise) can becomagaeh Much
more than this: an object 1 mm thick, a couple of mm wide andhecfa high is
capable of steering particles as a dipole of several tenesi&T

The goal of this thesis work is to give an insight of the phgsitbent crystals
from several points of view: their behavior with heavy armghtiparticles, the pos-
sible applications in different fields and the experimerdallts obtained in recent
beam tests. Crystals came on stage 100 years ago going thiengyperiods of
stand by. Their history can be summarized with a few dates:

1912 a German physicist, J. Stark, suggested that certaintdinsan a crys-
tal could be more transparent to the motion of charged pestiwith respect to
amorphous materials. This theory was confirmed only in tBs 16y experiments
with ion beams which showed an anomalous penetrating dagabicrystals. It
was the dawn of the channeling experiments.

1976 a Russian physicist, E. H. Tsyganov, applied Stark’s ssiggeto study
the effects of a charged particle beam in a bent crystal. dba is incredibly
simple: exploiting the potential created between the atgrtanes, particles can
be deflected from the initial trajectory.

1979 Tsyganov’s idea was confirmed by experiments in Fermilab.

1987 a new phenomenon was discovered in computer simulatiohenwa
particle with an incoming angle in a particular range im@sgn a bent crystal, a
trajectory reflection can occur: this phenomenon was calbaime reflectiomnd
has been experimentally confirmed in 2006.

2006 for the first time the H8RD22 collaboration measures thennkéng
and volume reflection phenomena with very high precisioicail detectors at
very high energy using 400 GeV/c protons.

From the middle of the '70s the ideal application for crystatas identified
with beam collimation in high energy hadron colliders. Modaccelerators re-
quire a multi-stage collimation system to reduce the effe¢the beam halo and

1



2 Introduction

increase the luminosity: in general the primary beam hasépisad on the whole
solid angle by a primary collimator (an amorphous targég;groduced shower is
absorbed by the secondary bulk collimator while scattangegs a tertiary system
to complete the cleaning.

In very high energy machines this system must be very efti@ad must
tolerate very high radiation. At the Large Hadron CollideHC) at CERN, for
example, the first phase collimation system is expectedamallow to reach the
nominal luminosity, limiting it to 40% of the desired valua.bent crystal could
play a key role being a clever collimator: it is able to steartigles in a given
direction with a high efficiency, thus increasing the clegnefficiency, reducing
the constraints on the alignment of the secondary collimaatd finally increasing
luminosity. “Could” instead of “can” means that in prinagpland in simulations)
this is the possible scenario but several tests in circukcmmes are needed to
definitely check this hypothesis.

Collimation is not the only example of a possible applicatirom microbe-
ams to radiation, several development lines are under studgder test. Micro-
beams are used in hadron therapy to treat cancer, in biotostyitly the behavior
of single cells in tissues, in environmental and artisticdgts to determine the
composition of the involved materials. In general a micavhds provided by
electrostatic lens and electromagnetic quadrupoles. haereling effect which
occurs in bent crystals can be exploited to focus beamsewliffierent structures
(i.e. carbon nanotubes) can steer part of a primary beamirigrensharp edge
microbeam.

The so-called “crystal undulators” can be exploited asatami sources. In a
synchrotron accelerator, ultra relativistic electrons geadiate in bending mag-
nets (synchrotron radiation) or in straight sections (itise devices) using undu-
lator or wiggler magnets, generating different radiatiefd in terms of intensity
and spectra. A crystal undulator is a particular crystalolwhdan provide a high
intensity gamma beam, replacing the classical magnets.

The first chapter of this thesis is dedicated to a review ofrgxas of these
applications and of the possible role of crystals, while i@fboverview of the
physics and the motion of a charged particle in a bent cristaven in chapter 2.
When a crystal is bent, according to Tsyganov’s suggest@marged particle
(which impinges on it with a certain angle) follows the chalend is steered with
a high deflection angle. Several phenomena can occur in abyetal depending
on the angle between the crystallographic plane and thenimgpparticle trajec-
tory. The most recent discovemplume reflectionhas aroused a lot of interest as
far as collimation is concerned: in volume reflection a péetis reflected by the
interatomic plane potential (thus the deflection is in theagite direction with
respect to channeling) with high efficiency and a large asgatceptance (that is
the angular region where it can occur).
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A review of the radiation features and the theoretical basezdiation emitted
by light particles in crystals is also presented in chapten particular this thesis
work describes the experimental results of the first measemée of the radiation
emitted by a bent crystal in volume reflection at high energy.

All the crystal effects have been studied on an extractethbee with a ded-
icated setup described in chapter 3: a set of double sjge Besolution silicon
detectors which are used to determine the trajectory of padicle, a high pre-
cision goniometer to align the crystal with the beam andgrerfan angular scan
and different types of crystals (strip and quasimosaicgsErrystal designs have
been tested both in single mode and in the multicrystal cardigon: in particu-
lar, a remote control system to align five quasimosaic clystih respect to the
beam has been tested in November 2007.

While the last part of chapter 3 focuses on the analysis t@eixthe relevant
information from the angular scan, appendix A describesatiadysis procedure
for the silicon detectors, which are the real winning toolle#se experiments.

Chapter 4 is a review of the results of the 2007 beam testsdityenrelativistic
400 GeV/c proton beams to 180 GeV/c light particles (eledrand positrons).

Using protons the volume reflection parameters (the angoésn value, its
RMS and the inefficiency) as a function of the crystal curkatiave been evalu-
ated obtaining a good agreement among experimental, dioulkand analytical
data; the behavior of several multicrystal systems is dasdin terms of the total
deflection angle, efficiency and repeatability; the pretiany study of a diamond
crystal is briefly described.

For the first time, in October 2007, the VR was observed withG8V/c elec-
trons and positrons. High energy spectra (up-id0 GeV) have been measured
exploiting a spectrometer method based on large silicop datectors and on a
sampling calorimeter for the electron identification; tkperimental results have
been compared with analytical calculations, showing tHat af work has to be
done both from the experimental and simulation point of view

The concluding remarks of this thesis work concern the &tfr crystals:
from collimation of positive and negative beams to the gdubsi of using the
radiation they produce for medical, biological and mattgesce, from the use of
different materials to the still open questions in the ayghysics field. Some
of the tests require different and dedicated experimestalps; in some cases the
agreement between data and analytical simulations igastiitom being satisfac-
tory.

A collimation test will be performed on the Super Proton Sywtron at
CERN in 2009 and a similar one is foreseen at Tevatron (Felhih 2010. An
electron beam with the ideal features is being looked forttdysradiation and
new crystal types are being produced.

Only a step of a long way that started almost 100 years ago.






Chapter 1

Bent crystals in different physics
fields: where, how and why

The study of channeling related phenomena in high energgighyas started
many years ago but, even now, it is extremely up-to-date:cti@neling phe-
nomena (especially in bent crystals) are, in fact, a possbkwer to unsolved
problems in different physics fields.

The most important application of this technology seemsetbdmam collima-
tion in high energy hadron colliders where luminosity camlksmatically reduced
by the effects of the beam halo. Hadron accelerators aractesized by a large
energy stored in the beam and by a high sensitivity of supedacting magnets
to particle losses, both of which are a cause of concern todlienation system.

Modern accelerators require a multi-stage collimatiortesys the primary
collimator (usually a solid target) intercepts the primagam halo spreading it
on the whole solid angle; the secondary halo is absorbeddgdhondary bulk
collimator while scattering needs a tertiary system to detethe job.

In very high energy machines, like the Large Hadron Coll{tiétC) at CERN,
this system must be very efficient (to prevent beam inducetcjues of the mag-
nets) and must tolerate very high radiation (given by théig@artype and energy
and the beam intensity). The LHC first phase collimation aysis based on
the multiple scattering effect inside the first absorbee (thlo, in fact, is spread
over the whole solid angle increasing its divergence) bting characterized by a
low efficiency and reducing luminosity: in the LHC case thieetive luminosity
should be about 40% of the nominal one.

An object able to deviate particles outside the beam in angie=ction would
increase the cleaning efficiency, reduce the constraintheralignment of the
secondary collimator and finally increase luminosity. Atxgstal could be such
an object.

The working principle of a bent crystal allows its use in éi#int fields, among

5



6 Bent crystals in different physics fields: where, how and why

which microbeam applications. Microbeams are used in hmatrerapy to treat
cancer, in biology to study the behavior of single cells gsties, in environmen-
tal and artistic studies to determine the composition ofinkelved materials. A
microbeam is typically provided by electrostatic lens, ietihe beam focusing is
guaranteed by electromagnetic quadrupoles. Bent crysaalde an alternative
solution: they can be used as focusing magnets with ex¢e#enlts at high en-
ergy, while channeling in different structures (carbonatabes) can steer part of
a primary beam forming a sharp edge microbeam.

Another application of bent crystals in high energy physaepresented by
the use of the so-called “crystal undulators” as radiatioarses. High energy
radiation is necessary in a lot of fields (from medicine tchtesdogy develop-
ments) thanks to its penetration capability; one of the nmapbrtant sources is
represented by the synchrotron accelerator where ultadivistic electrons can
irradiate in bending magnets (synchrotron radiation) @traight sections (inser-
tion devices) using undulator or wiggler magnets, genegadiifferent radiation
fields in terms of intensity and spectrum. A classical etaotgnetic undulator
could be replaced by a so-called “crystal undulator” whigpleits its peculiar
characteristics (small dimension and high equivalent “nedig field”) to provide
a high intensity gamma beam.

This chapter is dedicated to a brief review of the problecsatinat crystals
could help to solve in different physics fields, underlinthg pros and cons of the
present technologies.

1.1 Beam collimation

Particle physics is strictly linked to the developmentschesl in the accelerator
technology. The most important present accelerator, ntiyrander commission-
ing at CERN, is the Large Hadron Collider (LHC) which will opée at a center-
of-mass collision energy of 14 TeV [1]. LHC is a hadron steramg of 27 km
of circumference which can collide both protons-protond ams-ions. While
LHC is almost ready to produce physics, a hew big project deustudy to col-
lide electrons and positrons of 500 GeV/c of momentum: therfational Linear
Collider (ILC) will have to face problems similar to the orefsa hadron collider.
In both these experiments, in fact, one of the critical isgsa¢he luminosity,
which in practice can be defined as the number of particlesmpef s1; colliders
are characterized by a high luminosity (a typical numberfd€ is 10°* cm 2

For a given process, the luminosity)(is defined as the rate between the number of events
(Ney) and the cross sectiowd,) of the process itselfNey = Loey. In a collider, the luminosity is
given by: L = f(niny)/(4moxoy), wheref is the collision frequencyy, the number of particles
per bunch per beansoy the beam dimensions.
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s™1) to guarantee a large number of collisions, thus requirieny Wigh intensity
beams colliding at the interaction point (IP). In order ts@me the quality of
the beam, thdbeam halo(formed by particles with a large momentum offset or
too far from the nominal accelerator trajectory) should becally reduced by a
collimation systenwhose tasks can be listed as follows [2]:

¢ reduction of the background in the experiments particledets;

e protection of machine components, minimizing their acio/@and damage.
In high energy colliders, in particular, super-conductimggnets are a great
concern, given their quenching limit;

¢ self-protection. The collimation system should be radiatiard in order to
avoid being destroyed during the operation.

Collimation in circular colliders is based on the so-calhedlti-stage system
and LHC represents an ideal example to understand the perfmes and limits
of the presently used technologies.

1.1.1 The LHC collimation system

LHC is designed to perform proton-proton (Pb ion-Pb ion)isans with a center-
of-mass collision energy of 14 TeV (180 GeV/nucleon) [1,r8faur interaction
points, corresponding to four experiments: ALICE, ATLASVIS and LHCB.

Figure 1.1(a) compares LHC with older and present accelerathe trans-
verse beam density is three orders of magnitude larger antdglm energy in-
creases of a factor 7 with respect to the oldest acceler@8prd hese expected
performances have been made possible by the use of advameEdconducting
magnets, that bend the charged particles in the ring, pea¥id required focus-
ing fields for the stored beams and focus the beams in thesicollpoints (fig-
ure 1.1(b) shows the quadrupoles before the ALICE intesagtbint).

The performances of the LHC magnets are guaranteed by tke-sapducting
technologies at temperatures as low as 1.8 K and 4.5 K, grayalnominal field
of 8.33 T. These cryogenic temperatures make the magnestigeno any heat
source, among which beam losses can be listed: if the magaging exceeds
a threshold callequench limif the magnet cables suffer a transition from super-
conducting to resistive, reducing the bending capabilitye LHC quench limits
are about 10 mJ/cfcorresponding to a local transient loss of onlyL@’ protons
(being the total number of protons per bebig ~ 3 x 104 at 7 TeV).

2ATLAS and CMS are general purpose experiments, LHCb is dptichfor B meson physics
while ALICE will study the physics of strongly interactingatter at extreme energy densities
using heavy Pb ions.
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Figure 1.1: a) Transverse energy density as a function ehlmeamentum for sev-
eral accelerators [4]. b) The super-conducting magnetseafLICE interaction
point.

LHC beams are designed to have a maximum stability and todvedstor
many hours (typically 30 h). During this period, the beanséssare able to induce
enough heating in the magnets to cause quenches: the twed nergy, in fact,
can reach 360 MJ per beam, ten orders of magnitude highethibajuench limit.

In order to fulfill the operational constraints, the collitioa system must have
the following features [5]:

e Beam loss ratesthe LHC operation includes short periods of reduced beam
lifetime. At 7 TeV, it means an acceptable loss df # 10! protons/s for
10 s or 08 x 10! protons/s continuously; the collimation system has to
withstand these numbers;

e Cleaning inefficiency. the cleaning inefficiency qualifies the efficiency of
the collimation system. In order to understand its definitithe concept
of aperture should be explained: the machine apertureifa=snithe avail-
able transverse plane in which a particle can circulaterd hee two types
of apertures (figure 1.2): geometric (given by the mechéartéttice) and
dynamic (due to distorsions of the nominal orbit given by liaear ele-
ments).

The cleaning inefficiency. is defined as the ratio between the number of
particles escaping the cleaning insertions that reach malaed mechan-
ical aperture (16 for LHC) and the number of particles impacting on the
primary collimator; from simulation computations, thismber is of the or-
der of 10°3. The surviving particles can get lost in the machine and be th
main cause of the magnet quench; thus a limit can be defindtedscal
cleaning inefficiencyn,), which is the total number of protons lost over a
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Figure 1.2: The geometric and dynamic apertures [6].

given length Lgj ), normalized to the total number of cleaned protons:

=% = 2x10 °m 2
Lail

The present length value lg;;;=50 m, but this number is still not accu-
rate. In order to quantify the beam loss, the beam lifetimg ghould be
introduced:1q is defined as the time needed to reduce the number of ini-
tial particles by a factoe. In a circular accelerator, the particles inside
the dynamic aperture are stable for many turns, while the paiticles get
lost. However the beam halo is continuously re-generatedalthe stable
particles which can be kicked out: these effects are ca#lgdlar proton
losses Moreover, particles can also produoegular proton losseswhich
are due to unexpected beam conditions during a relativedyt gferiod of
time, generally of the order of 1 second.

Taking into account all these processes, it is possibleltulzde the corre-
sponding beam lifetimes and thus the level of local lossasrtiust not be
exceeded in order to avoid magnet quenches.

Assuming a minimum required beam lifetime of 0.2 h (whichresponds
to a 1% beam loss in 10 s) at 7 TeV (the operational energy) and at
450 GeV (the injection energy) [4], the maximum number oftpng in the
LHC beam can be estimated as:

1
Ntot:Rq'Tq'a

whereR, represents the magnet quench limit expressed in numbeoef pr
tons per meter per second. The maximum proton intensity asaién of
the local collimation efficiency is shown in figure 1.3; sirthe total 7 TeV
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protons which are requested to circulate in LHC for physiesd the order
of Neot ~ 3 x 10'* and the quench leveRY) is set to 7x 108 protons/(m s),
the local cleaning inefficiency has to be<20~° m~1, as already stated.

T —
Nominal intensity ~~
o ~
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1e4+014
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1e+013

1e4+012

Maximum intensity [protons]

i Ideal design inefficiency

1e+011 HEEN BN BN
1e-005 0.0001 0.001 0.01

Local collimation inefficiency [1/m]

Figure 1.3: The beam intensity as a function of the localraleginefficiency for
energies of 450 GeV and 7 TeV [4].

e Number of collimators and phase advance requirementsthe collima-
tion system is designed to provide momentum and betatr@amicig in dif-
ferent phase advance locations in the LHC ring [7]. The maduararcolli-
mators remove halo particles with a large energy offAgt/ @), while the
betatron ones remove halo particles with a large trans\amgsitude. De-
pending on the collimation kind, different amounts and g/pecollimators
have been considered in two special locations.

e Beta functions in cleaning insertions the beta function (the transverse
particle oscillation around the nominal trajectory) slibbk larger at the
collimators in order to reduce the effect of the bunchesaftimpact on the
jaw. However, the beta functions are limited in the 50-35@enenge due
to the available space.

e Collimator gaps and impedance the primary and secondary collimators
must be close to 6 anddespectively to provide the required cleaning effi-
ciency. Since the impedance scales inversely proporttoribe third power
of the gap size, the collimators can produce a significanstrarse resistive
impedance: at the nominal beam intensity the total collonahpedance
should be 110 MR, while the impedance generated by the rest of the ring is
100 MQ;
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e Vacuum aspects and maintenancethe geometry and the materials must
be chosen to reduce the outgassing and to allow rapid inteoves in case
of malfunctioning.

The LHC collimation system, according to the requests folynexpressed,
is designed to protect the LHC equipment (including elegt®and the machine
itself) from a peak beam loss rate of 1% in 10 s<(#0'! protons/s), from regu-
lar and irregular (due to equipment failure or wrong opergtbeam losses with
sufficient efficiency £ 99.9%).

The collimation system will be implemented in differentpgefollowing the
natural upgrade of the machine performance. The initialesygphase ) has
been developed to guarantee the maximum robustness atimsirmal and ab-
normal high power events. Robustness plays a key role indlienation system
because of the inaccessibility of the machine: a damage adlienator or a ma-
chine component, in fact, requires an immediate access igharadiation envi-
ronment and problems due to vacuum. In order to overcoméniigations due to
the impedance of the initial LHC collimators, phase lIseveral low-impedance
advanced collimators will be used.

As already said, the choice of the material of the collimgdars is a critical
issue [8]. Since the collimator has to withstand a very higgrgy density deposit
in a short time (of the order of nanoseconds), low Z mateaedshe best choice.
An increase of the atomic number would correspond to a stdagease of the
radiation length with a consequently large contributioth@felectron-gamma part
in the cascade and its higher spatial concentration whidhldvoause a greater
heating of the collimator itself. The selection of the migtksrhas been evaluated
by simulations as shown in figure 1.4.

The most important candidates seem to be graphite and inenylthe latter
has not been considered because it would not resist thefispmue-turn energy
load and it is toxic [1]. The graphite disadvantage is itsrpamnducting power
which increases the total impedance of the machine, thiatfiact, dominated by
the collimator impedance [9]. A computation of the collim@ahduced impedance
is estimated to limit the total machine intensity to abou¥e4d its nominal value
[10].

Figure 1.5 shows the LHC collimation layout for phase I. ltatthere are 152
possible locations for collimators and absorbers for thelt@ams. In phase |, 88
ring collimators will be present. Further 34 ring locati@are equipped and ready
for an upgrade in 2010.

The LHC multi-stage collimation (as shown in figure 1.6(ahsists of four
blocks:

e Primary collimators : robust carbon-fibre-reinforced carbon composite (CFC)
jaws [11, 12] for the interception of the primary beam halé@i{RMS of
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Figure 1.5: Layout of the LHC collimation during phase |. Raldels are beam 1
collimators, while black ones refer to beam 2 [10].

the beam profile) from the core with an impact parameter (teeage dis-
tance between the collimator border and the proton impasitipn) smaller
than 1um;
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e Secondary collimators longer robust CFC jaws [11, 12] to intercept the
secondary beam halo av and reduce it (figure 1.6(b));

e Tertiary collimators : jaws for the interception of the tertiary beam halo
and the protection of the triplets in case of unlikely events

e Absorbers: high-Z collimators of Cu or W at the end of the cleaning inser
tions to protect the super-conducting magnets from theatgrhalo (mainly
due to particle showering in the collimator jaws).

Primary collimators ... .
..for cleaning

Secondary collimators ...
' Absorber for machine protection

15 ; ;
° . Secondary halo

106

56
Beam
center

i Normalized available aperture

0.001

0.0001

Normalized population

-50
Primary 8 " T 106 1e-005
halo Secondary N
halo Tertiary -150 1e-006

Primary Secondary halo 1e-007

collimators collimators  apsorbers Sensitive equipment 6 8 10 12 14 16 18 20

CFC-80cm  CFC-1m  w_.qm LHC arc or IR friplet Amplitude [,]

(a) (b)

Figure 1.6: a) Principle of collimation and beam cleaningimy collisions in
phase I. b) Normalized population of secondary and terbagm halo for protons
impinging on the first collimators.

1.1.2 Bent crystals: a possible solution for the LHC phase I
collimation

The robustness required in the first phase of the LHC collondimits the ma-
chine luminosity to 40% of the nominal one. A R&D is necesst@aryevelop
and characterize a collimation system which can increasm#chine luminosity,
reducing the impedance and beam halo.

Different solutions have been presented [2]:

e Consumable collimators proposed for the ILC experiment, this system
is based on jaws that can be moved to a new position a finite euofb
times after having been damaged by the beam in case of dinpeicit [13].
The mechanical schemes are based on wheels, bars and taijpbsca
be transversely moved (figure 1.7): a wheel collimator negguvacuum
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bearings but its design is very simple; a tape collimatouireg a complex
vacuum mechanical system but it has a large usable area;cliarator
doesn’t require vacuum moving parts but its structure islaoge with re-
spect to the usable area. Among these, a prototype basethtingavheels

Be.um [] Damaged area

Bar collimator does not re,qulred any vacuum
moving parts, but is large for ils active area.

Wheel collimator requires vacuum bearings
but is otherwise simple

New tape rolls

Used tape rolls

Tape collimator has a large usable area but
requires complex vacuum mechanical sysiem

Figure 1.7: Consumable collimators based on bars, whedltapes [2].

has been chosen;

e Repairable collimators: they are based on jaws which can be continuously

repaired during operation [13]. The idea is that the surt#dhe rotating
jaws is exposed to a bath of liquid metal: this is frozen ondbdace of
slowly turning metal drums and then the solid surface isetblilat with
smoothing rollers. The problem is given by the choice of tletah which
should have the following features: low vapor pressure dtimgepoint, el-
emental in order to avoid fractional crystallization dgrthe solidification,
no or low toxicity and adherence to the jaw surface. At presetybdenum
seems to be a good candidate [13];

e Laser collimation: laser collimation consists in the Compton scattering

of electrons or positrons in the transverse halo tails offgh power laser
beam, avoiding the regime where pair production occurs [IHA¢ scattered
halo particles, which are off-energy, should be intercgptedownstream
absorbers placed in the dispersion region. The advantatigsasystem is
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that it cannot be destroyed by the beam impact, but lasentdofyy means
high costs and very precise alignment with respect to thenb&doreover,
a failure in the laser could damage other accelerator coemsen

e Electron lens collimation: the system is based on very strong non-linear
field components present in a hollow electron beam in an reledens.
Electron lens collimation offers a possible solution toithhefragmentation
problem in ion beam collimation.

Another possible solution is represented by bent crystiaésr physics will be
briefly presented in chapter 2; in this section the bent ahy&ty features will be
introduced to explain the possible role of these innovatolémators in the LHC
machine.

In a traditional multi-stage collimation system (figure (&), an amorphous
target spreads the primary halo on the whole solid angle anidgp it is inter-
cepted by the secondary collimators and absorbers. Bestatsy instead, can
be used as “intelligent” collimators (figure 1.8(b)): theabethat impinges on
the crystal can be completely steered on a secondary codirmaath a high ef-
ficiency, reducing the impedance and the alignment comssraif the secondary
collimators themselves.

a) b)

Figure 1.8: a) Traditional multi-stage collimation systeparticles are spread
on the whole angular range and then absorbed by seconddimatoks and ab-
sorbers. b) A bent crystal in a channeling position steezswthole beam halo
onto an absorber, increasing the efficiency and reducingrpedance.

Bent crystals could (since several tests are still needsafesent a valid al-
ternative for the LHC phase Il collimation. Their featuresde summarized as
follows:

Collimation efficiency. A bent crystal can be used as a primary collimator in two
different configurations, depending on the angle betweeniriterplanar
potential in the crystal and the particle trajectory: chelmg and volume
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reflection (section 2.2). Channeling is characterized bgrgel deflection
angle and an efficiency of the order of 70%, while the volunflecton ef-
ficiency is close to 100% with a small deflection angle, a fatfless than
channeling (all these parameters depend on the energy antegygcal con-
figuration of the crystal itself). Considering the goal afimefficiency, three
different collimation possibilities can be identified: figiepass” channeling
that occurs when particles are deflected at the first impabttive crystal;
“multipass” channeling, in which particles hit more tharcerthe crystal
before being deviated enough to be absorbed by the secoodlirgator
(these possibilities have been already simulated for LH@ Monte Carlo
code as shown in figure 1.9); volume reflection.
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Figure 1.9: Simulated channeling efficiency as a functiothefcrystal length for
the injection and operational energies. Crystal bendingntrad (left), 0.1 mrad
(right) [15].

Volume reflection could be used in principle both in singkpand multi-
pass. Moreover, to increase the deflection angle, a mulimelreflection
system has to be developed (figure 1.10(b)): several csyatal aligned
with respect to the beam in the volume reflection positiondiaim a larger
deflection angle, maintaining the acceptance (see belodvlemefficiency
large.

Angular acceptance. Particle deflection occurs when a particle impinges on the

crystal with a certain angle with respect to the interplgrlanes. The an-
gular range where the deflection can occur is called angulegpance.
The channeling angular acceptance is the so-called Liddtrércal angle
(chapter 2) and it is a function of the energy: at LHC, the cieding accep-
tance is 9.4urad at 450 GeV and 2¢4rad at 7 TeV.

The volume reflection acceptance is a function of the crystalature and,
for a typical curvature of 10 m, is around 1Qfad. Such a large value en-
sures a higher stability with respect to the beam variat@onsless stringent
alignment requirements.
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a) b)

—_—
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Figure 1.10: a) A bent crystal in a volume reflection posisteers the beam halo
onto an absorber. b) The volume reflection deflection angiereased by a multi
crystal system, maintaining a high efficiency and a largepiance.

Deflected beam.A collimation system requires a large impact parameter whic
is given by the product of the deflection angle (or angulakkend the
distance between the primary and secondary collimators.afigular kick
produced by bent crystals depends on the angle betweendbmiing par-
ticle and the crystallographic planes, that in turn idessifa channeling or
a volume reflection effect. The channeling deflection ange function of
the crystal length and of its bending radius; a great defieangle corre-
sponds to a low efficiency. On the other side, in the volumecttin case, a
smaller deflection angle with respect to the channeling smempensated
by a higher efficiency and acceptance.

In order to use bent crystals as primary collimators, a ceteptharac-
terization of the deflected beam in the LHC machine must beiged by
Monte Carlo simulations in which all the crystal physicsailstare included
together with the shape of the beam which impinges on thealsythem-
selves and the secondary collimators.

Crystal alignment. The crystal alignment with respect to the beam is fundamen-
tal to reach the best performance of the crystal itself. Tigmanent preci-
sion is a function of the acceptance: the smaller the acoeptahe higher
the precision required on the alignment.

Surface specification. The roughness of the crystal surface is usually modelled
as a thin amorphous layer where the crystal lattice presenusrfections
and crystal effects have a very small probability to hapddme amorphous
layer must be limited because the average impact parametéegrimary
collimator is usually very small, 100-200 nm in the presehRtd_system
[16].
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The presence of a superficial amorphous layer on the crystice has
been considered in several Monte Carlo simulations [1¥y#&tuate its im-
pact on the efficiency. Figure 1.11(a) shows the simulatBdeicy as a
function of the amorphous layer thickness; a smaller treskicorresponds
to a greater efficiency. It must be underlined that the ma#tipeffect re-
duces the importance of this layer. Anyway, recent studies @rystal
surface treatment which involves mechanical polishing @memical etch-
ing [17] have demonstrated that a crystal surface with if@oéons below
100 nm (figure 1.11(b)) can be produced.
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Figure 1.11: a) Simulated channeling efficiency as a funatibthe crystal sur-
face roughness. b) X-ray image of a crystal surface whiclslo@resent an
amorphous layer (thanks to INFN Ferrara for the picture).

Radiation hardness. A critical task for a collimation system is represented by
the robustness of the system itself against the energy degdy the parti-
cles which could cause thermal shock, radiation damage\aemtally the
reduction of the crystal life. The capability to withstandigh energy beam
intensity was tested at IHEP [18] where a 5 mm long crystal @qgmosed
for several minutes to a 70 GeV proton circular beam in spills of 50 ms
every 9.6 s. After this exposure (which corresponds to 148G bunches),
the crystal was tested in an external beam line. The defléetaoh observed
with photoemulsions was exactly the same as the one presarpoOther
experiments at CERN (NA48 [19]) and IHEP [20] have shown #iahe
achieved irradiation of 510%° protons/cm the crystal loses only 30% of
its deflection efficiency which means it can survive about §68ars in an
intense beam like the NA48 one.
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1.2 Microbeam

The last frontier in medicine and biology and related fieklshie study of the
behavior of a single cell in different conditions. In celldastructural biology
the typical dimensions are spanning the length scales fréewaanometers up
to centimeters, thus microbeamof the order of a few nanometers is requested.
Microbeams can be used in different fields; in this thesiskWour applications
will be briefly presented:

1. Medicine: beams in air for hadron therapy with an energy of the order of
100 MeV;

2. Biology: beams in air and vacuum for study of biological structutdew
energies with the goal to understand the behavior of eadjlessiructure
when a single particle hits it;

3. Environmental study: beams in air and vacuum for elemental analysis to
identify sources of pollution in different environments;

4. Physics applications to arts beams in air or vacuum for studies on artwork
materials.

An example of these topics will be briefly described in thitiga, underlining
the most important characteristics for a microbeam facémy the possibility to
use crystals in these systems.

1.2.1 Biological application: from radiotherapy to space

Microbeams in biology are mainly used for their high collima and low current
(~ 1 nA) features: the behavior of each single cell when a gartiits it is under
study since the discovery of particles. There are a lot o$ibbs microbeam ap-
plications in biology: from radiotherapy, studying theesff of ionizing particles
in cancer or healthy tissues, to space, such as the NASAestodi the possible
problems due to cosmic radiation in advanced space missions

As far as radiotherapy is concerned, a possible applicéitme study of the
so-calledbystander effecin cells and tissues [21]. The effects of exposures to
ionizing radiation are under study since soon after itsalisty, more than 100
years ago. Radiobiology has been and is a must to assesthmadjay as a cancer
treatment, to develop treatment plans which have to conbiath the dose to the
tumor and the nearby tissues, to find the best way of fradiiog#he dose deliv-
ery in order to allow the healthy cells to repair the radiatimmages. Among the
non-targeted effects (which are those where cells appeaspond to ionizing ra-
diation through ways other than direct damage to the DNAxelis the so-called
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bystander-effect which describes the behavior of an wtimtad cell exhibiting
damage in response to signals transmitted by irradiateghhers.

The bystander-effect dominates the dose-response at Is& @@00 mGy),
but saturates as the dose increases (as shown in figure)).12(a
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Figure 1.12: a) Typical cell survival curves: the bystareléect seems to be more
important than direct irradiation at low doses. b) Two methased to generate
a microbeam. Left: low energy X-rays are focused using a-goate diffractive
optics. Right: ions collimated using a glass capillary.

Different methods are used in bystander-effect studiesibgfeneral, the ir-
radiation of the whole tissue is performed, while interggtcells are protected
by masks and grids. Microbeams represent a possible diternbhanks to their
versatility in terms of design and execution: a microbeamlmaused to irradiate
just a single cell within a cell population.

The typical radiobiological microbeams are produced witarged-particles,
low-energy X-rays and low-energy electrons; in particutaost particle microbe-
ams use light ions, such as protons or helium because ofttlgtiinear energy
transfer (LEF) and high relative biological effectiveness (RBE

Figure 1.12(b) shows two methods to irradiate cells [21]otélrs and light
ions (right figure) are accelerated with a 4 MV Van der Graaffederator and
then steered vertically towards the cell irradiation app#s. The microbeam is
provided by a Jum diameter bore silica capillary collimator; the partickestter-
ing inside cells are detected by a photomultiplier tube (PMSS far as a X-ray

SLET quantifies the energy transferred to a material by anziogiparticle which travels
through it.

4RBE identifies the different degrees of effectiveness irdpoing effects in biological sys-
tems.



1.2 Microbeam 21

microbeam is concerned (left figure), a X-ray microfocusmatee generates low-
energy X-rays that are subsequently focused to a micratspet using a small
diffraction lens (zone-plate). X-rays are able to penetthe first cell layer and
therefore much better suited to studies involving tissuekraulti-cellular sam-
ples.

Another fundamental application for microbeams is hadrmrapy. Hadron
therapy was born in 1946 when Robert R. Wilson made the fiogiqwsal to treat
cancer using proton beams. This treatment is in rapid eeolnd the total
number of patients has increased from 10000 in 1993 to 500Q@006, with a
progression which seems to be exponential [22].

With respect to typical radiotherapy treatments, which pisetons (for deep
tumors) or electrons (for superficial tumors) acceleratgdifeear accelerators
(LINAC), hadron therapy is based on protons or light ionsichthave three con-
siderable advantages [23]:

1. they penetrate the patient practically without diffursio

2. they deposit the maximum energy density abruptly at tldeoétheir range
(Bragg peak, as shown in figure 1.13(a)), producing sevemada to the
target cells;

3. the beam shape and dimensions can be changed in a ratipée siay and
the energy can be chosen according to the depth of the tuntioe inody.

In 1996 a collaboration formed by CERN, GSI, Med-AUSTRON cOlogy
2000 and TERA started a new project for a hadron machinedc@IMS (Proton
and lon Medical Machine Study) [24, 25]. This machine candresered as an
example of an up-to-date hadron factory. It consists of:

e two LINACS for protons (20 MeV) and carbon ions (7 MeV/nuat¢o

¢ two dispersion-free zones for injection and RF accelenatia lattice made
of short and cheap bending magnets;

e single-turn injection;
e slow extraction;

e an’empty” bucket that increases the velocity of the pati@ntering the ex-
traction resonance, thus reducing the intensity fluctnataf the extracted
beam;

e separated functions for the high-energy beam lines to $watutnor in both
the dimensions independently;
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Figure 1.13: a) The Bragg peak: dose deposit of photonspps@nd carbon ions
in water. b) General layout of the PIMMS design study.

e a mobile cabin gantry for carbon ions;

e rotators to make the beam optics of each gantry completdbpiendent of
the gantry rotation angle.

The studies of proton beams (typically used at 230 MeV) angcaions (with
an energy up to 430 MeV/nucleon) have been performed in dodevaluate the
behavior of each single cell within a treated tissue. Fose¢h&tudies a low size
beam is necessary (of the order of a few hundred microns)ewdn the patient
treatments a FWHM (Full Width Half Maximum) beam size at tlaignt in the
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range 4 to 10 mm is requested [26].

In addition to radiotherapy related topics, a possibleiappbn of biological
studies with microbeams is represented by the pioneevistiaracterization of
single cell behaviors in a cosmic environment performedleyNational Aeronau-
tics and Space Administration (NASA) at the NASA Space Raafid_aboratory
(NSRL) at the Brookhaven National Laboratory (BNL) [27]. Maguestions, in
fact, are common to radiotherapy and space studies:

e carcinogenesis which is a concern both for astronautsvedah long-term
missions and young patients;

e radioprotection;
¢ individual sensitivity.

For both the applications, studies using microbeams aressacy.

1.2.2 Environmental studies

Different microbeam applications can be found in the emnnental field with ex-
cellent results: an important example is represented byex¢al analysis, which
is one of the analytical processes that can be used to igesdifrces of pollu-
tion in several environments by stormwater analysis [2&ammic materials in a
meteorite [29].

The extracted samples are prepared before the analysistaitkdard proce-
dures: for the pollution analysis, for example, each sangpfeassed through a
coarse 2 mm screen to remove organic debris and then thro@g8 j@an nylon
screen into a pre-cleaned container. Samples are theedilbgrpapers to separate
particles depending on their size in two groups: 0.4#60and 60-25Qm.

The elemental analysis is provided by a PIXE (Particle leduX-ray Emis-
sion) system in the following way: a 2.5 MeV proton beam (watlcurrent of
5 nA) is focused on targets with a minimum spot size of 10 mmameter. The
filter targets are mounted on an automatic sample changdrfosair particulate
studies. The characteristic X-rays generated by the saempldetected by a Si de-
tector with a 25um Be absorber. In order to improve the sensitivity for thehieig
Z elements, a second X-ray detector with g@bAl absorber is used. Figure 1.14
shows the spectrum of a stormwater particulate sample asneltwith a PIXE
analysis.

1.2.3 Physics & art: a microbeam factory

PIXE systems are also used for applications regarding agset non-invasive
methods are used to analyze the materials which form theoeepvas described
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Figure 1.14: PIXE spectrum of a stormwater particulate.[28]

in [30, 31]. In particular, in this section a brief descrgstiof a typical setup used
in "artwork physics” is given [32]: this allows to better usrdtand a microbeam
facility and the possible applications of crystals in thienfiework.
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Figure 1.15: An example of a microbeam facility for art seglj32].

Figure 1.15 shows an example of a microbeam facility: thégorbeam com-
ing from a 3 MV Van der Graalff accelerator is selected by a deftenagnet and
then passes through a series of pre-slits (PS) to regulateutinent before being
deflected by a switching magnet. A beam profile monitor (BPMppsitioned in
front of the quadrupole lenses (QD1) and a beam diagnostiestonsisting of
a Faraday cup and a quartz beam viewer. A set of collimatitgislpositioned
before a strong focusing (QD2) quadrupole to reduce alhensgtwhile a second
BPM is located after the collimating slits.

The performances of this facility are very good: the dimensiof the beam
spot are 122 pm in X and 11+ 2 pm in Y full width at 1/100 maximum
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(FW1/100M) for a current of about 1 nA.

PIXE with an external beam produced by such a microbeamriabis been
used in several "artwork physics“ applications. Among thebke results of an
elemental study on inks of ancient manuscripts can be cB8fl [Before the
invention of printing, the inks were mixtures of severalneénts, from vegetable
essences to mineral salt; the writing properties of inkslangely dependent on
the ratios of the ingredients. In order to evaluate the efgs@hich form an ink,
a PIXE setup has been used: the beam runs lasted typically pé0spot with a
proton current of 250-500 pA and a beam diameter of @dCFWHM (provided
by the microbeam factory described above). The elemenéesi@et by the PIXE
setup have been Na, Mg, Al, Si, P, S, Cl, K, Ca, Fe, Cu, Zn andHgbtypical
elemental spectra are shown in figure 1.16.
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Figure 1.16: Number of counts for several elements in twepayd the analyzed
manuscript. Different results in each spectrum refer to @ifferent regions in
each page where the analysis has been performed [33].

1.2.4 The microbeam and the crystal option

Even if bent crystals have been developed for beam extractioollimation, they
can be used in microbeam applications in two ways: beam fiogasd nanotube
channeling [34].

There are several methods to focus a beam using a bent d8&famany of
which have disadvantages due to the background from theannetted beam frac-
tion; a particular technique where a parallel beam is foduis® a strip reducing
background events will be briefly described.

Figure 1.17(a) shows this beam focusing method: the matoress the spe-
cific shape of the bent crystal back end face, so that the tdiadjéo the crystal-
lographic planes (more details in chapter 2) on this suréaoss the same line.
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(a) (b)

Figure 1.17: a) The principle of beam focusing with a benstal b) The profile
of the deflected and focused beam is on the left, while the astietl rectangle on
the right is the crystal cross-section [34].

Considering the crystallographic planes which are cureddwing a cylinder
of radiusR, it is necessary that the line with the centres of curvat@esd O
is placed on the surface of the cylinder which gives the shapke crystal end
face. In the case of a perfectly cut and bent crystal, the m@aeat the focused
point is provided by the product of the focal distarice- (4r? — R?)%/? and the
critical channeling angle, which depends on the crystal shape. The focal length

is defined as:
_ 2o

F H
whereH is the crystal width.

A lot of tests have been performed with 70 GeV proton beam&RHwith
different focal lengths (figure 1.17(b)) obtaining a measuibeam size RMS in
the focal plane of 2Jum. This technology has been developed and optimized
for high energy (the beam size at the focal plane is of theroofl@a few tens
of microns for a GeV beam and should be a few microns for a Te®),dout
recent developments in the crystal technology will alloviest focusing also at a
medium energy~{MeV).

As far as the nanotube channeling is concerned, there hasadarye interest
about the use of the channeling phenomena in carbon narsatnipeovide a mi-
crobeam. Carbon nanotubes are cylindrical molecules €igLi8) with a typical
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diameter of the order of 1 nm for a single-wall nanotube, nstef nanometer for
multi-wall nanotubes.

Figure 1.18: Simulation of several nanotube structurestuR extracted from the
web site: http://www.wikipedia.org

The channeling phenomena in nanotube structures occur aigamticle is
confined in a 2D potential which is localized very close to Wadl as shown in

figure 1.19(a).

(b)

Figure 1.19: a) The continuous potential within a carbonomame of 1.1 nm. b)
The same nanotube bent withv/R= 1 GeV/cm [34].

In order to steer particles, a nanotube can be bent and teatptwall is thus
modified by the centrifugal force (chapter 2): figure 1.1%bows the potential



28 Bent crystals in different physics fields: where, how and why

wall in a nanotube which is bent @v/R = 1 GeV/cm, whereR is the curvature,

p the particle momentum amdthe velocity. To understand the bent nanotube
efficiency, Monte Carlo simulations of positive particleacmeling have been per-
formed: figure 1.20 shows the number of channeled partidesfanction of the
nanotube curvature for different nanotube structureglsiwall and multi-wall)
and for a Si (110) crystal.
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Figure 1.20: Number of channeled particles as a functiom@fianotube curva-
ture for single-wall (SWNT) and multi-wall (MWNT) nanotuband for a silicon
(110) crystal [34].

Two approaches can be considered to create a microbeamamttubes: the
trapping of a small fraction of the incident beam which isrttsteered away to
reduce the emittance with well-defined sharp edges; thegeraent of a focus-
ing array of bent channeling nanotubes that focus the chediparticles into a
small spot. The first solution seems to guarantee betteltsesome experiments
in IHEP have evaluated the nanotube performances in terreficiency and ra-
diation hardness with good results [34].

1.3 Synchrotron radiation sources and crystal un-
dulators

High energy photons are used in several fields thanks to plesietration capa-
bility. In high energy physics, different radiation sousae provided in a syn-
chrotron, a circular accelerator ring where charged degiare bent by magnets
and are accelerated by radiofrequency cavities.

In this section a brief description of the radiation emittgdbending mag-
nets, undulators and wigglers in a synchrotron accelemttarms of spectrum,
shape and intensity is given. In this field, specific benttatggcalled "crystal un-
dulators®) can play an important role: thanks to their mgrc features, they can
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provide high intensity spectra and can substitute therelezignetic undulator as
a radiation source.

1.3.1 Synchrotron radiation: dipoles, undulators and wigders

Synchrotron radiation is one of the most important souréésgh energy photon
beams. It became available in the early '80s and, from theyra bas been used in
several fields, from chemistry to material science, fromigiad to biology [36].

Synchrotron radiation is emitted in a so-called synchrottocelerator, where
relativistic electrons are accelerated and injected irsimeage ring within a nom-
inal orbit by applying a constant magnetic field (provideddending magnets).
In the bending magnets, synchrotron radiation dgrole radiatior) is emitted
tangentially to the beam in a very small angle; the lost gnesgeplenished by
radiofrequency cavities. Radiation can also be producebdrstraight sections
(insertion devicesbetween the bending magnets, where photon beams are gen-
erated in magnetic devices calleddulatorsandwigglers The radiation emitted
by these sources is different in terms of intensity and spetct

The radiation from a classical charged particle travellim@ circular orbit
(of radiusR) due to a magnetic fielB is emitted isotropically at the Larmor fre-
quency. However for a relativistic partilethe radiation is relativistically colli-
mated in the forward direction and is Doppler shifted, inatiehary frame (fig-
ure 1.21).

F Bending magnet
radiation

710)

Figure 1.21: Left: synchrotron radiation is emitted in aeovith an aperture §/
Right: synchrotron radiation energy continuous spectr@mnj.

The spectra properties of the radiation emitted by ultratraktic charged
particles in a dipole can be expressed as [38]:

2
) (1+ YW {K§/3(E) + %Kis(z) (1.1)

di(w) 3y [ hw
dQ  41éc (ﬁwc

5In synchrotron accelerators, electrons and positronsygcetly have an energy between 0.5
and 5 GeV.
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where
£ = (%)(Hvzwzf/z (1.2)
and
hoe = % (1.3)

is defined as theharacteristic energybecause half of the power is irradiated
above it. y is the electron energy in units of its rest enengpyis the angle per-
pendicular to the orbital plane amig(§) is the modified Bessel function of order
X.

From equation 1.1 it is possible to note that most of the sgotobn radiation
is confined in the orbital plane within an instantaneous simmscone of half width
1/y (right plot in figure 1.21) with photon energies smaller tdany.

In the insertion devices, the radiation is produced in theulettor and wiggler
magnets which in practice are periodic structures of diptdgnets (as shown in
figure 1.22) [38] where a static magnetic field is alternatihang the length of
the undulator with a wavelengiiy,.

Figure 1.22: Undulator: alternated magnets (1), electeanb(2) and undulator
radiation (3).

Electrons crossing the periodic magnet structure are dotceindergo oscil-
lations and radiate. The curvature of the electron in a weigglagnet is severe
and the total intensity is the sum of the intensity of eachcstire. On the other
side, undulator magnets deflect the electron of a quantigllenthan the photon
opening angle, generating interference between the eteatrd the photon it has
emitted and breaking the continuous spectrum into a hamcrsamnies. Figure 1.23
shows the energy spectrum coming out from the undulatos:viery intense and
concentrated in narrow energy bands (corresponding toterlharmonics of the
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fundamental wavelength) and it is also collimated on thet @ane of the elec-
trons; the photon beam is almost monochromatic and with @msity of ~ N2,
whereN is the number of sections.

1
e YN l = Undulator radiation
A ~—— —T
N

A
hm

Figure 1.23: Left: undulator radiation cone. Right: ragiatenergy spectrum
from an undulator magnet [37].

To be more quantitative, the relative spectra bandwidthnoélactron which
undergoed oscillations is:

AN 1

— == 1.4

The undulator equation (wheke is a dimensionless parameter, see later on)
[37]:

A K2 5
A:z—y<1+7+y26) (1.5)

can be written twice, once for on-axis radiati®F() and once for off-axis wavelength-
shifted radiation at an angte

)\u )\u 2
— +0\=—(1+Yy0O 1.6
The two equations can then be divided:
2oy (17)

Considering equations 1.4 and 1.7, temtral radiation cones defined as:

1

O~ —— 1.8

yvN 9
as shown in figure 1.23.

For an undulator witiN periods, the brightness can be upNé more than
a bending magnet: the first factdr is due to the constructive interference of
the fields emitted during thBl radiation periods at the harmonic wavelengths;
the secondN factor derives from the reduction of the emission angle @ased
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with these harmonics, which goes abl1When the electrons come with half the
period, they interfere destructively, and the undulataysdark.

In order to define the difference between wiggler and undulatagnets, a
dimensionless parameter must be considered:

eB\,
K= 1.9
2TIMeC (1.9)

whereeis the electron charg® the magnetic fieldne the electron rest mass and
c the speed of lightK characterizes the nature of the electron motion. Using the
K parameter, a general definition of the deflection angle canves:

K
923232— (1.10)
vz C Y

wherev;, is the particle velocity along the beam and~ K_yc the transverse veloc-
ity.

For K <« 1 the oscillation amplitude is small and the radiation digplin-
terference patterns which lead to narrow energy bandduator case); on the
other side, ifK > 1 the oscillation amplitude is bigger and the radiation dent
butions from each field period sum up independently, leatbhng broad energy
spectrum: in practice the contribution of higher harmomagsdly increases [38].
In this regime of fields the device is calladggler. Figure 1.24(a) shows the wig-
gler energy spectrum: when the contribution of each singlenonic is added, a
continuous spectrum appears.

, T . . K 1 .
The wiggler radiation is emitted in a cone®f- — > m according to equa-

tion 1.10, as shown in figure 1.24(b).

The intensity and the brilliance of the radiation emittedumglulator and wig-
gler magnets are larger than the synchrotron one as showguirefi.25: for the
undulators this is due to the interference effects that obetween the emitting
particle and the emitted photons; for wigglers it is simpledo the fact that the
electrons (or positrons) are bent in the device more thae.onc

1.3.2 Crystal undulator (CU)

The crystal undulator idea has been developed to increasenttrgy of a photon
emitted in an undulator [40]. This energy is defined as:

_ 2nhy’c

hw 3

(1.11)
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Figure 1.24: a) The wiggler continuous spectrum. b) The leiggmitted radia-
tion cone [37].
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Figure 1.25: Synchrotron radiation from bending magnetdtipie wigglers and
undulators (on a log-log scale) [39].

wherey is the Lorentz factor and is the undulator period. The typical elec-
tromagnetic undulators minimal periddis limited to several millimiters, which
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corresponds to low energy photons (up to a few keV). The bgravement pro-
vided by the crystal undulator (CU) is given by the submi#ier range of the
periodL. The crystallographic planes (chapter 2) can be peridglicidformed

and generate equivalent electromagnetic fields of the afi@000 T: in these
conditions the radiation intensity increases with respedhe electromagnetic
case.

To obtain crystal undulators, different ideas have beepgsed. The most
recent one is based on the use of microgrooves on the crysfats. X-ray ex-
periments have observed that such a microgroove genersti@sa strong enough
to create a crystalline undulator. The first observation made at IHEP with a
70 GeV proton beam [41]: it was found that micro-scratchea orystal surface
cause a significant deflection of the crystallographic pldigerre 1.26(a)). Ex-
ploiting the channeling effect for a particle in a deflectédmnel, it is possible to
create a CU by making a periodic series of microgrooves orctystal surface
(figure 1.26(b)).

trench

j’ ~l0micron  crystal surface
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Figure 1.26: a) Top figure: crystallographic plane distmshear a surface
scratch; bottom figure: crystal undulator scheme [42]. barBgle of a mi-
crogroove on the crystal surface [43].

Microgrooves are created with a special diamond blade (obesg which
scratches the crystal plate with a set of parallel groove§ [Several ways of
grooving were tried and the optimization is going on [44F #ze of the grooves
and the pressure of the scriber are found empirically, ajnahproducing the
maximum effects without breaking the crystal.
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Crystal undulators are characterized via X-ray measurésriéd]. a X-ray
beam is collimated to 2 mm in height and 4@ in width and it is made to impinge
on the sample surface. The sample can be translated witlabagimacy (Jum and
1 arcsec) by use of a standard theodolite; X-rays are detégt@ Nal counter.
Figure 1.27(a) shows the measured angles as a function dfeidw® incidence
position at the crystal surface using a X-ray facility; thesipion of each single
microgroove is clearly visible.
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Figure 1.27: a) X-ray test of a crystal undulator. b) A cristadulator test on a
circulating high-energy proton beam [42].

Experimental tests have been done on a crystal undula@®0(B.mm thick-
ness, 10 periods, an oscillation amplitudles 100 A, 5 mm length along the
beam), evaluating both the deflection of charged partiatelstiae photon spectra
emitted by the crystal itself.

The tests have been performed at IHEP with a 70 GeV proton lasashown
in figure 1.27(b): a crystal has been bent by a mechanicakhgsde chapter 2)
of an angle of 1 mrad which is enough to separate the primahttandeflected
beam. The crystal behavior has been evaluated with a segoawhéssion detec-
tor in a vacuum tank as a function of the alignment betweerbden and the
crystallographic planes. The results are schematicatbyvahin figure 1.28: the
left figure corresponds to the disalignment position whety the beam scatter-
ing tail is seen; the right figure shows the channeling alignnposition: in this
case the efficiency is equal to 31%, while for a bent cryst#iout microgrooves
it should be 45%. Thus the measurements show that a benalcoystulator de-
flects protons with a good efficiency but just 70% of the crystass-section is
available for channeling.

However, the most important aim of a crystal undulator isrtmdpice a high-
energy photon beam using electrons and positrons. At présensetups have
been developed: at LNF (Frascati, Italy) with a 500-800 Me@gifyon beam [44]
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Figure 1.28: Deflection beam profile and efficiency for twouea of the crystal
orientation angle: amorphous on the left, perfect changedilignment on the
right [42].

and at IHEP with a 3 GeV positron beam. The typical setup isvshio fig-
ure 1.29: a crystal undulator on a remotely controlled goater system has been
put in a vacuum tank to reduce the background events. Thenimgppositrons
impinge on the crystal undulator which has been first alignik respect to the
beam with a laser system (further information in section13.5After the crystal,
a bending magnet cleans the photon beam from charged part&INal(TI) crys-
tal has been used as a detector for the photons; a 5§#évh and a 1.15 MeV
60Co sources have been employed to calibrate the photon detect

Waiting for the first experimental results, the expectedtphspectrum has
been calculated for a silicon undulator crystal. A theaadtexplanation is given
in section 2.3.3: the energy loss by the light leptons in thieme reflection ori-
entation can be described as the contribution of an undudetd a synchrotron
component.

The radiation is typically determined by means of the dincariess parame-

ter:
P = 2y( — Vi /¢

where(v? —V2) is the squared mean deviation of the transverse velocity fro
its mean value, yis the Lorentz factor andthe speed of light. Ip < 1 the total
radiation spectrum is just the sum of the undulator and celamspectra, while
if p> 1, the spectrum is similar to the synchrotron radiation ohecording to
the hypothesip < 1, the expected energy spectrum can be computed for differen
energies (figure 1.30).

Figure 1.30(a) shows the photon spectrum for 800 MeV pasitip < 1),
while figure 1.30(b) shows the 3 GeV case, wheris approximately 1: from
theory, in fact, it is possible to estimape= y8, (whereb, = U/mcz, m is the
particle mass and is the planar potential barrier, see section 2.3.3).

For the 800 MeV (3 GeV) case a clear peak is visible at 55 ke\D (&),
while the energy reaches 2.5 MeV (16 MeV). The photon abswrgdrocess in
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Figure 1.29: Schematics of the setup to measure the phot@siemin a crys-
talline undulator [44].
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Figure 1.30: a) The expected photon spectrum for 800 MeV arfdri83 GeV
positrons. The dashed curve is the photon spectrum takiogaiccount the ab-
sorption process of photons in the body of the undulator.[44]

the body of the undulator is an important factor and has baleemtinto account,
as shown by the dashed lines in figure 1.30. In simulation smm#ibutions (like
the influence of the length of a single crystal and of the gahanneled process)



38 Bent crystals in different physics fields: where, how and why

are not completely considered.



Chapter 2

The physics of crystals

In this chapter a brief overview of the physics and the motiba charged particle
in a bent crystal is given. J. Stark was the first in 1912 [45]iszover that certain
directions in a crystal are more transparent to chargedtfestwvith respect to the
amorphous material: this phenomenon was catleghneling

Starting from this, an interesting idea was proposed by Hsylganov in 1976
[46, 47]: when a crystal is bent, a charged particle (whichiimges on it with a
certain angle) follows the channel and is steered with aelaleflection angle.

In a bent crystal not only the channeling phenomenon ocaepending on the
angle between the crystallographic plane and the incomanticges trajectory,

an effect calledrolume reflectiortan take place, that is charged particles can be
reflected by the interatomic planes with high efficiency. Hleeeptance of this
phenomenon (the angular region where it can occur) is ldngerthe channeling
one, corresponding in practice to the channeling deflectraie.

The characterization of the channeling related phenonrebant crystals has
been performed at different energies with positive and tgpatrticles. In par-
ticular, the last section of this chapter gives an overviéthe theoretical bases
of the radiation emitted by electrons and positrons in a chkmg and a volume
reflection orientation. The experimental results of thenmmeena described here
will be shown in detail in chapter 4.

2.1 Looking inside a straight crystal

The aim of this section is to describe the structure of a atymtd the effects
which take place in a straight crystal depending on the aoigllee particle with
respect to the crystallographic planes.

39
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2.1.1 The structure of crystals

Crystals are characterized by an ordered and symmetricahgement of the
atoms. The crystal spatial structure, that is calbgtice, consists of a grid of
straight lines (which represent the interatomic bonds)\amtices (or nodes, cor-
responding to the single atoms in the simplest case) andhasirite number of
different translation periods. The primitive cell of thetiee is a parallelepiped
which is characterized by the distance between the verincdgee dimensions
and the angles( 3 andy) among bonds.

Different combinations of several symmetries (transhgtrotation and reflec-
tion) lead to fourteen so-called Bravais lattices, groupezeven systems: cubic,
tarragon, orthorhombic, monoclinic, rhomboidal and tnid. In particular the
cubic system has three crystalblattices: the simple cubic lattice, the body cen-
tered cubic (bcc) and the faced centered cubic (fcc).

The crystal planes and axes are described by the so-callést Mdices that
can be derived from the equation of the plane:

X 'y z

—+=—+—=—=1 (2.2)
X Yo D

wherex, y, z are the coordinates of an arbitrary point in the plane and
Yo, Zo are the coordinates of the intersections between the pladehe axes.
Considering the coordinateg of any lattice node and a common dividey the
equation of the plane can be re-written in the following way:

hm +kmp+1Ing=m (2.2)
where
h=" k=" =0
Xo Yo 2

From now on, each plane will be described using the Milleided k).
In particular, the planes parallel to the coordinate axesimadicated as (100),
(010) and (001). The main planes of the simple cubic lattles¢ribed by round
brackets) are shown in figure 2.1, while the axes are desthpeéViller indices
within square brackets (i.ehkl]).

The typical crystals used for the study of channeling pheziarin accelera-
tors are carbon (or diamond), silicon, germanium and twmgghe internal struc-
ture of these materials is described by the diamond latihae,is a face centered
cube structure (figure 2.2) formed by the covalent bonds dltieet four electrons
in the outer shell.
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Figure 2.1: The main planes of the simple cubic lattice.

Figure 2.2: The diamond crystal structure is a face centeubit.

2.1.2 The potential in a crystal

A particle motion in an amorphous material or in a misaligoggstal (see sec-
tion 2.1.3) could be described like a numberuoicorrelatedcollisions with the
single atoms. In these cases, several processes can oauaty(multiple scat-
tering with atomic nuclei and energy loss in collisions watomic electrons),
depending on the impact parameter value.

However, the intrinsic crystal structure allows to redulcese effects. The
interest in crystals started in 1912 when a German physitiS§tark [45], under-
lined the transparency of certain crystal orientation$wétspect to the direction
of the incident particles. His theory was confirmed by sdveiraulations and
experiments in the early '60s, when the channeling effed giacovered using
ions.

In 1964, the theoretical explanation of the channelingatfieas formulated
by J. Lindhard [48] who demonstrated that when a chargedcfampinges on
the crystal with a small impact parameter with respect tatistallographic axis
(or plane) a number of correlated collisions with the criylstilice atoms occurs.
The potential of each atom could be replaced with an averagenuous potential
in the approximation of a small incoming angle with respedtie atomic planes
as shown in figure 2.3.
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Figure 2.3: a) Motion of a particle (red line) misalignedhwviespect to the crystal
axis but with a small impact angle with respect to the planesorin this case
the continuous potential approximation is valid and thdiglarfeels the average
potential (black line) due to the plane (as shown in b).

The continuous potential is defined as:
—+00 +00
Upi(X) = Ndp/00 L V(x,Y,z)dydz (2.3)
whereN is the volume density of the atomdy, is the interplanar spacing and

V(x,Y,2) is the potential. The potential can be computed consid¢hi@dhomas-
Fermi theory of the atom, which describes a particle-ataeraction as:

V(r) = Zizezcb(L) (2.4)

r arr

whereZ;e is the particle charge, the atomic number andthe distance between
the particle and the atom. The expression can be dividedarpaats: a point-like
charge potential and a screening functio(r /atg), wherearg is the Thomas
Fermi screening distancer(r = 0.8853asZ /3, with ag = 0.529). Two analyti-
cal approximations of the screen function can be given: tagu@.5 presents the
Moliére expression, and equation 2.6 the Lindhardtone

o()- éaiexp(_ B @5)
o) =1- (1 2e) 2.6)

The Moliere expression is given by the weighted sum (with weighta;) of
three exponential contributefif. Considering Lindhard’s approximation, the

Lin this thesis work the Lindhard approximation is considere
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continuous potential becomes:

Upi(X) = 2riNdpZi Z€ (/X2 + 382 £ — X) (2.7)

To complete the scenario, another aspect should be coadidére atomic
thermal vibrations that cause distorsions in the latticacstire. This effect is
independent and small with respect to the other one and caledmibed with
a Gaussian law: at 300 K the RMS displacement of the silicomatisp =
0.075A, while the lattice constant ibe = 5.431A. The thermal vibration effect
becomes important at a small distance from the atomic plahese the infinite
static potential has to be modified to have a finite maximumtypical potential
in the Moliere approximation is shown in figure 2.4.
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Figure 2.4: The (100) silicon potential in the Moliere amamation at different
temperatures; from the top: 0 K, 77 K, 300 K and 500 K.

The charged particles feel an effective potential whicheied as:

U (x) ~ Uyl (%—x) +up|(d—2f’+x) —2up|(%> (2.8)

where the first two terms describe the contribution of thenearest planes, while
the third term considers the potential at the origi{@) = 0), where the origin of
the coordinatex is chosen in the middle of the two atomic planes.

Table 2.1 shows the planar channel parameter values foypieat materials
used in high energy physics: silicon, germanium and tumgskese crystals are
characterized by the diamond crystal structure as destnibgection 2.1.1.

Figure 2.5 shows the interplanar Moliere potential for (h&0) and (111)
silicon crystals. The dashed line is the harmonic poteaparoximation.
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Channel Lc[A] dp[Al are[A] p[A]  Z | U(x)[eV]
Si 5.43 0.194 0.075 14
110 1.92 16
111L 2.35 19
111S 0.78 4.2
Ge 5.65 0.148 0.085 32
110 2.00 27
111L 2.45 30
111S 0.81 7.2
W 3.16 0.112 0.050 74
100 1.58 63
110 2.24 105

Table 2.1: Main parameters of the silicon, germanium andgten planar chan-
nels. The potentials are given by the Moliere approxinmatindx. = dp/2—2/p.
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Figure 2.5: The interplanar potential for the a) (110) an¢Li)L) silicon channels.
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The dashed curve represents the harmonic potential appatioin.

2.1.3 Particle motion in a crystal: channeling

From the considerations of the previous section, it is fixdss0 describe the be-
havior of a charged particle moving in a channel: this moisaralledchanneling

............
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There are two different types of channeliraxial channelingwhen particles are
trapped in an atomic string (that is particles are trappedanannel in the vertical
and horizontal directions), amdanar channelingor, simply,channeling, when
particles oscillate between two atomic planes (that is gudirection is consid-
ered).

A channeled proton (as described in this thesis work, septet®a3 and 4)
moves within the interatomic planes without colliding witie nuclei but in a
medium of electrons with a low density which can reduce itsmaontum: for
light particles this coherent effect increases the prditpbo irradiate a photon.

Lindhard [48] described his theory in the framework of cleasmechanics
and this approach is verified if the particle energy increa3ée use of the clas-
sical approach can be justified by the harmonic potentialeagmation:

U(x) :uo(j—’;)z

whereUy is the potential depth. In this approximation the energycsp

2
between potential levels a%? , whereMy is the oscillating mass, that for
Py

a particle trapped in the channel is the relativistic masmsgquently the number
of energy levels in the well of deptby is:

d
Ni = —=/UoM
T hRveY

The classical framework is truel§; > 1. For heavy particles this condition is
always fulfilled, while for light particles the classical@pximation is valid from
10-100 MeV.

The particle motion in the channel is determined by the trarse momentum
component which, if it is not large enough to overcome thepial well, keeps
the particle in the channel itself; the transverse momermmponenpy is much
smaller than the longitudinal ong if the small angle hypothesis is vali@ &

Px < 1): in other words for channeling to take place, a particlsnimpinge on

tﬂze crystal parallel to the atomic planes. The situatiogpsesented in a schematic
way in figure 2.6.

Under these conditions the continuous potential approxamas valid and the
total conserved energy of the system can be approximated as:

262 | 202 pac?
E = /p2c? + pic FC LU (X &~ D UK +E (2.9)
Z

with E; = \/p2c? + m?c?. For a motion in the potentidl (x), the longitudinal
component is conserved, thus the transverse enérgyig conserved too:
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Figure 2.6: The particle motion in the channel is guarantaethe small trans-
verse momentum. a) A particle in the interplanar potentipthe top view of the
channel. In the schemgs = pyx andp, = p;.

2 2.2

pic® psc

Er = X2 4L U(x) = 22

=%, TV =5,

This equation defines the particle trajectory in th®)plane; the trajectories

represent a set of ellipses depending on the vallig dfigure 2.7).

82+ U(x) = const (2.10)

¥ (urad)

216 12 -08
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Figure 2.7: The trajectories of 450 GeV/c simulated protiona (111) silicon
plane for a straight crystal [41].

Assuminge; ~ E, p,~ p (since% < 1) andp@ = VE, the transverse energy

z
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becomes: oV
Er = ?62+U (X) = const (2.11)
The condition for the capture of the particle into the chdingemode is:
pv

?ez+u (x) < Uo
Assumingx = 0, the limiting angle of capture, diindhard angleis:

|20

For (110) silicon, the Lindhard angle is 320ad at 100 GeV and becomes
7 yrad at 1 TeV. It has to be noted that the critical angle deeeas the square
root of the energy while the multiple scattering as the ep@ifgthe incoming
particles so the effects due to multiple scattering whichwdl be shown) reduce
the channeling efficiency become less important at highggner

The scattering with the nuclei can in fact remove partialesfthe channeling
mode; in this case the critical transverse coordinate ferctianneled particle is

Xc & d—zp —arfg. Using this assumption, th@itical channeling angles defined as:

. 2Umax
8=/ o (2.13)

whereUmax is the maximum value of the potential barriekyax is reached at
the plane itselfX = %). However, in this position the particle could be imme-
diately removed from the channel by the scattering with theei, which means
that below a minimum distance with respect to the plane, &ngqgbe is still not in
channeling. This distance & F, SO0 the maximum transverse position reachable
in channeling is¢; and the corresponding potential valuéx.) = Uo.

Differentiating equation 2.10 with respect 2pthe particle oscillation in the
channel is described as:

2

asx oo
pvd—22 +U'(x)=0 (2.14)

Using the harmonic potential:

2X
Un( = Uo (3
p
the solutions of equation 2.14 are sinusoidal oscillations
x=dp [ET

5 U—Osin<2%2+(p> (2.15)
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2By s2m
0= WCOS<T—|—CP) (2.16)

with A, the oscillation period, equal to:

V
A = T, %O (2.17)

A typical value ofA for a 450 GeV/c proton in silicon is 27 pm.

2.1.4 Dechanneling

Dechannelingoccurs when a particle leaves its channeling state; thisiestd

the scattering with the electrons and the nuclei that forenditystal lattice: be-
cause of the scatterin@y (the transverse component of the angle with respect
to the crystallographic planes) can increase and ex8getihe consequent non-
conservation of the transverse energy can be explained tsenrandom-walk
process; the variation of the transverse enétgygan be written as:

AET = pv8Os+ %’eg (2.18)

with B5 the scattering angle. The opposite process, caitdame capturgis
also possible and it will be presented in section 2.2.2. Aalydital description
of the process can be based on the diffusion the@yy( 6¢, or, in other terms,
the dechanneling process acts on a long distance scaleasiplect to the single
collision); a possible alternative is represented by theduction of the crystal
imperfections using a Monte Carlo simulation.

In a given crystal, the number of channeled particles deeeaxponentially:

L
Neh = Noe_E (2.19)

wherelL is the crystal length, whilep is thedechanneling lengttwhich in prac-
tice represents the particle tendency to stay in channeliefined as:

- 256 pv aTde
© 92 In(2mec?y/1) — 1 ZiremeC?

Lp (2.20)
wheremg is the electron rest mass the classical electron radiulsthe ion-
ization potential & 172 eV for silicon) and; the charge number of the particle.
The dechanneling length has been computed consideringtiomlgominant
electron contribution, while the potential fluctuation dwethe discreteness of
the crystal lattice has a small influence: the particle tstadn length 4) is 1P
times larger than the interatomic scatig). Considering the dechanneling length
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(equation 2.20), two important terms have to be noted: theew@ence on the
energy and the dependence on the material and its oriemtatio

The second term, in fact, contains the linear dependenktg wfith respect to
the energy, in agreement with the multiple scattering thesnd the reduction of
its effects when energy increases; moreover, a very sngatiihmic term is also
present.

Atthe MeV energy range, the diffusion formalism approximais valid since
the maximum possible angular kick for a single collis@#f*~ 1.4ms/M - with
M the particle mass - is smaller than the channeling critinglef.: at 10 MeV
the single collision angle in silicon i8'* ~ 0.77 mrad to be compared to the
channeling critical oneg; > 1 mrad.

At high energyf. ~ 10 prad, so the hypothest <« 6. is not valid anymore:
the particle is thrown outside the channel and this evematabe described by
the diffusion formalism. In this case a characteristic tbrdue to a single hard
scattering can be computed:

L 4aTdepv
single = T

Both the definitions are used to describe dechannelingouiin the single
collision dechanneling length is negligible with respecttte diffusion onel(p ~
0.55 m-p [TeV/c], Lsingle = 10 m-p [TeV/c]); thus the experimental data are
usually described on the basis of the diffusion formalisngufe 2.8 shows the
analytical (figure a) and experimental (figure b) trend_gfas a function of the
energy.

The description of dechanneling is valid for positive cleatgarticles which
are channeled in the central region of the crystalline plaNegative particles
are rather channeled around the atomic planes as theirt@bterell minimum
corresponds to the nuclei positions. Thus the high eleadrahnuclei densities
increase the scattering probability causing the dechamnlgngth to decrease.

(2.21)

2.1.5 Axial channeling

The previous sections describe the motion of a high energicleahitting a crys-
tal with an anglé < 6. with respect to the crystallographic plane. The continuous
potential hypothesis allows to describe the particle tain inside the channel
and several other processes, such as dechanneling. Toigpties becomes quite
different if one considers the alignment with respect toakis, and not with the
planes. Figure 2.9 shows the motion of a particle, whichaigged in the so called
axial channeling

In the axial channeling the particle is aligned with respgec¢he planes which
means it moves with a small angle with respect to the crystathi& string and
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Figure 2.8: a) Computeldy trend as a function gbv for (110) Si (solid line) and

(111) Si (short dashed). The single scattering is repredeoy the long dashed

line. b) Experimental results on the measurement of theatewtling length in
silicon [41].

a) b)

Figure 2.9: The axial channeling: a) the particle motiorrrniea string and b) the
potential with a cylindrical symmetry distribution.

feels an electric field with a cylindrical symmetry distritmn (figure 2.9 b). The
potential of an isolated atomic string in the Lindhard appration (equation 2.6)
is:

3af ¢

UA(r) 1+r—2) (2.22)

Zz¢

=——In (
aj

whereg; is the interatomic spacing in the stringis the distance between
the particle and the axis arat g is the Thomas-Fermi constant. The resulting
transverse electric fields are shown in figure 2.10.

The particle motion in the potential is characterized by twaserved quan-
tities: the angular momentuth and the energy in the transverse pldae In
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Figure 2.10: The transverse electric fields in the Moligneraximationin a) (111)
Si; b) (110) Si; c) (100) Si [41].

particular, the transverse energy can be divided in two corapts: a radial
and a circular one; the angle between the particle trajgend the crystal axis
(6 = /dx2+ dy2/dz2) can be expressed in the cylindrical coordinate system:

e:\/(g—;)2+(%p)2=,/er2+eg (2.23)

Considering) = p x r = pr@y, the transverse energy becomes:

JZ

PV 2
0+ PV +U(r) (2.24)

PV2

ET = ?9 +U(r) = ?

The second term represents a centrifugal term whose effect inove the
effective potential minimum aside from the channel cented); so ifJ increases,
the effective minimum moves farther from the atomic striagrfegative particles
and nearer for positive ones.

The particle trajectory is described in ther () reference system by the rela-
tions:

7 T const (2.25)

dr
Z_/ﬁa—wm—@z

%dr
(p:/ J2
2My[Er —U(r)] -3

A classical description of this motion called “rosette” lv@en given by Kumm
et al [49], while a quantum mechanical treatment is preseintEs0].

The condition for the axial channeling is that the transyemsergyEr does
not overcome the maximum value of the potential Wil This condition can be
transformed in an angular condition using the critical anglquation 2.12). The
Ug values for the most important crystals are presented i 2121,

+ const (2.26)
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crystal Si Ge wW
axes 100 110 111100 110 111f 100 110 111
Up(eV) | 89 114 105 157 203 185 842 979 979

Table 2.2: The potential well depth of some axial channelisif@won, germanium
and tungsten crystals at room temperature.

Comparing them with the potential depth of the planar caselét2.1), the
critical angle is 2-3 times greater in the axial channeliagec This favors the axial
channeling with respect to the planar one, but also inceetise probability for
dechanneling for negative particles which is due to theearctcattering that can
rapidly change the transverse energy, while for positivéigas the interatomic
axial channels are small, asymmetric and rather dependehecaxial direction.

2.2 A new era: the bent crystal

Starting from the motion of a particle confined in a channed straight crystal,
in 1976 Tsyganov [46, 47] suggested the idea to steer a higlggparticle beam
using a bent crystal; the first confirmation was obtained byp@éring experiments
in Fermilab and Dubna [51].

A scheme of a bent crystal is presented in figure 2.11(a): &m thannel
is obtained from a straight one bending a crystal with a meich&holder (fig-
ure 2.11(b)). For mechanical reasons, the curvaurfeshould be very small with
respect to the crystal width; note also that the crystal lengdtlis independent on
the radial coordinate. As shown in figure 2.11(a), a particle (red line) is deviated

from the original trajectory of an angly = =3

T~ bent crystal

(@)

Figure 2.11: a) The bent crystal scheme and b) the mechdrotusr.
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The curvature is described by the presence of an effectigealanar potential
which takes into account the centrifugal force that redticenterplanar potential
barrier and the critical channeling angle. In the bent alysase it is possible to
define a critical curvature radil& (the maximum curvature wherein channeling
is possible) and the quantities defined in the straight atysise can be expressed

as a function ot%.

The description of a particle motion in a bent crystal reggithe introduction
of two phenomena: volume capture and volume reflection. idelaapture (which
has already been cited in the straight crystal case) happees misaligned par-
ticles lose transverse energy and are captured in a chaMoéime reflection
(which plays a key role in crystal collimation, see chaptedéscribes the mo-
tion of a misaligned particle that is reflected by the effextientrifugal potential.
These phenomena are described in sections 2.2.2 and 2&8p8ctively.

2.2.1 Particle motion in a bent crystal

The particle motion in a bent crystal can be described withequations illus-
trated for the straight crystal (section 2.1) considerhmgeffects of a centrifugal
force in the interplanar potential. In fact, the macroscapirvature (of the or-
der of meters) has a negligible effect on the microscopiaichks: this implies
that the continuous interplanar potential scenario i$\&ilid. However a parti-
cle trapped in the channel feels a centrifugal force as veatha planar potential.
This description could be schematically represented agundi2.12: figure a)
shows the particle interaction in the channel in the lalwoyatrame, while fig-
ure b) shows the non inertial frame where the longitudine¢ation ) follows
the channel orientation.

In the laboratory frame, a particle which impinges on thestalwith no trans-
verse momentumpt = 0) acquires it following the curvature: the interplanar
potential applies a force which modifies the particle momemtwhich in turn
corresponds to a particle equilibrium point different frdme interplanar potential
minimum. The contribution of the centrifugal force shoule &dded in equa-
tion 2.14: ,

pv%—l—u’(x)—l—% —0 (2.27)
whereR(z) is the curvature radius as a function of the position in thanciel;
assuming it is independent on the positi®iz) = R), the crystal curvature can be
approximated as an arc of circumference and the effectitengpal is:

pv

Uet£(X) :U(x)—i—ﬁx (2.28)
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I

X
Figure 2.12: The channeling motion of a particle in a bensi@ly a) in the labora-
tory inertial frame in which the particle assumes an angth vaspect to the planes
which are curved; this implies that the equilibrium poinbc in the channel cen-

ter; b) in the non inertial frame which rotates with the paeti the centrifugal
force appears and modifies the interplanar potential.

=

The particle motion expression given in section 2.1 remaaiisl even if the
new effective potential is considered. If the curvatiReY) increases, the poten-
tial minimum is shifted towards the outer planes and the mi@kwell depth is
reduced on the outer planes, as shown in figure 2.13.

Ueff (eV)
g

-10.00 Frrrrrrrrrrere . — ]
125 075 <025 045 = 075 = 125
x (A

Figure 2.13: The effective interplanar potential for a (1%0crystal in the Moliére
approximation for a straight channel (solid line), one wity R of 1 GeV/cm
(dashed line) and one with 2 GeV/cm (dotted line).

The centrifugal force pushes the particles towards the iatplane as the cur-
vature increases, so there is a critical curvature valuermwhich channeling is
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not possible because the scattering probability with nggl®vs too much. This
condition occurs when the centrifugal force equals theteéefield produced by
the atomic plane at the critical distange= dp/2 — arr:

pv
Re

According to the Lindhard potential expression (equatid@),2ZzheTsyganov
critical radius R; is defined as:

=U'(%) (2.29)

__pbv. __ pv
Re = U'(x) TINdpZiZe? (2:30)

The contribution of the single plane has been taken intowadda the expres-
sion and, following the fact that. is close to an atomic plane, the contribution of
the other plane to the potential is negligible. Since irceiiU’(x:) ~ 5 GeV/cm,
the critical curvature for relativistic particles of engifg is RE = M cm

Another fact can be noted in figure 2.13: the effective paaémiell shows
a decrease of the potential barrier in the external directih respect to the
crystal bending apv/R increases. The maximum transverse energy value for a
fixed momentum particle decreases as a function of the auejadnd ifUg is the
potential well maximum in a straight crystal, the maximuangverse energy in
a bent crystal assumes a new vau@< Up. Concerning the critical channeling
angle, it is possible to define a new critical one:

= /=L <o (2.31)

An approximated value dﬂg as a function of the curvature can be provided
considering the harmonical approximation; the effectioteptial becomes:

X\ 2 \
Uet(X) :Uo(%) +%x (2.32)

In a straight crystal the maximum potentidd positions are at-x;; the cen-
trifugal force just shifts the minimum position frorg to Xmin:

%
Xmin = 2RUp (2.33)

so the height of the potential barridé’ becomes:

b_ _ T L M Y A A
Ug = Uett(Xc) —Uett(Xmin) = Uo RXC+2U0<RX°> (2.34)
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Introducing the critical radius in the harmonic approximatR}} = %—’s, the
potential barrier depth can be expressed as:

U = u0<1—2%h+ (%h)z> - uo< _ %h)z (2.35)

The dependence of the critical channeling angle in a berstain®?) on the
critical channeling angle in a straight cryst@t)and on the curvature (R) is:

b — ec(l— %) (2.36)

According to the fact that the effective potential in a benyistal is still har-
monic, the particle trajectory has the same shape as inrhiglstcrystal case:

- R: [Er . /21z

So, in a bent crystal, an oscillation of periddccurs around a new equilib-
rium pointXmin = —X:R¢/R.

Because of the shift of the equilibrium point, the dechaimgeprobability
should increase; but, as the valence electrons in Si and @eaeoughly uni-
form distribution in the channel, the electron scatteringability of a channeled
particle is almost insensitive to the crystal curvaturedorvature radiR > R..
This effect is anyway hidden by the greater influence on tlobaeneling yield of
the reduction of the maximum transverse energy. Conselgubetdechanneling
length, that is proportional to the maximum transversegnérecomes:

LB —Lp (1— &h) (2.38)

R

Moreover, it is possible to recompute the dechannelingtteag a function of a
critical energypv;:

15— Lo (1— %)2 0 pv(l— %)2 (2.39)

c C

The dechanneling length in a bent crystal is not a monotamctfon of the
energy but has a maximum = 1/3 p\¢: this value is an optimal choice to
minimize the dechanneling losses in a bent crystal.
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2.2.2 \Volume capture (VC)

In the previous sections the description of a particle mmotnside a channel was
given: if the particle impinges on a channel with a small $r@rse momentum
and the scattering effects with the planar nuclei are negigthe particle remains
trapped in the channel. However, it could happen that thdiphellscattering in
the channel increases the transverse momentum and thelgpasin overcome the
potential barrier and exit the channel (the so-called decélng effect).

Following Lindhard’s suggestions [48], a reverse mecharssuld be fore-
seen: a particle which enters the crystal, misaligned va#ipect to the crystal-
lographic plane (or, in other terms, with a high transversen@ntum), can lose
energy because of the multiple scattering and can be cabiui@ channel; this
phenomenon is callefi@ed-inor volume capture

The dynamics of the channeled and the random (amorphougticongarti-
cle is determined by the dechanneling and the feed-in méminaras shown in
figure 2.14. In a straight crystal (figure 2.14(a)) a part{obel line) feels the inter-

b)

dechanneling

>
:

:

r A
: o

R
R
R
.
B

Figure 2.14: Possible particle trajectories in a straigiatlaent crystal. a) A parti-
cle is first dechanneled and subsequently re-channeleeéédrih phenomenon).
b) In a bent crystal, after a dechanneling event, the fegarabability rapidly
decreases as the particle is no more aligned with the channel

a) dechanneling  feed in

FA ‘f'\l\

planar potential in a channel until the multiple scattelimgreases its transverse
momentum making the particle overcome the potential b&(first horizontal line
or dechanneling line). From there on, the free particle maaadomly changing
its angle with respect to the channel: at a certain pointi(iedine) the particle is
re-captured.

In a bent crystal (figure 2.14(b)) the situation is quiteetiéint: when a particle
leaves a channel, it moves freely in the crystal, but difidyefrom the straight
case, the channel rotates its direction as the particle snovevard in the crystal
itself. Definingdz the particle longitudinal displacement in a crystal, thglan



58 The physics of crystals

between the trajectory and the channel is

&

°=Rr

(2.40)

When the particle path is greater tha:Rthe angle between the trajectory
and the channel is greater than the critical channelingearsgl the particle is
misaligned and cannot be channeled. Consequently, in adpgstal, volume
capture after a dechanneling process has a low probability.

Figure 2.15 is a pictorial representation of volume captimea bent crystal
this phenomenon can occur when the particle trajectory aslyéangent to the
channel, or, in other words, when the angle between thecpaeind the channel
IS0 < 0.

Figure 2.15: Volume capture effect. a) Two examples of vawaptured particles
in a bent crystal. b) Trajectory of a volume captured patrepresented in the
phase space (transverse energy versus radial positiotije koom, note that the
particle reaches a quasi-channeling condition.

VC occurs for impact angles larger than the critical one ag las the impact
angle stays smaller than the bending ofe<(6,); when 8 increases, the tan-
gency condition moves along the crystal volume, as showmamwo examples in
figure 2.15.
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Figure 2.15(b) shows thé=g,r) phase space: the particle transverse energy
(red line) is plotted as a function of the radial coordinathijle the curve repre-
sents the effective potential (due to the interplanar gakand the centrifugal
force). The transverse energy is the sum of a kinetic termagmutential one:

Er = pw0? + Ues(r) (2.41)

TheUest term increases as a function of the radial coordinate, s@itiedic
term should decrease: sinpgis constantp decreases. In the non inertial frame,
this represents the progressive particle alignment welctiannel.

At a radial coordinatet, the potentiaUef¢(r¢) equals the transverse energy
Er, so the patrticle is aligned with the chann8l=€ 0). Note that (bottom fig-
ure) at this position the potential energy is greater thanpibtential barrier: the
particle is not contained in the channel and it will be refécivith the same in-
coming angle. This phenomenon is calleddume reflectiomnd will be explained
in section 2.2.3.

Volume capture is related to the dechanneling effect sitle epend on the
scattering probability. The numbeX{) of channeled patrticles is provided by the
differential equation obtained from the exponential trendquation 2.19:

dN. Nc
- __'* 2.42
dz Lp ( )

where @ is the infinitesimal longitudinal increment, whilg, is the dechan-
neling length. Considering the feed-in process (Wiga the number of quasi-
channeled particles and- the feed-in length, whereg = Lp, due to the re-
versibility rule), equation 2.42 becomes:

dNC o NC ch
dz N Lp Lr

Considering just the case when particles impinge on thealrysth an angle
greater than the critical one, that is no particles are chlaadnN; = 0 and:

(2.43)

dNC o ch
dz N Lp
According to the considerations made at the beginning sfgbction (ab <

B¢, 8, = BcR) the longitudinal increment i8z < Lp and the number of captured
particles is approximately:

(2.44)

Lp Lp

6NC ~ ch
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So the volume capture probability is:

SNe RO,

= 2.46
o= R~ 1o (2.46)

Considering the trajectories reversibility in the cryq@él], a more rigorous
definition contains a numerical correction factor:

TIRO.

PRec==— 2.47
o= (2.47)
Finally the volume capture probability as a function of thevature and beam

energy is:
(2.48)

2.2.3 Volume reflection (VR)

Volume reflection could be the candidate for the last frardfdoeam collimation
thanks to its large efficiency and angular acceptance. VRrites the particle
deviation in a single tangency point inside the crystal duart elastic scattering
with the atomic potential barrier. Discovered in a compusiarulation [52], the
first experimental observation is very recent [53].

Figure 2.16 shows the particle motion and effective po&mtia bent crystal
in a volume reflection alignment position.

Uef

-

I

Figure 2.16: Volume reflection phenomenon. a) A chargedgbarin the crys-
tal volume is reflected at the turning radial coordinateb) Phase space of the
particle transverse energy as a function of the radial aoate.

A particle which impinges on the crystal with an angle lartpan the critical
one @¢), cannot be channeled because of the high transverse mameht this
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case the motion of the free particle can be described likeotigein amorphous
matter: multiple scattering causes a decrease of the aegfeebn the particle
and the crystal plane, according to the curvature (figuré(a)). Considering the
non inertial reference system which follows the channealation (figure 2.16(b)),
volume reflection can be described as an increase of thetieffqutential felt
by the particle. In fact, the particle transverse endtgy(given by the sum of a
kinetic part v@?), a potential onelde ) and an offset which depends on the par-
ticle entrance point) is a conserved quantity in which amaase of the effective
potential should correspond to a decrease of the dhgkt a certain point the
potentialUe  equals the particle transverse kinetic energy, so@kad meaning
that the particle is tangent to the crystal planes. At thisipthe particle feels
the potential wall increasing its transverse energy in ggogite direction: the
particle has been reflected.

In order to better understand the phenomenon, it is useanébyze the situa-
tion in the inertial frame. Let’s consider as an example teeof a particle which
starts and ends its motion in the center of a channel: a fEantisich enters the
crystal overcomes the potential barrier of different clesibecause of its trans-
verse energy; however along the crystal bending the barbecome more and
more parallel to the particle momentum and at a certain pbebarrier stops the
particle motion towards the center of the crystal. At thimpthe barrier causes
a particle motion deviation: according to the energy coregén, this means that
the potential energy of the barrik(r;) should be subtracted from the particle
kinetic energy in the transverse direction. Therefore #féedtion angle is:

69::ﬁ/2U(”> (2.49)
pv

After being stopped, the particle is on the top of the bafr@n where it is pushed
towards the channel center: the potential enéigst) is converted in kinetic en-
ergy which means the particle assumes another anguladick

The reflection is thus described in two steps: the particless stopped by
the potential barrier and then it is accelerated in the oppdgection. The total
angular kick is the sum of the partial kick8:

2U (rt)
pv

From figure 2.16(b) it is clear that a reflected particle hagcaléarge transverse
energy to be trapped in channeling, so the particle exit® filoe crystal in the
direction assumed after the reflection.

According to figure 2.17(a), a better comprehension of therg@lU (ry) is
necessaryU (r) is the crystal interplanar periodic potential whose pei®the

O =2 (2.50)
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Figure 2.17: a) The effective potential at the turning point An effective po-
tential of a smaller radius with respect to the a) case: tfeateng area\Ue 1(X)
increases.

distance between the crystal planég)( U(r +ndy) =U(r). If re = ndp+x
(wherex is defined as the distance between the reflection point andeheest

2
channel center)p; = 2 U (rt)

. In case of large bending radiR(> R;) the

effective potential has a small component due to the cegtmifforce pv/R), so
the x, value (figure 2.17) will be close td,/2 so thatx ~ dy/2 and the volume
reflection angle can be approximated as:

a:zd%ﬂﬂfazza (2.51)
pv

This approximation takes into account the lifRit— o which clearly does not
allow the reflection so that the maximum reachafflesalue is just below &c.
It is important to note that although different particles de reflected in differ-
ent turning points depending on their initial transversergy, they will have the
same reflection angle because thealue is almost fixed. In case of a crystal ra-
dius decrease, the reflection regiop € x < dp) of the potential barrier increases
(figure 2.17(b)) and the volume reflection angle being a fonadf x will assume
a larger distribution of values. An experimental validatitas been given in the
2007 beam test, as described in section 4.1.1.

Equation 2.51 describes the volume reflection angle unasfollowing con-
ditions:

1. R> R

2. the particle enters and leaves the crystal in the centieathannel.
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These conditions favor a large volume reflection angle; Mdarlo simulations
[54] and analytical calculations [55] give a more preciginegtion of the volume
reflection angle to be.&6. rather than &c.

Soon after its discovery in Monte Carlo simulations, volweféection has not
been considered as an alternative to channeling for beamrgie Even if the
deflection angle is almost fixed and small, if compared to thenoeling one, it
must nevertheless be admitted that there are several adpesin VR with respect
to channeling for collimation purposes:

¢ the channeling angular acceptan®g) (is fixed which could be a problem
with a beam with a large divergendg$ 6;). On the other hand, the volume
reflection acceptance is large, making this effect lesctteby the beam
divergence;

e at very high energy the scaling properties favor volume cgtia O. [

E—%) with respect to multiple scatterin@4 0 E~1) and channeling O
1 —1y.
1 0EY
Re ’

e volume reflection is characterized by high efficiency (cltuzs&00%).

2.3 Energy loss by heavy and light particles

This section describes the anomalous energy loss of heaigin particles in
straight and bent crystals in the channeling and volumeatéle orientations
with respect to amorphous materials or misaligned crystsdsfar as heavy par-
ticles are concerned, the energy loss for ionization is segged because charged
particles are confined in a region with a small electron dgr(siection 2.3.1).
The radiation emitted by light particles in channeling amtlme reflection (in
straight and bent crystals) is described in sections 2.3022a3.3, respectively,
and can open a new door on the application of crystals.

2.3.1 Energy loss by heavy particles

Charged patrticles lose energy in matter mainly becauseegfrehic collisions.
A particle motion in an amorphous material or in a misaligoggstal could be
described like a number of uncorrelated collisions withdimgle atoms and elec-
trons, so that the impact parameter of a collision is not érfaed by the previous
ones; thus the energy loss can be described by the Landaibwtisin [56]. Be-
cause of the equipatrtition rule [48], the energy loss at kiggrgy is equally given
by the hard and close collisions and the soft and distant ones
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Figure 2.18: a) Electron density (solid line) and the meagrgy loss (dashed
line) as a function of the transverse coordinate normalia¢kde amorphous value
in a (110) silicon crystal. b) Calculated and measuyedys yield as a function
of the incident particle angle for 11.9 GeV protons on a 0.54 &e crystal [57].

In the channeling orientation, particles feel a series afetated collisions
which means a suppression of the large Rutherford scaiteminclear reactions
and close scattering with electrons, which is the most Bt way to lose en-
ergy. The positive channeled particle, in fact, moves inystat region with a
small electronic densitpe(x) with respect to the average amorphous value: this
fact is represented in figure 2.18(a) which shows the eledatlensity in a sili-
con crystal as a function of the transverse coordinate; isteiltition has been
obtained from the second derivative of the interplanar Brelipotential.

The d-rays yield as a function of the incident angle with respedhe (110)
axis for 11.9 GeV protons which impinge on a 0.54 mm Ge cryistahown in
figure 2.18(b) [57]®-rays are atomic electrons which are emitted in hard knock on
collisions and their yield is proportional to the electrandity along the particle
trajectory since they are produced only in close impacte Suppression of the
close scatterings in the channel produces the decreaséhatfii@omean value and
the spread of the energy loss: the reduction depends on #rage/transverse
position in the channel, as shown in figure 2.18(a) (dasma.li

To be more quantitative, the minimum energy loss occurs vahgarticle with
the minimum transverse energy goes through the crystalerckiannel center
where the electron density is minimum. Because of the editipa rule, the
ratio between the energy loss in channeling and amorphous is

<AE>chan o 12(dp/a'|'|:)

BE)amo ~ PO = 1o 21 = 06 (2.52)
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Figure 2.19: Energy loss spectra of 15 GeV/c protons in a thitdgermanium
crystal: comparison between misaligned (random) pastialed planar (a) and
axial (b) channeled ones.

where the second term represents the contribution of thardigollisions
(which does not change in channeling) and of the close onéshvelcales down
with the electron densitypg(0) gives the electron density in the center of the
channel. The numerical value has been computed taking atimuat Lindhard’s
approximation (equation 2.6) for (110) and (111) silicoarns.

The energy loss in the crystal can be used to study the crysiperties [57]
or to tag the channeled particle, greatly simplifying thamfeling measurements
especially when the efficiency is low (as it happens for a bdaergence larger
than the critical channeling angle) and the channeledgbastare difficult to iden-
tify. To perform the measurements, the crystal is dopeddik@de, so the energy
deposited in the depleted crystal zone can be collected.

The energy loss spectra in a 0.74 mm germanium crystal foreh§rotons
is shown in figure 2.19: the amorphous condition (randompisared to the
planar (a) and axial (b) channeling ones. The most probathlevs reduced (of a
factor two) and the spread of the distribution is smallee ilgh energy tail in the
planar case corresponds to particles with a transversgyenkrse to the critical
value.

2.3.2 Channeling radiation in straight and bent crystals

The radiation emitted in bent crystals by positrons andtedas is still an open
field because of the stringent requirements on the beam anéxperimental
setup. However, in literature, it is possible to find a dethitheoretical descrip-
tion of such an emission, distinguishing the spectra predun straight or bent
crystals.
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2.3.2.1 Radiation in straight crystals

As for the amorphous matter, the radiation emitted by edestiand positrons in
misaligned crystals is described by incoherent bremdsingh In aligned crys-
tals, instead, the radiation is the result of two contribosgi the coherent brems-
strahlung and the channeling radiation; a strong increésadmtion due to the
coherent emission takes place.

A particle which impinges on a crystal feels the crystallstreicture, produc-
ing a coherent emission of radiation which gives a peakedtre to the coherent
bremsstrahlung [58]. The peak energies depend on the byggstaetry and on the
incident angle with respect to the crystallographic platies shape is equivalent
for positrons and electrons. The coherent bremsstrahlapgdns when particles
are not in channeling, or, in other words, when the particdgettory angle is
small but anyway larger than the critical channeling an¢fi¢he angle between
the incoming patrticle trajectory and the crystallograppliEnes is smaller than
the critical channeling onebf), particles are trapped in the channels, producing
coherent radiation which is calledhanneling radiation

The channeling radiation depends on the interplanar patéatm: positrons
and electrons feel a different potential, producing déférchanneling radiation
spectra. As far as positrons are concerned, they oscitlageriearly harmonic
potential with a wavelength (according to equation 2.37):

pv

The corresponding angular frequency is:

\Y 2 [2Ug

where the relativistic relatiopc® = VE is considered. The intensity of the
radiation emitted by a channeled positron is very high & tféquency (and in
the superior harmonics) apart from the Doppler effect:

o
W=n1z Bcosd

The resulting peak structured spectrum is shown in figur(a)2 where the
contributions of the first two harmonics are present.

The electrons move in a strongly non-harmonic potential thiedoscillation
frequency becomes a function of the transverse energy.gemsrates the broad
spectrum shown in figure 2.20(b). The different behaviopfasitive and negative
particles is a peculiarity of the channeling radiation webpect to the bremsstrah-
lung one (both coherent ad incoherent).

(2.55)
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Figure 2.20: Radiation emitted by 10 GeV/c a) positron anélbgtron beams
which impinge on a (110) 0.1 mm thick silicon crystal. In thesjiron case, the
peak structure relative to the first and second harmonicsdgset. In the electron
case, instead, the spectrum shows an increase with respbet bremsstrahlung
one (as for the positron case), but no peaks are present [59].

2.3.2.2 Radiation by channeled particles in bent crystals

A relativistic positron or electron in bent crystals in tHeaaneling orientation
moves along an arc of circumference (following the channaisnultaneously
performing radial oscillations in the channel field [60],s&®wn in figure 2.21.

The radiation emitted by light leptons in a bent crystal candescribed as
an undulator one if the radiation formation lengthy) is greater than the spatial
oscillation period in the channel). l.qh is defined as:

—1
lcoh = RY

whereR is the radius of the circumference of the crystallograptentichannel
andy is the Lorentz factor (which will be considered of the ordéd 6. This
is, In practice, equal to the channeling radiation in stragystals described in
the previous section. In case Qf, < A, the radiation can be described as a
guasi-synchrotron one.

The instantaneous radiation intenditx) can be quantified starting from the
following equation [61]:

100 =~ L0 = 2 iU/ (2.56)

de . . L
where— (X) is the radiative energy loss raandmare the charge and rest mass

of the electron/positrorg is the speed of light. The effective potential felt by the
particles is given by two contributions:
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Figure 2.21: Schematic view of a channeled particle moticalent crystal [60].

o the average channel potential which is considered harmortig = Ug(x/1)?;

e the centrifugal force (due to the bendirig)= pv/R, wherep s the particle
momentum and its velocity.

The effective potential becomes:
Uer (X, R) = Uo[(X— Xmin) /1] (2.57)

wherexmin = (pv/2Up)(12/R) is the coordinate of the minimum potential position
(see equation 2.33). Averaging over the crystal thicknesistiae initial particle
condition and integrating, the intensity can be expressed a

262, (2Up\%[I2 2Xenin
I(R)= myz <|—2> [g + %ﬁm +XGin| = Ist+1a(R)+1s(R) (2.58)

wherelg describes the intensity for the straight crystal case, engindlg
describe the changes in the radiation intensity due to tystaircurvature and the
particle motion inside the crystal itself. In particular

_ 2€%c

=38 VA (2.59)

is the synchrotron contribution, which increasedRas.
Figure 2.22 shows the radiation intensity spectra produegd10) silicon
crystals withy = 10* positrons. Curve 1 shows the radiation intensity in a shraig



2.3 Energy loss by heavy and light particles 69

10

L=

Rim) 8

Figure 2.22: The intensity of radiation emitted by relatfié positronsy = 10%)
in bent crystals as a function of the crystal curvature: edrvefers to the radiation
emitted in a straight crystal, curve 2 describes the syrnadbmaontribution, curve
3 is the intensity spectrum for a bent crystal and curve 4gtaki® account the
guasi-channeled particle contribution [60].

crystal (st), curve 2 refers to the synchrotron terhg) (Increasing the crystal cur-
vature the radiation emitted in a bent crystal (curve 3) e@ees at the beginning,
but then it increases because of the synchrotron radigtienminimum position

corresponds t&® = 7R; (critical radiusR; = vavl).

However another contribution should be tgken into accaietquasi- channe-
led particles. These particles, moving in an average pialeartd crossing atomic
planes, contribute to radiation. The efficiency of parsakhich are captured in
the channeling regime B:(R) = 1—xmin(R)/I: the resultis a more rapid decrease
of radiation intensity with an increasing bending radiuse Tadiation intensity,
in fact, depends on the angbebetween the incoming particle trajectory and the
atomic planes. In straight crystals,af< 8¢, Ich &~ 3lgt, otherwisely =~ 2lg. In
bent crystals, instea®, changes during the motion, so the intensity is maximum
at the turning point and it becomes equaldig~ 3lst.

As far as the radiation energy spectrum is concerned, it eaxplained con-
sidering the expression for the forward direction (thecimn tangent to the crys-
tal middle point) and then integrating the expression orstiiel angle. In general
the spectral-angular distribution can be expressed as [62]

W« 5
dho — a2 (2:60)

wherea = 1/137,n is the unit vector in the radiation direction (figure 2.21yan
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Figure 2.23: a) Radiation spectra in the forward directiba celativistic positron
(y= 10" moving in a bent channelR= 10.8 cm) of lengtrL. The different curves
refer to different values: A, 2\, 4\, 24\. b) Radiation emitted by positrons in
a (110) straight silicon crystal of length= 32\ with an oscillation amplitude
Xo = 0.8L [60].

A, is the vector proportional to a Fourier-component of theteieal field inten-
sity. According to figure 2.21, in the forward case this gugitan be expressed
as [60]:

¢+8s  coss— 3

Ao=B o-0s (1—Pcoss)?

W .
xexp{l&[s—ﬁsms]}ds (2.61)
wherewy = (¢/1)(2Uo/E)Y?, As = woAt andAt = L/2c¢(B), with L the crystal
length and() the mean longitudinal velocity. Two cases can be considered

e radiation emitted by a particle in a bent channel withoutagrerse oscil-
lation (the oscillation amplitudey = 0);

e radiation emitted by a particle in a straight channel.

Figure 2.23(a) shows the radiation spectra emitteq by10* positrons in a
bent crystal without transverse oscillatiog & 0) with a radiuR= 10.8 cm and
different crystal lengths. The radius value has been choserorder of magni-
tude greater than the critical one. The curves in the figureespond to different
lengths: A, 2\, 4A, 24); increasing the arc length, the energy emitted in the soft
frequencies first increases and then decreases. The guabirstron radiation
spectrum occurs whdn>> |.op.

Figure 2.23(b) shows the spectrum emitted by positronsiragét crystal: as
said in the previous section, it can be described as a quasitator, considering
the higher harmonics.
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Figure 2.24: Integral radiation spectrum (integrated oroldd sangle AQ) for
positrons channeled along the (110) planes in a bent sikicgstal. The posi-
tron beam impinges on the crystal with a null divergence. plogs correspond
to: a)R= 76.38 cm,wy/we = 100, l¢on/A 2 11; b)R=38.19 cm,wy, /0 = 50,
lcon/A 2 5; €)R=15.28 cm,wy /¢ = 20, lgon/A 2 2; d)R=7.64 cm,wy, /0 =
10, l¢on/A 2 1 [60].

Integrating on the whole solid angle, it is possible to eatduthe integral
radiation spectrum for relativistic positrons=£ 10%).

Figure 2.24 shows the integrated radiation spectra of fpost(with a null in-
coming divergence) which impinge on a (110) silicon benstaly under different
conditions. The characteristics of the forward spectractgarly evident in the
integral ones. For small crystal radii (figures 2.24(a) dl, the maxima corre-
spond to the different harmonics produced in straight etggto, = 2y°wy). The
odd harmonics positions are determined by the oscillatidhe forward direction
of the positron with an oscillation amplitudex) = (6 = 0,9 = 1 — Xmin). On
the other hand, the even harmonics are shifted f(ag) to the smaller frequen-
cies.

Increasing the crystal bending radius, the radiation yileldreases at the fre-
guencies that correspond to the radiation harmonics inagstr crystal (fig-



72 The physics of crystals

ures 2.24(c) and (d)).

2.3.3 Radiation emitted in volume reflection

The study of the radiation emitted in the volume reflectioremation is very
up-to-date: the first prediction (presented in Septemb@v 263]) has been con-
firmed by the experimental results which are shown in thisidwork (see chap-
ter 4).

The theoretical explanation of this process is based onrtalytical descrip-
tion of volume reflection [52] and on the equations derivetihithe quasi-classical
operator method [64], where the probabilities of QED preessnay be expressed
by classical trajectories of charged particles in eledieicls.

In general, the radiation emitted by electrons and posstinrvolume reflec-
tion is different from the motion in a straight crystal besathere is an aperiodic-
ity of oscillations and the deflection of particles is of tlaere order of magnitude
of the channeling critical angle.

It is possible to describe the radiation emitted by lightdes in the volume
reflection regime with the parameter [64]:

P=2V"(f — Vi) /7

where (V2 —V2) is the squared mean deviation of the transverse velocity fte
mean value/n,.
Two important cases have to be considered:

e p < 1: the radiation intensity is the result of the interferencea large
part of the particle trajectory and depends on the pectigarof the particle
motion;

e p > 1: the particle radiates during a small part of the trajgcas motion
direction does not change on the anglg Bhd the contributions from far
parts can be neglected.

The case ~ 1is an intermediate one.

In straight crystals, the first casp « 1) takes place whe@is > 6., and the
coherent bremsstrahlung occurs. The opposite gase {) corresponds to the
synchrotron-like radiation and takes place wilBe& 6y, wheref, = U /mc,2 (mis
the particle mass and is the planar potential barrier). In case of a thin crystal, a
particle conserves the radiation type during its motion.

In a bent crystal, the planar anddehanges during the particle motion; it cor-
responds to a change of the radiation type during the matseif.i In particular,
in the volume reflection orientation, far from the reflectoint, p < 1 and the
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radiation is due to coherent bremsstrahlung. Approacinagéflection point, the

p parameter increases: if the bending radius is significamtater than the chan-
neling critical one [46, 47], the mean volume reflection anigby, ~ /28, for
positrons and,, ~ B, for electrons [65]. Near the reflection point it is possible
to estimatep = yBy, for positrons ang = 0.5y0;, for electrons. Ap = 1, for the
(110) and (111) planes of a silicon crystal, the particlergn& corresponds to
12 GeV for positrons and 24 GeV for electrons. Figure 2.2Wshbe transverse
particle velocity in the area near the reflection point asetion of time: a parti-
cle performs an aperiodic oscillation in the transverse@land the amplitude of
the oscillations increases as the particle approachegtieetion point.
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Figure 2.25: The relative transverse velocitieg €) of 180 GeV/c positrons (a)
and electrons (b) at volume reflection in a (111) silicon plém84 mm thick) as
a function of time (in fs).

An estimation of the emittedenergy range is given by the equations [64]:

2200
1+p/2 (2:62)
hwE
Bymax= £ (2.63)

wherewp = 21/T and T is the period of one oscillation set. These equations
in practice define the maximugnenergy (the minimum energy is close to zero).
These relations are written for the radiation first harmamd for the case of an
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infinite periodic motion and are in good agreement with daltbons (in fact when
p < 1 the first harmonic gives the main contribution to radiation

Figure 2.26(a) shows the energy range of the emigtgdanta calculated ac-
cording to equations (2.62-2.63): the vertical lines cgpond to the energy com-
puted with thep parameter for every oscillation.
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Figure 2.26: The maximum energies of trguanta (a) calculated according to
equations (2.62-2.63) from the corresponding frequerafifse motion. Red and
green lines correspond to 180 GeV/c positrons and electrespectively. The
shapes (b) of thg-quantum spectra and energy losses in periodic structtives:
yellow and green curves are tiigpectrum and distribution of energy losses for a
structure with one period. The blue and red curves are the sailnes but for an
infinite periodic structure.

Figure 2.26(b) shows the behavior of the intensity and thaber ofys as a
function of the energy for a simple harmonic motion in a peigcstructure (like
an undulator) when this structure has only one oscillatimha&n infinite number
of periods. In the one period structure the energy couldamrae the maximum
energyEy max it is anyway possible to use equations (2.62-2.63) to eggrthe
radiation spectra because the number of emittgdanta rapidly decreases above
Eymax The greater i€, max the smaller is the probability of radiation of the first
harmonic as a whole. From the theory of coherent bremssinght is possible to
evaluate the relative variation of radiation intensity darection ofx = E,/E via
the relationimax= [1+ (1+X)?])(1—x)/x: in the considered case~ Ey max/E.
This behavior is due to an increase of the longitudinal tenomentum and hence
a decrease of the process formation length.

The radiation energy spectra is shown in figure 2.27: for 28V/G positrons
(electrons), a peak is expected at about 40 (30) GeV; mor¢logeadiation emit-
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ted in volume reflection is higher than the amorphous couitiiob (curve 3).
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Figure 2.27: Differential radiation energy spectrum forgsitrons and (2) elec-
trons in a 0.45 cm silicon crystal with respect to the amogshcontribution (3)
[63].

The semiqualitative study used here is valid for electraosifpon) beams
(and silicon crystals) in the range of hundreds of GeV: atgre> 1 TeV the
synchrotron-like character of the radiation in a thin caysthould become the
dominant one.

It must be underlined that these calculations are subjestirtae limitations:

¢ the particle multiple scattering has not been taken intoaet;

e some particles may be captured in the channeling regimearfwkapture):
the motion (and therefore the radiation emitted) changes;

¢ the radiation of two or morg-quanta has not been taken into account.
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Chapter 3

The 2007 experimental setup

As illustrated in chapter 2, the first studies on a collimatsystem based on a
bent crystal were made in the '70s at Fermilab [46, 47]. LZQ06, the basic de-
tector system to understand the crystal behavior consistetegration detectors
(emulsion films) and beam monitors (beam loss monitorszaiion chambers).
For the first time in 2006 the HBRD22 collaboration has usesbhtime system
based on microstrip silicon detectors for high precisiard&s of the particles
steered by different kinds of crystals (strip and quasin@sarhis system was
able to provide a precise measurement of the outgoing anglé® (rad), select-
ing the particles which hit the crystal [66].

In 2007 the system has been improved with the use of very higbigion
silicon detectors, providing a Ofsad angular resolution and able to acquire data
at~ 3 kHz.

This chapter presents a description of the setups used in @@&e CERN
SPS H8 line: the silicon detectors, the crystals, the goatensystem, the sam-
pling calorimeter and the trigger system and their perforcea with different
beams. The last part of this chapter describes the basiegwoe for crystal mea-
surements: the crystal is pre-aligned with respect to thebsith a laser system;
a lateral scan is performed to position the crystal on thehéae behavior of the
crystal as a function of the goniometer angle is evaluateaibgngular scan.

The procedure of raw data stripping is described in appeAdix

3.1 The CERN SPS H8 beamline

The beam tests have been performed on the H8 line at the CER&F Huoton
Synchrotron (SPS). The SPS (figure 3.1) is a 7 km circumferemcular acceler-
ator which provides particles with a momentum up to 450 Ge&¥ kxternal lines
(North Area), LHC, COMPASS and CNGS.

77
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Figure 3.1: The CERN accelerator complex.

The Super Proton Synchrotron is one of the actors of theryistbparticle
physics: as an example it is possible to cite the UA1-UA2 exrpents in 1983
when the SPS was a proton-antiproton collider (Sp pS) mlép@arlo Rubbia and
Simon van der Meer to win the Nobel Prize thanks to their peoimg discovery
of the gauge bosorw* and 2 [67].

The SPS is formed by 1317 magnets of which 744 are bending etagm
curve particles along the ring. Radiofrequency cavitias @ecelerate protons,
antiprotons, oxygen and sulfur nuclei, electrons and pmsstup to 450 GeV/c:
the particles are first accelerated by a LINAC (up to 50 MeW) &me Proton
Synchrotron (PS), up to 26 GeV. In 2007 the beam was extrantéte North
Area (where H8 is sited, figure 3.2) in spills of 4.8 s every81$.(supercycle
duration).

Figure 3.2: The North Area complex. The H8 line is the firshirthe bottom.

Particle tracking systems, scintillators, beam loss noosiaind calorimeters
are used to understand the beam behavior along the line.
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3.2 The 2007 beam tests

In 2007 the HBRD22 collaboration has tested several ciystathree different
beam tests:

e May 25th - June 10th (“May beam test”)
e September 23rd - October 14th (“October beam test”)
e October 29th - November 11th ("November beam test”)

The May and November beam tests have been characterized day &igh
precision, fail proof, compact and simple setup to evaltladehavior of several
crystals with ultra relativistic 400 GeV/c protons; figur& 3hows the experimen-
tal layout.

Sit Si2 Si3 Si4 Sci1 Sci2
—H—1—H
~-10 03 0 ~10 ~60
; +— — ] +—+ >
Z(m)

Figure 3.3: The May and November setup: a set ofilsOreadout pitch double
side microstrip silicon telescopes (SiX), the high pramisgoniometer (g) and
a pair of plastic scintillators (SciX) which provided thégtger signal. In May,
the scintillators have been positioned at 60 m from the ahyscause of space
problems; in November, a rearrangement of the H8 line hasvatl to put the
scintillators close to the last detectors.

The incoming patrticle trajectory is computed using the igpatformation of
two 50 um readout pitch double side microstrip silicon telescopé@sSt2 (sec-
tion 3.2.1), while the outgoing one is based on the Si2 - SBi®Fr Si4 pair (Si4 is
used as a backup of Si3 only in case of a missing hit on Si3 daetasy or dead
channel). In the horizontal direction the spatial resolutf the silicon telescope
is ~ 5pum, so the angular resolution is about:

Sum
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Different types of crystals have been tested (section 88)h crystal has been
positioned on a high precision goniometer (.5 pyrad angular resolution) which
provides an angular rotation, two independent linear margmand a cradle for
the studies on the axial channeling (section 3.4).

A pair of scintillators (positioned in the downstream aned/iay and close to
the last detectors in November) provided the trigger sidomathe DAQ system.
The goals of the May-November beam tests were:

¢ the study of the behavior of the volume reflection phenomesamfunction
of the primary crystal curvature;

¢ the study of the multicrystals. Quasimosaic crystals haenhaligned for
these studies using remote controls (remote screwdrivierpeezoelectric
motors);

e the study of the axial channeling;
¢ the study of crystals made of different materials (germaréund diamond).

In the October beam test, the crystals were tested with rdtedivistic light
leptons (both electrons and positrons) of 180 GeV/c of mdoman figure 3.4
shows the experimental setup.

Sit

Si2
Si3 Si4 gci1 sciz BC3 BC4  DEVA

I ———

Figure 3.4: The October setup: the microstrip silicon e (SiX), the high
precision goniometer (g), a bending magnet (BM),5:99.5 cn? silicon beam
chamber (BC1,BC2) system, a pair of scintillators (SciXd #re electromagnetic
calorimeter (DEVA). The black dashed line corresponds tmmas produced in
crystals, while the red line shows the charged particlettayies after the bending
magnet.

The goals of the October beam test were:

1. the study of the crystal behavior as a collimator: the oeéing and the
volume reflection orientation have been measured; moreteewolume
reflection regime has been observed for the first time witlanegparticles;



3.2 The 2007 beam tests 81

2. the evaluation of the radiation emitted by light leptanthie amorphous and
volume reflection cases.

The first goal required the same procedure followed in therotbsts: the
incoming particles (which could be light particles, muomdight hadrons) are
detected by the silicon telescopes (Si1-Si2) and hit thetatpositioned on a high
precision goniometer. The outgoing trajectory is compditech the information
of Si2 and Si3 or Si4.

For the VR studies, the trigger signal has been provided kjreop scintilla-
tors (SciX); for the radiation data taking a sampling cataier (DEVA) has been
implemented in the trigger system using the signals fromdketwo tiles with
high threshold.

The radiation emitted by light leptons in the volume refl@atorientation,
as explained in section 2.3, has been measured using a@petgr method: a
bending magnet steers the charged particles (red line irefig) depending on
their momentum and the silicon detectors reconstruct thgomyg trajectory. To
increase the sensitive area in these measurements, a s&&D cn? silicon
beam chambers (BC1,BC2) has been used.

3.2.1 The silicon detectors

In the 2007 beam tests two different types of silicon detschave been used: a
set of fourtelescopeand a set of twAGILE beam chambers

Eachtelescopeconsists of a double side high resistivity 3@ thick 192 x
1.92 cn? microstrip silicon detector (figure 3.5(a)) with a very higpatial reso-
lution [68]. The detector p-side (or junction side), whickeasures the horizontal
direction, has ap strip every 25um while the readout pitch is 5@m; in practice a
one floating strip scheme is implemented. The vertical siegde, or ohmic side)
has a i implantation every 5Qm, perpendicular with respect to the p-side strips.
The modules have been biased with 36 V and the bias currenneasured to be
17 nA per module.

Each silicon side is readout by three VIAR28 channel ASICs (Gamma Medica-
IDEAS, Norway), built with a 1.2um N-well CMOS technology. The VA2 ASIC
architecture is shown in figure 3.6. Each ASIC channel ctssis

¢ alow-noise/low power charge sensitive preamplifier;
e a CR-RC shaper;

e a sample & hold circuit.

http://www.ideas.no/products/ASICs/pdf/VA2S2.pdf
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p—

(a) (b)

Figure 3.5: a) The telescope module: the strips are readotlidbVA2 ASICs,
which amplify and shape the signals. b) The telescope bomi®kide), which
contains the module and its electronics, in the beam line:répeater and the
opto-coupler are shown.

The 128 output signals are multiplexed on a single outpatiith a maximum
frequency for the readout clock of 10 MHz. The three ASICsAfZecoupled to
the CSEM double side silicon detector with external quartz capasitoThey
are interfaced with the rest of the frontend electronicéaimulti-layer ceramic
hybrid.

The n-side signals are level shifted by an opto-couplerlaadutput signals of
both sides are conditioned by a repeater card (the readecit@hics is shown in
figure 3.5(b)); this card provides the bias voltage, the p@md the control signals
to the hybrid. The analog signal is converted to a digital bpe CAEN V550
Analog to Digital Converter (ADC), which is able to perforhetso-called “zero
suppression”: the DAQ system reads only the strips whicleea@ predefined
threshold, reducing the amount of data to transfer andaolle

In the commissioning phase, the telescope spatial resal(figure 3.7) has
been evaluated using the residual method. The residuabdistns of a detector
are measured positioning the detector itself between di@r since residuals
are a function of the multiple scattering and the spatiabltd®on, the detectors
have to be very close in order to reduce the first factor. Thelval consists, in
practice, of the difference between the position readouthieydetector and the
one reconstructed by the external ones: for the module indjghe RMS values
are 4.76um for the horizontal plane (junction side) and 128 for the vertical
one (ohmic side).

2Centre Suisse d’Electronique et de Microtechnique, ®Ale Jaquet-Droz 1,CH-2002,
Neuchatel
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Figure 3.6: The VA2 ASIC architecture (from datasheet). S&hlys for sample

& hold.
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Figure 3.7: The residual distribution of a telescope: therage RMS values of
the (a) horizontal and (b) vertical sides of the telescopelaf6um and 12.37m.

The AGILE beam chambetsave been built for the test phase of the ASI space
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experiment AGILE [69, 70]. Each chamber is formed by two krgjde silicon
tiles of 95x 9.5 cn? and 410Qum thickness arranged in a x-y scheme; the physical
pitch is 121um, while the readout one is 24@n: thus a one floating strip readout
scheme is adopted. Eachttile is readout by three 128 chagifivtliggering ASICs
(TA1, Gamma Medica-IDEAS, Norwady, the readout is a multiplexed one with
a maximum clock frequency of 10 MHz. Figure 3.8(a) shows anlAGmodule,
while figure 3.8(b) presents a photo of a two beam chambeesradg on the
beam line.

(@) (b)

Figure 3.8: a) The AGILE beam chamber: the strips are reabpuhe self-
triggering TA1 ASICs. b) A pair of the AGILE beam chambershie beam line.

The residual distribution of the AGILE beam chambers has lmeeasured at
the H8 line in the 2006 beam test [66] (figure 3.9).

In appendix A, the procedure for the analysis of the raw detdyced by the
silicon detectors is described.

3.2.2 Calorimeter for the October 2007 beam test

An electromagnetic calorimeter, DEVA, was built for the Qm¢r 2007 beam test.
DEVA (figure 3.10) is a sampling calorimeter formed by 12 ptascintillator tiles
interleaved with 11 lead tiles (eight tiles 0.5 cm thick ahcee 1 cm thick): the

3http://www.ideas.no/products/ASICs/pdf/TAL.pdf
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Figure 3.9: The residual distribution of an AGILE beam chamithe average
RMS value is 20.9um.

total radiation length is about 2%&. Each plastic scintillator tile measures %5
15x 2 cn? (the “radioactive* window in figure 3.10(a)) and the lighbpuced
is carried by wave-length shifter (WLS) fibers to a multi-dagphotomultiplier
tube® (PMT) (figure 3.10(b)).

A test performed at the Beam Test Facility (BTF) at the INFNidlzal Lab-
oratories in Frascati (LNF) has allowed to measure an eneggliution of the
0

9% .
order ofog = \/—EO+2% for energies lower than 500 MeV/c.

DEVA has been used in the October 2007 beam test both as armelagnetic
calorimeter and a trigger system. The H8 beam, in fact, igponoe (that is it is
not made only of electrons or positrons), but contains agreage of different
particles: light leptons were only 23% of the total, while trest consisted of
muons (65%) and light hadrong, (K). A typical energy spectrum measured by
DEVA is shown in figure 3.11(a).

For this reason, in order to select online the lepton evddES/A has been
used in the trigger system; the trigger signal was genetatele coincidence of
the scintillators (SciX) and the DEVA last two tile signalsciminated with a
high threshold. The resulting spectrum is shown in figurd ()l

The difference between the lepton peak positions in the tguods is due to a

“HAMAMATSU 16 anode PMT (R5600-M16).
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(b)

Figure 3.10: a) The DEVA calorimeter in the H8 beam line: tkasitive area
is shown as a yellow "radioactive” window. b) Inside the cafeter: DEVA is
formed by 12 plastic scintillator tiles and 11 lead tiles &total of 13Xy. The
light produced in the scintillators is carried by WLS fibevsat16 channel PMT.
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Figure 3.11: a) The spectrum measured by the DEVA caloriméte first peak
corresponds to muons, the central region is populated bsohadvhile the last
peak consists of light leptons. b) The DEVA spectrum for alec¢ton” data
taking (that is with the last two tiles in the trigger system)

variation of the calorimeter gainbecause of a different PMT bias voltage.

5The runs used in this analysis have an energy spectrum exthal bne in figure 3.11(b).
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3.2.3 The DAQ
Figure 3.12 shows the data acquisition (DAQ) chain useder2®07 beam tests.
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Figure 3.12: The DAQ chain.

The system is a VME one based on a 8B83 620 optically linked to the PC,
which allows a VME cycle duration of fis in DMA (Direct Memory Access).
The DAQ software is written in C with Tcl/Tkfor the user graphical interface
(figure 3.13).

An online monitor allows to check the beam profile on a spilldpil basis
and on the overall acquired events. The output data areewrits PAW ntuples
which are processed online to obtain an ASCII file with all thlevant informa-
tion (appendix A).

The trigger signal is generated by the coincidence of twstacintillators
(hadron/proton trigger) and the last two tiles of DEVA (efea/positron trigger).
The signals used in the trigger are conditioned with a Nudiestrumentation
Module (NIM) crate and standard NIM electronics. The distgniated signal is
sent to a VME sequencer board (seq, INFN Trieste) to gendratBAQ trigger
which is the one starting the readout sequence.

The ASIC control signals are generated by the sequenceraméa to the
detectors by a 16 pin scotchflex cable; since the sequensex siagle output, a

6SBS Technologies, Inc., US, http://www.sbs.com

"Tcl (Tool Command Language) is a dynamic programming laggund Tk is its graphical
user interface toolkithttp://www.tcl.tk/
8Physics Analysis Workstatiohttp://paw.web.cern.ch/paw/
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Figure 3.13: The DAQ user interface.

multiplexer (mux) is necessary to cope with all the modutleat are readout all
in parallel.

The interface between the frontend (the detector and thedwith the ASICs)
and the readout (the VME boards) electronics is represdmytéte repeater boards
(figure 3.14), which are 4 layers PCBs (Printer Circuit Boavith the following
tasks:

e transform the RS422 differential signals to single endeeksaas requested
by the ASICs; the signals are differential in order to trasrsghem to long
distances without being affected by noise;

e provide the bias and the digital signals to the ASICs thrab@ipin ERNI
cables; in particular, silicon detectors require 36 V fag ttepletion while
the repeaters neeti6 V. The ASIC power rails aret2 V and they are
generated by power regulators on the repeaters themsé&lesligital and
the analog supplies are filtered separately. As describgelion 3.2.1, the
ohmic sides are optocoupled to the readout electronictjghiae “ohmic
ground” is set to the bias voltage on the repeater side argetetal ground
on the ADC side;

o amplify the analog output of the hybrid (that is the 384 npltxed channels
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of the three ASICs). The output is a differential voltage ¢ihes converted
from current to voltage on the hybrid itself) and is amplifigda NE592;

¢ in the TA1 case, condition the trigger signal generated bystlicon detec-
tors.

Figure 3.14: The repeater board on a telescope module igmnside). The re-

peater board is linked to the hybrid by the green ERNI cabléherright. On the

left side, from top to bottom, it is possible to see the cotwrsdor the analog sig-
nals, power supply, trigger (generated by the module, ned us the telescopes)
and the ASIC digital signals.

The analog signals are converted in digital ones by flash A@2EN V550)
for the silicon detector case and an integrating ADC (CAEN®)/Aor DEVA.

The V550 ADCs work in “zero suppression” mode that is only thannels
over a given threshold are readout. During the readout,afat&ransferred from
the ASICs to the ADCs with a 5 MHz clock; in the ADCs, pedesi{akse ap-
pendix A) are subtracted and the result compared with alibtéghat depends
on the channel noise. In general, less than 5 strips (out4f&& over threshold,
reducing the readout time dramatically. The readout tinagshe summarized as
follows:

e for the ADC conversion: 384 0.2 us=768 ps; all the module signals are
converted in parallel,

e for the transfer from the ADCs to the PC: 5 strip8 modulesx 5 ps
(VME cycle) = 200ps.

The total readout time per event4s300 us, allowing a maximum DAQ rate of
3 kHz.

3.3 The crystals

In 2007 several crystals have been tested: silicon single ahd quasimosaic,
germanium and diamond strip crystals, multicrystal system
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Quasimosaic crystals exploit the anisotropy due to thectele of certain
crystallographic planes and orientations. One of thegeQiM?2 crystal, has been
used as a reference because of the detailed analysis pedanr8006 [66]; other
guasimosaic crystals (QM3-QM4) have been tested to find élsedandidate for
the multicrystal system.

Strip crystals bend particles as a function of the only damiec force provided
by the mechanical holder. The ST9 crystal has been used éstigate the VR
dependence on the bending curvature.

Two different multicrystal systems have been tested: théistp (from 2
up to 8) and the multi-quasimosaic, where the relative afignt of each crystal
is controlled by micrometric screws which can be moved bynaate controlled
system (remote screwdrivers or piezoelectric motors).

3.3.1 The quasimosaic crystal

The quasimosaic crystal (figure 3.15) has been prepareaigrplthe elastic
guasimosaicity effect, which originates from the crystaikatropy that leads to
the curvature of the normal cross sections of the crysté plader bending.

Figure 3.15: The quasimosaic crystal: a) a pair of quasimasgstals mounted
on their mechanical holder and b) the mechanism exploitéehal particles.

The quasimosaic crystals are typically prepared in platésrge dimensions
(up to 50x 50 x 3 mn?); the channeling (111) planes are normal to the large
faces and parallel to the long edges. The crystal plateseareusing a special
mechanical holder as shown in figure 3.15(a); this primamyature induces a
guasimosaic curvature of the atomic (111) planes in the XéAlvith a curvature
angle of the order of 10Qrad (figure 3.15(b)).
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The value of the bending angle was cross-checked with X@aysach crystal
finding also that the thickness of the damaged (amorphoysj (aee chapter 1)
of the plate surfaces is less thaprh.

The quasimosaic crystals used in the HBRD22 experimentiiese provided
and characterized by the PNPI (Gatchina) group.

3.3.2 The strip crystal

Figure 3.16 shows an example of a strip crystal and the mimbiehind this tech-
nology: a custom process is able to produce strips from (dL@L11) silicon

wafers. After a standard cleaning procedure, the waferdiaegl to obtain differ-
ent size strips: in this thesis work, a 7 cm high, 0.5 mm wid# 2mm long strip

has been used (ST9, chapter 4).

(b)

Figure 3.16: a) A strip crystal mounted on its mechanicatlboand b) the mech-
anism exploited to bend particles. (Courtesy of the INFN&m@rgroup)

The crystal is mounted on a specific holder which providesmaany curvature
(Pc in figure 3.16(b)) and the consequently anticlastic cumeatfc), which is
used to deflect particles.

In order to induce a minimal lattice damage, a fine grane bleae used to
dice the samples. The residual lattice damage was removedgth chemical
etching in acid solutions: the quality of the etching is fied by RBS (Rutherford
BackScattering) measurements [17].

The strip crystals for the HBRD22 experiment have been peeply INFN
Ferrara and IHEP [71].
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3.3.3 The multicrystal system

As shown in section 2.2.3, VR is characterized by a large@aoee and effi-
ciency. However the typical deflection angle (of the ordet@®firad at 400 GeV/c)
is too small for crystal collimation; so a multireflectioremlwas considered to in-
crease the deflection angle, maintaining the VR most impoféatures. The idea
is very simple: several crystals are aligned with respettiédeam; when a parti-
cle is reflected in the first crystal it enters the second onerevht is reflected once
more and so on. This idea, validated in the 2006 beam testisé¢hematically
shown in figure 3.17.

Figure 3.17: The multireflection principle in a collimatisgstem: the particles
are reflected in each crystal and the total deflection anglbasitN * 6y g, where
N is the number of crystals arti) r the VR deflection angle.

In order to test both the strip and quasimosaic multicrysgatems, two dif-
ferent holders have been used: figure 3.18(a) shows theatypatder (similar to
the single strip case) with a eight strip crystal (M8 crystalhile figure 3.18(b)
presents the holder for five quasimosaic crystals (MQMb5tatys

One of the most critical constraints in the multireflectiatlimmation system
is the relative alignment among crystals which, in genasagbtained through
micrometrical screws on the holder; however this systenpaseixpensive from
the point of view of time because, for each alignment step,lddam must be
stopped and then checked (in terms of position, divergestce, once the align-
ment modification has been performed. For this reason twerdiit alignment
control systems have been tested in November 2007: theatsysere moved
by screws controlled by remote screwdrivers (figure 3.19¢a)py a piezoelec-
tric system (figure 3.19(b)). In particular this last systeas provided excellent
results in terms of time, costs and, most important, repdéata(see chapter 4).
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(b)

Figure 3.18: The multireflection system: a) eight strips laeat by a holder;
the beam comes from the left. b) A new holder conception f& fjuasimosaic
crystals.

(b)

Figure 3.19: The remotely controlled alignment systemsemajote screwdrivers
and b) piezoelectric motors.

3.4 The goniometer

The holders are positioned on the high precision gonionmststem shown in
figure 3.20 [71]. The channeling and VR phenomena should umtext with a
precision better than the critical angle (which, for a silicrystal, is about 1rad
at 400 GeV/c), so the goniometer should provide an alignrpestision with
respect to the crystallographic planes of the order jarfa@i.

The goniometer consists of four principal stages (figur®@@Jpfrom top to
bottom):

e cradle;
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(b)

Figure 3.20: a) A photo of the goniometer in the beam line grtidgoniometer
scheme; from top to bottom: the cradle, the small linearestdge angular stage,
the big linear stage.

e small linear stage (upper stage);

e angular stage;

¢ big linear stage (lower stage).

Table 3.1 shows the performances of the goniometer systéannrs of accu-
racy?, repeatability®, resolution and range.

Accuracy| Repeatability| Resolution| Range
Lower stage | 1.5um 2 um 5um 102 mm
Upper stage | 1.5um 2 um 5um 52 mm
Angular stage | 1 prad 2 prad 5 prad 360
Cradle 1 prad 1 prad 5 prad +6°

Table 3.1: The goniometer system features.

All the stages are equipped with two-phase microstep matwdsmechanical
limit switches are integrated in the two linear stages.

In order to improve the mechanical stability of the gonioen@ind to precisely
define its relative position with respect to the beam, thelesbgstem was installed
on a precisely machined granite table. The goniometer istelgncontrolled via
the DAQ system.

9Accuracy is the degree of closeness of a measured quantityttae value.
10Repeatability is the ability to repeat a motion.
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3.5 The new setup at work

For the experiment a very small and parallel beam is necgsfigure 3.21(a)
(3.21(b)) shows the beam size in the horizontal (verticadation for the 400 GeV/c
proton beam. The horizontal RMS4s300um, the vertical one is 772 um.
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Figure 3.21: The horizontal (a) and the vertical (b) beanessifor the proton
beam.

The beam size for the light leptons case is bigger. This iscppally due to
the fact that it is a secondary beam, while the proton beanpigwary one. The
beam size for the positron beam is shown in figure 3.22.

The beam profiles can be, in first approximation, fitted withesaussian func-
tion. During the analysis, both for protons and leptons, alsbeam region is
considered to reduce the background events present in th&s@a tails.

The second important beam feature is the incoming divermetite beam
should have a low divergence in order to have a lot of pagialgh an incoming
angle smaller than the channeling critical angle. The inogrdivergence is mea-
sured by the first two silicon telescopes (Si1-Si2): for pnst (figure 3.23) it is
8.66prad in X and 12.7Qrad in Y, while for positrons (figure 3.24) itis 25.¢8ad
in X and 48.01urad in Y. In the analysis, small angular ranges3(urad for pro-
tons,+4 pyrad for leptons) will be considered.

The analysis presented in this thesis work is based on theepbofdeflection
angle that is the difference between the incoming and the outgaingles, which
allows to become practically independent from the beanufeat Figure 3.25
shows the deflection angle in the amorphous and VR positiootg that in the
amorphous case the Gaussian spread is only due to the rawdtpttering (the
detector system angular resolution is, in fact, aboup@ag).
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Figure 3.23: The horizontal (a) and the vertical (b) incogniivergences for the

proton beam.

For each crystal measurement, a basic procedure has bemnco!

1. the crystal (in its holder) is positioned on the goniomete

2. the crystal is aligned with respect to the beam with a lagstem (sec-
tion 3.5.1) with a precision of the order of 1pfad at best;

3. the crystal is positioned on the beam performing a latecah and it is
identified via its multiple scattering (section 3.5.2);
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Figure 3.24: The horizontal (a) and the vertical (b) incagnitivergences for the
positron beam.
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Figure 3.25: The deflection angle distribution for the anhawes (a) and volume
reflection (b) cases. The Gaussian spread in the amorpheasicaue to the
multiple scattering.

4. a fast angular scan (the step value depends on the VR aoceptis per-
formed to understand the angular positions of the changpaind volume
reflection orientations;

5. afine angular scan is performed to allow a better analysieegphenomena
with a high statistics.
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3.5.1 Pre-alignment

A pre-alignment laser system has been integrated in the setlign the crystal-
lographic plane with respect to the beam; the method is pteden figure 3.26.

Laser beam
e

Figure 3.26: The pre-alignment laser system.

A laser light runs parallel to the beam and is projected &t t®@ards the
crystal surface with a pentaprism. The crystal reflects #enband when the
direct and reflected spots overlap, the crystal is alignede frecision of this
method is of the order of 10@ad at best.

3.5.2 Lateral scan

In the 2006 experiments, the crystal position was foundilogpkor the multiple
scattering of a lead strip located in front of the crystalveaithe performances of
the new detector system, the crystal position can be cordmxgloiting its own
multiple scattering.

Thus, after the crystal installation, a lateral scan is grened as shown in
figure 3.27.

The crystal is moved through the beam by the goniometerimgaer stage in
steps of (typically) 0.5 mm. The multiple scattering of tingstal allows to define
its position. Moreover from the lateral scan it is possible¢lect the geometrical
range wherein the particles hit the crystal to apply a geooattcut to the data to
reduce the background events.

3.5.3 Angular scan

Figure 3.28 shows a typical crystal behavior as a functiothefgoniometer an-
gular position or, in other terms, as a function of the angievieen the incoming
particle and the crystallographic planes; in the elecpositron cases the angular
scan shows also an evidence of the radiation emitted bycfegtin channeling
and VR (chapter 4).
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Figure 3.27: The lateral scan: the goniometer linear upjgresmoves the crystal
on the beam in steps of 0.5 mm.

Depending on the goniometer angular position the crystaksvin different
regimes:

Amorphous the deflection angle is characterized by the multiple seagenduced by
the crystal and the detectors;

VR volume reflection (VR) is characterized by a large accemaange £
75 prad in this case) and a high efficiency. The non-reflectedgbestcan
be captured in the channels and form the volume capture ($§mn;

Channeling the channeled particles (CH) are steered with a deflectigteashich de-
pends on the critical angle and on the crystal curvature.plrdicle loses
its channeled condition, the dechanneling (DECH) procesars.
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Figure 3.28: The angular scan: depending on the goniomatgria position
the crystal could be operated in volume reflection (VR) arehakeling (CH); the
dechanneling and volume capture are also shown. AM indicagecrystal in the
amorphous position, that is non oriented with respect tddzam.



Chapter 4

The experimental results

The first chapter of this thesis work has described a few plesapplications of
bent crystals in several fields: from collimation to micrabes, from focusing
to radiation generation. In several cases, the theordiigadtheses of new phe-
nomena and their experimental study have been a real breagthin the crystal
field. The combination of the possibility of using a beam vathingent features
and the development of dedicated setups with high resolatnal fast detectors
allowed “crystal science” to move several steps forwardth&ttime of writing,
the HBRD22 collaboration is being taking data since a morith megative and
positive particles, with single and multicrystals.

This chapter intends to summarize at least a part of theegymirformed in
2007. The measurements can be divided in two groups:

e study of crystals behavior using relativistic positive arefative hadron
beams;

¢ study of the radiation emitted in bent crystals by light teys.

As far as the studies with hadrons are concerned, the H8RDIEthoration
goal is the development of a bent crystal based system fosg¢bend phase of
the LHC collimation. The 2006 results [66] confirmed the VRepbmenon and
its possible use for collimation; thus, in 2007, the VR ch#gastics have been
studied with 400 GeV/c protons and 180 GeV/c positive andtieg muons and
pions to maximize the crystal performance. A deep study ®MR parameters
(deflection angle, RMS and efficiency) as a function of thengry crystal cur-
vature has been performed; multicrystal systems have lestedtto exploit the
multireflection effect and volume reflection with negatiatcles has been stud-
ied with 180 GeV/c muons and pions.

Concerning collimation, another important task is the camf the crystal
material: germanium and tungsten have a potential welltgréhan the silicon

101
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one (thus the channeling acceptance and efficiency are)avggle diamond can
be used for its radiation hardness (and for its thermal ptes3. In this chapter,
the behavior of a diamond crystal is shown.

Bent crystals and channeling related phenomena can beitedpfor photon
production: a light lepton (electron or positron) which imges on a bent crystal
releases part of its energy ¢s high intensity radiation can be emitted in a sin-
gle crystal both in the channeling and volume reflectionraeigons. For the first
time, the radiation emitted by 180 GeV/c volume reflectedtligptons has been
evaluated with respect to the amorphous contribution. fddgtion can be used
in several fields, from medicine to biology and synchrotrppleations. More-
over, concerning the accelerator applications, the stddkis radiation is very
important for the future International Linear Collider Ql.in two ways:

e the generation of intenggbeams for a positron source [72];

¢ the collimation of electron-positron beams [73].

The analysis of the VR dependence on the crystal bendingsauatid the radi-
ation spectrum emitted by volume reflected electrons andrpos are described
in detail. On the other hand, the other items are briefly suna®a giving the
main results to demonstrate both the vastity of this topdtthe amount of work
which is being performed.

4.1 Studies with hadrons

The studies with 180 GeV/c and 400 GeV/c hadrons (and mu@w) been per-
formed mainly to understand the behavior of the VR phenomendalifferent
conditions. The measurements performed with positive secan be summa-
rized in the following way:

¢ study of the behavior of the VR parameters (the deflectioneanige cor-
responding RMS and the efficiency) as a function of the pyntaystal
curvature; the experimental results have been successiuthpared with
analytical calculations and simulations;

¢ study of the multireflection effect with two different mudtystal systems:
multistrip (from 5 to 8 strips) and multi quasimosaic; in fpaular, this last
system has been remotely controlled with screwdrivers aedoplectric
motors which have demonstrated an excellent repeatgbility

e study of a diamond crystal.

The last part of this section is dedicated to the analysiohfrae reflection with
negative particles, which is a world premiere.
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4.1.1 VR as afunction of the crystal curvature

One of the goals of the 2007 activity was the study of the bienaf the VR
parameters as a function of the primary curvature and thgpaason with sim-
ulation: a deeper understanding of VR is an important stgfpendevelopment
of novel techniques of collimation for future particle alerators. A strip crystal
(7 cm (high) x 500 um (wide) x 2 mm (thick)), ST9, has been chosen and six
different primary bending values have been considered.

In this section the analysis is described in detail for theimam curvature
case (about 36 m). In general, for each bending radius, tlasunement proce-
dure required:

¢ the evaluation of the crystal behavior performing an angsdan;

¢ the identification of the channeling, volume reflection antbgohous posi-
tions where to perform high statistics runs for the offlinalgsis. In these
angular positions, 500000 events have been usually taken.

As an example, figure 4.1 shows the fast (low statistics) mggan of the 36 m
primary curvature ST9 crystal: the black lines indicate high statistics positions
(maximum channeling and volume reflection) while the amogghposition is
~ 80 purad before the beginning of the scan, and it is not presetigiplot.

©
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Figure 4.1: Angular scan of the ST9 crystal with a primaryvature of about
36 m.
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4.1.1.1 Geometrical and divergence cuts and the critical ajte evaluation

In order to improve the analysis, geometrical and divergesuts have been im-
plemented to select only the particles which hit the crystreover, the crystal
critical angle has been computed from the data to obtainrihegpy crystal radius
from the corresponding channeling position: the primanydaeg radius, in fact,
depends on the mechanical holder curvature which is measuitie a pair of mi-
crometers. This measurement has an intrinsic precisioh@aothanneling deflec-
tion angle of tens ofirad; moreover, uncontrolled forces on the screws which hold
the crystal to the holder could influence the anticlastiwvature (section 3.3.2).

The hit position of a particle on the crystal surface is gilbgrthe propagation
of the track reconstructed by the first two detectors (SH)-8n the crystal itself.
Since Si2 is 33 cm before the crystal, this hypothesis iniced an error o&1%
on the deflection angle measurement.

To select particles which hit the crystal reducing backgbavents, horizon-
tal and vertical cuts have been implemented. As already shiowhapter 3, the
beam size at the crystal position is:

e horizontal RMS: 299.23 0.93um
e vertical RMS: 772.78: 4.84um

The crystal is about 50@m wide; so a part of the beam doesn't hit the crys-
tal itself. Figure 4.2(a) shows the horizontal behaviorhd trystal in a volume
reflection position: the region limited by the two black En@500-980Qm) in-
dicates the position of the crystal; the rest is due to thediplelscattering induced
by detectors and air.

As far as the vertical direction is concerned, the crystailitds about 7 cm;
thus a vertical cut is not necessary. However, the Gausailarof the beam in the
Y direction (corresponding to 20% of the total events) hagerbexcluded from
the analysis to reduce background events. Figure 4.2(lwsstiee vertical range
(from 4000 to 600@m) that will be considered in the rest of the analysis.

Divergence cuts are also implemented: in order to know &xémet channeling
position and its efficiency (and therefore the curvaturéusdalue, see later on),
it is necessary to select only the particles which have amlémt angle smaller
than the critical one, or, in other terms, the particles Whda perpendicularly
the surface of the crystal. The channeling position is tgibycfound with an
angular scan as schematically shown in figure 4.3: the drgetitioned on the
goniometer (figure 4.3(a)) is rotated till the beam and tlystatlographic planes
are parallel (figure 4.3(b)).

Given the hypothesis of a parallel beam (divergence equ@), tthis method
has an intrinsic resolution due to the angular scan stepchwisi typically of
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Figure 4.2: Horizontal (a) and vertical (b) geometricakcapplied in the analysis

to reduce the background events.
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Figure 4.3: a) A crystal before the alignment: the dashesl dmrresponds to the
atomic plane direction, while the solid line is the beam. Thanneling orienta-
tion occurs when the two lines overlap (within the chanrgetntical angle) and
can be obtained in two ways: b) rotating the crystal or c)dlg an angular

region in the beam.

10 prad. In order to have a more precise measurement of the clragppesition,
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a second method has been implemented: the channeling rffidias been eval-
uated considering several divergence regions (slicegraatice, it corresponds
to performing an angular scan, maintaining the goniometedf{figure 4.3(c)).
This method is characterized by an intrinsic high resofusimce it is independent
from the hardware: the larger is the statistics, the moreipeas the measurement.

The channeling position is thus evaluated via the measureofi¢he channel-
ing efficiency which is defined as (if the channeling mean &adpositive):

r— particles in the range greater tifar8o) from the channeling peak

total particles (4.1)
and the corresponding error is defined by the binomial sizgtis
g, = E1=¢€) (4.2)

Neve nts

A +15 prad divergence range has been analyzed in sliceuod@ using the
high statistics run in the channeling position. Figure 4dves the divergence scan
in the indicated range: the maximum efficiency position i918purad, which can
be considered the real channeling position.
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Figure 4.4: The channeling efficiency evaluated considedimergence slices of
2 prad.

Starting from the new channeling position, the efficiencg haen computed
increasing the divergence region in steps of r&d. The efficiency value has
to be constant for deflection angles smaller than the ckitina and should de-
crease from there on. Figure 4.5 shows the efficiency cons&ravior until the
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critical angle cut-off at-8 prad; the large errors in the first points (due to a very
low statistics) are the main reason for a not completely @onidehavior of the
efficiency: itis, anyway, the first experimental evidencéhaf channeling critical
angle.
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Figure 4.5: The channeling efficiency as a function of the lgoge of the diver-
gence region in the horizontal direction. The step is|0&l.

According to the previous results, only the particles withogsizontal deflec-
tion angle in the range-3 prad will be considered for the analysis.

The vertical divergence is much less critical than the lomal one. Figure 4.6
shows the efficiency behavior as a function of the increagimgrgence region in
steps of 0.4urad: the trend is clearly constant.

In order to reduce the background events, only the partiwids a vertical
deflection angle in the range4 prad are selected.

4.1.1.2 The VR behavior as a function of the crystal primary arvature

The VR parameters (the deflection angle, its RMS and the efitgi) depend on
the crystal primary curvature. In order to evaluate thecotiife VR deflection
angle and the RMS, the amorphous contribution due to theipteilscattering
produced by the detectors, the crystal itself and the awlshme subtracted. Thus,
high statistics runs have been taken in the amorphous redioreach different
curvature. The amorphous peak has been fitted with a Gaussatract its mean
and RMS value. Figure 4.7 shows the Gaussian fit of the defleemgle for the
36 m case.
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Figure 4.7: Gaussian fit of the deflection angle in the amauplpmsition for the
36 m case.

If the bent crystal is described as an arc of circumferereeptimary curva-
ture dependence on the channeling angle is described bgltbeihg equation:
~ T[mm]

Ochan/Hrad

whereR is the primary bending radiug, is the thickness of the crystal along
the beam direction an@knan is the channeling angle.

R +1000 (4.3)
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Bchan(Hrad) | Ochan (Hrad) | R(m) | or (M)
804.36 2.65 2.41 | 0.02
516.90 3.40 3.75 | 0.05
433.79 4.22 4.47 | 0.09
224.56 3.66 8.64 | 0.28

93.06 2.88 20.85| 1.30
53.95 2.72 35.96| 3.60

Table 4.1: The channeling peak position, its sigma and timeguy bending value
with the corresponding error.

The channeling peak has been fitted with a Gaussian funci@hawn in
figure 4.8:0.hanis defined as the difference between the channeling anghénelok
from the fit @, and the amorphous peak positida).

/
chal

X’/ndf 2251 | 56

P1 1419 + 6.336
P2 -2.629 + 0.2067
700 | P3 6.200 £ 0.2172
P4 1.922 + 0.2655
P5 755.3 £ 13.43
P6 53.31 + || | 0.7442E-01
P7 5.052 + | || 0.5267E-01

800

600

500

400 -

300 -

200 -

100 -

%100 75 B0 25 0 25 50 75 100
Deflection angle (urad)

Figure 4.8: Channeling position for the 36 m case: the charmmpeak is on the
right; the efficiency is not 100%.

Its corresponding sigma is defined as:

2 2 2
O8ehan = OF o (4.4)

chan Bamo

The values of the peak positiof () and its sigma, the corresponding pri-
mary curvature and its error are summarized in table 4.1.
The primary bending radius error can be computed with th@aayation of
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2 2
1000 1000T
0% = <e ) 0% + (T) 8, .. (4.5)
chan chan

The VR peak has been fitted with a Gaussian function as shofiguire 4.9.

errors.:

120°f X*/ndf 4055 | 10

Constant 1032. £ 16.30
F Mean -14.92 + 0.6940E-01
1000 Sigma 5.395 + 0.6098E-01

800

400

200 -

quO -75 -50 -25 0 25 50 75 100

Figure 4.9: The volume reflection position for the 36 m cadee particles with a
deflection angle less than ére highlighted in yellow.

The volume reflection angular value)(is defined as the difference between
the peak value obtained with the Gaussianét) and the amorphous position
deflection anglefamo):

a= 9</R— eamo (46)
The VR RMS is defined as:
2_ 2 2
0% = 0%~ O (4.7)
If the VR mean value is negative (that is the amorphous ong,ithé VR

efficiency is defined as:

r— particles in the range lower th&h3o) from the VR peak
N total particles

(4.8)

In figure 4.9 the particles with a deflection angle less tham&® highlighted
in yellow.
Its corresponding error can be computed with the binomégttithution:

» F(1-T)

Neve nts
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Bending radius (m |BvR|(Hrad) oyR(prad) € (%)
241 5.43+0.10+0.64 | 6.3940.08+0.47 | 1.56+0.11+0.1
3.75 8.68+0.14+1.19 | 4.50+0.12+0.42 | 2.074+-0.21+0.8
4.47 9.89+0.09+0.68 | 3.80+0.08+0.33 | 2.64+0.16+0.4
8.64 12.48+0.08+0.45| 1.76+0.07+0.17 | 3.98+0.19+0.2
20.85 13.90+0.16+0.49 | 1.68+0.15+0.22 | 5.52+0.314+0.9
35.96 14.08+0.11+0.41 | 1.10+0.11+0.09 | 6.22+0.38+1.5

Table 4.2: The VR parameters: the peak position, its signaatlaa inefficiency
for each value of the primary bending radius with their statal and systematic
errors.

The data obtained in this step of the analysis are shown e 4ab;¢ is defined
as the VR inefficiency:

e=1-T (4.10)

To evaluate the systematic errors, each parameter has beguted with dif-
ferent cuts: the cuts implemented in the analysis have bagedvand the values
for By R, ovr ande have been recomputed. The maximum difference between the
values with the optimal cuts and the recomputed ones haghleemas systematic
error. The following cuts have been varied and representia contribution:

e geometrical cuts: three horizontal crystal central regiohwidth 200, 300
and 400um and three vertical geometrical cuts have been consideésd.
far as the horizontal cuts are concerned, a contributionfefveo has been
obtained, which is very small due to homogeneity of the stnystal. The
vertical contribution is larger because of a torsional effef the crystal
itself (expecially for the lower bending radii); the totalrdribution to the
final value of the systematic error for the VR mean value agdaiis of
40% at maximum (2.41 m case);

¢ divergence cuts: the incoming particle angular rangest4 and+5 prad
have been considered. The contribution to the systemabc fr the VR
mean value and sigma is 60% at least;

e the 3 parameter in the efficiency definition (equation 4.8) hasbeeied
to 2 and 4. This contributes-50% to the efficiency systematic error, while
the rest is due to the contributions of the geometrical andrdence cuts;

Figure 4.10 shows the comparison among the experimentalytaral and
simulation data: the black dots are the experimental vadfiise volume reflec-
tion peak superimposed on the simulation ones (red squanes)he analytical



112 The experimental results

curve (continuous line); the pink triangles are the VR RM#iga obtained from
the data compared with the simulation ones (blue triangles) the analytical
calculation (dashed line).

6ygs Oy, (Hrad)

Figure 4.10: The VR peak position and its corresponding R&tparison be-
tween experimental (black dots for the mean value and piakdtes for the RMS)
and simulation data (red squares and blue triangles) arahigtical calculation
(lines).

Figure 4.11 shows the comparison among the VR inefficienpgemental
(black dots), simulation (red squares) and analytical ¢falteck lines):€; is the
probability of the particle to lose a transverse energy En#ian the critical en-
ergy anck; is the probability for the particle to enter in the channgliagime; the
experimental data should be positioned in the region betweande,.

Taking into account the obtained results, an optimal bendhdius for a short
silicon crystal (few millimeters) to maximize the VR penfioance is found to
be about 18; (15 m, see equation 2.30). At this value, the deflection arggle
maximum and the efficiency is high. In general, the higheR ighe larger is
Bvr, but the efficiency and the angular acceptance decreasebtdamahe same
acceptance, the crystal length should be increased buje¢herates more particle
losses in inelastic interactions with the crystal nuclei.

4.1.2 The multicrystal

As explained in section 3.3.3, the multicrystal effect cly@n important role for
collimation. In the 2007 beam tests, two different mult&tgts have been studied:
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o
[

VR inefficiency

Figure 4.11: The VR inefficiency: comparison between anzy{(lines), experi-
mental (black dots) and simulation (red squares) dat#s the probability of the
particle to lose a transverse energy smaller than the @rigicergy and: is the
probability for the particle to enter in the channeling ragi

e a multi quasimosaic crystal (MQM5) remotely controlled layesvdrivers
and piezoelectric motors (figures 3.19(a) and 3.19(b) easgely).

e several multistrip crystals (from the IHEP and Ferrara ggdwvith 5, 6 and
8 strips each.

The MQMS5 analysis presented in this section is based on thetseobtained
with the piezoelectric motors: the relative crystal aligamt) the behavior of the
channeling and volume reflection orientation and the systpeatability are
given.

MQMS5 consists of five 5< 5 x 1 mn? crystals with a channeling deflection
angle of~ 80 urad and a volume reflection one f10 purad. In a first phase, the
crystals have been aligned among them in order to optimegdlume reflection
deflection angle: the crystals have been moved with the plegtsic motors in
order to send the volume reflected particles of the first ahystthe second one
and so on (figure 4.12).

Considering the best relative alignment among crystals, fital result is
shown in figure 4.13: the channeling peaks seem to be verg (hosreover the to-
tal acceptance is more or less that of a single crystal) exhé volume reflection
deflection angle has reacheds0 prad, preserving the acceptance~o80 prad.

To be more quantitative, figure 4.14 shows the performanaheMQM5
crystal. High statistics runs in the crucial angular posi$i allow to note that
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Figure 4.12: The MQMS5 alignment: going from a) to b), the pielectric motors
have been moved to optimize the angular behavior of thealsysThe scans are

fast (low statistics) angular scans.
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Figure 4.13: The MQMS5 fine angular scan.

crystals were not perfectly aligned, which is the reason infiigure 4.14(a) there
are two channeling peaks atl07.3+ 0.7 prad and—66.53+ 0.75 prad.
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Figure 4.14: The MQMS5 performances: a) two channeling defe@ngle peaks
are present at 107.3+ 0.7 prad and—66.53+ 0.75 prad; b) the VR final deflec-
tion angle is 44884+ 0.27 prad.

On the other hand, in the VR orientation the crystal behasescpected: the
acceptance remains of the order of #@d, but its deflection angle increases up
to 4484+ 0.27 prad. The efficiency has been evaluated according to equéton
and reaches a maximum value(80.0+ 0.4)%; in the acceptance range (2570
2650prad) the efficiency is higher than 60%, as shown in figure 4.15.

The efficiency value is due to several factors, among whiehto most im-
portant are:

¢ an intrinsic inefficiency of each single crystal due to a nombgeneity of
the quasimosaic technique and an eventual amorphous layteearystal
surface;

e a non perfect relative alignment of the crystals: in the r@daf the VR,
where the efficiency is the largest, a channeling peak anysvpyesent; it
means that a part of the beam is steered in a direction by the@flection
effect and a part in the other direction through the changedrientation.

A repeatability test on the system has been performed: thenereflection
mean deflection angle value and maximum efficiency has beasured for three
times. The repeatability test procedure was the following:

¢ the five piezoelectric motors (one per crystal) have beetched off and
have been left off for 10 minutes to cope with hysteresis;
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Figure 4.15: The MQM5 VR efficiency: in the acceptance rangg7Q—
2650prad) the efficiency is higher than 60%, with a maximum valu¢8f0 +
0.4)%.

VR deflection angle (urad) Efficiency (%)
1 44.84+0.27 80.0+0.4
2 44.04+0.39 804+1.1
3 44.83+0.32 80.8+0.8
Mean value
& standard deviation 44574 0.45 80.4+0.42

Table 4.3: The repeatability test results on the MQM5 ciystaotely controlled
by piezoelectric motors.

e each piezoelectric motor power supply has been switcheddth& voltage
values (from 10 to 70 V) used for the first alignment have betn s

The procedure has been repeated for three times; the reselsummarized in
table 4.3. The piezoelectric system resulted to be veryestatierms of repeata-
bility: the standard deviation is, in fact, comparable vitie experimental errors.

A second multicrystal system has been tested in 2007: M8RNtBnsists of
8 strip crystals bent by a common holder (shown in figure &)8The multistrip
crystal system doesn’t foresee an independent relatiwtalrglignment as in the
guasimosaic case: it means that if a crystal is not aligrteid, not possible to
correct its position. The M8 crystal performances are shmwiigure 4.16: fig-
ure 4.16(a) presents the angular scan with the multiredlectf six crystals. The
main results can be listed as following:
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¢ the total deflection angle reaches &+ 0.53 prad;

¢ the efficiency is greater than 90% (figure 4.16(b)).

200 F

g ‘ ssb | x0/ndf 2926 | 18

Za0f = 206.0 £ 4.739
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Figure 4.16: The M8 multistrip crystal performances: a)adhgular scan shows
the multireflection of 6 crystals; b) the total deflection keng 6121+ 0.53 pyrad
and the efficiency is greater than 90%.

This system has shown several positive features: strigatsyare typically
positioned on a C-shaped holder (figure 3.16(a)), so no phelksicattering effects
on the holder are foreseen; from this point of view the quasait crystals, being
smaller (figure 3.19(a)) and needing to be held all aroundldcbave problems
for a collimation application on an accelerator. Moreover strips are simply
bent by a common holder, so no remote controls are requestddng life much
easier in an accelerator; no controls mean also more stripssingle assembly
and thus a larger deflection angle. On the other hand, alsettiperequires a
few improvements: from the technology point of view a releatechnique has
to be found to produce a multistrip crystal from a single pie€silicon; a mass
production is needed to understand if the technology ispfaibf and to analyze
in detail the features of the strip crystals in view of a lasgale application.

4.1.3 Diamond crystal

In general, bent crystals are made of silicon because obuita@ance and of the
level reached by the silicon technology (thanks to the faat $ilicon is the base of
microelectronics). However other materials like germanitungsten or diamond
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are characterized by features that could result fundarhmtsome applications:
the potential well is deeper in germanium and tungsten @ae 2.1), while di-
amond is radiation hard and thermally stable. In this sadaidescription of the
performance of a diamond crystal is given.

Figure 4.17(a) shows the diamond crystal on its holder: tiistal is the little
piece at the end of the aluminum bar. Its dimensions are: 6 nenglit) x 2 mm
(thickness)x 150um (width). Because of its small dimensions, it has been nec-
essary to put a lead strip in front of the crystal to have adanglltiple scattering
to align the crystal itself on the beam.
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Figure 4.17: The diamond crystal. a) The diamond crystalsimolder: the pri-
mary curvature is obtained by microscratches on one of Ystairfaces. b) The
volume reflection.

Like the crystal undulator, the crystal curvature has n@&nbprovided by a
mechanical holder but through a series of microscratchesnenof the crystal
surfaces: if the grooves are implemented on a single sidegtthmic electric field
is rearranged to produce bent channels.

The performance of the diamond crystal is shown in figure ()1 7he red
points correspond to the mean values of the deflection amgjieodition for each
point of the angular scan; the error bars correspond to th8 RiMe mean volume
reflection deflection angle is about Juéad, and the acceptance is of the order of
1 mrad; no channeling peak has been found.

The obtained results are not discouraging: the crystal bas bharacterized
for the first time with the H8RD22 experimental setup; no X-raeasurement,
in fact, had been performed before putting it on the beamh &uaonited perfor-
mance is probably due to the fact that the microscratch ndaghoot precise like
the mechanical holder one, meaning that the bending cowetyedifferent from
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what expected. The success of this trial lies in the facttttetH8RD22 setup can
be seen as a factory to test new crystal materials and prioduethnologies.

4.1.4 The negative particles

Volume reflection with negative hadrons and muons has bgagriexentally con-
firmed in the October 2007 beam test on the SPS H8 line and Iaté&ugust

2008, on H4, exploiting the same setup (figure 3.4). The 18@/Gmcoming

beam consisted mainly of negative muons (50%) and pions&gsD%); the en-
ergy loss spectrum (in ADC units, measured by DEVA) is showfigure 4.18:
the low energy peak corresponds to muons (which are MIPs)e wte rest of the
spectrum identifies negative pions and kaons.

A I I S I SO MR SV BT | \|||
0 2000 4000 6000 8000 10000 12000
Energy (ADC)

Figure 4.18: The 180 GeV/c negative beam energy loss specthe peak at low
energy corresponds to negative muons, the rest is popugtewns and kaons.

The negative beam features are presented in figure 4.19e figli®(a) shows
the horizontal beam profile which has a RMS of 1.8 mm (whileviextical one is
2.1 mm); the incoming X divergence is 34.fi@ad (figure 4.19(b)), while the Y
one is 27.5%rad.

In the analysis, a geometrical region of 1 maround the beam center has
been considered. Particles with an incoming horizontalkeaimghe+8 prad range
(according to the critical angle that should4bd5 prad at 180 GeV/c) have been
taken into account.

Volume reflection with negative particles has been tested ith strip and
guasimosaic crystals: in particular the studies presentdds section have been
performed with the quasimosaic QM2 crystal (figure 3.15(a))
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Figure 4.19: The 180 GeV/c negative beam: a) the horizontdile RMS is
1.8 mm (the vertical one 2.1 mm); b) the X divergence is 3443id (the Y one
27.55prad).

Figure 4.20 shows the angular scan of the QM2 crystal witlatnegparticles:
this plot should be compared to the one with positive pasich figure 3.28. As
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Figure 4.20: The angular scan of QM2 with negative particles

far as the channeling orientation is concerned, negativicfes have a higher
dechanneling probability with respect to the positive orfldse mean channeling
deflection angle (right peak in figure 4.21(a)) is 59 4dd and its efficiency is
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(28.2+1.6)%, while the dechanneling efficiency (events within the pyeaks) is
(9.340.8)%", larger than the one measured with positive particte5%) [66].
It is due to the fact that the minimum of the potential for rnegaparticles is
close to the atoms, so the probability to lose the channeamglition is higher.
The volume reflection phenomenon has had the experimeniéitoation in the
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Figure 4.21: The channeling (a) and volume reflection (lgrdations with neg-
ative particles in the QM2 crystal. In figure (a) the chanmglpeak is on the
right.

October 2007 beam test; figure 4.21(b) shows the correspguidiflection angle
distribution: the most probable value is 14|8ad, while its efficiency is (984+
0.6)%.

4.2 Light particles: electrons and positrons

The analysis of the radiation emitted by 180 GeV/c positt@estrons in a vol-
ume reflection orientation is presented in this section. Sthdy of the radiation
emitted by volume reflected particles is still an open fieldeq the constraints on
the beam and on the experimental setup. On the other hars# $tiedies could
be a real breakthrough for several applications:

¢ the generation of intenggbeams for a positron source [72];

1The dechanneling efficiency has been evaluated as thegtifferof the channeling and amor-
phous ones, according to the definition given in equation 4.1
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¢ the collimation of electron-positron beams at the futunedr collider [73];
e the generation of intengebeams for medical applications.

For the 2007 beam test the setup shown in figure 3.4 has beénthiseesults
have been obtained exploiting what can be defined a spedeomethod, which
will be described in section 4.2.2, and have been comparddthe analytical
calculations.

4.2.1 The crystal behavior with light particles: analysis cits
and angular scan

Similarly to the proton case, the incoming particle tragegtis computed using
the spatial information of the Si1-Si2 microstrip silicoatéctors (section 3.2.1),
while the outgoing one is based on the information of Si2 aQ@® Bbecause of
multiple scattering, BC4 is used in place of BC3 only in caka missing hit on
BC3 due to a dead channel); the quasimosaic QM2 crystal lesgaesitioned on
the high precision goniometer (section 3.4).

The beam particles (which could be light particles, muonggit hadrons)
are “discriminated” by the electromagnetic lead-sciatdr calorimeter, DEVA
(section 3.2.2). The energy spectrum of the whole beam isshofigure 3.11(a):
the beam is formed by muons (65%), hadrons (12%) and lepR39s); An event
has been identified as a lepton if its signal exceeds an emtlergghold of 14000
ADC (red line in figure 3.11(b)).

As far as geometrical cuts are concerned, it must be corsidkat in princi-
ple, a particle impinging on the crystal should be deviatetpendently from its
hit position on the crystal surface. However, as alreadyvshia previous beam
tests, this is not true and the deflection angles depend ohitlp@sition, espe-
cially in the vertical direction (further explanations daafound in [66], while an
example will be presented later).

In order to obtain a homogeneous answer of the crystal behatierefore
reducing the background events, geometrical cuts have inggamented. Fig-
ure 4.22 shows the horizontal and vertical beam profiles atctistal position
(reconstructed with the first two detectors): the Gaussianpfiovide the RMS
values that are of the order 6/2.8 mm in X and~ 2 mmin Y.

The vertical red lines in figure 4.22 define the useful beargeaf5000,7000jm
in X, [12000,13500um in Y.

The incoming divergence has been measured by the first tiworsiletectors
to be 25.074urad in X and 46.5@rad in Y (figure 4.23).

The bent crystal is characterized by a critical angle of ttlekoof 15urad at
this energy. As already said, it is fundamental to selediqges with incoming
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Figure 4.22: The horizontal (a) and vertical (b) beam prsfdethe crystal posi-
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Figure 4.23: The horizontal (a) and vertical (b) incominglardistributions.

angles smaller than the critical one. In other terms, a bata divergence cut is
necessary: only the particles with an incoming angle inddgurad range have

been considered for the analysis.

In the vertical direction the problem is not so critical, smdivergence cuts
have been implemented.
Figure 4.24(a) shows an angular scan of the QM2 crystal wah GeV/c
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positrons: the crystal goes from the amorphous conditiadhed/R effect (high
efficiency and acceptance); then a channeling peak appeaifgally the crystal
goes back to the amorphous state.
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Figure 4.24: a) Angular scan. b) Deflection angle distrifmsiin the amorphous
(gray) and VR (blue) positions.

For each angular position, a deflection angle (defined asffieesthce between
the incoming and the outgoing angles) distribution is cote@u figure 4.24(b)
shows the angular distributions at the amorphous (gray)vatgmne reflection
(blue) positions. A Gaussian fit of the amorphous peak pes/&aRMS of 13.5jrad
which is given by the squared sum of the first two detectordiplelscattering
(most relevant) and the detector system resolution (niétgiy

The fact that radiation has been emitted can be seen in baite§id4.24(a),
4.24(b)): the VR Gaussian left tail in figure 4.24(b), for exae, is much higher
than the amorphous one. The quantitative analysis is pieg@nsection 4.2.2.

In order to show the non-homogeneous answer of the QM2 ¢rystaom-
parison between angular scans considering differentcantegions is given in
figure 4.25: considering two different vertical regions d inm each, the mean
deflection angles for the various effects are different. sTdifference is princi-
pally due to the non-homogeneous structure of the quasimosgstals and to a
possible torsional effect of the crystal on its holder.
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Figure 4.25: Angular scans considering different vertregions.

4.2.2 Energy loss by light particles

The radiation emitted by light leptons has been measureldiéxg what can be
defined a spectrometer method, which is schematically shofigure 4.26.

'_—"-——_______

B

Figure 4.26: The spectrometer method: a particle in VR cait ginotons (yel-
low dashed line), decreasing its momentum. A bending magpeets particles
depending on their momentum: the red line corresponds to0aGEs//c parti-
cle, while the black and blue lines correspond to particleElwhave lost energy.
Silicon detectors (light blue) are able to reconstruct taeiple trajectories.

A patrticle which impinges on the crystal can be in the amoygshaolume
reflection or channeling states, depending on the inconmigdeawith respect to
the crystallographic plane. In all these conditions, theigla can emit photons
(yellow dashed line) and lose energy/momentum. In a bennetag particle is
deflected depending on its momentum, following the equation

p6=0.3BL (4.11)
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wherep is the particle momentun§ the deflection angleB the magnetic field
andL the magnet length; in the 2007 beam tBkt=1.041 Tm.

Considering equation 4.11, a deflection angle distributenmbe translated in
an energy loss one: in figure 4.27 the main peak corresponitie th80 GeV/c
particles, while the tail is populated by particles whickdéost energy.
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Figure 4.27: The energy loss distributions for the amorgh@) and volume re-
flection (b) cases.

To compare the spectrum intensity and shape in the amor@mul¥R cases,
the energy spect@N/dE vs.E have to be computed: the number of the particles
in a given bin is divided by the bin width energy value and nalized; for the
positron case (thanks to the higher statistics) the binlwgls GeV, while for the
electrons is 10 GeV. The normalization is given by the nunabgrarticles in the
energy loss distribution); events with an energy smaller than 0 GeV or greater
than 180 GeV are due to the system intrinsic resolution.

The errors on the experimental energy spectrum are givehdwrcertainty
on the particle numbers in a given bin:

0% = — N (4.12)
& (NdE? '
As far as the momentum uncertainty is concerned, it is et@uaccording to
equation 4.11:

03BL \? , (180—p)*
2 2 2
OEnergy loss— <W) Og = WGQ (4.13)
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Og is the angular error mainly due to the multiple scatteringtgbution of the
material before the bending magnet and is of the order qira8.

4.2.2.1 The amorphous contribution

The amorphous spectrum is given by the bremsstrahlungtiadia the differ-
ent materials before the bending magnet; a positron whisbsl@nergy after the
magnet cannot be distinguished from an unperturbed ondvesmaterials after
the magnet must not be taken into consideration. The migéefore the bending
magnet were:

e two silicon detectors (2 300 um);

four aluminum sheets in the detector active windows @D um);

six beam pipe flanges (Mylar) (6180 um);

about 3 m of air;

the quasimosaic crystal40.09 cm).

The amorphous radiation spectrum has been simulated in tay®:wcon-
sidering the analytical calculation [63] and a GEANTS3 siatign. Figure 4.28
shows the comparison between the experimental data (bls¢ aod the calcu-
lated (black line) and simulated (red line) ones for posisto

4.2.2.2 VR radiation spectra

The volume reflection radiation experimental data have loeempared with the
simulation ones as shown in figure 4.29(a) for positronsft{bglectrons).

As stated in section 2.3.3, radiation is usually descrilmeteims of energy
loss, thatis adN/dE-E vs.E: figure 4.30(a) shows the experimental results (blue
dots for amorphous and red/green dots for VR) compared imglcalculated ones
(black lines) for positrons (figure 4.30(b) refers to elent).

The comparison between the experimental and calculated\elmsses spec-
tra shows:

1. agood agreement between the experimental and calcela¢egy ranges of
emittedy-quanta for positrons and electrons with these rangessymoral-
ing to the ones in the semiquantitative analysis of secti8r8Zfigure 2.25);

2. the experimental energy losses are smaller than the dechmmes of a
factora 1.7 for positrons andx 1.2 for electrons;
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Figure 4.28: The amorphous spectrum for a positron beamfighee shows a
good agreement between experimental data (blue dots) émdatad (black line)
and simulated (red line) ones.
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Figure 4.29: The volume reflection spectrum for positronsata electrons (b):
experimental data (red/green dots) are compared with tlcalated ones (black
line).

3. an agreement good enough between experimental and cedrgpectra for
the non-oriented case.

In particular the last item confirms the goodness of the spewtter method;
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Figure 4.30: The energy loss spectdN(dE - E vs. E) for the positron (a)
and electron (b) cases: the blue dots are the experimentaiphious data, the
red/green dots represent the volume reflection experirnrestalts, the black lines
identify the volume reflection and amorphous calculatedispe

thus, the differences in the VR radiation spectra shouldebearched in the ana-
lytical calculation or in the crystal physics. After a disston with the theoretical
experts, the main reasons of the discrepancies could baiegglas follows:

1. the multiple scattering of particles on the crystal attias not been consid-
ered in the analytical calculations;

2. the presence of a non homogeneity of the quasimosai@tsgaicture and
in particular the dependence of the bending radius from énggte hit po-
sition and the torsional effect due to the holder should besicered;

3. aconsistent number of particles {0— 15%) may be captured in the chan-
neling regime; even if they can exit channeling quickly, thation changes;

4. the radiation of two or morg-quanta by one particle has not been consid-
ered in the calculation.

4.3 And there is much more...

Only a small part of the results obtained in these two years haen presented in
this chapter. The detection system and the beam featuresatiawed to collect
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a huge amount of data that are still being analyzed. The stateting of the
crystal related phenomena has convinced the CERN Reseastl B> approve
a crystal collimation experiment in the SPS as describetienconclusions and
have aroused the interest of the ILC groups. If a list of issukre to be written
down, it could be summarized as follows:

e single silicon crystal Several tests have been performed with crystals
with different features: the primary curvature (in partasuthe data col-
lected with quasimosaic crystals have confirmed the reguésented in
section 4.1.1), the length and the shape (in particular guisimosaic to
check the uniformity);

e multicrystals. Several multicrystals have been tested: multistrip atgst
formed by 7, 8 and 14 strips, 5 strips mounted on piezoetectators (like
in the quasimosaic case, section 4.1.2) and multistripsiodd grooving a
large silicon crystal;

e axial channeling The study of the axial channeling has started in May
2007, thanks to the presence of a cradle on the goniometél éhannel-
ing occurs when a particle is entrapped in a string of atonstead of two
planes: the channeling in this case occurs both in the haatand verti-
cal directions. In particular, in a beam test performed enHd line this
year, a clear evidence of the “rosette” scattering (seémse2t1.5) has been
observed. Moreover, the phenomenon of the multi volumeatshie [74]
(where a patrticle is volume reflected by the different seampglanes of a
single crystal) allows to obtain a deflection angle~060 prad in a single
crystal;

e germanium crystals Apart from diamond, a germanium crystal has been
tested in 2007: volume reflection was present, while chamgpdias not
been observed even if germanium was expected to be moreeeffitian
silicon as far as channeling is concerned. Two reasons calaiexhis
behavior: the crystal has been bent too much (the channdgfigction
angle was~ 1 mrad) and the raw material was not pure enough;

e crystal undulator. The behavior of particles which impinge on a crystal
undulator has been studied in 2007 and 2008. The basic iteais® crys-
tal undulators with positrons and electrons to produce ot The test
with hadrons had to confirm its behavior as a bent crystal torope its
manufacturing parameters (shape, length and primary tueja



Chapter 5

Conclusions and outlooks

Crystals and channeling are in a way “old stuff”: from Staritieory in 1912 to
the first experimental observations in the '60s, from Tsyyaand its bent crystals
in 1976 to the dream of using them as collimators dating sbimgtike 30 years
ago.

The first part of this thesis work has tried to touch a few tegltat can be
considered the frontiers in the study of the channeling phema in bent crystals
and to show how this “old stuff” is in fact extremely up-totelathe replacement
of heavy and big objects like magnets and collimators witlalssimple ones as
silicon crystals is a captivating possibility which, anywaequires a dedicated
long and difficult R&D.

Since the middle of the '70s, the natural application forstajs seemed to
be beam collimation for high energy hadron colliders. ThHiroation system
in a modern accelerator is typically based on a multi-stygéesn where a first
collimator spreads the halo particles (which lower the luwsity) on the whole
solid angle, while secondary and tertiary collimators absle produced shower.
A bent crystal is able to steer particles in a given directiatt a high efficiency,
which means it could be used in place of the primary collim&ioreasing the
cleaning efficiency, reducing the constraints on the aligniof the secondary
collimator and finally increasing luminosity.

But collimation is just one of the possible applications efbcrystals: these
devices are currently under test for their possible usefferént fields, among
which microbeams and radiation production. The focusimmperties and the
channeling phenomena in nanotubes should be able to preergesmall beams
for biological and medical studies; radiation could be et in crystal undula-
tors or in bent crystals in the channeling and volume refs@atirientations.

The heart of this thesis work had a twofold purpose: desdhbemeasure-
ments performed by the H8RD22 collaboration in 2007 in otdelevelop a col-
limation system based on bent single and multi crystalsHersecond phase of

131
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the LHC collimation and give a few details on experimentabits that can be a
real breakthrough in other fields.

In 2006 the volume reflection phenomenon has been expemthecdvnfirmed
at high energies and, from there on, has been studied asdalsrnative to
channeling for collimation. In 2007 a new setup has beenemphted to study
the crystal behavior: a set of double siderh resolution silicon detectors has
been used to determine the trajectory of each particle wihigiinges on a bent
crystal positioned on a high precision goniometer to allym drystal itself with
the beam and perform an angular scan. The main improvem#ntaesgipect to the
2006 beam test is represented by the possibility to competeéeflection angle,
which is defined as the difference between the particle imegrand outgoing
angles.

The 2007 beam tests have been performed with positive aradinegarticles:
the crystals behavior has been evaluated with 400 GeV/opspi80 GeV/c posi-
tive and negative hadrons and muons and with 180 GeV/c elexand positrons.

As far as the 400 GeV/c proton tests, this thesis focusesem#asurement
of the dependence of the volume reflection parameters (tthectien angle, its
sigma and the efficiency) from the crystal curvature: thdyamais described in
detail together with the way systematic errors have beerpated. The goal is
not only to illustrate a result but to underline how the fiigitleveloped on H8
allows to take a huge amount of data and how the detectiormyistwell suited
in terms of spatial resolution for this kind of studies.

In order to increase the deflection angle (maintaining tleeptance and the
efficiency), a series of crystals has been used to exploitthki-reflection ef-
fect: different crystals have been aligned one with resfmettte other so that the
volume reflected particle on the first crystal is reflectechmgecond one, and so
on. The measurements have been performed on several njltigtstals (from 5
to 8 each) and on a 5 quasimosaic crystal system; in this dezase the relative
alignment has been obtained with remotely controlled sdrievrs and piezoelec-
tric motors. The performance was as expected: the defleatigle increased up
to 60prad (for the multistrip case), while the repeatability testformed on the
guasimosaic crystal ensemble showed the stability of thtegy.

Several world premieres have been obtained in these twa:ytar behavior
of bent crystals with negative particles (with a deep studh® volume reflection
phenomena) at 180 GeV/c and the study of a diamond crystalstran example.

At the time of writing, after the 2007 results (and in partgaeted in this thesis
work), the CERN Super Proton Synchrotron Committee (SP®@)tae CERN
Research Board have approved a crystal collimation tesh@SPS accelerator
ring [75].

Figure 5.1 shows a proposal of the setup for the CRYSTAL erpart, which
will be installed in the SPS LSS5 straight section. It wilhetst of 4 stations:
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Crystal (RD22
gonio)

approx 50m

pot + TAL
pot station

Figure 5.1: A proposal of the setup for the CRYSTAL experiti@Bb].

the crystal station: four crystals will be placed in special vacuum tanks
before the QF51810 quadrupole; the crystals will be botlsimuasaic and
strip in a single and multi configuration. They will be posited on 4 go-
niometers which will provide the lateral (to position thgstial on the beam)
and the angular movements;

the first roman pot (which is a vacuum station) where the first silicon de-
tectors will be placed. This station will monitor the beantohia the hori-
zontal direction to detect the volume reflection and changedffects. The
detectors will be double side microstrip silicon detectaadout by low
noise self triggering ASICs;
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e the second roman potwill consist of a similar set of detectors with the
option of monitoring the vertical plane; the vertical deteavill be a single
side detector readout by the Mythen2 ASICs (PSI) [76]. Thisan pot
will be placed at 90 in phase (about 60 m) with respect to the crystal in
order to maximize the distance of the steered beam parfrdesthe beam
core. The information given by the detectors in the two rompainstations
will allow to measure the phase space;

e the TAL station will consist of a tungsten secondary collimator to absorb
the channeled or volume reflected particles.

The beam will have an energy of 120 GeV/c (but also 55 GeV/@2afdseV/c
will be considered). The maximum flux must be compatible &ithAQ rate of
25 kHz but work is being done to increase this number to 100, kdd4ar as the
counting electronics for the vertical plane is concernbd,DAQ rate is at least
3 MHz per strip. The tracking systems will be synchronizedagithem and with
the goniometer movement.

The CRYSTAL experiment is very different from the H8 ones:aiwircular
accelerator, in fact, a particle can hit more than once ti@sidetectors and the
crystal; the contribution of the multiturn and multipasieefs (see chapter 1) must
be studied with a high precision. Moreover, the detectonmotibe positioned in
the beam because of the large number of particles of the bseih(up to 182
particles) and because they could perturb it; thus just #erbhalo has to be
considered. The halo will be intercepted at aroundff®@m the beam core @
= 0.71 mm af3max (See chapter 1)); if the particle population were too lowe th
crystal will be moved towards theo3region. Locating the tracking system in a
region with a phase difference of around@hd considering a steering angle for
the volume reflection of 10Qrad, a horizontal displacement of the particles of
3.6 mm is expected.

The beam halo will be created exploiting the technique usedessfully for
RD22 [77] in which the electrostatic deflector plates of tlRSSIumper system
apply random horizontal kicks to the particles. The kicks produced by an
external noise generator of limited bandwidth white notm®jpled to the power
amplifiers of the plates. These uncorrelated kicks make #necpes diffuse to-
wards the crystal. A collimation test is also foreseen aflféhatron (Fermilab) in
2010, using a particle beam of 980 GeV.

But crystals are not only collimation. The analysis perfedron the radia-
tion emitted by volume reflected light particles is a cleaaraple in this sense.
In the October 2007 beam test, the VR has been observed witlc28/c elec-
trons and positrons; high energy spectra (up-id0 GeV) have been measured
exploiting a spectrometer method based on large silicop d&tectors and on
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a sampling calorimeter for the electron identification. Du®d agreement be-
tween the experimental and analytical data for the non teteoase involves the
necessity of a deep study of the analytical calculation liervolume reflection
radiation spectrum and of a dedicated crystal for this kihcheasurements: the
theoretical explanations, in fact, are very complex andnatesupported by ex-
perimental results. Moreover a complete study of the chythavior with light
leptons foresees a complicate setup for the accurate nezasnot of the deflection
angles depending on the crystal angular position and thea@n of the radia-
tion emitted by particles which impinge on the crystal (gdigtiishing it from the
gamma background). The setup should be similar to the onershmofigure 5.2,
consisting of a position sensitive high resolution cal@tnt system and a high
resolution spectrometer.

CHIC
{CHanneling Imaging Calorimeter)

SR

GONIOMETER Sci-Ph imaging LEAD GLASS
N S§[2 +CRYSTAL SD3 BM calorimeter calorimeter
i e I I -

Figure 5.2: The ideal setup for the radiation spectrum nreasents: the mi-
crostrip silicon telescope (SDX), the high precision gométer (g), a bending
magnet (BM), the % x 9.5 cn? silicon beam chambers (BCX), the electro-
magnetic calorimeter (DEVA) for the lepton line and the hegtergy resolution
calorimeter system (CHIC) for the photon line.

The microstrip silicon detectors (SDX) are necessary tonstruct the crys-
tal behavior as a function of the angular position (as aledahe in the proton
beam test). The SD3 telescope should be removed (to redeiceutiple scatter-
ing) and a bending magnet separates the charged partiaie fo@a the gamma
one. On the charged particle line, the silicon beam cham({B£X) reconstruct
the particle trajectories, while a calorimeter (DEVA) theeggy (spectrometer
method). Moreover, on the gamma line, a high energy resmualorimeter sys-
tem (CHIC) reconstructs the gamma spectrum: CHIC is formedrbimaging
sampling calorimeter (to reconstruct the electromagreft@mver position) and a
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homogeneous one (e.g. lead-glass, for high precision gmeegisurements). In
order to select only light leptons, the trigger system camimemented using the
DEVA calorimeter.

The last word of this thesis work in then not an “end”.

Crystals have been studied for a long time. Now the techrysdegms mature
to try the application Tsyganov dreamed of 30 years ago:dmaldeam collima-
tion.

The use of silicon detectors have allowed the crystal eggertmake a jump
forward in the amount and quality of the experimental data.

Radiation seems to be the next dream about crystals. Thasrptbe studied,
experiments will require a lot of R&D and results will not besg to obtain. But
we are just at the beginning of (hopefully) another intengsthapter of the story

of crystals.



Appendix A

Data processing

The data used in chapters 3 and 4 are the result of a dedicadbdizs procedure
of the signals coming from the silicon detectors. To perfermiata taking with
this detector system, it is necessary to follow this “lisaofions”:

1. evaluation of the electronics baselipedestd), its noiseandcommon mode
these information are fundamental to set a threshold fdr séicon strip in
the ADCs to perform the so-callexkro suppressiofsection A.1);

2. for each event, particles can hit one or more silicon strifepositing en-
ergy. The corresponding charge is collected, amplified dridexceeds a
threshold, stored in the raw data files. A quasi online progsalects the
clustersof strips (which identify the passage of a particle) depegdn
their signal-to-noise ratio (SNR) for the final analysiscfgan A.2);

3. the quasi online program strips the raw data generatitigubASCII files,
containing all the necessary information on the detectmidlae goniometer
(section A.3).

A.1 Pedestal, noise and common mode

As explained in section 3.2.3, the energy released by acfgenerates a charge
which is integrated by a charge sensitive pre-amplifier, |drag@, converted to
current and sent to the ADC for the digitization. In case ofpasticles, there
is anyway a signal in the ADCs due to the complete electrodizsn (detec-
tor+ASICs+repeater+ADC itself): this baseline is callgedestal In order to
evaluate the pedestal, 200 random trigger events are deddrathe sequencer
in anticoincidence with the particles: the mean value faheehannel is called
pedestal, the RMS is calletise
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Figure A.1 shows an example of the pedestal analysis: the watae for each
strip (both for the junction and ohmic side) in figure A.1(adahe RMS noise
(black line) in figure A.1(b).
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Figure A.1: The pedestal analysis: a) the pedestal valuesfch strip of the ohmic
and junction side of a telescope. b) The corresponding miRi48 (in black) and
the noise RMS common mode subtracted (in red). The RMS vétudbhe two

sides cannot be compared in this plot given that the two AD&e Hdifferent

gains.

The red histograms in figure A.1(b) represent the noise RM8&mthe so
calledcommon modes subtracted. The common mode is the average shift of the
pedestal around the mean value due to external noise on tbetaebias lines.
The evaluation of the common mode is performed for each ASIfoliows:

¢ the pedestal and noise values for each strip are computed;

¢ the pedestal value is subtracted from the raw data eventdyt.elFor each
ASIC, the so obtained ADC values of the channels are summeahtpute
the mean value (which is the common mode); noisy and degukstre
excluded from this procedure;

e the common mode value is subtracted event by event from heaga and
the pedestal and noise values are re-computed.

Figure A.2(a) shows the common mode distribution for an ASHeé mean
value is 0, while the RMS is lower than 1 ADC. The common mode‘detector
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Figure A.2: a) The common mode distribution for a single ASitS value is
subtracted from the pedestal one for all the strips belantirthe ASIC itself on
an event by event basis. b) The common mode correlation betive ASICs of
the same silicon module.

feature”: figure A.2(b) presents the common mode corraldbetween the first
two ASICs of a detector.

Given the ADCs work is “zero suppression” (section 3.2.&jgstals are sub-
tracted online. The threshold for the zero suppressiontitose times the noise
RMS value (the overall one, not the common mode subtracteqd. oMo read
silicon detectors in this mode, the common mode contriloutiothe total noise
should be small; in presence of a high noise, the threshaldldibe increased,
reducing the detector efficiency in the worst case or the mumbstrips per clus-
ter (and thus the spatial resolution, see later on). On therdtand, high noise
and standard threshold means a larger number of stripsdgesamodule (since
they are over threshold) and thus a smaller DAQ rate.

A.2 Processing data

The DAQ system produces PAW N-tuple files with the data reggrithe detectors
(strips over threshold) and the goniometer (the positiazach motor) and further
information such as the spill number, the number of stept®scan, the trigger
type, the calorimeter (if present) measured energy. Thaletev are processed to
produce ASCII files with the most relevant information focka&vent.

This pre-processing consists in the identification of thestdrs (identifying
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the hits position), the selection of the events with oneteluper module, the
computation of the hit position in an absolute referencéesggonce the detectors
have been aligned).

To perform thecluster identificationfor each event and for each module, the
SNR of the strip with the maximum signal is computed. Therihation is called
pull and an example is shown in figure A.3. The strips with a SNR tdhan 5
have not been readout because of the zero suppression.

P P I AP AR AR RN RPN AR
20 40 60 80 100 120 140 160 180 200
SNR

Figure A.3: The signal-to-noise ratio for one of the modulessidering the strip
with the highest signal on the event: in practice the digtidn represents the
signal in RMS units. Thanks to the zero suppression, thetsweith a signal
lower than & have not been readout; in the analysis, a signal correspgrnadia
SNR>20 has been considered a hit by a particle.

According to the pull distribution, a strip has been consgden the analysis
if its signal was greater than @0

A particle which impinges on a silicon detector releasesgnereating elec-
tron -hole pairs that diffuse and doing so expand on sevéiigks This fact is
enhanced in the floating strip scheme (as in the junctioncidee telescopes or
in the beam chambers), where the readout pitch is doubleresiect to the phys-
ical one. Aclusteris a group of contiguous strips collecting the charge geadra
by one patrticle: the cluster central strip (according toghk) must have a signal
20 times larger than its RMS; the lateral strips must have R §hater than 6.
Figure A.4(a) shows the number of clusters in a module: 98#eévents have a
single cluster. To produce the ASCII files (section A.3),rayk cluster for every
horizontal module at the same time is requested: the totaCW events are in
general more than 80% of the raw ones.
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Figure A.4: a) The number of clusters in a module in logarithscale: in 98% of
the total cases there is only a single cluster per module.hb)iimber of strips
per cluster: the most probable values are 2 and 3.

The number of strips per cluster is shown in figure A.4(b):engral there are
2 or 3 strips per cluster.

Being this system an analog one, it is possible to evaluaterikrgy deposited
by a particle: the pulse height distribution is given by thensof the signals of
the strips which belong to a cluster and can be fitted with glfied Landau
functiont, as shown in figure A.5.

A.3 ASCIlI file

In the raw data stripping, an event is considered “good” Iifas a single cluster
for each horizontal module (single particle event). Theoped events are more
than 80% of the total ones.

The ASCII file contains the following information (an ASCtw corresponds
to one original event):

¢ the particle hit position for each silicon module;

e the number of strips per cluster;

IF(x) = Axexp—0.5% (A + exp(—A))), whereA = Lg) C is the most probable value

(B/4.02)
andB the FWHM.
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Figure A.5: The pulse height distribution.

¢ the energy released by the particle in the calorimeter; tiles
¢ the value of the goniometer motors;

o further information about the number of spill, number ofpstéor lateral,
angular and cradle scans) and the absolute event number.

A.4 The detector alignment

An important task for the analysis is the detector alignmentact, the detectors
have not been installed on the beam line with an absoluteerefe frame. Fig-
ure A.6 shows a typical situation: the red line which crogbesdetectors is the
mean trajectory of the unperturbed beam (without crystavitr a crystal in the
amorphous orientation).

The crystal behavior is evaluated by the deflection and)letliat is defined as
0 =[B—a. The incoming @) angle is defined as the ratio between the difference
of the first and the second detector hit positions and theuiist between the
modules, the outgoing on@)is the same, but considering the second and one of
the farthest detectors.

If the detectors were perfectly aligned, the angular distions would be cen-
tered on 0, which is not the case shown in figure. The first stéipecanalysis is
the relative alignment of the detectors consisting in twagds:

1. alignment of the first and last detector;
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Figure A.6: The detector alignment.

2. alignment of the central detectors via the residuals ateth

In the first step, the distribution of the difference betwésnfirst and the last
detector hit positions (both in the horizontal and vertiiagction) is considered:
these two detectors (SD1-SD4) are “aligned” when the thstion mean value is
very close to zero.

SD1 and SD4 are then used to reconstruct the track and cortgap®int it
crosses SD2 and SD3 (real position) with the reconstruated ®his difference
is calledresidual as already said in section 3.2.1, the distribution RMS e/alan
be used to evaluate the detector resolution. Shifting SRSB in order to get
a residual centered on O is the second phase of the alignment.

Using this method, the angular distributions (incominggoing and deflec-
tion angles) are therefore centered on zero.
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List of acronyms

ADC Analog to Digital Converter

AGILE Astro rivelatore Gamma a Immagini LEggero

ASCII American Standard Code for Information Interchange

ASI Agenzia Spaziale Italiana

ASIC Application-Specific Integrated Circuit

bcc body centered cubic

BNL Brookhaven National Laboratories

BTF Beam Test Facility

CERN European Organization for Nuclear Research
(Conseil Europeen pour la Recherche Nucleaire)

CFC Carbon-Fibre-reinforced Carbon

DAQ Data AcQuisition

DMA Direct Memory Access

fcc face centered cubic

FLUKA A fully integrated particle physics Monte Carlo simulatipackage

FWHM Full Width Half Maximum

IHEP Institute of High Energy Physics

ILC International Linear Collider

INFN Istituto Nazionale di Fisica Nucleare

IP Interaction Point

LET Linear Energy Transfer

LHC Large Hadron Collider

LINAC LINear ACcelerator

LNF Laboratori Nazionali di Frascati

MIP Minimum lonizing Particle

NASA National Aeronautics and Space Administration

NIM Nuclear Instrumentation Module

NSRL NASA Space Radiation Laboratory

PAW Physics Analysis Workstation

PCB Printed Circuit Board
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PIXE Particle Induced X-ray Emission
PMT Photo-Multiplier Tube

PNPI Petersburg Nuclear Physics Institute
PS Proton Synchrotron

R&D Research & Development

RBE Relative Biological Effectiveness
RBS Rutherford BackScattering

RF RadioFrequency

RMS Root Mean Square

SNR Signal-to-Noise Ratio

SPS Super Proton Synchrotron

Tcl/Tk Tool Command Language/Toolkit
VME Versa Module Eurocard

VC Volume Capture

VR Volume Reflection

WLS Wave Length Shifter



List of Figures

1.1 Transverse energy density as a function of beam momeimium
several accelerators and the super-conducting magnéts Att
ICE interactionpoint. . . . . .. .. ... ... ... ... ..., 8
1.2 The geometric and dynamic apertures. . . . . . ... ... . ...
1.3 The beam intensity as a function of the local cleaningisiency

forenergiesof 450 GevVand7TeV. . ... .. .......... 10
1.4 FLUKA simulations of the maximum energy deposit as a fiamc

of the mass length (and thus Z) for different materials. . ...... 12
1.5 Layout of the LHC collimation during phasel.. . . . . ... .. 12

1.6 Principle of collimation and beam cleaning during @ains in
phase | and normalized population of secondary and tetbiaayn
halo for protons impinging on the first collimators. . . . . . .. 13
1.7 Consumable collimators based on bars, wheels and tapes.. . 14
1.8 Traditional multi-stage collimation system and witmberystals. 15
1.9 Simulated channeling efficiency as a function of thetatyength

for the injection and operational energies. . . . . . . ... ... 16
1.10 Single and multi-reflection collimation systems. . . .. .. .17
1.11 Simulated channeling efficiency as a function of thestcaiysur-

face roughness and X-ray images of a crystal surface. . . . . . 18

1.12 Typical cell survival curves and two methods used farratieams. 20
1.13 The Bragg peak: dose deposit of photons, protons abhdrcéns

in water and general layout of the PIMMS design study. . . . . 22
1.14 PIXE spectrum of a stormwater particulate. . . . ... . ..... 24
1.15 An example of a microbeam facility for art studies. . .. ... 24
1.16 Number of counts for several elements in two pages oatize

lyzed manuscript. . . . . . ... L 25
1.17 The principle of beam focusing with a bent crystal aneéxgveri-

mentalexample. . . . . . . ... 26
1.18 Simulation of several nanotube structures. . . . . .27
1.19 The continuous potential within a carbon nanotube bfn]:n of

diameter and the same nanotube bemiwiR=1 GeV/cm . . . . 27

147



148 LIST OF FIGURES

1.20 Number of channeled particles as a function of the mdr@otur-

vature. . . . . . . e e e e 28
1.21 Synchrotron radiation emission and spectrum. . . . . . ... 29
1.22 Theundulatormagnet. . . ... ... ... ... .. ....... 30
1.23 Undulator radiation cone and radiation energy spectru . . . . 31
1.24 The wiggler continuous spectrum emitted ina cone. . . . . . 33
1.25 Synchrotron radiation from bending magnets, multipigglers

andundulators. . . .. ... ... L 33
1.26 Crystallographic plane distorsion near a surfacetdtrarystal

undulator scheme and an example of a microgroove on theatryst

surface. . ... 34
1.27 X-ray test of a crystal undulator and a crystal undulest on a
circulating high-energy protonbeam. . . . . . . .. ... .. ... 35
1.28 Deflection beam profile and efficiency for two values efdtystal
orientationangle. . . . . .. ... ... .. o o 36
1.29 Schematics of the setup to measure the photon emissioerys-
tallineundulator. . . .. .. .. .. ... ... .. .. .. ..., 37

1.30 The expected photon spectrum for 800 MeV and for 3 Geltrpos. 37

2.1 The main planes of the simple cubic lattice. . . . ... .. ... 41
2.2 The diamond crystal structure is a face centered cubic.. . . . 41
2.3 Motion of a particle misaligned with respect to the cayand the
average potentialduetotheplane. . . ... ... .. ... .... 42
2.4 The (100) silicon potential in the Moliere approxineatiat differ-
enttemperatures. . . . . . . .. e 43
2.5 The interplanar potential for the (110) and (111) silichannels. 44
2.6 The particle motion in the channel is guaranteed by thallsm

transverse momentum. . . . ... ... 46
2.7 The trajectories of 450 GeV/c simulated protons in a)%iiton
plane for a straightcrystal. . . . .. .. ... ... ........ 46

2.8 Computedp trend as a function gbvfor (110) and (111) Si crys-
tals and experimental results on the measurement of theadech

neling lengthinsilicon. . . . . . ... ... ... .. ....... 50
29 Theaxialchanneling. . . . ... ... ... ... ....... 50
2.10 The transverse electric fields in the Moliere appration. . . . . 51
2.11 The bent crystal scheme and the mechanical holder. . ....... 52
2.12 The channeling motion of a particle ina bentcrystal ...... . . 54
2.13 The effective interplanar potential for a (110) Si ¢aysn the

Moliere approximation for a straight channel. . . . . ... ... 54
2.14 Possible particle trajectories in a straight and beystal. . . . . . 57

2.15 Volume captureeffect. . . . . .. .. ... .. Lo 58



LIST OF FIGURES 149

2.16 \Volume reflection phenomenon. . . . . ... ... ... .. ... 60
2.17 The effective potential at the turning point. . . . . . 62
2.18 Electron density and the mean energy loss as a functlmeo

transverse coordinate and calculated and measurags yield as

a function of the incident particlesangle. . . . . . . . ... ... 64
2.19 Energy loss spectra of 15 GeV/c protons in a 0.74 mm geuma

crystal. . . . . . 65
2.20 Radiation emitted by 10 GeV/c positron and electromisaahich

impinge on a (110) 0.1 thick siliconcrystal. . . . . ... ... .. 76
2.21 Schematic view of a channeled particle motion in a beystal. . 68
2.22 The intensity of radiation emitted by relativistic gomns f =

10% in bent crystals as a function of the crystal curvature. ..... 69
2.23 Radiation spectra in the forward direction of a relatig positron

inabentchannel. . ... ... ... .. ... ... ..., 70
2.24 The radiation spectrum for positrons channeled albeg(110)

planesinabentsiliconcrystal. . .. .. ... ... ........ 71
2.25 The relative transverse velocitieg/€) of 180 GeV/c positrons

and electrons at volume reflection. . . . . .. ... ... ... .. 73
2.26 The maximum energies of tguanta. . . . . . . ... ... .. 74
2.27 Differential radiation energy spectrum for positransl electrons

in a 0.45 cm silicon crystal with respect to the amorphoudreon

bution. . . . . ... 75
3.1 The CERN acceleratorcomplex. . . . ... ... ... ...... 78
3.2 The North Area complex. The H8 line is the first from thettiot. 78
3.3 The May and Novembersetup. . . . .. .. .. ... ... .... 79
3.4 TheOctobersetup. . .. ... .. .. .. .. ... ... 80
3.5 Thetelescopedetectors.. . . . . ... ... .. ... ....... 82
3.6 The VA2 ASIC architecture. . . . ... ... ... ........ 83
3.7 The residual distribution of one of the telescopes. . ...... . . 83
3.8 The AGILE beamchambers. . . . ... ... ... ........ 84
3.9 The residual distribution of an AGILE beam chamber: thexage

RMSvalueis20.9m. . . . . . .. .. ... ... 85
3.10 The DEVA calorimeter. . . . . . . . . . .. .. ... ... .... 86
3.11 The DEVAspectra. . . . . . . . . . . . . . ... 86
3.12 The DAQchain. . . . . . . . . . . . . . . e 87
3.13 The DAQuserinterface. . .. .. ... ... ... ........ 88
3.14 The repeater board on a telescope module. . . . . .. .. .. . 89
3.15 Thequasimosaiccrystal. . . . .. ... ... ... ........ 90
3.16 Thestripecrystal. . . ... ... ... . . ... ... ... ... 91

3.17 The multireflection principle in a collimation system.. . . . . . 92



150 LIST OF FIGURES

3.18 The multireflectionsystem. . . . . . . .. .. ... ... . .... 93
3.19 The remotely controlled alignment systems. . . . . .. ...... 93
3.20 The goniometersystem. . . . . . . . . . . . . ... ... 94
3.21 The horizontal and the vertical beam sizes for the prbe&am. . . 95

3.22 The horizontal and the vertical beam sizes for the fystieam. . 96
3.23 The horizontal and the vertical incoming divergenceste pro-

tonbeam. . . . ... 96
3.24 The horizontal and the vertical incoming divergencegtie po-
sitronbeam. . . . . . .. 97
3.25 The deflection angle distribution for the amorphous \aridme
reflectioncases. . . . . . . .. ... oo 97
3.26 The pre-alignmentlasersystem. . . .. ... .. ... ..... 8 9
3.27 Thelateralscan. . . . . . .. .. .. ... .. . ... . .. ..., 99
3.28 Theangularscan. . . . . .. ... .. ... . ... 100
4.1 Angular scan of the ST9 crystal with a primary curvaturatmut
36 M. . e e 103
4.2 Horizontal and vertical geometrical cuts applied indhalysis to
reduce the backgroundevents. . . . ... .. ... ........ 105
4.3 The channeling orientation moving the crystal or setgatliver-
genceslices. . . . . . ... 105
4.4 The channeling efficiency evaluated considering deecg slices
of2urad. . ... 106
4.5 The channeling efficiency as a function of the amplitutiéhe
divergence region in the horizontal direction. . . . . . . . .. 107
4.6 The channeling efficiency as a function of the amplitutléhe
divergence region in the vertical direction. . . . . . .. .. .. 108
4.7 Gaussian fit of the deflection angle in the amorphousipadibr
the36mecase. . . . . . . . .. . 108
4.8 Channeling position forthe36 mcase. . . . . ... ... ... 091
4.9 The volume reflection position for the 36 mcase. . . .. . ...110
4.10 The VR peak position and its corresponding RMS. . . . . .. .112
4.11 The VRinefficiency. . . . . . . .. ... . . ... ... .. ... 113
4.12 The MQM5 alignment. . . . . . . . ... .. ... ... .. ... 114
4.13 The MQM5fineangularscan. . . . . . ... .. ... ...... 114
4.14 The MQM5 performances. . . . . . . . . . . . .. ... ... 115
4.15 The MQM5 VR efficiency. . . . . . . ... ... .. ... .... 116
4.16 The M8 multistrip crystal performances. . . . . .. ... ... 117
4.17 Thediamondcrystal. . . . ... ... .. ... ... ....... 118
4.18 The negative beam energy loss spectrum. . . . .. ... .. 119.

4.19 The negative beam shape and divergence. . . . ... .. .. 120.



LIST OF FIGURES 151

4.20
421

4.22
4.23
4.24

4.25
4.26
4.27

4.28
4.29
4.30

5.1
5.2

Al
A.2
A.3
A4
A5
A.6

The angular scan of QM2 with negative particles. . . . ...... 120
The channeling and volume reflection orientations W&gatlve
particlesintheQM2crystal. . . .. ... ... .. ... ..... 121
The horizontal and vertical beam profiles at the crystaltion. . 123
The horizontal and vertical incoming angle distriobng. . . . . . 123
Angular scan and deflection angle distributions in therphous

and VR positions for a positron beam which impinges on the QM2
crystal. . . . . .. 124
Angular scans considering different vertical regions. . . . . . 125
The spectrometer method. . . . .. .. ... ... ........ 125
The energy loss distributions for the amorphous andmelre-
flectioncases. . . . . . . . . ... . 126
The amorphous spectrum for a positronbeam. . . . . . . .. 128
The volume reflection spectrum for positrons and edestr. . . . 128
The energy loss spect@dN/dE - E vs. E) for the positron and
electroncases. . . . . . . . ... 129
A proposal of the setup for the CRYSTAL experiment. . . ... 133
The ideal setup for the radiation spectrum measurements . . 135
The pedestalanalysis. . . . . .. .. ... ... ... ....... 138
The commonmode analysis. . . .. ... ... .......... 139
The pull distribution. . . . . . . .. ... ... ... L 140
Number of cluster per module and number of strips pertelus . 141
The pulse height distribution. . . . . . . ... ... .. ..... 421

The detector alignment. . . . . . .. ... ... ... ....... 143






List of Tables

21

2.2

3.1
4.1

4.2

4.3

Main parameters of the silicon, germanium and tungskamap
channels. . . .. . .. . . . . ... 44
The potential well depth of some axial channels for ailicger-
manium and tungsten crystals at room temperature. . . . . . . 52.

The goniometer system features. . . . . .. .. ... ....... 94

The channeling peak position, its sigma and the primanging

value with the corresponding error. . . . . . . ... ... ... .. 109
The VR parameters: the peak position, its sigma and tkfe in
ficiency for each value of the primary bending radius withirthe

statistical and systematicerrors. . . ... ... .. ... .. .. 111
The repeatability test results on the MQMS5 crystal restyoton-
trolled by piezoelectric motors. . . . . . . ... ... ... .... 116

153






Bibliography

[1] O. S. Bruning et al. LHC Design ReportCERN, Geneva, 2004.

[2] J. Resta Lopez.Design and Performance Evaluation of Nonlinear Colli-

mation Systems for CLIC and LH@hD thesis, Valencia Univ., Valencia,
2007.

[3] G. Robert-Désmolaize. Design and performance optition of the LHC

[4]

[5]

[6]

collimation system. Technical report, CERN, 2006.

R. W. Assmann et al. . Requirements for the LHC collimatsystemLHC-
Project-Report-599page 4, 2002.

R. W. Assmann et al. . Designing and building a collimatgystem for the
high-intensity LHC beamLHC-Project-Report-640page 4, 2003.

N. Catalan-LasherasTransverse and Longitudinal Beam Collimation in a
High-Energy Proton Collider (LHC) PhD thesis, Zaragoza Univ., Geneva,
1998.

[7] J. B. Jeanneret. Optics of a two-stage collimation systehys. Rev. Spec.

[8]

[9]

[10]

[11]

Top. Accel. Beam - LHC-Project-Report-24&ge 13, 1998.

P. Sievers et al. . Appropriate materials for LHC collioas. Workshop on
LHC performance, Chamonix, Franc2003.

H. Burkhardt et al. . Measurements of the LHC collimatopedance with
beam in the SPS.HC-Project-Report-831page 4, 2005.

R. W. Assmann et al. . The final collimation system for th¢C. LHC-
PROJECT-Report-91page 4, 2006.

A. Bertarelli et al. . Mechanical design for robustne$she LHC colli-
mators. 21st IEEE Particle Accelerator Conference, Knoxville, TRGA
2005.

155



156 BIBLIOGRAPHY

[12] R. W. Assmann etal.. LHC collimation design and resiutisn prototyping
and beam testd.HC-Project-Report-850page 4, 2005.

[13] J. Frisch et al. . Advanced collimator prototype res@dtr the NLC. Beam
Instrumentation Workshop 2000: Ninth Workshb$6(1):374-382, 2000.

[14] F. Zimmermann et al. . New final focus concepts at 5 TeV laeybnd.8th
Workshop on Advanced Accelerator Concep€98.

[15] V. M. Biryukov. Crystal simulations: the road from théS to the LHC.
Technical Report physics/0507130, 2005.

[16] R. W. Assmann. Collimators and cleaning, could thistithe LHC perfor-
mance?Workshop on LHC performance, Chamonix, Frar2@03.

[17] A. Vomiero et al. . Structure and morphology of surfaéeibcon crystals
to be applied for channeling at relativistic energilsicl. Instrum. Meth. B
249:903-906, 2006.

[18] A. G. Afonin et al. . High-efficiency beam extraction acallimation using
channeling in very short bent crystaRhys. Rev. Lett87:94802, 2001.

[19] A. Baurichter et al. . Channeling of high-energy pdescin bent crystals:
experiments at the CERN SPRucl. Instrum. Meth. B164:27-43, 2000.

[20] S.I. Baker etal. . Effects on channeling of radiatiomadae due to 28 GeV
protons.Nucl. Instrum. Meth. B90:119-123, 1994.

[21] M. Folkard et al. . The use of radiation microbeams teestigate the by-
stander effect in cells and tissudsucl. Instrum. Meth. A280(1):446—450,
2007.

[22] J. M. Lagniel et al.. Status of the hadrontherapy prisjecEurope Particle
Accelerator Conference 2002007.

[23] U. Amaldi. The Italian hadrontherapy project CNAOPhys. Medica
XVII(1), 2001.

[24] L. Badano et al. . Proton-lon Medical Machine Study (&), 1. CERN-
PS-99-010-Dlpage 232, 1999.

[25] P. J.Bryant etal.. Proton-lon Medical Machine StudyM®S), 2. CERN-
PS-2000-007-DRpage 340, 2000.

[26] F. Meot et al. . Etoile hadrontherapy project, reviewdasign studies.
European Particle Accelerator Conference 200002.



BIBLIOGRAPHY 157

[27] M. Durante et al. . Preparatory study of investigatiome biological effects
of radiation.European Space Agency - ESA-ESTEQDG.

[28] J. Kennedy et al. . Elemental analysis of urban storranaarticulate matter
by PIXE. Nucl. Instrum. Meth. B258(2):435-439, 2007.

[29] J. Kennedy et al. . Microprobe analysis of brine shrimmgwgn on meteorite
extracts.Nucl. Instrum. Meth. B260(1):184-189, 2007.

[30] M. Hajivaliei et al. . Application of PIXE to study anaié Iranian silver
coins. Nucl. Instrum. Meth. B266:1578-1582, 2008.

[31] A. Migliori et al. . Scanning-PIXE analysis of gold laeenbroideries in a
relic of St. FrancisNucl. Instrum. Meth. B266:2339-2342, 2008.

[32] M. Massi et al. . The external beam microprobe facilityFHlorence: set-up
and performanceNucl. Instrum. Meth. B190(1-4):276—-282, 2002.

[33] R. Cambria et al. . A methodological test of externalrhd@ XE analysis
on inks of ancient manuscriptblucl. Instrum. Meth. B75:488-492, 1993.

[34] V. M. Biryukov et al. . Channeling technique to make nacale ion beams.
Nucl. Instrum. Meth. B231(1-4):70-75, 2005.

[35] A. I. Smirnov et al. . First results from a study of a 70 Gpkbton beam
being focused by a bent crystallucl. Instrum. Meth. B69(2-3):382—-384,
1992.

[36] G. N. Greaves and C. R. A. Catlowpplications of synchrotron radiation
Chapman and Hall, 1990.

[37] D. T. Attwood. http://www.coe.berkeley.edu/AST/sxreuv/

[38] W. Gudat and J. Pfluger. Undulator-wiggler magnetddar energy storage
rings. Zeitschrift fir Physik B Condensed Matte§1(4):483-491, 1985.

[39] J. A. Clarke.The Science and Technology of Undulators and Wigglers
ford University Press, 2004.

[40] S. Bellucci et al. . Experimental study for the feastiilof a crystalline
undulator.Phys. Rev. Lett90:034801, 2003.

[41] V. M. Biryukov, Y. A. Chesnokov, and V. I. Koto\Crystal Channeling and
Its Application at High-Energy AcceleratarSpringer, 1997.



158 BIBLIOGRAPHY

[42] A. G. Afonin et al. . Crystal undulator experiment at IRENucl. Instrum.
Meth. B 234(1-2):122-127, 2005.

[43] S. Bellucci etal.. Crystal undulator as a novel compactrce of radiation.
Particle Accelerator Conference 2003003.

[44] S. Bellucci et al. . Crystal undulator as a new compaats® of radiation.
Phys. Rev. ST Accel. Beari$2):023501, 2004.

[45] J. Stark.Phys. Z5.13:973, 1912.

[46] E. Tsyganov. Some aspects of the mechanism of a chargelppenetra-
tion through a monocrystakermilab preprint TM-6821976.

[47] E. Tsyganov. Estimates of cooling and bending proceksecharged parti-
cle penetration through a monocrystaérmilab preprint TM-6841976.

[48] J. Lindhard. Motion of swift charged patrticles, as ieihced by strings of
atoms in crystalsPhys. Lett. 12:126-128, 1964.

[49] H. Kumm et al. . Rosette motion and string scattering@M&V electrons
in MgO single crystalsRadiation Effects and Defects in Solid2:53, 1972.

[50] Y. H. Ohtsuki, Y. Yamamura, and M. Yoshimatsu. Axialaztneling radia-
tion of MeV electrons in highg materials.Phys. Rev. B28(7):3718-3724,
Oct 1983.

[51] A. F. Elishev et al. . Steering of charged particle tctgeies by a bent
crystal. Phys. Lett. B88:387-391, 1979.

[52] A. M. Taratin and S. A. Vorobiev. Deflection of high-eggrcharged par-
ticles in quasi-channeling states in bent crystaMucl. Instrum. Meth. B
26:512-521, 1987.

[53] Yu. M. Ivanov et al. . Volume reflection of a proton beansitent crystal.
Phys. Rev. Lett97(14):144801, 2006.

[54] A. M. Taratin and W. Scandale. Volume reflection of higihergy protons in
short bent crystaldNucl. Instrum. Meth. B262(2):340-347, 2007.

[55] V. A. Maisheev. On volume reflection of ultrarelativisparticles in single
crystals.physics/0607002006.

[56] L. Landau. Energy loss of fast particles by ionizatiadlournal of Physics
8:201-205, 1944.



BIBLIOGRAPHY 159

[57] J. F. Bak et al.. Measurement of average electron dessit Si and Ge
using MeV &-rays produced by channelled high-energy projectilisiicl.
Phys. A 389:533-556, 1982.

[58] S. Bellucci and V. A. Maisheev. Coherent bremsstrablimimperfect peri-
odic atomic structurePhys. Rev. B71(17):174105, 2005.

[59] J.Bak etal.. Channeling radiation from 2-55 GeV/c #&l@ts and positrons:
planar caseNucl. Phys. B254:491-527, 1985.

[60] A. M. Taratin and S. A. Vorobiev. Radiation of high-eggmositrons chan-
neled in bent crystalfNucl. Instrum. Meth. B31:551-557, 1988.

[61] A. W. Saenz and HUberall. Coherent Radiation SourceSpringer, 1985.

[62] L. D. Landau and E. M. LifshitzThe classical theory of field$?ergamon,
Oxford, 1971.

[63] Yu.A.Chesnokov etal.. Radiation of photons in procgfssharged particle
volume reflection in bent monocrystalINST, 3:P02005, 2008.

[64] V. N. Baier et al. . Electromagnetic processes at higérges in oriented
single crystals. Singapore World Scientific, 1998. Singapo

[65] V. A. Maisheev. Volume reflection of ultrarelativispparticles in single crys-
tals. Phys. Rev. ST Accel. Beari§(8):084701, 2007.

[66] S. Hasan. Bent silicon crystals for the LHC collimatistudies with an
ultrarelativistic proton beamMaster degree thesidJniversita degli Studi
dell'Insubria, 2007.

[67] UAL Collaboration. Further evidence for charged intediate vector bosons
at the SPS collidePhys. Lett. B129(3-4):273-282, 1983.

[68] L. Celano etal.. A high resolution beam telescope wiilh double sided
silicon strip detectorsNucl. Instrum. Meth. A381:49-56, 1996.

[69] G. Barbiellini et al.. The AGILE silicon tracker: testhm results of the
prototype silicon detectoNucl. Instrum. Meth. A490:146-158, 2002.

[70] M. Prest etal.. The AGILE silicon tracker: an innovatigray instrument
for space Nucl. Instrum. Meth. A501:280-287, 2003.

[71] W. Scandale et al. . Apparatus to study crystal changedind volume
reflection phenomena at the SPS H8 beamR®:. Sci. Inst.79(2):023303,
2008.



160 BIBLIOGRAPHY

[72] H. Okuno et al. . Experimental study of positron prodoctfrom a W
single crystal by the KEK 8 GeV electron linac beaNucl. Instrum. Meth.
B, 201(1):259-265, 2003.

[73] A. Seryi et al.. Design of the Beam Delivery System fog thternational
Linear Collider.Particle Accelerator Conference 0Z007.

[74] V. Tikhomirov. Multiple volume reflection from differg planes inside one
bent crystal Phys. Lett. B655:217-222, 2007.

[75] W. Scandale and M. Prest. Proposal of the CRYSTAL expenit. Technical
Report CERN-SPSC-2008-014. SPSC-P-335, 2008.

[76] B. Schmitt et al. . Development of single photon cougtitetectors at the
Swiss Light SourceNucl. Instrum. Meth. A518(1):436—439, 2004.

[77] F. Ferroni et al. . Proton extraction from the SPS witheatixrystal.Nucl.
Instrum. Meth. A351(1):183-187, 1994.



Acknowledgments

There are a lot of people that | would like to acknowledge @it contribution to
this thesis work. First of all the organizations which haupported the described
research: CERN, INFN (section of Milano Bicocca and Tripat&l the Univer-
sity of Insubria. Many thanks to the HBRD22 collaboratiod anparticular to its
spokesman, Walter Scandale, for the support and the frdigaussions in these
two years.

Many thanks to the splendid group of students at the PhyBiephrtment at
the University of Insubria: Alessandro, Aldo, Andrea, Dedaj Selene, Valerio;
thanks really a lot for the help and friendship. In particutaany thanks to Said
for the time spent during the beam tests and all the secretd aknt crystals that
| could learn from him.

Many thanks to Erik, for his helpfulness and support durlmgwhole period
of this work (and not only!) and for the huge amount of valedbhkrning received
from him in several fields.

Finally, | would like to thank the person who has allowed &lilos: Michela.
Thanks for the opportunities in these three years, for the Spent on the analysis
or making plannings, for all the things which | have learned,aespecially, for
trusting in me. Thanks!

At the end, thanks to my family, for always being there.

161






