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Riassunto

Questa tesi e incentrata sullo studio del channeling eat@rhieni ad esso cor-
relati che avvengono in cristalli incurvati. Gia nel 19R2ark ipotizzo che in un
cristallo alcune direzioni potevano essere piu trasgaatpassaggio di particelle
cariche rispetto a quanto accade in un materiale amorfo.

L'idea di Stark rimase tale fino agli anni Sessanta quandersgiesperimenti
mostrarono I'anomalo potere penetrante di fasci di ioniristalli. Da allora, il
channeling in cristalli € stato intensamente studiatossb®&nergie.

Nel 1976, Tsyganov propose di sfruttare il channeling istetli incurvati per de-
flettere fasci di particelle di alta energia, un’idea ch&éroonferma sperimentale
nel 1979 al Fermilab; cio apri la strada allo sviluppo dimarose applicazioni:
dallo steering dei fasci all’estrazione di fasci second#ailo sviluppo di micro-
fasci alla produzione di fasci intensi di fotoni di altissirenergia.

Il lavoro di tesi & stato svolto nel contesto della collamone HBRD22, che
sta sviluppando un innovativo sistema di collimazione pge€lbasato su cristalli
incurvati, finalizzato al raggiungimento della sua lumiteosominale.

Il channeling (come gli altri fenomeni ad esso correlati)u@go quando una
particella carica attraversa un cristallo allineata rigpad un suo piano (o asse);
in questo caso, l'interazione tra le particelle e gli atorel dristallo non e piu
rappresentata da una serie di eventi non correlati tra toeopu® essere descritta
come il movimento della particella in un campo elettrico medhe formando
una buca di potenziale € in grado di confinare il moto delligella.

Se la particella ha carica positiva, viene confinata in ug#res del cristallo
lontana dai nuclei atomici caratterizzata da una bassatdeh®lettroni, il che si
riflette in una soppressione sia dello scattering multigalella perdita di energia
per ionizzazione.

La capacita di confinamento mostrata dal potenziale itdera&o del cristallo
puo essere sfruttata per deviare la traiettoria delleigei® che lo attraversano.
Cio si ottiene piegando il cristallo in modo da produrre woavatura dei piani
atomici, che e in grado di deviare la particella carica auatf nella buca di poten-
ziale prodotta dai piani cristallini.

In un cristallo curvo la condizione di tangenza tra il canfdemato dalla
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4 Riassunto

buca di potenziale e la traiettoria della particella pu@raviuogo, a seconda
dell'orientazione del cristallo, in un punto al suo intetimel volume cristallino);
in questo caso due fenomeni possono avvenire: la cattunale (volume cap-
ture) o, con maggiore probabilita, la riflessione dellatipalla dal lato opposto
rispetto alla curvatura (volume reflection).

Un completo studio sperimentale del fenomeno di volume ctdie e stato
svolto durante I'attivita di tesi; infatti I'elevata effenza ed accettanza angolare
che caratterizzano questo processo di deflessione lo renuhoticolarmente in-
teressante per essere sfruttato in un sistema di collimazio

L'idea alla base di tale sistema consiste nell’'usare utiatiscurvato come un
collimatore primario intelligente, che estragga le paite dall’alone del fascio
dirigendole su un assorbitore; in questo modo si raggiwetger un’efficienza
molto piu elevata di quella ottenibile in un tradizionalstema di collimazione
multi stadio in cui si utilizza un bersaglio amorfo come ouoktore primario.

Gli studi effettuati presso gli acceleratori di Fermilabifbis), RHIC (New
York) e IHEP (Protvino, Russia) per verificare la fattildlidi una collimazione
basata sui cristalli costituiscono il primo passo nellduigypo di questo sistema
innovativo indirizzato ai collisori adronici attuali e fwt. | primi due capitoli
della tesi contengono un riassunto dei principali concggtiardanti i fenomeni
connessi al passaggio di particelle cariche nei cristallna panoramica di cio
che e stato finora fatto al fine di sfruttare questi fenomemila collimazione.
Particolare enfasi & dedicata al caso di LHC: gli attuatiti del suo sistema di
collimazione sono discussi assieme alle possibilitaeedifficolta che un sistema
basato su cristalli incurvati comporterebbe.

Nel Settembre 2006, si € svolto un testbeam sulla lineasdideH8 del’'SPS
(CERN) con protoni di momento pari a 400 GeV/c; lo scopo dsferimento era
effettuare misure accurate degli effetti di channeling kin reflection utiliz-
zando i cristalli di ultima generazione.

Un goniometro ad alta precisione e un sistema di rivelazlmasato su detector
a microstrip di silicio sono stati installati per allinedteristallo e misurare gli

angoli di deflessione delle particelle. Il setup e deswiitt dettaglio nel terzo
capitolo.

Il fulcro della tesi & contenuto nel capitolo quattro, in supresenta in det-
taglio I'analisi dei dati raccolti con i detector a micraptdi silicio (in origine
disegnati per il satellite AGILE); i dati provenienti daiversi detector sono stati
utilizzati per ricostruire la traccia delle singole padiie, una novita nel campo
del channeling dal momento che di solito per effettuare gj@esperimenti si im-
piegano rivelatori a integrazione.

Grazie alla presenza di un rivelatore ad alta risoluziorstgwicino al cristallo,
e stata effettuata I'analisi delle proprieta del crilstéh funzione della posizione
in cui e attraversato dalle particelle. Cio ha permesssclaperta di un effetto
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di rotazione del cristallo rispetto alla direzione vertecahe € stato successiva-
mente interpretato come una torsione provocata dalle fappdicate per ottenere
la curvatura.

La volume reflection e stata osservata per la prima volta estguenergia
confermando l'elevata efficienza e accettanza angolargspaesia teoricamente
che tramite simulazioni MontecarlcE stato effettuato un test con due cristalli
allineati, attraversati dal fascio in successione, otteoela doppia riflessione
delle particelle entranti. | dati relativi a questo test s@tati analizzati riscon-
trando anche in questo caso la torsione dei cristalli, teffatilizzato durante
I'analisi per discriminare il contributo dei singoli crédti nel risultato finale.

Si e sviluppato un metodo di misura delle efficienze deidiveffetti di defles-
sione prodotti dai cristalli; questo metodo applicato rieetsi casi ha dato risul-
tati consistenti e compatibili con le previsioni teorickeg¢ misurata un’efficienza
di riflessione superiore al 98%.

L'ultima parte della tesi € una panoramica su come il sepgrigientale e
stato modificato per le successive prese dati grazie adiespza maturata du-
rante I'esperimento di Settembre 2006 e la successivasadali. Questi cambia-
menti si sono concretizzati nel testbeam molto interegsadintlaggio 2007 il cui
setup sperimentale € brevemente descritto nel capitotw® slono anche mostrati
i miglioramenti ottenuti rispetto al precedente sistemaiwklazione. Durante
I'esperimento sono stati compiuti test su multi-riflettoastituiti da piu cristalli
i cui risultati incoraggianti aprono la strada a prossinpesgmenti su fascio cir-
colante per verificare I'effettiva efficacia di un sistemacdilimazione basato su
cristalli.
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Introduction

This thesis work deals with a phenomenon discovered someedgo: in 1912 in
fact, Stark suggested that certain directions in a crystalccbe more transparent
to the passage of charged particles than what happens imphme materials.
The idea stood in stand by till the '60s when several expeariseealized that ion
beams had an anomalous penetrating capability in crystals.

From there on, channeling in crystals has been intensivetied at low ener-
gies. In 1976, a Russian physicist, Tsyganov, proposedrtd aerystal to deflect
a high energy beam, an idea which found its experimentalwwoafion in 1979 at
Fermilab, opening the way to several applications fromrgigebeams for colli-
mation purposes to extracting them, from the developmentiofo-beams to the
production of high intensity radiation.

This thesis work has been performed in the research framkevfidihe HSRD22
collaboration, who is developing an innovative crystaddxh collimation system
which should allow LHC to reach its nominal luminosity.

Channeling (as well as other related phenomena) takes plaee a charged
particle crosses a crystal aligned with respect to its p{anaxis); in this case, the
interaction of the particles with the atoms of the crystahaé anymore a series
of uncorrelated events but can be described as the motioheoparticle itself
in an average electric field which, forming a potential wisllable to confine the
particle motion. If the particle is positive, it is confineda crystal region far from
the atomic nuclei with a small electron density, resultingisuppression of both
the multiple scattering (nuclear interactions) and thergynéoss via ionization
(electronic interactions).

Being able to confine the motion of ultrarelativistic padeg; the interatomic
crystal potential can be exploited to deviate the partiolesion. This is achieved
bending the crystal and thus producing a curvature of theiatplanes, which is
able to deviate the charged particle confined in the intemrat@otential well.

In a bent crystal the tangency condition between the patewell and the
particle trajectory can happen inside the crystal (in itree) resulting in either
a capture in the channel (volume capture) or, more probabbyreflection to the
opposite side with respect to the bending (volume reflegtion

7



8 Introduction

A complete experimental study of the volume reflection haanbegerformed
for this thesis work as its large efficiency and angular ataege suggest it as a
good candidate for a crystal-based collimation system.

The basic idea of such a system is to use a bent crystal as & jgrimaary
collimator, which extracts the incident halo particlegifrthe beam directing them
onto an absorber; in this way a cleaning efficiency highen tha one achievable
with an amorphous target (used as a primary collimator) shioe reached.

The studies performed at the Fermilab (Illinois), RHIC (Néark) and IHEP

(Protvino, Russia) accelerators to verify the feasibitifya crystal based collima-
tor represent the first step to consider crystal collimatsra possibility for the
present and future hadron colliders.
The first two chapters of this thesis contain a review of thennsancepts of the
phenomena connected with the passage of charged partiategsials and of the
principles and problems of the beam collimation, with mard@&r emphasis on the
LHC case.

In September 2006, a beam test was held on the H8 SPS (CERM)ibea
with 400 GeV/c protons; the experiment was designed to parccurate mea-
surements of both the channeling and the volume reflectitactsfwith the last
crystal generation.

A high precision goniometer and a silicon microstrip detedystem were in-
stalled to align the crystal and perform the single particdek reconstruction.
The setup and its details are described in the third chapter.

The core of this thesis is contained in chapter 4, where théyais of the data
collected with the silicon detectors (originally desigriedthe AGILE satellite) is
presented in detail, underlining the importance of a seagable of tracking the
single particles, which is in a way a novelty in the crystaldfisince integrating
detectors are usually employed to perform these expergnent

Thanks to the presence of a high resolution detector nearis¢al, the anal-
ysis of the crystal properties with respect to the differegions of the crystal
surface where the particles impinge has been performeds fds allowed the
discovery of a rotation of the crystal itself with respectthe vertical position
which has been interpreted as a torsion of the crystal dusetéotrces applied on
it to obtain the curvature.

The volume reflection effect has been measured for the fingt &t this energy
confirming the theoretical expectations; a test with twgradid crystals in series
has been performed obtaining the double reflection of thenmieg protons. The
data of the two crystals have been analyzed recognizingaditstonh effect and
using it to discriminate the contribution of each of themhe final result.

A method to measure the efficiency of the various crystalcgdfdnas been
developed and applied on different crystals showing itssistance and giving
results compatible with both the simulation and the thecakéexpectations.



Introduction 9

The last part of the thesis is dedicated to a critical reviéwlwat should have
been changed in the following data taking period, changaisitiive been imple-
mented leading to a very interesting run in May 2007: from upgrade of the
detectors to obtain a better spatial resolution to the pdggiof reconstructing
both the incoming and outcoming angle of the particle, frowa multireflection
studies to the observation of the axial channeling, the daitacted in May open
the way to the possibility of performing tests on circulgtineams and of devel-
oping a real collimation setup.
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Chapter 1

Crystal channeling

This chapter presents an overview of the main concepts afeldgarticles chan-
neling in crystals.

The idea that certain directions in a crystal could be maxagparent to the
passage of charged particles than in an amorphous matersdinst suggested by
Stark [1] (1912) who realized that the motion of a chargedigarwhich enters a
crystal at a small angle with respect to a crystal latticeation can be confined in
crystal regions called channels. These regions are cleairzed by a low nuclear
and electronic density so that the energy loss of a partiblielwis crossing them
is reduced. These first ideas on channeling were overshatloythe interest in
the potentiality of X-ray diffraction and put aside untietlkarly 1960s when com-
puter simulations [2] and experiments [3] revealed anomsiolong ion ranges
in crystals.

The theoretical explanation of the channeling effect haslgven by Lind-
hard [4] who has shown that the particle confinement is cabgetthe particle
coherent scattering with the crystal lattice.

A number of investigations into the channeling of low enefggveral MeV)
charged particles has been performed [5] and in 1974 thaedestwere extended
to the high energy region, with the experiments started @& &round the time
the SPS was built; the first high energy observation of chiampe/as made at the
PS accelerator with 1.1 GeV/c protons [6].

In 1976 Tsyganov proposed to use a bent crystal to deflectregmgrgy par-
ticle beam [7]; the idea is based on the fact that the chadrpeicle motion is
confined in the channel itself which follows the crystallipenes direction, so
when the crystal is bent, channeled particles should fotlwsvcrystal curvature.
This was experimentally confirmed in 1979 at FNAL in Batavening the way
for many applications which involve the steering of beamthwrystals.

The bent crystal study performed in the following years tpiave the crystal
behaviour revealed new interesting effects such as volwapéuce and volume

11



12 Crystal channeling

reflection. The last one consists in the particle reflectibtha opposite angle

with respect to the bending one; its high efficiency and aamgatceptance makes
it a good alternative to channeling for some specific appboa such as beam
collimation. After a review of the channeling effect in styat crystals, the theory

of bent crystals and of these new effects will be described.

1.1 Channeling in straight crystals

This section presents the theoretical explanation of tla@eéling effect given by
Lindhard [4]. He pointed out that the interaction of a chargarticle impinging
on a crystal with a small impact angle with respect to thetati@yraphic axis (or
plane) can be described through an average continuoust@btgenerated by the
axis (or the plane) instead of the single atoms one.

Any charged particle hitting a solid target experiences mimer of collisions
characterized by different impact parameters, which detez a variety of pro-
cesses: from Rutherford scatteringdaay emission, from ionization to X-ray
production. In an amorphous material or a misaligned clystase collisions are
uncorrelated so the yield of the different processes ispeddent from the target
orientation.

If the target material is monocrystalline, the scenariogfes; in fact, a crystal
is a regular arrangement of atoms located on a lattice so diegending on the
observation, the atoms are arranged in strings or planetiaasgn in fig. 1.1.

Figure 1.1: A regular crystalline structure; from the reqol@nt of view the atoms
appear: (left) in a non-ordered structure; (center) areang planes, after a rota-
tion around an axis; (right) arranged in strings after atrotearound the orthog-
onal axis.

When the motion of a charged particle is aligned with respedhe crys-
talline planes or axis, a coherent interaction with the aahthe planes (axis)
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takes place. This coherent scattering results, for pesptarticles, in the suppres-
sion of the processes requiring small impact parametersdrcollision between

the particle itself and the atoms such as nuclear reactiarge angle scattering,
energy loss and so on.

This happens because the patrticle is confined in the spasedrthe crys-
talline planes (axis) by the electric potential originabgtthe atoms in the planes
(string).

When a charged particle is aligned to a crystal plane (axigact, its interac-
tion with the atoms can be described through the electriemg@tls of a continu-
ous charged distribution obtained by smearing the atomaegehalong the crystal
planes (string); the periodicity of these planar (axialarigje distributions forms
a series of potential-wells which can confine the chargetighes crossing the
crystal (sec. 1.1.1).

When the motion of a particle is confined between the crystajplanes, the
particle is said to be in a planar channeling condition (4et.2), while, if it is
confined between the crystal axes, it is said to be in axiatlwbling (sec. 1.1.4).

The particles are confined in the channel as long as theisteasal (to the
channel direction) momentum is not sufficient to overconeeghtential barrier;
this happens until the angle between the particle and theneas smaller than
a critical value which depends on the particle energy anchempbtential barrier
height.

According to this, a channeled particle can leave the cHaihnegains a
transversal momentum component large enough; this phemamealled dechan-
neling (sec. 1.1.3) can happen thanks to the particle scagte the channel.

When a particle is channeled, it is confined in a crystal nedér from the
nuclei with a reduced electron density so that its energyiloeeduced (sec. 1.1.5)
in comparison with the amorphous one. Also the radiativeg@sses which are
significant for light particles are strongly affected by ttfeanneling interaction,
resulting in a coherent radiation emission called changetdiation (sec. 1.1.5.2)
which, for positive particles, differently from the bremishlung process, shows
a narrow peak.

1.1.1 The continuum approximation

A particle going through an amorphous material or a mis&dyorystal experi-
encesuncorrelatedcollisions with single atoms through a variety of processes
depending on the different impact parameters; among thagular scattering
with nuclei and energy loss with atomic electrons are thetrmosimon. These
events are uncorrelated so the global effect can be compatesidering the single
collisions weighed by the material density.
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If a positive charged patrticle hits a crystal with a small langith respect to
the crystallographic axis (or plane), its motion is not deti@ed any more by the
single atom scattering but by the coherent effect of the atamis or plane. In this
condition (low angle approximation) the single atoms pbo&tiean be replaced by
an average continuous potential.

Figure 1.2: a) A particle (red line) moving in a crystal migaked with respect
to the axis but at a small angle with respect to the cryswlbilmne (placed in the
z—y plane). b) The particle experiences an average potentatalthe planes
(U(x), represented by the black line).

The scheme in fig. 1.2(a) shows a particle whose motion intystal is mis-
aligned with respect to the atomic string but it is at a smadjla with respect to
the atomic plane. This means that the particle feels theteffiethe whole plane
instead of the single atoms the plane is composed of; in dmdition the electric
field of two neighbouring planes can trap the particle, aeaftalled planar chan-
neling. If the particle is aligned not only with the crystaape but also with the
crystal axis it can be contained in the potential generayettid atomic string and
the effect is known as axial channeling. From now on the plahanneling will
be presented in detail being the topic of this thesis worke @&kial channeling
will be briefly described in sec. 1.1.4.

The effect of the whole plane on the particle is described lmp@tinuous
potential (fig. 1.2(b)); the value of the potential can be pated averaging on the
y andz directions as shown in the following equation:

Upi(X) = Ndp/_o:o /_ZV(x,y, z)dydz (1.1)

whereN is the number of atoms per unit volunk, is the interplanar spacing,
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so thatN - d, represents the planar atom densityx, y, z) is the potential between
the particle and the single atom and it is given by:

v(r) = 2% (L) (1.2)

r arr

where Z; and Z are the atomic numbers of the particle and the atons, the
distance between them (so in eq. VIx,y,z) = V (/X2 +Yy2+22)). The first
term of eq. 1.2 represents the point-like Coulomb potentiblle ®(r /aTg) takes
into account the atom charge distributices;r is the Thomas Fermi screening
radius: arg = 0.8853gZ /3, with ag = 0.529 A. Lindhard [4] suggested the
following analytical approximation for the screening ftioo:

~1/2
® (L) _1- (1+ 3(35)2) (L3)

arr
Putting together these three equations the continuousfatgenerated by
the single crystal plane can be obtained:

Unpi (x) = 2T[leeszp < X2+3(a'|'|:)2— ) (1.4)

To complete the picture, this expression which represértstatic lattice po-
tential has to be modified taking into account the atomicrttadvibrations that
cause distortions of the lattice structure. The atoms vitmacan be considered
independent and distributed according to a gaussian pildalistribution so the
potential generated by the crystal plane should be averagadhis distribution.
The effect of the thermal vibration is small: the one dimenal rms displace-
ment of silicon atoms at the temperature of 300 K is 0.075A to be compared
with the silicon lattice constart, = 5.431A [8]. Qualitatively the main effect of
the thermal vibration occurs at small distances from the@lstring) where the
infinite static potential is modified to have a finite maximusrs@own in fig. 1.3.

A charged particle which moves in the crystal is affected liy $um of the
different planes potential and the resulting potential is:

U (x) ~Up <% —X) +Up (%-ﬁ-X) —2Up <%) (1.5)

where only the contribution of the two nearest planes is ictamed (first two
terms); the origin of the transversal coordinaie chosen in the middle of the two
planes and the third term fixes the potential value at therot@zero U (0) = 0).
The most used crystals for channeling investigation in heglrgy experi-
ments are made of silicon (more rarely germanium); this estduhe development
status of the semiconductor technology. These crystalsnigeio the diamond
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O F—r T T T T T T T T
-1.1% =096 -0.70 -0.50 -0.30 -0.10

x (A)

Figure 1.3: The potential generated by the (110) silicom@laomputed in the
Moliér approximation for different temperatures. Fronptm bottom the lines
correspond to T=0 K (static), 77 K, 300 K and 500 K.

group and they are characterized by the covalent bond soaanhis linked to
four neighbours forming a regular tetrahedron with a faceteesd cubic (fcc)
crystalline structure as shown in fig. 1.4.

o % e
" €@ Figure 1.4: The diamond cubic lattice: two
¢ - “Q : identical face centered cubic lattices pushed
é'c [ 9] one into the other and shifted along the bulk
c _ @ ©  diagonal by one quarter of its length.

@

Fig. 1.5 shows the principal planes of the fcc crystallimacture indicated
by the Miller indices; each plane has a different interatudistance dp) which
determines the planar potential (given in eq. 1.5). Thegdarseful for channeling
are (110) and (111) while (100) generates a too small pa@tentbe of any interest
in this frame.

Table 1.1 summarizes the characteristics of silicon, gamama and tungsten
crystals underlining the maximum potential value reachmdefach plane. The
particular structure of the diamond group crystals (fig.) indolves two differ-
ent interplanar distances which generate two interplahancels with different
characteristics; in table 1.1 these channels are called (ghbrt) and 1111 (long).

In fig. 1.6 the interplanar potential trends for the (110) &b#i1l) planes in
silicon are plotted while the dashed line (fig. 1.6 (a)) is ti@@monic potential
approximation that will be used in sec. 1.1.2 to derive theigda motion in the
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Channel L. dy[A] are[A] p[A] Z | U(xc) [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

1111 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 1.1: Parameters of some planar channels in silicomaygum and tungsten
crystals. The potentials are given in the Moliér approxioraandx. = dp/2—2p.
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Figure 1.5: Orientation of the most important crystallqgre planes in the cubic
lattice system, indicated by the Miller indices.
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Figure 1.6: The interplanar Moliér potential for: a) thel()} Si channel and b)
the (111) Si channel which is characterized by two potemt&lls corresponding
to its two interplanar distances. The dashed line is the baropotential approx-

imation.

1.1.2 Particle motion in the channel

A charged particle moving in a crystal is in a planar chamgekondition if it
has a transversal momentum component (with respect to ystatime planes)
insufficient to overcome the potential well, as it is schaoadly shown in fig. 1.7.
In this condition, the particle experiences a series ofatated collisions; al-
though these are quantum events the particle motion candoeiloed in the clas-
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a) b) Crystalline planes
el  f
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) ! P
< 9 e
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Figure 1.7: a) A particle contained in the interplanar cajlste potential. b) Top
view of the channels with the same patrticle, its transvegdland longitudinal

(p1) (with respect to the planes direction) momentum compaarg shown. The
angle® = p;/p represents the small misalignment between the particletfzand
plane.

sical mechanics frame, thanks to the large number of enengeels accessible
in the interplanar potential.

2
Taking into account the harmonic potential approximatig®) = Ug (ng) the
p
2

energy spacing between levelsh whereM; is the oscillating mass;

it U
d2Mo
so the classical approximation is valid if:

d
Ny = — /UgMg > 1 1.6
lo] ﬁ\/é 0WVlo ( )

whereN, is the number of the accessible energetic levels; for agartiapped
in the channelMy is the relativistic mass so the condition 1.6 is always felil
for heavy particles (protons) while for light ones (eleciscand positrons) the
classical approach becomes valid in the 10-100 MeV range.

The condition to apply the continuum approximation (set.1)).is that the
particle moves at a small angle with respect to the crys@lfilanes s® < 1;
sinced = pt/p, it follows thatp; < py. Using this information the total conserved
energy of the system can be approximated:
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2

_ P
E_\/ptz+p|2+mzc2+U(x)_2—E|+E|+U(x) (1.7)

whereE; = /p2c2+mPc?; p is not affected by the potential so it is conserved,

202
: : C :
which means tha, is conserved and thu%E— +U(x) is conserved too, due to
|

energy conservation. This quantity which is called theiplertransversal energy
E; can be expressed as a function of the angle between thel@alitiection and

the crystal plane)(= pi/p):

2C2 22
_bc . Pc
=25 TIN5

where in the second equality according to the condippfp, < 1, p; has been
approximated with the total momentuppwhile E; with the total energye. This
equation defines the patrticle trajectory in tk@) plane; in the harmonic approx-
imation these trajectories represent a set of ellipsesrdbpg on the value OE;
as shown in fig. 1.8.

E 82 +U (x) = const (1.8)

Figure 1.8: Simulated trajectories of 450 GeV/c protonshie phase space,0)
in the (111) silicon plane for a straight crystal. The diéfet ellipses correspond
to different transversal energy values [9].

The particle is trapped in the channel if its transversalgyné smaller than
the maximum value of the potential barrier thaEjs< Umax this in turn becomes
the condition defining the possible valuebaindx for a channeled particle:

pZCZ
f62+u (X) < Umax (1.9)
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Umaxis reached at the plane itsel- dp/2). In this position the particle could be
immediately removed from the channel by the scattering Withnuclei, which
means that below a minimum distance with respect to the pthagarticle is still
not in channeling. This distance is abayt so the maximum transversal position
reachable in channeling ¥g ~ dy/2 — arg and the corresponding potential value
U (xc) represents the maximum of the potentihax. TO be precise the atoms
thermal vibration has to be taken into account as the nuctesion increases
the effective transversal dimension of the atomic planepefxents [10] and
computer simulations [11] have shown that S a good approximation for the
atomic layer thickness and for very high energy particlesl{nieV region) this
thickness decreases tp Aue to the reduction of the scattering effects; so a better
estimation of the critical transversal valuexis~ d,/2 — arr — 2p.

Taking into account the relationc® = VE, eq. 1.9 becomes:

E — %’62+U(x) (1.10)

which allows to compute the maximum ang®® available for channeling, for par-
ticles which enter the crystal in the center of the chanred iwith the minimum
value of the potential energy(0) = 0); in this case eq. 1.9 become#? < Umax

and the critical angléc is:
_ 2Umax
Oc =4/ ov (1.11)

For a silicon crystaUmaxis & 20 eV (see table 1.1) thiig is 280urad at 500 MeV,
9.42rad at 450 GeV and 2.3%ad at 7 TeV. It has to be noted that the critical
angle decreases as the square root of the energy while ttiplagicattering as
the energy of the incoming particles so the effects due tdiptelscattering which
(as will be shown) reduce the channeling efficiency becomseitfaportant at high
energy.

The angleB can be expressed 93 where & and & are the infinitesimal

z
increase in the transversal and longitudinal spatial twas (see fig. 1.7); with
this substitution eq. 1.10 gives the following differehgguation which describes
the particle motion in the channel:

2
_ pv(ax
E = > (dz) +U(X) (1.12)
Differentiating with respect ta:
2 d?x 8x
pv d2+U’(x)—pvo@+Uo~@:O (1.13)
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The solution of this equation gives the particle trajectooyresponding to a sinu-
soidal oscillation in the channel:

_dp /B . (212
X—E U—Osm(TJr(p) (1.14)
The length of the oscillation period 5 = 1dp %; for example for a
0

450 GeV/c proton in silicoi ~ 27 pm.

1.1.3 Dechanneling

In the patrticle trajectory derivation (sec. 1.1.2) the $narsal energy conserva-
tion is assumed, which in real crystals is not exactly trueabse of the scat-
tering processes with electrons, the difference betweemeal potential and the
continuum approximation as well as the crystal lattice disfe The transversal
energy of the channeled particles can in fact grow and eeflgtavercome the
potential well causing the particles exit from the channiels process is called
dechanneling The inverse process is also possible: particles which gough
the crystal misaligned with respect to its plane (amorphmuglition) can lose
their transversal energy and be trapped in the channel fact &hown asrolume
capture(sec. 1.2.2).

Dechanneling is a complex phenomenon and its full desonptivhich in-
cludes the scattering effects in the real crystal, is addahrough Montecarlo
computer simulations [12]; in principle the reduction oéthumber of the chan-
neled particles as a function of the crystal depth can becxjrpated by an expo-
nential decay [9]:

N = Nge ' (1.15)
whereL is the length of the crystal arich the dechanneling length given by:

256 pv are
92 In(2mec?yl 1) — 1 Ziremec?

Lo (1.16)

wherel is the ionization potential (for silicon is 172 eV),me is the electron rest
mass /e the classical electron radius a@dis the charge number of the patrticle.
Eq. 1.15 and 1.16 are computed using the diffusion formalsnce soft colli-
sions Ps < 6¢) dominate; this means that the dechanneling process aettonig
distance scale with respect to the single collision. Moegon deriving the ex-
pression 1.16 only the dominant electron contribution keteinto account as the
potential fluctuation caused by the discreteness of thdairigitice has a much
smaller influence [13]: note that the particle oscillatiength in the channelj
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Energy (GeV) | 0.5| 14 | 120| 400 | 7000
Lp (cm) 05]10| 7.2 |21.9| 316

Table 1.2: Values of the dechanneling length for the sincggtering at large angle
as a function of the energy.

is a factor 18 larger than the interatomic spacindpj.
Finally, the Lindhard approximation for the interplanaomitc potential given in
eg. 1.4 is used in the computation of eq. 1.16.

The dechanneling length is an indication of the particlelésty to remain in
channeling; its second term (eq. 1.16) depends on the eaadgtates thdip
linearly increases with the energy (apart from a small lagaric correction), as
expected given that the multiple scattering effects lilyescale with energy. In
table 1.2 different dechanneling values are computed asdifun of the energy
for the (110) channel in silicon.

The third term (eq. 1.16) gives the dependence on the mhatardhits ori-
entation; it states the proportionality & with dp so, for example, the ratio
L /LL10 (the dechanneling length for the (111) and (110) orientatihould be
of the order ofd*/d5'® = 1.23 (see table 1.1) which is in good agreement with
the measured value ofd+ 0.2 [14]. It should be clarified that though two differ-
ent channels correspond to the (111) orientation theirpta@ar distance is in the
ratio 33 = d:o so particles moving in the small interplanar interdglin a long
crystal can be ignored as their dechanneling length is arf&cshorter.

As already stated, the diffusion formalism can be appliechbee of the soft
scattering relative importance; since the angular kickds< 6;, the angle of
the particle is changed by frequent infinitesimal steps.hinNleV energy range
this approximation works well since the maximum possiblgudar kick for a
single collision8® ~ 1.4ms/M (whereM is the particle mass) [9] is smaller
than the critical angl8; for example, in silicon for proton energies up to 10 MeV,
eY'®X~ 0.77 mrad whileB. > 1 mrad.

In the energy range af 100 GeV,6; ~ 10 pyrad therefore rare collisions with
Bs > 6; can happen: the particle is thrown outside the channel aisdetrent
cannot be described by the diffusion formalism. Also in ttase a characteristic
length along which the single hard scattering events ocanbe computed [12]:

4aTdepv
I—single: ?
i

The comparison between the two dechanneling lengths shawdhte diffu-
sion model provides a good description of the dechannelinggss; in fact the
contribution of the single hard scattering is small withpest to the diffusion one:

(1.17)
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Lp ~ 0.55 m- p [TeV/c] while Lgingie~ 10 m- p [TeV/c|. Thus the experimen-
tal data can be reasonably fit using the diffusion formalidfg. 1.9(a) shows
the computed trend dfp as a function of the energy for the (110) and (111)
orientation in silicon compared to the single scattering;an fig. 1.9(b) some
experimental results are presented to show the linearitypokith respect to the
particle pv.

_
g

Dechanneling length (mm)
M-

i 1o
n

[u}
x

T 6000 "1 10 1000 10000

T o
pv/Z (GeV Energy (GeV)

(@) (b)

Figure 1.9: a) Computelp trend as a function opv (note thatpv~ E for rel-
ativistic particles) for the (110) Si plane (solid line) atie (111) Si plane (short
dashes). The line with the long dashes corresponds to theadeeling length
for single scattering. b) Measurements of the dechannddingth in silicon in
various experiments [8].

The given dechanneling description is valid for positivargfed particles which
are channeled in the central region of the crystalline plahere the electron den-
sity is small and almost constant. On the contrary negatwveqgbes are channeled
around the atomic plane as their potential well minimum egponds to the nu-
clei positions. The high electron and nuclear densitie$is tegion, increasing
the scattering probability, makes the dechanneling lengilch shorter than the
positive particles one.

1.1.4 Axial channeling

Sec. 1.1.1 has demonstrated that a particle moving at smglts10 < 6;) with
respect to a crystallographic plane feels the electric fielgerated by the atoms in
the plane as if produced by a continuous charge distribwtitim planar symme-
try. The periodicity of these planar charge distributiodsé to the crystal lattice
structure) forms a series of potential wells which can titag ¢harged particles
crossing the crystal; these particles are said to be in aaplemanneling condi-
tion.
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A particle can be aligned with respect to the crystal planes direction (for
example the vertical one, fig. 1.2) and at the same time in ¢éinegmdicular one.
In this case the particle is moving at a small angle relativéhe crystal atomic
strings and it feels the electric field generated by the atofrthe string as if
produced by a charge distribution with cylindrical symmefig. 1.10 shows that
the interaction between the atoms of the string and thegbaitan be described
with a continuous potential with axial symmetry.

a)

Figure 1.10: a) A particle moving at a small angle with respea crystal axis. b)
The continuous potential with radial symmetry as it is felthe aligned particle.

The potential of an isolated atomic striog(r) in the Lindhard approximation

(eq.1.3)is:
Un(r) = %m (1+ 3?—?) (1.18)

whereg; is the interatomic spacing in the string,is the distance between the
particle and the axigrF is the Thomas Fermi constant whose values for the most
common crystals are given in table 1.1. The transverseraldald generated

as the sum of the fields produced by the single atomic strihgsvs a rather
complicated structure (fig. 1.11).

The negative charged particles which enter the crystahatigwith its axis
can be trapped by the strong field of the atomic string andhgoaitracted by the
positive charge of the nuclei, their motion is confined nbaratomic strings. The
positive charged patrticles, on the other hand, may be cagbtir the well of a
minor potential placed between the atomic strings.

The particle motion in the field (r) with cylindrical symmetry [16] is char-
acterized by two conserved quantities, the angular momedtand the energy in
the transverse plart&, which can be decomposed into a radial component and a
circular one. In fact, the angle between the particle ttajgcand the crystal axis
(2) which is@ = \/dx2+dy2/dz2 can be expressed in the cylindrical coordinate
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Figure 1.11: Axial potential computed [15] with the use oé tkloliér approxi-
mation, in the following orientations: a) (111) Si; b) (118 c) (100) Si. The
numbers give the potenvial in eV.

system:

dr\? /rde\? T
o= (&) 4 () - Jorres w19
According to this and taking into account that the angulantmantum isJ = p x

r = prBy, €q. 1.12, which gives the transversal energy value and wapuoted
for the planar channeling case, becomes:

JZ
2Myr2

pv

=% +U(r) (1.20)

B = D02+U(1) = 62+

2
where the last two terms are the effective potential in w% represents a

centrifugal term whose effect is to move the effective pteééminimum aside
from the channel center & 0) where the real (r) has the minimum; so, ab
increases, the effective potential minimum moves farth@mfthe atomic string
for the negative particles and nearer to them for the pasdives.

The resulting motion in the channel will be a radial oscadlataround the ef-
fective potential minimum together with a rotation of thelied direction around
the axis. Taking into account the angular relatidds= dr/dzandJ = pr?-dg/dz
from eq. 1.20 the following differential equations whichsdgbe the particle tra-
jectory in the g, r, @) space can be obtained [9]:

+ const (1.21)

z—/ dr
Z[E-U() _sz—iz

J2
+dr
o= / 37 +const (1.22)
2MY[E ~U(r)] - %
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The first one gives the longitudinal coordina@s a function of the radial one
r while the second one describes the motion in the transvplaag giving the
angular coordinate as a function of the radial one A classical description of
this motion called 'rosette’ motion has been given by KumnaldtL7], while a
guantum mechanical treatment can be found in [18].

As in the planar channeling case the condition for axial cleting is that the
transversal energly; does not overcome the maximum value of the potential well
Up. This condition can be transformed in the request for théigarangle with
respect to the axifj to be smaller than a critical vallg = /2Up/pv as shown
in sec. 1.1.2. Th&g values for the most important axes in Si, Ge, W crystals are
given in table 1.3.

crystal Si Ge w
axis | 100 110 111} 100 110 111} 100 110 111
Uo(eV)| 89 114 105| 157 203 185 842 979 979

Table 1.3: The potential well depth of some axial channekslmion, germanium
and tungsten crystals, calculated in the Moliér approtiomaat room tempera-
ture.

Comparing thes® values with the ones of the planar case given in table 1.1,
the critical angle is 2 3 times greater for the axial channeling than for the planar
one. This favours the axial channeling with respect to tleaat one but on the
other hand for positive charged patrticles the interatorrialahannels are small,
asymmetric and rather dependent on the axial directionefbilthe negative ones
the dechanneling (the probability to exit from the chanmgtondition, sec. 1.1.3)
is large as they travel near the atoms and so the nucleaesogtcan rapidly
change their transversal energy.

1.1.5 Energy loss

The most relevant manifestation of channeling in straigydtals is an anomalous
energy loss with respect to the amorphous material or ngised crystals. The
energy loss for ionization is suppressed because chanpaté@dles are confined
in a region of the crystal with a small electron density (skd..5.1) while the
energy irradiated by a channeled light particle (a posittoan electron) is more
intense than the standard bremsstrahlung one and has a@ap@aa#ked structure
as described in sec.1.1.5.2.
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1.1.5.1 Suppressed electron collisions

The charged patrticle energy loss in the materials is mostiytd electronic colli-
sions. In an amorphous material or in a misaligned crystastattering processes
are independent meaning that the impact parameter of aiowllis not influenced
by the previous one. In this case the energy lost by relatviparticles follows
the Landau distribution [19]. The energy loss at high ere=gs due to the two
equal contributions of the hard and close collisions andhefgoft and distant
ones, because of the equipartition rule [4].

In channeling, particles are subject to a highly correlaedes of collisions
which result in the suppression of the large angle Ruthdrémattering, of nu-
clear reactions and also of close scattering with the edastwhich is the most
significant way of energy loss.

This happens because channeled particles (if positive)enmowa crystal re-
gion where the electron densiy(x) is lower than the average amorphous value.
Fig. 1.12(a) shows the electron density in a silicon crygta¢rage along the (110)
and (111) planes) as a function of the transverse coordiitateobtained from
the second derivative of the interplanar Moliér poten(@icording to the Poisson
law pe(X) = U”(x)). Fig. 1.12(b) presents the experimental evidence of thgecl
electron scatterings reduction inside the channel. It shthed-ray yield as a
function of the incident angle with respect to the (110) afas11.9 GeV protons
impinging on a 0.54 mm Ge crystal [20]: tiderays are atomic electrons emitted
in hard knock on collisions, and since they can be producédiomiose impacts
their yield is proportional to the electron density along particle trajectory.

The suppression of the close scatterings in the channelipesdhe decrease
of both the mean value and the spread of the energy loss fehtreneled particle.
This reduction depends on the average transversal positatrthe particle keeps
in the channel therefore on the transversal energy; fig &)1&fows the mean
energy loss (dashed line) superimposed to the electrontgassa function of the
transversal position in the channel.

According to this, the minimum energy loss is the one of theiga with the
minimum transversal energy which goes through the crysttiié channel center
where the electron density is minimum. Because of the eqitipa rule, the ratio
between the energy loss in the channeling and in the amogptandition is:

(AE)chan r 12(dp/arF)

—— == =0.5[1+p(0)] = ~ 0.6 1.23

Bamo o0 PO G a7 12 (23
where the second term represents the addition of the catitiibfrom the distant
soft collisions (which does not change in channeling) awehfthe close ones
which scales down with the electron densjt(0) represents the reduced electron
density evaluated in the center of the channel. The numestae is computed
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Figure 1.12: a) The electron density (solid line) and themeszergy loss (dashed
line) as a function of the transversal coordinate normdlitte the amorphous
value, in a Si crystal aligned with respect to the (110) plangMeasured and
calculatedd-ray yield as a function of the incident particles angle.

using the Lindhard potential approximation (eq. 1.4, If@nthe (110) and (111)
silicon planes.

The energy lost in the crystal is a useful experimental olzd#e as it is an
important link between the electronic properties of thestay and the particle
state in it. It can be used to study the crystal propertie$ §2@o tag the chan-
neled particle, greatly simplifying the channeling measoents especially when
the efficiency is low (as it happens with a divergent be@g4n>> 6c)) and the
channeled beam fraction is difficult to identify. To perfothns measurement the
crystal (which is a semiconductor) is doped so that the deggbgnergy in the
depleted crystal zone can be collected.

In Fig 1.13 the energy loss distribution of 15 GeV/c momenfnatons in
0.74 mm of germanium in amorphous orientation is comparéi &) the energy
loss distribution of the particle in planar channeling, &bythe one of the axial
channeled patrticle. As anticipated the most probable gneatpe is reduced
(almost a factor two) and the spread of the distribution il in the planar
channeling case, a high energy tail is present due to chedipelrticles with a
transversal energy close to the critical value.

1.1.5.2 Channeling radiation

When an electron or a positron crosses a crystalline targgetligned with respect
to the crystalline axis or planes an incoherent bremssatrahis emitted.
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Figure 1.13: Energy loss spectra in a germanium crystal: pagison between
misaligned (random) particles and a) particles in planancieling; b) particles in
axial channeling.

In aligned crystals the radiation emission can be stronglyaeced through co-
herent emission effects which take place in the regulartalyse structure. Two
kinds of intense radiation can be emitted: the coherent gsénahlung and the
channeling radiation.

As the particle incident direction is turning towards tharmr direction, the
particle starts to feel the crystalline structure, and cehee in the emitted radi-
ation results in the peak structure of the coherent breatsising [21]. The peak
energies depend on the crystal geometry and on the incidgie aith respect to
the planes; the spectral shape is the same for positrondectcoas.

The coherent bremsstrahlung happens for angles betweeamrystalline di-
rection (axis or plane) and the particle trajectory smatllatger than the critical
channeling angle; in other words it is emitted when the plris not in channel-
ing. If the angle between the incoming beam and the crystadgd goes below
the critical valued,, particles are trapped in channeling (sec. 1.1.2). Theiapec
motion in the channel gives rise to coherence effects ancethdting radiation is
calledchanneling radiation

The structure of this radiation depends on the interplantargial form; there-
fore positrons and electrons which are trapped in diffepaténtial wells produce
different channeling radiation spectra. Positrons aatlin a nearly harmonic po-

tential (fig. 1.6) with a wavelength = Tp, /% (eq. 1.34); the corresponding
0
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angular frequency is:

V2 |2
wo_ZTrX_dp y (1.24)

where the relativistic relatiopc® = VE has been used. The emitted radiation by
a channeled positron is strongly enhanced in this frequéaiegt in the superior
harmonics) apart from the Doppler effect shift:

—n._ %
W=nqz B cosB (1.25)

which gives rise to a peaked structure in the spectrum as shovig. 1.14(a)
where the contribution of the first two harmonics is visible.

The electrons move in a strongly non-harmonic potential thedoscillation
frequency becomes a function of the transverse energy gemgr broad spec-
trum as shown in fig. 1.14(b).

The sensitivity to the charge sign is a peculiarity of thersteding radiation
with respect to both the incoherent and coherent bremdstrghadiation.
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Figure 1.14: Photon energy spectra for a 10 GeV/c particlrbanpinging on

a silicon crystal ((110) plane, 0.1 mm thickness) normalize the incoherent
bremsstrahlung spectra: a) positron case, the peak steuctlative to the first
and second harmonics is clearly visibile ; b) electron c#se,spectrum shows
an increase with respect to the bremsstrahlung one withmyutedevant structures
[22].
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1.2 Bent crystals

In 1976 the appealing idea to steer a high energy particlmbeth a bent crystal
was suggested by Tsyganov [7]; he realized in fact that thdibg of the crystal-
lographic planes produces a curved channel which is ablefted the channeled
particles.

The motion of a channeled particle, in fact, is confined (ia transversal
direction) by a potential well; this property can be used ¢évidte the particle
trajectory, through a curved channel.

A curved channel can be obtained from a straight one bendorgstal with
a mechanical holder as shown in fig. 1.15(b). Fig. 1.15(ajvshtbe scheme of
a bent crystal; note that (differently from the scheme),daactical mechanical
reasonsR > w whereR is the curvature radius ana is the crystal width; note
that the crystal lengtl is independent from the radial coordinatalifferently
from the scheme in fig. 1.15(a). The red line represents tingcjeatrajectory

which is deviated of the angl, = I—R

Figure 1.15: a) The bent crystal working principle; b) anrapée of a bending
device.

The curvatureR™?) effect can be described by the replacement of the atomic
interplanar potential with an effective one, which takese eccount the centrifugal
force, that lowers the interplanar potential barrier arel¢htical angle.

According to this, a critical curvature radilg, which corresponds to the
maximal curvature allowing channeling, can be defined. Tientjty computed
in the straight crystal case can be expressed with a casredtie to the curvature

where% represents the correction scale.

The interaction of particles with a bent crystal has revedeo new effects:
the volume capture and the volume reflection. They both hapgeen an ini-
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tially misaligned particle, after having performed a randmotion in the crystal
volume, reaches a point tangent with the channel.

In this point the particle is close to the channeling condito that an eventual
energy loss can bring it in the channeling regime; in thisecdke particle is
volume captured (sec. 1.2.2), otherwise it is reflected kyetfiective centrifugal
potential (sec. 1.2.3).

1.2.1 Particle motion in a bent channel

A macroscopical curvature of the crystal (that is a cunatadius of the order of
several meters) has a negligibile effect on the micros@igystalline structure
of the crystal (Angstrom scale) itself. This implies that ttontinuous interplanar
potential computed in sec. 1.1.1 remains unchanged; hoveeparticle trapped
in the channel feels a centrifugal force as well as the plpotential. Fig 1.16 de-
scribes the particle interaction in the channel both in #mtatory inertial frame
(plot &) and in the non inertial frame in which the longitualidirection ¢ in the
plot) follows the channel orientation (plot b).

Figure 1.16: Scheme of the channeling motion of a particlewlkenters a bent
crystal aligned with its planes described: a) in the labmgatnertial frame in
which the particle assumes an angle with respect to the phahe&h are curved,;
this implies that its equilibrium position in the potentisiho more in the channel
center; b) in the non inertial frame which rotates with thetipke; the centrifugal
force appears and modifies the interplanar potential.

In the first case, although the particle approaches the ehatigned with re-
spect to the crystal planep;(= 0), to follow the channel curvature its momentum
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has to acquire a transversal component; so the interplat@nipal applies a force
which modifies the particle momentum. This implies that tagiple equilibrium
point in the channel must be external with respect to the mmmn of the inter-
planar potential (where the force applied to the particléi®/potential vanishes).
In the non inertial system the particle momentum directioash’t change, but a
centrifugal force directed towards the external side ofdhannel appears. The
contribution of this force should be added to eq. 1.13 whigiresses the equilib-
rium of the forces applied on the particle:

2

dox pv

whereR(z) is the curvature radius as a function of the position in thanctel;
if it is independent from the positiorR(z) = R) the crystal curvature is an arc
of circumference and the effective interplanar potendial:(x) has the following
analytical form: y

Uet£(X) :U(x)-i—%x (1.27)

The expressions given in sec. 1.1.2 which describe thecpestmotion for
an arbitrary interplanar potenti&l (x) remain valid with the substitution with
Uetf(X). It is interesting to note that the correction to the pot@ns a term of
the form pv/R so at different energies if the ratipv/R doesn’t change, the cor-
rections to the motion due to the crystal bending are the same

According to eq. 1.27, as the curvature/R) increases, the minimum of the
potential is shifted towards the outer planes and the piaiemt|l depth is reduced
on the outer planes side, as shown in fig. 1.17 where the lateappotential is
plotted for 3 different curvature radii.

In other words the centrifugal force pushes the particl@gatds the atomic
plane as the curvature increases so there must exist aatiticvature beyond
which the scattering probability with nuclei grows so mubhttchanneling is no
longer possible. This happens when the centrifugal forecalscthe electric field
produced by the atomic plane at the critical distarce: dp/2 — arr which can
be considered the channel border:

pv /

— =U"(X 1.28
R =V (1.28)
R: is defined as the critical curvature radius (Tsyganov @itiadius) below
which channeling is no longer possible for a particle of mataen p. According
to the Lindhard potential expression given in eq. 1.4, arr@pmate expression
of R; can be computed:

pv pv

= Ui ~ TNz 28

(1.29)
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Figure 1.17: The interplanar silicon ((110) planes) pasrtomputed in the
Molier approximation for: the straight crystal (solid ¢y apv/R of 1 GeV/cm
(dashed line) and 2 GeV/cm (dotted line).

In deriving this expression, the contribution of the singlane is taken into ac-
count; in fact thex; position is so close to an atomic plane, that the contriloutio
to the potential from the other planes is negligible. SintesiliconU’(xc) ~

5 GeV/cm, the critical curvature radius for relativistic paréslof energye (pv~

. . E[GeV]
E) is approximatelyR2 = % cm

The shape of the effective potential well (fig. 1.17) showsardase of the
potential barrier in the external direction with respecthe crystal bending, as
the ratio pv/R increases. Indeed the maximum transversal energy valua for
fixed momentum particle decreases with the curvature add i the transversal
energy limit to be channeled in a straight crystal, when #aes crystal is bent
the maximum transversal energy will assume a new vbl@e: Up. This also

[208
affects the critical angle (givenin eq. 1.11) which becoﬁ@es p—\? < 0Bc. An

approximated value dﬂg as a function of the curvature radius can be computed
taking into account the harmonical approximation accaydawhich the effective
potential of eq. 1.27 becomes:

2
X V
Uer(X) =Up- (—) +—pRX (2.30)

As shown in sec. 1.1.1, the real interplanar potential isngefito have its min-
imum in the middle of two atomic planes and to reach its maxmtly in the
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critical positions—xc, Xc. EQ. 1.30 shows that B (x) is harmonicUe¢(X) is har-
monic too; the effect of the centrifugal term is to shift itswmum in the Uet 1, X)

plane, so that its coordinate becomgg, = —%; the height of the potential
barrier will then be:

b_ _ e Py L pv N2

Ug = Uett(Xc) —Uett(Xmin) = Uo Rxc+ 2Uq < RXC) (1.31)
According to eq. 1.29 the critical radius in the harmonic agpmation isRQ =
ZVT)% so the potential barrier can be expressed as:
0
h h\ 2 h\ 2
b_ R (R )L R
UO—U0<1 2R+(R)>—Uo(l R) (1.32)

For a curvature radius tending to infinity, which means inraight crystaI,U(E’ =

Up; if the curvature radius increaséié’ decreases as it is expected (note that only
the regionR > R is considered). Thus 6. is the critical angle of a straight
crystal, when the crystal is bent with @R curvature, it becomes

%:%(-g) (1.33)

R

It was pointed out that the effective potential in a bent @lis still harmonic,
so the particle trajectories in the channel have the samgesbathe ones in a
straight crystal (eq. 1.14):

B Rc Et . /212
X= XCR+XC’/UgS'n< X +cp) (1.34)

In fact, they have the same periadout the oscillation takes place around a new
equilibrium point,Xmin = —XcRc/R.

The equilibrium point displacement of the channeling datdn corresponds
to a change of the particle distribution in the channel: thenneled particles are
shifted towards the atomic plane because of the centrifiogeé so they experi-
ence a greater electron density with respect to the straigistal. This should
increase the dechanneling probability (sec. 1.1.3) buth@salence electrons in
silicon and germanium have a roughly uniform distributionthhe channel, the
electron scattering probability of a channeled particlalmost insensitive to the
crystal curvature for curvature rad > 2R.. Indeed this effect is hidden by the
greater influence on the dechanneling yield caused by thectied of the maxi-
mum transversal energy. This implies that also with the saragtering probabil-
ity in a curved crystal the possibility to overcome the pagrbarrier increases;
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it can be shown that the dechanneling length is proportibomahe maximum
transversal energy [9], so lfp is the dechanneling length in a straight crystal,
when the crystal is bent it becomes:

h 2
L2 =Lp (1— %) (1.35)

In addition, the dechanneling length in a crystal with a gicervature is no
more a linear function of the particlpv as shown is sec. 1.1.3: in the effective

. . . . pv .
potential the curvature radiuR always appears in the fractioi-; the critical

radius has been defined for a fixed particle energy but in theesaay, once the
curvature radius is fixed, a critical particle enemgy. can be defined. Eq. 1.35

becomes:
2 2
pv pv
P —1p(1-2") Opv(1- 2= 1.36
° D( ch) P ( ch) ( )

The dechanneling length in a bent crystal is no more a momofonction of the
energy but has a maximum valuepn = 1/3- pv; which is the optimal choice to
minimize the dechanneling losses in a bent crystal.

1.2.2 \Volume capture

A particle which enters the crystal is channeled if its tkgrsal energy doesn'’t
overcome the potential barriers created by the crystalgdaif the scattering ef-
fects are neglected, the transversal energy is a consenadity and the particle
follows the channel. In sec. 1.1.3 it has been pointed otithiesscattering effects
gradually modify the transversal energy giving to the cleded particle a finite
probability to exit the channel, a phenomenon called degblamg. For any given
particle trajectory in the crystal the reverse one is pdegibindhard reversibility
rules [4]), meaning that a reverse dechanneling mecharisml@ exist: a parti-
cle with a transversal energy above the critical value cae |oart of the energy
because of multiple scattering, and be captured in the @&atims phenomenon
is calledfeed inor volume capturen the bent crystal frame.

In a crystal, the dynamics of the two beam populations, tla@aohkled particles
and the random ones (in amorphous condition), is deternbgele two opposite
mechanisms (dechanneling and feed in), so that the eféedéehanneling can be
defined as the total fraction of particles which leave thendled In Fig. 1.18(a)
a possible particle trajectory in a straight crystal is showat the beginning the
particle momentum is parallel to the channel so the parigsdiapped in the chan-
nel itself; during the confined motion the particle expecema series of electron
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collisions which finally allow it to overcome the planar poti@l barrier @dechan-
neling); once free, the particle moves randomly changing its amgfle respect
to the channel because of multiple scattering; at a certaint gghe particle is
re-captured in a channdegd-ir).

dechanneling

b
H

b

H

h 8
H o

K
o
g
-
8
o

Figure 1.18: a) A possible particle trajectory in a straighystal: the particle is
first dechanneled and subsequently re-channeled (feetd)ia)similar trajectory
in a bent crystal: after the dechanneling the feed-in proihabapidly decreases
as the particle is no more aligned with the channel.

a) dechanneling  feed in b)

H ~ P \A H
—N

The equivalent process in a bent crystal is shown in fig. bJ18G this case
once the particle has left the channel it performs a randormoman the crys-
tal but differently from the straight crystal case the chelmotates its direction
as the particle moves forward in the crystal itself difis the particle longitudi-
nal displacement in the crystal, the angle between thegmdind the channel is

0z o
0 ~ — (where the curvature radius is assumed to be greater thamtstal length,

R>1c). When the particle path is greater thHaf the angle between its trajectory
and the channel direction is greater than the critical aBgh® the particle is mis-
aligned with respect to the planar potential and cannot la@mbled. According
to this the re-channeling after dechanneling in a bent ahystimprobable (the
feed-in is a negligible correction in the effective dechalimg computation).

Fig. 1.18 shows two examples of trajectories in which theigarenters the
crystal in channeling condition but it is also possible tagbarticle enters the
crystal in a random condition and then is captured in the ebhrin this case, in
the straight crystal the capture can happen along the wingd¢at length while in
the bent one the particle can be captured only when its tajets nearly tangent
to the channel, that is when the angle between the partiadettzen channel is
0 < B.. Differently from the straight crystal case in a bent crytta quasi tangent
condition can be reached also for impact angles larger tharctitical angle as
long as the impact angle stays smaller than the crystal hgratigle § < 6y).
As shown in fig. 1.19(a) whef increases, the tangent condition moves within
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the crystal volume, which is the reason why the correspandapture process is
calledvolume capture

Figure 1.19: a) Two schematic examples of volume captureiicfes in a bent
crystal: as the misalignment increases (from top to bottttra)volume capture
point moves farther on inside the volume. b) Trajectory obmine captured par-
ticle represented in the phase space (transversal energysvadial position); in
the zoom (bottom plot) note that the particle reaches a eglamineling condition.

Fig. 1.19(b) shows the particle trajectory representedgniil9(a) (top) in
the (E,r) phase space: the particle transversal en&gidashed line) is plotted
as a function of the radial coordinate; the curve represttr@ffective potential
(which is the sum of the interplanar crystal electric field éime centrifugal force).
The transversal energy is a motion constant (sec. 1.1.3)isoapresented by a
constant line as a function of the particle displacemerttén tlirection; moreover
E; is the sum of a kinetic term and a potential one as shown inlsg@:

Ee = pve® + Ue(r) (1.37)

SinceUe1¢(r) increases witlr due to the centrifugal force, th& kinetic con-
tribution (pv0?) should decreasegv is constant s® decreases. This represents
(in the non inertial frame which rotates with the channed) inogressive patrticle
alignment with respect to the channel.

At a certain radial coordinate= r; the potentialef¢(r¢) equals the transver-
sal energyE; so that the particle is aligned with the chanr@H 0). Note (zoom
of fig. 1.19(b)) that in the; position the particle potential energy is higher than
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the external potential barrier and so the particle canncobioéained in the channel
(this is the origin of the effect calleeblume reflectiotreated in sec. 1.2.3).

Although the particle is not in channeling, its transveesatrgy slightly over-
comes the maximum transversal energy val.u@)(in this condition the particle
is in quasi-channeling as a small transversal energy deerehue to scattering,
is enough to bring the particle in channeling. In this casegarticle isvolume
captured

The volume capture is strictly related to dechanneling beedoth depend on
the scattering probability. The variation of the numb®y) ©f channeled particles
due to dechanneling is given by the following differentigliation which leads to
the exponential trend given in sec. 1.1.3:

dne e
dz N Lp

where & is the infinitesimal increment in the longitudinal directiandLp is the
dechanneling length (eq. 1.16); adding the feed-in comtiol, eq. 1.38 becomes:

(1.38)

dnc N Ngc

— =4 —= 1.39

dz Lp + Le ( )
wherengc is the number of quasi-channeled particles bads the feed-in length,
which due to the reversibility rule isg = Lp. In this situation the particles in-
coming angle is greater than the critical angle so at theroégg no particles are
channeled; according to this in eq. 11/39= 0 and so:

dnc  Ngc
— = 1.40
dz Lp ( )

It was pointed out that the longitudinal distance along \Wtiee particles are
aligned to the channeb(< ) is dz= 6¢:R so sincedz <« Lp the number of cap-

tured particles is approximately:

Lp Lp
meaning a volume capture probability:
on: RO
=~ 1.42
= e T (1.42)

Considering the trajectories reversibility in the cryst&@imore rigorous formula
for P,c can be derived [9], introducing a numerical correction dact

Pe==—2o (1.43)
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The volume capture trend as a function of the beam energy eatoimputed,
considering tha; (1 ,/pvandLp O pv (if the logarithmic correction is neglected):

R
el 2 (1.44)

1.2.3 Volume reflection

The volume reflectiorrepresents the particle deviation in a single point inside
the crystal due to an elastic scattering with the atomic mi@kbarrier; it was
considered for the first time in computer simulations [23{l aecently observed
[24]. In this section the volume reflection mechanism willdiecussed pointing
out its great interest in high energy physics applicatiams i its great efficiency
and angular acceptance.

When a particle enters the crystal with an angle larger thanctitical one
(6¢), its transversal energy overcomes the potential barridrthe particle cannot
be channeled. According to this, it crosses the crystal eanarphous material
and during this motion the angle between the particle andtystal planes de-
creases due to the crystal curvature (fig. 1.20(a)). The sgmaeomenon can be
described, in the non inertial reference system which vadlohe channel direc-
tion, as an increase of the effective potential felt by thetigle (fig. 1.20(b)). The
particle transversal enerdy, in fact, is a conserved quantity given by the sum of
a kinetic part pv0?), a potential onelesf) and an offset which depends on the
particle entrance point in the crystal and can be set to zerthat to an increase
of the effective potential a decrease of the arfgdiould correspond. At a certain
point the potentidle t f equals the particle transversal kinetic energy, so@hka0
meaning that the particle is tangent to the crystal planéhid point the particle
starts to fall in the potential well increasing its transadrenergy in the opposite
direction: in other words, the particle has been reflected.

Itis useful to analyze the situation in the inertial framé&ve a better compre-
hension of what is happening and to compute the reflectioreahgt's consider
the case of a particle which starts and ends its motion in ¢iméec of a channel:
when the particle enters the crystal its transversal energlges it overcome the
potential barrier of the different channels but as the elys bent the barriers
become more and more parallel to the particle momentum aadettain point a
barrier will stop the particle motion towards the centerla# trystal. In this point
the barrier breaks the particle motion towards its direc{io other words, it has
deviated the particle), which, according to the energy eoration, means that the
potential energy of the barri&f(r;) should be subtracted from the particle kinetic
energy in the transversal direction. Therefore the parigldeviated of an angle
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4
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Figure 1.20: Reflection of a charged patrticle in the crystdlime at the turning
radial coordinate;: a) schematic view of the crystal; b) phase space of thegbarti
transversal energy as a function of the radial coordinate.

i)

. After being stopped, the particle is on the top of the paéént

barrier from where it is pushed towards the channel centéal(s in the potential
well); the potential energy (rt) is converted in kinetic energy which means the

20 (rt)
pv
The reflection has been described in two steps: first theghait stopped by
the barrier (it assumesd® kick) and then it is accelerated in the opposite direction
(it assumes anothéB kick). As in the case of the elastic scattering of a ball on a
wall, the total deflection angle shoud b&62

particle assumes another angular kd¢k=

. 2U (rt)
6 =2/ =" (1.45)

The plot of fig. 1.20(b) shows that after being reflected theigda transversal
energy is too large for the particle to be trapped in chamgedp the particle exits
from the crystal in the direction assumed after the reflectio

To computed, the value ofU(r;) is neededU (r) is the crystal interplanar
periodic potential whose period is the distance betweerctystal planesdp);
soU(r+ndy) =U(r). If r =ndy+ x wherex is defined as the distance be-

2U (x)

tween the reflection point and the nearest channel cehter,2 W This is
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schematically shown in fig. 1.21(a) whexgis defined as the low coordinate of
the reflecting potential so that the possikialues are betweex, andd,/2.

a) b)
E, E,

I

ndy” x¢ rex+nd,

AU(x)

| AU(x)

\ 4

\ V.

Figure 1.21: a) Schematic of the effective potential at thiaibg point; b) effec-
tive potential of smaller radius (compared with the one i):(the reflecting area
AUg¢£(X) increases.

Let's assume a large bending radil®>% R;); the effective potential has a
small component due to the centrifugal forge/(R) so thex, value will be close
to dp/2 so thatx ~ dp/2 and consequently the volume reflection angle can be
approximated:

2U (dp/2)
pv

This approximation takes into account the limit— c which clearly does not al-
low the reflection so that the maximum reachal)l@alue is just below &.. Note
that although different particles can be reflected in défeiturning points depend-
ing on their initial transversal energy, they will have akhthe same reflection an-
gle because thevalue is almost fixed. But when the curvature radius decsease
the reflection region < x < dp) of the potential barrier increases (fig. 1.21(b))
and the reflection angle being a functionxolvill assume a larger distribution of
values as shown by the simulation in fig. 1.22. The conclusdhat increasing
the crystal curvature the reflection angle distributioreggrincreases too while its
mean value decreases.

The angular distributions shown in fig. 1.22 are stronglynasyetric but they
do not take into account that before and after the volumeatisie, particles cross
the crystal as an amorphous layer being subject to multga#ering whose con-
tribution smooths the distributions, strongly reducingitasymmetry as shown
in fig. 1.23(a). In fig 1.23(b) the same angular distributisrpiotted in a wider

B 2 = 20, (1.46)
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Figure 1.22: Simulated angular distributions of 400 GeVtpns scattered by a
(110) silicon crystal bent with different curvature radiy 40 m; b) 20 m; c) 10 m;
d) 5 m (the critical radiu&; is ~ 0.8 m) [25].

angular range showing its tail in the crystal bending dieettwhere two peaks
appear in correspondence to the bent planes direction. diteegomposed of the
particles captured into the channeling regime during tileecgon (volume cap-
ture, sec. 1.2.2).
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Figure 1.23: Simulated angular distributions of 400 GeVtpns scattered by a
(120) silicon crystal (curvature radius 10 m): plot 1 withthe multiple scattering

contribution; plot 2 taking it into account; b) the same piota larger horizontal

(angular) scale; the right tail of the distribution shows tlolume captured parti-
cles.

Eq. 1.46 gives the volume reflection angle under two conastid) R > R;
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2) the patrticle enters and leaves the crystal in the centitreathannel. They both
favour a large reflection angle; a more precise estimatiadhefolume reflection
angle is 1.9, rather than B.. A complete discussion can be found in [25] (based
on Montecarlo simulation) and in [26] (based on analytiedtualation).

The dependence of the reflection angle on the bending radisibéen dis-
cussed briefly: a smaller bending radius, increasing thstakhgurvature allows
the reflection in crystal lattice points in which the intempar potential is less
intense so smaller reflection angles become possible anavidrage deflection
angle decreases.

Also the entrance and the exit point coordinate in the chlacirenge the vol-
ume reflection angle; eq. 1.46 is based on the assumptiothingiarticle enters
and exits the channel in points where the interplanar piatiems a minimum and
is subject to a reflection where it has a maximum. Let’s supploat the particle
enters and exits the crystal in points where the interpl@aéential has a max-
imum; in the computation of its transversal energy changeiritial and final
contribution should be subtracted. In fact, even thoughréifflection angle does
not vanish at the beginning and at the end of the crystal, dhntcfe is misaligned
with respect to the channel so the potential contributiotihéoparticle transversal
energy is small if compared to the one of the reflection point.

The volume reflection, as well as channeling is able to defleatged parti-
cles, even though, after its discovery in Montecarlo sirtiokes, it has not been
considered as an alternative to channeling for beam stgeflihe reason is that
its deflection angle is fixed and small, if compared to the oleéing one. For
example, even at a relative high energylQ0 GeV) with a relative short crystal
(~ 2 mm) the reflection angle is of the same order of magnitudaé@itultiple
scattering.

In spite of this, there are some factors that make the volwefieation study
interesting for this application:

¢ the channeling angular acceptance is fix&g (vhich could be a problem
with a beam with a divergen@>> 6. because the deflection efficiency will
be limited. On the other side, the volume reflection acceqggmwhich is
the crystal bending angle) is larger and can be adjustedndépue on the
situation;

e at very high energy the scaling properties favour volumesogitbn @¢ [
E—%) with respect to multiple scatterin@ s 0 E~1) and channelingg. O

1
—OEY);
R )

¢ volume reflection is characterized by a high efficiency; ihesation shows
that all the non-volume captured patrticles are reflectea;esthe volume
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capture probability scales &5 very high efficiencies (close to 100%) are
expected at high energy.

The first volume reflection observation [27] was performethatiHEP labo-
ratory in Protvino (Russia) on the U-70 accelerator with &&Y/c proton beam.
The silicon crystal was prepared and bent using the elastisiqnosaicity effect
[28] (see sec. 3.1.4.2) which allows to reach a very smatkiiness in the beam
direction; the crystal was.®2 mm (along the beam) with an area 0260 mn¥;
the bending angle was 42@ad.

The rms of the beam divergence (in the bending plane) wagrd8, the
average multiple scattering value for a 70 GeV proton crggshe crystal was
13.5prad while the critical angle for the used (111) silicon caysvas 24urad.
In this condition if the crystal is properly oriented the wnie reflection should
overcome both the beam spread and the multiple scatteritigeatrystal being
easily detectable.

Fig. 1.24 shows the experimental setup. In addition to thesipiosaic cur-
vature (used for channeling) the crystal has also an asticlaurvature which
changes the channel orientation as a function oktpesition on the crystal sur-
face, so a part of the crystal can be aligned for channelindevanother part
for volume reflection and another one can be misaligned asainee time (this
is schematically shown in fig. 1.25(a)). The correct origntaof the crystal is
identified by the S2 and S3 scintillators (fig. 1.24) whosentimg rate increases
when the crystal is in channeling.

The beam profile after the crystal is measured by two emulsliates located
at4.6 mand 5.9 m from the crystal itself. The intensity peofdcorded by the first
plate is shown in fig. 1.25(b); three different regions caideatified marked with
the letters A (primary beam overlapped to the reflected dé)eam absence), C
(channeled beam). They are explained in fig. 1.25(a).

The analysis of the recorded profile on both the plates giwedwane reflec-
tion angle of6, = 39.5+ 2.0 yrad which expressed in terms of the crytical angle
become®, = (1.65+0.08) - 6. compatible with the simulation prediction [27].
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Figure 1.24: Layout of the experimental setup.
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Figure 1.25: a) Schematic view of the horizontal traje@sirossing the crystal
and the emulsion; b) a part of the first emulsion crossed byéaen: the crystal
shape and the interesting vertical lines are represented.
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Chapter 2

A channeling application: the beam
collimation

The field of application of bent crystals in high energy paetiphysics is re-
ally wide. Following Tsyganov's idea, bent crystals haverbé&ansformed into
efficient instruments for particle steering at accelegtdineir behaviour is pre-
dictable and reliable: in many cases they have been usedwadtm of high inten-
sity over years.

One of the most studied applications is the crystal assiskéi@ction [29]
which is characterized by many benefits if compared to thedstal resonant one
[30]. It also represents a possible solution for particléraotion from a very
high energy beam such as the LHC one [31]. Other applicattansbe found
in external beamlines where bent crystals are used to f&2jsof split [33] the
beam. Last but not least, crystal undulators [34] are unidelysto produce high
intensity photon beams and bent crystals to measure the etiagnoments of
shortlived particles [35].

Among the various applications, in 1991 it was proposed ®hent crystals
for halo collimation in SSC [36]. The basic idea was that atlmpstal used
as a primary collimator should extract the incident halaipkas directing them
onto a secondary collimator. Although the SSC accelerasrideen never built,
the necessity of an efficient and robust collimation systeimeidron colliders has
kept the interest in the crystal collimation alive. Expegims were performed
at the Tevatron and RHIC accelerators during the past fewsyaad the present
studies are addressed to develop a collimation systemhvaoigld allow LHC to
reach its nominal luminosity.

This thesis work has been developed in this research coatekthe aim of
this chapter is to give an overview on the crystal-basedmation without the
presumption to give any final feasibility judgements butwimg the difficulties
and the potentialities of this innovative system.
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2.1 Beam collimation

The collimation system is an essential apparatus in a padoxelerator: its role
is to reduce the beam halo which is the external beam regapulpted by parti-
cles which are leaving the nominal accelerator orbit beeaigphenomena con-
nected to the beam dynamics, such as: the scattering ondideakgas particles
of the vacuum system; the beam-beam interaction which tpkes in collid-
ers, where two oppositely directed rotating beams are broingo collision, and
where the particles in one beam are influenced by the nonriitpdarces of the
other beam; the non linearity field errors which cannot badeain the super-
conducting magnets in which the field types (dipole, quadieipetc.) have to
be produced according to the coil geometry. The beam logseBeoming an
increasing concern for modern accelerators causing egnpoamage, residual
radiation and large experimental backgrounds [37].

A collimation system is usually composed of a complex of cieg insertions
in the accelerator line, in which targets of amorphous ni@tare positioned on
the beam halo next to the beam core, to absorb the unwantecgsrin modern
hadron accelerators such as LHC or the Tevatron, the higlygparticles stored
in the beam require the implementation of a multi-stageroalion system: a first
collimator stage intercepts the primary halo beam and géegila secondary halo
composed of particles with a larger misalignment with resge the nominal
beam trajectory; most of this secondary halo is then stofipyethe secondary
collimators which are bulk absorbers; scattering withintsaollimators causes a
tertiary halo beam that must be intercepted by a third sefiesllimators.

In the LHC and Tevatron accelerators which are charactr®ethe use of
superconducting magnets, the collimation besides thetitaporole of minimiz-
ing the halo-induced background in the particle physicseearpents is crucial to
prevent the beam induced quenches of the magnets themsBlwedo the high
beam energy stored, in fact, a relative small number of gagiwhich leave the
nominal beam trajectory and eventually penetrate the sopéucting magnets
can deposit enough energy to warm the magnets causing thenching.

In other words the cleaning efficiency of the collimationteys can represent
a limit for the accelerator luminosity; this justifies thdaets in improving the
collimation techniques. In this context the idea of usingatlzrystal as a primary
collimator was born [38].

The role of the primary collimator is to give a substantiafjalar kick to the
incoming particle in order to increase the impact paramatethe secondary col-
limator, which is generally placed in the optimum positionrtercept the trans-
verse or longitudinal beam halo. The primary collimatorssially an amorphous
target which scatters the impinging particles in all dir@as with a wide angular
spread. A bent crystal used for primary collimation has theazng property of
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kicking all the particles in the same direction (that can hesen to be the ra-
dial one) and with a small angular spread; in this way theaexéd, unwanted,
particles will intercept the center of the absorber exatgdany particles losses.

The large range of scattering angles from an amorphous pyig@limator
makes the optimization of the location of the secondanyroalior a difficult task
and limits the achievable collimation efficiency. If therpery collimator is re-
placed with a bent crystal, it will be possible to deflect hadwticles away from
the beam core. The secondary collimator can be efficiendlgad to intercept the
channeled beam. If the bent crystal has a high channelirayezfély, the efficiency
of the collimation system can be greatly improved with respe a conventional
two stage collimation system. The performance of such ancatbr clearly de-
pends on the crystal deflection efficiency; for this reas@ndiudies and experi-
ments on crystal collimation are addressed to increase aadune this efficiency.

As it is pointed out in chap. 1, a bent crystal can steer a garbeam at
least with two deeply different effects, channeling anduwnaé¢ reflection. The
first crystal collimation ideas were focused on the chamgetiffect to deviate the
particle halo into the absorber and the development of tioess, as it will be
described (sec. 2.2), has brought great improvements irepagtobal deflection
efficiencies of 85% [30]. During these studies the develapnoé the crystal
channeling experiments revealed the first evidence of thenereflection, whose
properties (large efficiency and angular acceptance) makegood candidate for
the collimation of high energy particle beams. This thesiskndescribes the first
experiments addressed to explore the volume reflectiongpties with the aim of
designing a collimation system for LHC.

2.2 The history of crystal collimation

The feasibility of crystal channeling collimation is sthiclinked to a high chan-
neling efficiency. In the first experiment with bent crystgl979 FNAL [7]) the
deflected beam fraction was only 1% but already in the nexeexents it was
improved. An important milestone of this evolution is reggated by the ex-
periments performed at the CERN SPS [39] in which protontusiiig from a
120 GeV beam were extracted with a bent silicon crystal witleficiency of 10-
20%. This extraction study clarified several aspects of ttieaetion technique
proving that the multipass extraction mechanism plays gomant role as far as
the final extraction efficiency is concerned; fig. 2.1 shovesdhktraction efficien-
cies measured at the SPS experiment compared with the siamula

The multipass effect takes place in a circular acceleratweres the particles
stay on similar orbits for many turns. When a crystal is puttioa circulating
beam (on the beam halo) with the correct orientation for aleting and a particle
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Figure 2.1: Extraction efficiency measured in the SPS erpant as a function of
the beam momentum [39].

crosses it without being channeled, after a turn the partiels a new opportunity
to be channeled and so on. This mechanism increases theetingnefficiency
in circular accelerators; it was demonstrated [40] thatrdtriction of the crystal
size in the beam direction increases the average numbeosdiags of the parti-
cles, which largely enhances the channeling efficiencys Tiappens because the
non channeled particles behave in the crystal as in an aroogpmaterial being
scattered of an average angle which is proportional to tharsgroot of the crys-
tal length; so in a shorter crystal the non channeled padipkesent in average
a smaller deflection with respect to the nominal beam trajgctHence, in the
various crossings of the crystal they will have a smallebaitality to exceed the
channeling angle acceptance, that is to be misaligned ldeyercritical angle.

In order to clarify the different effects of the multipass ¢chanism and to
verify its performance comparing it with the Montecarlo silation prediction, an
experiment involving the test of very short crystals wastethat IHEP at the end
of 1997 [41].

2.2.1 The IHEP experiments

The Institute for High Energy Physics (IHEP) in Protvinoan®loscow, has many
locations on the U-70 synchrotron ring where crystals asgailled for extraction
and collimation studies [29]. Two of these locations areickged to the crystal
collimation experiment. The collimation experiments ameléxtraction ones have
many common features; in fact, in both cases a bent crygtatisn the circulating
beam to deviate the incoming particle, in the extractionegxpents, to an exter-
nal beamline and in the collimation ones to an absorber (gky collimator).
In any case the deflection efficiency as a function of the ahysatures is the key
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measured parameter. For this reason it is usual to find data éxperiments in
the extraction configuration mixed with the ones obtained aollimation setup.
Fig. 2.2 is an example of this mixture; it contains data froiffecent IHEP ex-
periments performed in the period from 1997 to 2000 and ptsshe measured
extraction efficiency for various crystals as a functionlad trystal length in the
beam direction, compared with the Montecarlo simulatiohisTplot shows that
the deflection efficiency can reach a very high value, thamidsg multipass mech-
anism, for very short crystals; the highest efficiency vas@h.3+2.8% obtained
with a 2 mm long silicon crystal which deflects 1012 protons in spills of~ 2 s.

To make a crystal deflector this short, the strip geometryeen used: a
narrow (111) silicon strip, of about 40 mm in the verticaledition and a fraction
of millimiter in the radial one, is bent by a metallic holdeopiding a curvature
along the vertical direction. In this way the strip has thehof a saddle obtain-
ing an additional curvature in the radial direction whicluged for channeling; a
scheme of the strip and a more detailed description can balfousec. 3.1.4.1.
The extraction efficiency is given by the ratio of the exteacbeam intensity, as
measured on the external beamline, to all the beam lossas iertire ring. The
intensity of the extracted beam was measured with two inalége monitors of
secondary emission while the reduction in the circulatiegrbh was measured
with beam transformers [41].

Extraction efficiency (%)
100 ll||Il||||||||I|l|l|||||l|||l|'||||||
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Figure 2.2: Crystal extraction efficiency for 70 GeV prot@ssa function of the
crystal length. IHEP measurements, (2 for a strip crystal; box for an O-shaped
crystal) and Montecarlo prediction for the ideal strip.(

In crystal collimation experiments, a bent crystal is posied upstream of a
secondary collimator (a stainless steel absorber 4 cm vi@8lem high, 250 cm
long). This setup allows an independent check of the crgstahneling efficien-
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cies and also gives the opportunity to work with differenb@eg angles, unlike
the extraction setup where the crystal bending angle istdidtby the geometry of
the extraction. The intensity of the deflected beam is moaitavith a profilome-
ter which measures the particle intensity on the absorbiey éace as a function
of the radial position with respect to the beam directiorg. 2.3 shows a series
of intensity profiles recorded by the profilometer which slitates the effect of the
crystal when used as a primary collimator. In the first ploaamorphous target
is used as a primary collimator while the crystal is kept ml&#ghe beam. As
expected, the beam profile is peaked at the collimator edgéelsecond plot the
crystal substitutes the amorphous collimator but is n@redd with the beam so
it behaves exactly like an amorphous target. In the third tble crystal is prop-
erly aligned with the beam direction and channels the gdagjchus most of the
incoming beam is deviated in the center of the bulk absorby éace (peak in
the center of the plot).

0 25 5 7.5 10 125 R(mm) 0 25 5 75 10 12.5 R(mm) 0 25 5 7.5 10 12.5 R(mm)

Figure 2.3: The radial beam profile observed at the entry tdche stainless
steel absorber: a) the crystal is out of the beam which ipsdéy the collimator
alone; b) the crystal is in the beam but misaligned; c) thatahyis in the beam
aligned.

The presented channeling collimation setup was also tdstdtie different
particle energies available in the main ring of the IHEP Ua¢0elerator.

A long and stable measurement has been performed at théiamenergy of
the accelerator (1.3 GeV). Fig. 2.4(a) shows the intensiilp recorded at this
energy by the profilometer placed in front of the absorbes;dtystal in use is the
same which shows an efficiency of about 85% at 70 GeV. The dtiagnpeak
is still evident and the efficiency is about 15-20% which iseaphigh efficiency
if compared to the previous measurements in the low-GeVggnemge. The
black area is the Montecarlo prediction which appears irdgmgreement with the
measured data.

Another interesting test was performed during the partaeeleration from
the injection energy of 1.3 GeV to the maximum energy of 70 Gé¥ deflection
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Figure 2.4: a) Beam profile measured on the collimator alesaghtry face with
1.3 GeV protons; the black area shows the simulated profiltn@fchanneled
peak. b) Crystal collimation efficiency measured duringdbeelerating phase of
the U-70 ring, compared with the Montecarlo simulation.

efficiency has been measured for 7 different energies asrshofig. 2.4(b) where
the recorded efficiency is compared with the Montecarlo &itan.

2.2.2 The RHIC and Tevatron experiments

Two significant crystal channeling collimation experinmgetatok place at the RHIC
(New York) and Tevatron (lllinois) accelerator collidef&hese experiments have
many common features: they used the same crystal and anaézntivnethod to
check the results. Differently from the IHEP experimentsevehthe crystal col-
limators are tested to explore their potentiality, the Rt Tevatron measure-
ments were addressed to increase the accelerator perfoenmaainly reducing
the experiments background. This target and the posyildihave a feedback
from the running particle physics experiments gave to theegeeriences an im-
portant role for the future of crystal collimation. The RH&periment will be
described in more detail, although its final result is negatbecause it has several
interesting features: first of all, it points out the impaortea of the beam charac-
teristics knowledge showing the complexity of a crystaliomhtion experiment;
secondly it has obtained a value of channeling efficiench vahs (Au) similar
to the one reached with protons (interesting for the LHCiewltion); last, but
not least, the crystal scan shows a not well understood l@lraw the volume
capture-reflection angular region. The Fermilab experina¢so shows this crys-
tal behaviour, but it will be described more shortly unddrig the results and
their possible explanations.
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The relativistic Heavy lon Collider (RHIC) consists of tw83 m supercon-
ducting rings which can accelerate a range of ion specian fyotons to fully
stripped gold ions. RHIC needs an efficient collimation egsto remove the tails
of the beam, minimize the distributed losses and reducedhkgvound. For this
reason before 2003 a bent crystal was installed in one of HKCRings as the
first stage of a two collimation system with the goal of meamyits performances
[42]. A scheme of the RHIC collimation experiment is presehin fig. 2.5. The
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Figure 2.5: The RHIC crystal collimation setup.

crystal is located in the “CC Vessel"; it is an O-shaped silicrystal, produced
at PNPI (St. Petersburg) and mounted in the holder at IHE&\{iA0). Fig. 2.6
shows a schematic of the bending mechanism and a photo ofytstalonounted
in the holder. The crystal length in the beam direction is 5,mswidth is 1 mm
and the bending angle &, = 440urad. The crystal sits at the end of a long lever
arm mounted on a pivot that moves it in the transverse doratiith respect to
the beam one; its angle in the horizontal plane is changeddigzaelectric inch-
worm, which pushes the lever arm. The crystal angle is deterby reflecting a
laser beam from the crystal face and measuring its defleatitna resolution of
about 25urad (the laser setup is shown in fig. 2.5). About 6 m downstrestm
respect to the crystal position, a 450 mm long dual plate enppraper is placed
to stop the crystal channeled beam. Fig. 2.5 also shows teetdes setup dedi-
cated to the crystal performance measurements; it is coedpafs 2 scintillators
that form a hodoscope to monitor particles scattered atlargles by the crys-
tal; 8 upstream (before the copper scraper) PIN diodes, tesddtect particles
scattered by the crystal; an array of 4 downstream PIN ditalégtect particles
scattered by the scraper and 4 dedicated ionization beambzramonitors to
measure large beam losses downstream of the scraper.
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Figure 2.6: On the left, a scheme of the O-shaped bending anésrh; on the
right, a photo of the O-shaped crystal used at the RHIC andtii@v accelerators
mounted on its aluminum holder.

Data were taken during all the RHIC runs between 2001 and 2d08a
variety of beam and optics combinations, during the routiperation and with
minimal interference to the RHIC detectors. The data takiag organized in
"scans” which started with the insertion of the crystal inransverse position
such that the scattering of the halo particles was detegtetid upstream PIN
diodes and went on with the rotation of the crystal throughrage of angles with
respect to the beam direction. During each scan, the beamdtesswas measured
by the available detectors; fig. 2.7 shows an example of a&yprystal scan using
one of the upstream PIN diodes to monitor scattering fronctigetal. The drop
in the scattering indicates channeling in the crystal; th@noeling efficiency is
determined dividing the depth of the channeling dip by thekgeound rate. Each
of the hodoscope scintillators and their coincidence wése analyzed but the
background coming from particle scraping immediately tgeh of them reduced
the signal to noise ratio and made it difficult to use the dake downstream PIN
diodes are not useful for the analysis because they are ehsitise to scattering
from the copper scraper.

A simulation was written to study the collimation feasityililt is a C++ pro-
gram which tracks particles around RHIC for a given numbeuofis in the range
of the crystal deflection angles [42]; it uses the Montecantoulation CATCH
(the one used also in the IHEP experiment) which simulatesctiistal lattice
behaviour. The simulation of the crystal behaviour in aw&c accelerator has
to take the beam parameters in consideration and, as it evghown, the RHIC
experimental experience indicates that the knowledgeeb#am features in the
crystal region is a crucial aspect to understand the chamgpekperimental results.

The fundamental beam parameter is the divergence of thielearimpinging
on the crystal entry face. In fact, the crystal can be turreetld aligned with
respect to the particles average direction but if their djeace exceeds the crystal
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Figure 2.7: Typical crystal scan with a gold ion beam. Thelirelcorresponds to
a fit with a function given by two shifted Lorentian dips. Theximum channel-
ing efficiency is about 25% which represents a very high eificy if compared
with the 11% obtained at the SPS with Pb ions [43].

critical anglef. (defined in sec. 1.1.1) the fraction of channeled partichesikl
be proportional tdB./® where® is the rms of this divergence. The computed
geometrical crystal acceptano& is given by:

B 2(dp—Xc) T Oc
Ay = TZ ~ 0'665 (2.1)

whered,, is the crystal lattice interplanar spacing axdis the maximum dis-
tance from the center of the channel that a particle can ha®w being scat-
tered away from the nuclei (both of them are defined in secl).IThe factor
2(dp—Xc)
dp

details of the calculation, performed assuming a uniformuder distribution of
the incoming beam and the harmonic approximation of thetarysterplanar po-
tential. The result refers to a (110) oriented silicon caysthich is the case of the
RHIC collimator crystal.

Fig. 2.8(a) shows the beam horizontal phase space as it pagstexl in the
crystal collimator location. The beam phase space in avssal direction is
given by the distribution of the angles between the nomieainb direction and
the patrticle trajectory (projected on a transversal cowtdi as the horizontal one)
as a function of the particle coordinate in the same trasselirection. The ac-
celerator theory [37] shows that the particles distribmiio the transversal phase

takes into account the lattice spatial acceptance and therfz the
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space has an elliptical form; the ellipses plotted in fig(&).8epresent the bound-
ary of this phase space distribution at different standadadions (a gaussian
beam profile is assumed). The phase space area covered blifgke at one
standard deviation is called transverse emittance; it isrgoortant beam quality
concept (measured in rad) which reflects the beam production process from the
source to the bunch preparation. It is interesting to noée tine emittance is in-
dependent from the beam optics (magnets) and it is consta&atch region of the
accelerator; the accelerator optics can only modify thpsgl shape: for example
near the interaction region the beam should be focused tease the luminosity
but this implies that its divergency increases.
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Figure 2.8: a) Design beam horizontal phase space at the Biy$gal collimator;
the contours represent the beam distribution at a distahdecobetween each
other, assuming a 1&mm emittance. b) Simulation of the particle hitting the
crystal collimator in the horizontal beam phase space: endft, at the entrance
of the crystal (the crystal angular acceptance is indigatadthe right, at the end
of the crystal (both the angular acceptance and the crysiiglaance are indicated)
[42].

The two orthogonal bands in fig. 2.8(a) represent the crggiatial acceptance
(vertical band) and angular acceptance (horizontal bathe)particles contained
in the intersection of the two bands can be channeled. Thégosf the vertical
band depends on the crystal position (it is imposed by thientation necessity)
while its width depends on the crystal thickness. The pmsitf the horizontal
band depends on the crystal orientation and can be adjustiadirig the crystal)



60 A channeling application: the beam collimation

to match the beam average angle on the crystal entry faceyittie of this band,
which is the crystal critical angle, depends on the cryskgisics and cannot be
changed.

The plots of fig. 2.8(b) show the simulated positions of theigla in the hor-
izontal beam phase space: in the plot on the left, at the rsdraf the crystal
on the first turn of the simulation (the edges of the crystal tre range of an-
gles within its acceptance are shown); in the plot on thetyighthe exit of the
crystal after many turns. The channeled particles appeardes the red dotted
lines; they received an angular kick approximately equahtobending angle of
440prad which is enough to reach the copper collimator.

Fig. 2.9 shows a comparison between the simulation and tiaeoighe 2001
run. The blue curve is obtained using the design beam paeasn@ihase space
of fig. 2.8(a)); after 20 turns it reaches the promising cleding efficiency of
56+1%. The agreement between data and simulation is not goedathidmneling
dip is less deep in the data and shifted suggesting that fibetigé beam parame-
ters are different from the design ones. In particular atroteof the phase space
ellipse could explain the horizontal shift of the channglinin fact a measure-
ment of the beam phase space showed a disagreement witletrestiee design
value revealing a greater slope of the phase space ellipgered curve in fig. 2.9
is given by the simulation once modified with the measuredcephformation;
it reproduces the general shape of the data. Note that bégéhaska simulation
beside the channeling dip present a reduction in the soajtbetween 800 and
1200prad. This is an interesting and unexpected feature thatwillliscussed at
the end of the section.

The difference between the two simulations is due to theemsed tilt of
the phase space ellipse leading to a larger angular diveegstniking the crys-
tal which implies a lower efficiency according to eq. 2.1. Tdieserved global
efficiency was approximately 25% which means less than laffeooriginal pre-
diction.

Besides the equipment protection, the important goal adtehycollimation at
RHIC was to reduce background in the experiments; varioakdraund signals
were recorded by each experiment to measure the effecigearfehe crystal col-
limator. The STAR detector [44] being located directly daiveam of the crystal
position should be more sensitive to its effects. Fig. 2@ the STAR back-
ground rates in presence of the crystal (normalized to thellimated one) as
a function of the distance between the crystal and the scrapeegative posi-
tion indicates that the crystal is closer to the beam tharsthaper; the few times
that the crystal collimation seems successful, shown bydets below the dot-
ted line, are not understood since there is no reason why thesits should be
more successful than the neighbouring ones. The conclisitrat the collima-
tion using crystals in these RHIC locations is unsucces&thk reason why the
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Figure 2.9: Comparison between the 2001 RHIC data and Maritesimulation
[42].
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Figure 2.10: The relative background measured by the STAfem@xent as a
function of the distance between the crystal and the secgrddimator. The red

line indicates where the crystal equals the standard catiéoh background. The
error bars are statistical [42].
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crystal does not act as a good collimator is the low changdfficiency because
of which the large amount of scattering caused by the crgstahot be removed
by a single scraper. On the other hand, the experiments Henwensthat an ac-
curate knowledge of the beam phase space is necessary tct pinedchanneling
efficiency; in particular the beam optics in the crystal kima should be adjusted
to present a small beam divergence at the crystal entry taogatch the crystal
channeling angular acceptance which is a fixed parametahelfRHIC case it
was not possible to adjust the beam optics to the ideal valtieeacrystal was lo-
cated in an interaction region matching section. On therdgthed all the available
locations (the RHIC warm section) have similar beam paramsefor these rea-
sons the crystal collimator was removed after the 2003 ruitla@ RHIC standard
collimation system was upgraded [45].

In the RHIC collimation data analysis a major attention waslicated to
the channeling efficiency measurements and simulation;elienthe data (see
fig. 2.7) also showed an interesting and originally unexgeéstattering reduction
in the angular range between 1000 and 14€4d. This shoulder in the collima-
tion plot is also reproduced by the Montecarlo simulation gaown in fig. 2.9)
which, to track the particles in the crystal, assumes a dfgdotential for each
atom of the crystal lattice (sec. 1.1.1). Even though theament between data
and simulation is good, the interpretation of this effeata$ so easy. Before pre-
senting a possible interpretation a brief description &f Tevatron experiments
will be given since the same RHIC effect is present also irFgrenilab data.

The Tevatron accelerator had a very high background leviieatCDF and
DO experiments [46]; in the 2004 shutdown, to solve this f@obthe machine
alignment and the vacuum system were improved. On this totatso a crys-
tal collimator was installed to verify if it could help to rade the proton losses;
fig. 2.11 shows the background level at CDF and DO before ated tife 2004
machine development.

The Tevatron crystal collimation experiment was perfornmre#005 and used
the original RHIC goniometer and the same O-shaped cry3tady were posi-
tioned in a Tevatron straight section, where the crystalaeg a primary tung-
sten collimator and the remaining part of the two collimatystem could be used.
Fig. 2.12 shows a schematic of the collimator experimentsaimde photos of the
setup. As in the RHIC experiment, a PIN diode was used to ne#se scattering
rate after the crystal to understand when the beam is chedhnel

Fig. 2.13 illustrates a typical crystal scan using the Pldddiwhich measures
a scattering rate proportional to the nuclear interactitangie angular scattering)
in the collimator. The dip in the plot corresponds to chamgeWhich is due to
two effects: on one hand, when a particle is channeled, tbleauinteractions are
suppressed (see chap. 1); on the other hand, the partickviated towards the
secondary collimator where, being absorbed, loses thalplitysto be scattered
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Figure 2.11: Proton halo rate recorded at the Tevatron bytwloeexperiments
CDF and DO. The horizontal arrow represents the proton leas limit while the
vertical ones indicate the machine developments perfotmestiuce background:
1) the installation of a double scraper; 2) the improvemémhe vacuum system
and of the alignment; in this occasion the crystal collimatas installed [46].

on one of the next turns. This explanation is important toeusthnd the origin
of the shoulder near the channeling dip which charactetiodés the RHIC and
Tevatron data (sec. 2.2.2.1).

Besides this new and unexpected feature, the Tevatrommailbn experi-
ments have measured a channeling efficiency af /8%, positively influencing
the background rate at the particle experiment [46]. Actaydo these results the
Tevatron crystal collimation experiments will continustiag the new and short
IHEP crystals also with the goal of obtaining informatiom floe development of
a high performance collimation system for LHC.

2.2.2.1 The whole arc effect

As underlined in the previous section, both the RHIC (fig.) 2ai@d Tevatron
(fig. 2.13) experiments presented an unexpected featurehywhlthough repro-
duced by the Montecarlo simulation, remains of difficuleimretation. The fea-
ture consists in a reduction of the background rate duriegtiistal angular scan,
after the channeling orientation; the width of this shoukkems to correspond to
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Figure 2.12: Tevatron crystal collimation setup: a schétnaith some pictures:
a) the crystal collimator assembly; b) the PIN diode; c¢) theomdary collimator.

the crystal bending angl®{ = 440purad whileBghouiderTevatron= 4604 20 prad)
which explains the name “whole arc effect”. This charastarisuggests that a
“volume” effect is going on; in fact, when the entry face oétbrystal is mis-
aligned with respect to the beam of an angle 6y, the crystal bending provides
a tangency point between the particles and the atomic pliausede the crystal
(in its volume). In this point either the volume capture (sk@.2) or the volume
reflection (sec. 1.2.3) can happen.

The volume capture deviates the particles in the channdiigtion, but as
it starts inside the crystal, the captured particle caroflbnly the final part of
the channel so that its deflection angle decreases as thalamjsalignment in-
creases. Moreover the volume capture efficiency is very Iscoahpared to the
channeling one. Taking into account these factors the ctedgurobability for a
particle to impinge on the secondary collimator due to vauwapture is 2% for
the RHIC case and 0.5% for the Tevatron one. The single tulkkmwe capture
probability appears too small to justify the intensity oétivhole arc effect but
taking into account the multipass effect the volume capaifieiency can dra-
matically change. The multipass effect, in fact, multipltee particle crossing
of the crystal, increasing the crystal effect (for exampgtarmeling) probability;
the limit of this mechanism is the multiple scattering in tirgstal itself, which
eventually misalignes the particle taking it outside thgwdar acceptance of the
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Figure 2.13: An angular crystal scan: PIN diode counting eat a function of the
crystal angle (black points); CATCH Montecarlo simulat{oed points).

considered crystal effect (for examefor channeling) making it impossible.

The angular acceptance of the volume capture is the crystadibg angle
By > 6. which means that the multipass effect weight is greaterHentolume
capture than for channeling. Indeed the volume captureddoelan explanation
of the whole arc effect as it was considered when the wholefiect emerged.
Fig. 2.14 shows the RHIC data compared with different Moatiecsimulations
performed requiring an increasing number of turns; as ebgokihe whole arc ef-
fect increases with the number of turns. The simple modael tmehis simulation
is not able to compute a possible survival time for the pkasidn other words the
number of turns must be an input of the simulation. The strdeygendence of
the whole arc effect on the number of turns can be used to fiatbeage number
of turns per particle; in the RHIC case this number is aboua®@an be seen in
fig. 2.14.

Both the RHIC and Tevatron collimation experiments did rtéha detecting
system able to recognize the patrticle trajectory after tespge through the crys-
tal but the agreement with the simulation suggests to usedtarify the whole
arc effect origin. Fig. 2.15 shows the simulated angularedéfin distribution of
particles interacting with the misaligned crystal: Au ianfs100 GeV/c for the
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Figure 2.14: RHIC data compared with several simulatiorik different number
of turns. The depth of the whole arc shoulder increases Wwegmumber of turns
in the simulation.

RHIC collider and protons of 980 GeV/c for the Tevatron. Ie f#lot, a positive
angle corresponds to the bending direction (the one of angiead particle); the
two distributions are shifted on the opposite side as a reduhe coherent scat-
tering with the atomic potential, an effect called voluméleetion. The average
deflection angles are -Jfad for RHIC and -5.3urad for Tevatron; these values
are in agreement with the volume reflection theory within @rfical angles. As
predicted by the first simulation which discovered the dfféite volume reflec-
tion is extremely efficient, practically all the non volumaptured particles are
reflected. Apart from the angular shift, the distributiorosis a greater broaden-
ing if compared with the effect of the multiple scatterinige deflection angle rms
due to reflection is 2rad for RHIC and 7.2urad for Tevatron while the corre-
sponding multiple scattering angles rms in the same siliharkness are 1grad
and 3.3urad.

The “increased multiple scattering” effect of the voluméeetion gives an
alternative interpretation of the whole arc effect. The RliNde counting rate is
proportional to the nuclear interactions in the crystalgi@ar scattering at large
angles). As explained, this allows to detect the channéletgause of two reasons:
it reduces the nuclear interactions for particles that dr@naeled and extracts
them from their orbit limiting the number of passages thiotlge crystal thus
reducing the effective silicon thickness. The second éffesults to be the domi-
nant one as the crystal thickness (5 mm) is very small conapaith the proton
nuclear interaction length. Indeed the background lewainded by the PIN diode
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Figure 2.15: Particle deflection angle distributions du¢hi® passage through a
misaligned crystal in the RHIC and Tevatron case [47].

strongly depends on the number of turns available for thégb@s impinging on
the crystal.

The channeling effect and the volume capture one extraticles from the
orbit which goes through the crystal in less turns than théipie scattering; the
volume reflection produces the same effect, in fact it behasean “increased
multiple scattering”. In other words during the volume refien, the multiple
scattering in the crystal increases as if the crystal wengdo while the nuclear
interaction probability remains constant; so particlegeha larger probability to
leave their orbit (being absorbed in some accelerator altshdefore having a
nuclear interaction in the crystal.

The Montecarlo simulations foresee an extremely high velueflection effi-
ciency which suggests the whole arc effect to be dominateatidyolume reflec-
tion (although a volume capture contribution should be gmés It is evident that
a direct experimental measurement should be performediireothe simulation
results as the importance of such effects in beam dynamiegyshigh.

In the RHIC and Tevatron experiments, the volume reflectienaves as an
increased multiple scattering reducing the nuclear ictésa in the crystal. This
can have some advantages in the development of a collimsygtem but is far
from the original more intriguing idea of steering part®wards the secondary
collimator core. The experiment that will be discussed ia tbllowing of this
thesis will show a detailed study of volume reflection sugiggghat besides the
“increased multiple scattering” effect its deviating powan be used to create

a channeling-like multistage collimator system with the@attages of a greater
efficiency and angular acceptance.
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2.3 The LHC collimation

LHC is designed to perform proton-proton collisions at ateenf mass energy of
14 TeV with unprecedented high beam intensities: each baanigbe filled with
2808 bunches of.1- 10 protons which means a total of 80 protons. Taking
into account the single proton energy, one can compute tHat Will store two
beams with 330 MJ each, with a transverse energy densitydeetd MJ/mrito
1 GJ/mn?. A comparison between the stored energy values of the pahbigh
energy accelerators is shown in fig. 2.16(a).

On one hand, the stored LHC energy is enormous, with unpestedans-
verse energy density; on the other, its superconductingietagvould quench (at
7 TeV) because of a small amount of energy, that is about 36rmdthich can
be induced by a local transient loss of onkL@ protons. Any significant beam
loss into the cold section must therefore be avoided andesinprimary beam
halo will continuously be filled because of the acceleratgmaimics a powerful
collimation system is needed. As shown in fig. 2.16(b), thetqr loss rate for a
realistic beam lifetime is from 1000 to 10000 times largentithe magnet quench
limit. This means that out of 10000 lost protons no more théewaare allowed
to escape from the collimators.
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Figure 2.16: a) Stored beam energy versus beam momentunafimug past,
present and future high power accelerators. b) Quench @t the number of
lost particles as a function of the beam lifetime.

The study performed on the LHC collimation challenge didproduce a sin-
gle solution that fulfills all the machine design goals. Th#imation system will
be implemented in different phases so that the difficultied the performance
goals will be distributed in time, following the natural éwtion of the LHC per-
formance. The first phase is designed to be fail proof reggia minimum number
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of interventions in the high radiation environment of LHiJ collimation sys-
tem should limit the LHC luminosity to 40% of the nominal orieis clear that
such a system has to be modified to allow to reach the nominetimaluminos-
ity with the help of a new generation of collimators which @t decided yet. The
crystal collimator could be an interesting solution forstlifficult task.

2.3.1 First phase of the LHC collimation

Although the LHC collimation system should be upgraded i fibllowing op-
eration years, the initial (phase 1) system will be the @ miart of the overall
collimation setup.

Essentially this phase presents a collimation system deditp guarantee the
maximum robustness against the great destructive powdredf HHC beam both
in normal and abnormal processes (such as irregular bearnpsjunjection and
oscillation).

Robustness is a collimation system key feature as its pedsilures can se-
riously limit the LHC availability: a severe damage to a ouhtor in fact re-
qguires an immediate access in a high radiation environmahpassible vacuum
problems but also a non severe damage (small surface deformheesulting in
a reduced cleaning efficiency limits the machine perforneans difficult to be
recognized and finally requires an intervention.

These damages should be avoided by a proper choice of anadeqaterial
for the collimator jaws. The studies on the collimator miterare driven not so
much by the standard collimation operation but rather bjtyaaperation in which
a very high energy density can be deposited in the protomcepting devices in
a short time (nanosecond range). This limits the choice denads to the low
Z ones [48]. An increase in the atomic numizZein fact corresponds to a strong
decrease in the radiation length which leads both to a lazgetribution of the
electron-gamma part within the cascade and to its highefadmancentration,
thus to a higher energy density concentration which causgsater heating of
the collimator. This effect is illustrated in fig. 2.17 whahee maximum energy
densities of different materials are plotted as a functibthe mass length; the
small Z materials (Be and graphite) show a clear advantage witheotdp the
highZ ones.

The final choice for the first phase setup is a graphite basiichation sys-
tem (one of the secondary collimators is shown in fig. 2.18Beabased col-
limator would not resist the specific one-turn energy load aould introduce
concerns about toxic materials [49]. The graphite disathgais its poorly con-
ducting power which increases the total impedance of thehmac The total
LHC impedance is in fact dominated by the collimators impe#a[50]. The
impedance scales as the third power of the gap size and tmairs form very
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Figure 2.17: Maximum energy deposit in different materipés mass length;
Fluka simulation [48].

small gaps at 7 TeV as shown in fig. 2.18(a). It has been cordphé the colli-
mator induced impedance is expected to limit the total nrachitensity to about
30-40% of its nominal value [51].
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Figure 2.18: a) Opening of the LHC collimators at nominatiags for injec-

tion (top) and 7 TeV (bottom). b) A view of a secondary colliorawith fiber-
reinforced graphite (CFC) jaws.

The initial LHC collimation layout which includes 88 ring lismators is sum-

marized in fig. 2.19(a); the working principle of the setughis following (schemat-
ically described in fig. 2.19(b)):

1. the shorter primary collimators (TCP) intercept protdmsn the primary
beam halo at 6 (rms of the beam profile) from the beam core with an
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impact parameter (the average distance from the collinsatdace and the
proton impact position) smaller thangin. The primary halo is therefore
converted in a secondary one;

2. the longer secondary collimators (TCS) intercept th@sdary halo at @
with a typical impact parameter of 2Q@n. The small number of protons
that escape these collimators populate the tertiary bedm ha

3. other absorbers and collimators around the ring atdr@tect the supercon-
ducting area and other sensible insertions from the tgrtialo.
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Figure 2.19: a) Layout for the LHC collimation during phasekl) Principle of
collimation and beam cleaning during collisions in phase 1.

The LHC luminosity is limited not only by the collimation 9gen impedance, but
also by its inefficiency which is compatible with the 40% oé thominal intensity;
moreover it is expected that imperfections will reduce thlimation efficiency
even further by a factor 2-4 [52].

The cleaning efficiencyc is defined as the ratio between the number of pro-
tons that reach an amplitude (spatial position with respthe beam nominal
orbit) greater than 1® outside the cleaning insertion and the protons lost in the
cleaning insertion. This number can be computed from sitimra which de-
scribe the halo behaviour, as shown in fig. 2.20(a) by integgahe tertiary halo
above 1@. The losses in the machine are distributed over a lengthtwikicalled
“dilution length” (Lgij)) which for the LHC case is estimated to be about 50 m.
According to this a local cleaning inefficiency = n¢/Lgi is defined. IfR, rep-
resents the magnet quench limit expressed in number of sgter meter per
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Figure 2.20: (a) Normalized population of secondary antkigrhalo for protons
impinging on the first collimator. (b) Beam intensity verdoeal cleaning ineffi-
ciency; a minimum allowed lifetimes of 0.2 h (7 TeV) and 0.145Q GeV) are
assurged.lThe nominal machine intensity requires an ideal laefficiency of
21077 m -

second, the maximum allowed proton loss fa{gsin the machine is:

. L i
Rioss= R Lai (2.2)
Nc

As Ripss is ANp/AT, that is the number of protons lost per unit time, the beam

lifetime is given by: ot
(0]

AT Np

_|n (1_ M) "~ Ross
Neot

whereN;* is the initial number of protonsNi®* is defined fromRoss which rep-
resents the maximum allowed proton loss before quenchmgther words, it
represents the maximum beam intensity compatible with argleam lifetime.
The required minimum beam lifetime for the LHC operatiog) (s 0.2 h [53]. So
the maximum number of protons in the LHC beam can be derived@asction of
the local collimation inefficiency:

T=

(2.3)

1
Neot = F\)q'Tq'a (2.4)

Fig. 2.20(b) shows the maximum proton intensity as a fumctbthe local
collimation inefficiency, both at the injection energy (48@V) and at the top
one (7 TeV). At the top energy a beam lifeting)(of 0.2 h and a quench level
(Ry) of 7.108 protons/(ms) have been considered. To allow the nominal beam
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intensity (310 protons), a local cleaning inefficiency belowi2—> m~! should
be achieved. At the injection energy the quench level is nowier, R, =7.610°
protons/(ms), and the collimation has less stringent requirementariisipated,
in the present collimation layout, the ideal cleaning irédfncy is not reached;
this is one of the reasons that make the collimation upgradenportant task in
the LHC future.

2.3.2 The crystal option

In the previous section it has been pointed out that the httd@ collimation
system limits the machine luminosity to about 30-40% of tkeigihed one. In
addition to this, the collimator jaws will experience lorgrh damage due to
beam loss induced radiation. An upgrade of the system arid&meon advanced
collimators are therefore an important part of the LHC codiion system. 34
ring locations have been already equipped for this mangdategrade but the final
design choices and decisions will be based on the expeneiticéhe LHC beams
and the initial collimator system. Many aspects of LHC imlthg its collimation
system present uncertainties, as an unknown energy radigeewirobed, so the
information from its first operational period will be veryefsil to decide the future
upgrades, even though it is already known that the colliomasiystem phase 2
should be based on an innovative collimator design.

Bent crystals represent a possible solution for the LHCirmaltion upgrade.
The idea of the crystal collimation is based on the subgtitutf the primary col-
limator with a bent crystal, as schematically shown in fi@12.while the amor-
phous primary collimator transforms the primary halo in a@eisecondary one, a
crystal collimator deviates the primary halo outside tharbgstudies where per-
formed to obtain an extracted beam from the LHC halo [31]hs it can be more
easily absorbed. In this way the collimation efficiency eases giving a greater
freedom in the collimation system design so that also thintalor impedance
could be reduced. A real estimation of the crystal collimatperformance will
be given through Montecarlo simulations which integrate ¢hystal channeling
physics in the LHC environment. The reliability of these slations depends on
the knowledge of the crystal physics and on the capabilideskloping a technol-
ogy for the crystal bending and assembly adequate for a tagje use of crystals
as collimators.

This section briefly lists the open questions as far as drgstiéimation is
concerned; some of these questions are being addresseel @xplriments de-
scribed in the second part of this thesis work. The argunmoiserninghe crys-
tal deflection propertieand the one related tbe integration in the LHC machine
environmentan be ideally divided as they require different know-how.

The topics which can be collected in the first class #re:efficiencyandthe
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Figure 2.21: a) Traditional multistage collimation systeam amorphous target
spreads the primary halo (secondary halo) so that most ahibe intercepted by
a (more distant with respect to the beam) secondary colimé) Crystal based
collimation: a bent crystal deviates (through channelthg)primary halo into an
absorber.

angular acceptanceof the crystal which are crucial to evaluate the performance
of the final collimation setugthe angular deviation width andthe shape of the
deflected beam Starting from these points, in the following descripticonse
arguments already discussed in the chapter are summangzea @mparison be-
tween the crystal channeling and the volume reflection isearted.

Crystal efficiency

It is the probability for a halo particle to be deflected by tmgstal; only a high
efficiency allows a good cleaning performance. Indeed thike crucial task for
the crystal collimation feasibility. The research for alhideflection efficiency
has identified three collimation possibilities: the “sieghss” channeling which
consists in the channeling in a crystal so long that the cblammprobability in a
second turn is highly suppressed; the “multipass” changein which the crystal
length is optimized to allow the multipass, granting a hidficiency (fig. 2.22
shows a Montecarlo simulation for the LHC condition) and lfinghe volume
reflection which is characterized by a high singlepass efiicy, close to 100%.
Several considerations on the efficiency bring to excludetbssibility of using a
long crystal and seem to favour the volume reflection effebtich however pro-
vides a smaller angular deflection. Thus multipass and veltefiection are still
an open choice.

Angular acceptance

It represents the angular range of the incoming particleghiicth the crystal de-
flection can take place. It is traditionally included in thgstal efficiency (see
eg. 2.1) and can be thought of as an efficiency component deaygeon the beam
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Figure 2.22: Simulated channeling efficiency as a functidh@crystal length for
both the injection energy and the top one of the LHC beam; ty&tal bending
radii are adjusted to obtain a deflection angle of: 208&d (left) and 10Qurad

(right) [54].

characteristics (divergence in the bending plane). Thamdlang angular accep-
tance is fixed and it is the Lindhard critical angle (eq. 1\h)ch depends on the
energy. Itis 9.4urad at the LHC injection energy and 3#ad at 7 TeV. The vol-
ume reflection angular acceptance corresponds to the thgstding angle which
can be adjusted and it is usually larger than ul; the large angular acceptance
is one ingredient of the volume reflection high efficiency.fdot, a larger angu-
lar acceptance implies more stability with respect to thenb@ariations and less
stringent alignment requirements.

Deflection angle
It is the entity of the angular kick provided by the primanjlooator; multiplied
by the distance from the secondary collimator it gives therage impact param-
eter on its surface. A larger impact parameter facilitates absorption of the
extracted beam by the secondary collimator. In additiorhis & larger angular
kick allows to obtain a given impact parameter with a more paot system. So
in general a greater angular deflection has to be preferrezbftmation. To have
an idea of the values involved, substituting the primanjic@tor with a crystal
in the present (phase 1) LHC collimation system, an angut&rdf about 32urad
would be required [55]. The channeling deflection angle ddpen the product
between the crystal length and its bending radius which dpestable parame-
ters, but their growth reduces the channeling efficiencyfaot a longer crystal
increases the dechanneling probability and limits the ipagis effect, while the
bending radius should be kept far below its critical valusy@anov’s critical ra-
dius, eq. 1.29).

Fig. 2.22 shows the predicted efficiency reduction betwedeflection angle
of 0.1 mrad and 0.2 mrad; anyway these angles are much ldrgerthe reflec-
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tion one @, ~ 1.5-8;). According to this a single reflection will hardly satisfy
the collimation requests (at least in a phase 1 like setugatWelps volume re-
flection is again its efficiency and angular acceptancer tlaues should in fact
allow multiple volume reflections (schematically shown o £2.23) reaching the
deflection needed for collimation.

a) b)

BT
-\.

Figure 2.23: Crystal collimation due to volume reflectionngsa single crystal
(a); to increase the final deflection angle of the primary hi#ffierent crystals can
be put in series (multiple volume reflection) (b).

Characteristics of the deflected beam
Given that the crystal role is to deflect the halo particleghwai well known effi-
ciency and a given average angle, also the shape of thelaystaming particles
distribution should be known to design a powerful collimatsystem. Any rela-
tive small inefficiency is in fact not tolerated.

As anticipated, the final evaluation of a crystal based m@tion system will
be given through Montecarlo simulations in which all thestay physics details
should be included. The most important information on thigedeed beam char-
acteristics are two:

e the rms and the tails structure of the particles distribubaginated by the
selected effect should be known to design the secondarynzatirs;

e a precise evaluation of the other competing crystal effshtsuld be per-
formed. If for example a multi volume reflection based codiion is cho-
sen, a small fraction of protons could be volume capturedrandive an
angular kick in the opposite direction representing a pFobthat can be
solved with some specific absorber implemented in the caliiom setup.
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In addition to these “crystal physics” topics, there areeotimportant questions
which need answers to make the crystal collimation feasibhey are mainly of
technical nature and concettte crystal alignment, the crystal surface specifi-

cation and finallythe resistance to the LHC radioactive environment

Crystal alignment

For an efficient operation the crystal must be properly a@ywith respect to the
beam halo direction; the requested alignment precisioemgpon the angular ac-
ceptance. It should approximately be an order of magnitwdiebto ensure that
the maximum allowed efficiency is reached. As demonstratethé goniome-
ter described in sec. 3.1.3, which has a precision pfall, this is an affordable
technological task.

A comparison between channeling and volume reflection cadope. The
first one has a smaller angular acceptance requiring a grpegeision and re-
alignment following every beam halo change in directionigiircan happen dur-
ing the accelerating phase). The second one, having a lacgeptance, needs a
smaller precision and it is less sensitive to the beam vanaalthough the pos-
sibility of using multiple reflection requires an additidrmdignment between the
different crystals which is under study (the first attempts shown in chap. 4).
It is worth mentioning that a conventional collimation ®rst presents similar
problems of alignment accuracy; for example in the LHC oadlition system the
primary collimator, 1 m long, should be aligned with an aeayrof 20urad [54].

Surface specification

The roughness of the crystal surface is usually modelledlsis amorphous layer
where the crystal lattice presents imperfections and oblarmand other crystal
effects have a very small probability to happen. This thirogshous layer is
not negligible because the average impact parameter orrithany collimator is
usually very small, 100-200 nm [56] in the present LHC codiion setup. If a
crystal substitutes the primary collimator, many parsdipinging on its entry
face will scrape its surface and will cross an amorphous-#éget instead of a
crystal deflector.

This could appear hopeless but halo particles have a “rauniét velocity
of 2 nm per turn (the interaction with the amorphous layericanease it) which
increasing the impact parameter every turn eventuallyaline particle to be de-
flected by the crystal. In other words, it is a specific appiccaof the multipass
effect. The presence of a superficial amorphous layer onrystat surface has
been considered in the multipass channeling simulatioeldped for LHC [54]
to evaluate its impact on the efficiency. Fig. 2.24(b) shdawessimulated efficiency
as a function of the amorphous layer thickness; a smallektieiss corresponds
to a greater efficiency in a predictable manner but thankkeatultipass effect
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the presence of the amorphous layer is not so important.yicase the technique
developed for the crystal surface treatment which involvath mechanical pol-
ishing and chemical etching (see fig. 2.24(a)) can produggsat surface with
imperfections below 100 nm [57]. This is a great result egdlgcif compared
with the requirements of the present LHC primary collimatahich should have
a flat surface with an accuracy (nonflatness) ofuQ

2 4 6 8 10
surface roughness {(micron)

(b)

Figure 2.24: a) Images of a silicon crystal surface: 1) afiter cut (diamond
blade); 2) after mechanical polishing; 3) after chemicah&tg (A and B under-
line a smooth zone and one with densely distributed crad&)) [b) Simulated
channeling efficiency as a function of the crystal surfaagghmess (amorphous
layer width).

Radiation hardness
As well as any standard collimator, a crystal should resishé energy deposited
by the particles which could cause thermal shock, radiateonage and eventually
the reduction of the crystal life intended as an early detation of its deflecting
power. Experimental data show that crystals can resist ighaihtensity particle
flux for short times which emulates possible abnormal calion situations and
that they maintain their properties after having receivedyh radiation dose inte-
grated on a long time of operation. The ability to withstartdgh beam intensity
was tested at IHEP [30] where a 5 mm long crystal was exposesef@ral min-
utes to the entire circulating beam ¢@0 GeV protons) resulting in £6 proton
hits (taking into account an average number of turns peigi@estimated with the
Montecarlo simulation) in spills of 50 ms every 9.6 sec. Aftes exposure which
corresponds to an instant dump of 1000 LHC bunches, theatmyssts tested in an
external beam. The deflected beam observed with photoemsléig. 2.25) was
normal, without breaks or significant tails produced by deuteled particles.

Information on the crystal lifetime in a radioactive enviroent comes from
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Figure 2.25: Photograph of the deflected
(left) and incident (right) beams as seen
downstream of the crystal in an external
beam test. No damage is evident [30].

experiments that have operated with crystals for years. GBBN experiment
NA48 [33] for example showed that at the achieved irradiatit5 107° protons/cm
the crystal lost only 30% of its deflection efficiency whichame~100 years life-

time in the intense beam of the NA48 experiment. Similarltesre recorded by
the IHEP extraction beamlines [59] proving that crystals s&and high radiation
doses without being damaged.
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Chapter 3

The September 2006 beam test

The experiment described in this chapter was performed fwawe the under-
standing of the interaction of ultra relativistic protongwbent crystals. Differ-

ent bent crystals were tested on the H8 external SPS bea(aéne3.1.1) with a
400 GeV/c proton beam. The crystals were designed and bgmowde homo-

geneous curvature radii and small silicon thicknessesearbtram direction; they
belong to two types according to their geometrical and begéeatures: the strip
crystals and the quasimosaic ones.

These designs, which from the technological point of view @ather new,
were tested at the IHEP laboratory (sec. 1.2.3 and sec)2vithlencouraging re-
sults: the volume reflection was detected for the first tim@ ghd unprecedented
channeling extraction efficiencies were recorded [30]. &kgeriment on the H8
beamline had the task of investigating the behaviour of thstals at high energy,
providing precise measurements especially for the volwgfieation effect.

This purpose was achieved through an innovative exper@happroach in the
crystal channeling field. The past channeling experimesési untegrated beam
profile measurements and the information from the accelerantrol detectors
to estimate the deflection angles and the efficiencies ofahews crystal effects.
The aim of this experimental apparatus was instead the seeantion of the single
particle track so that a direct measurement of the partieslésoming direction
from the crystal is obtained; moreover the angular infororatan be correlated
with the impact position on the crystal surface provided lhy tletector placed
near the crystal.

This chapter will describe the experimental setup from tearb and the de-
tector point of view underlining their pros and cons. The fsat of the chapter is
dedicated to the description of the crystal features antdegtkperimental proce-
dure followed to test them.

81
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3.1 Experimental setup

The experimental setup (shown in fig. 3.1) reflects the with¢bieve a versatile
and fail proof experimental apparatus; the presence of rdatgctors of different
kinds ensures both rapidity and precision with a high reliigtprovided by the
redundancy (sec. 3.1.2). The particle trajectory is recanted by the silicon mi-
crostrip detectors placed upstream (near the crystal) amchstream in another
experimental hall at a distance of about 70 m from the crystal

Two independent silicon tracking systems are present; dheyoth based on de-
tectors originally designed for space missions, the AGIaEeHite (sec. 3.1.2.1)
and the AMS experiment [60]. The analysis presented in tlkeat@pter is based
on the information from the AGILE detectors.

The silicon detectors provide precise measurements whastadetection of the
crystal orientation is obtained thanks to a high rate gasnttea (sec. 3.1.2.2).
Both the silicon detectors and the gas chamber are triggeredset of scintilla-
tors.

The alignment of the crystals with respect to the beam isigeal’by a go-
niometric system which has a precision of about an order ajmtade higher
than the Lindhard critical angle (sec. 1.1.1) computed atetkperiment energy
(6¢ ~ 10 prad).

Gl RTSipas2 P2 p3

b - TR b | L

-4 0 68 72

: (( h
T T )) T —= (m')

a2 s H gc @3

Figure 3.1: The experimental setup: (al) the upstream AGdeEector -first
module-; (b) horizontal bending magnet; (pl) first AMS silicdetector; (S)
scintillator; (p2) second AMS silicon detector; (p3) doweam AMS silicon
detector; (s) scintillator; (a2) downstream AGILE silicdetector -the silicon
chambers-; (s) scintillators; (gc) gas chamber; (a3) doseam AGILE silicon
detector -minitracker-.

3.1.1 The beam

The H8 external beamline is located in the North Area of thd(RBESPS. The
experiment used a 400 GeV/c primary proton beam emittedilis 4.8 s every
16.8 s. The nominal intensity, which is about P02 protons per pulse, was
reduced to about & 10* during the experiment.
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The beam spot diameter at the crystal has been measurecheigiilicon mi-
crostrip detectors to be about 1 mm FWHM,; fig. 3.2 shows therbe@file mea-
sured by the AGILE first module placed about 4 m before thetaty3he shape
of the beam is due to the collimators used to reduce the iityens
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(a) (b)

Figure 3.2: Beam profile measured by the AGILE detector placmeters before
the crystal: (a) in the horizontal direction, (b) in the veat one.

The beam divergence has been measured in dedicated rurtgitiitie crys-
tal; fig. 3.3 shows the beam profile (in the horizontal dir@c}imeasured with the
AGILE silicon chambers and the divergence beam profile th#té angular dis-
tribution of the beam patrticles reconstructed with the finstdule and the silicon
chambers information following the procedure describeddn. 4.1. The spread
of the divergence distributioroE9.28urad) reflects the beam divergence and its
widening due to multiple scattering on the material alorglibamline. The mul-
tiple scattering contribution has been estimated to be &®b&wrad. Subtracting
in quadrature this contribution gives a beam divergencénatctystal of about
8.6 urad, which is larger that the value ofBad as expected from the accelerator
experts simulation of the beamline.

3.1.2 The detectors

The detectors of the experimental apparatus can be dividbdge classes: the sil-
icon microstrip detectors to perform high resolution meaments; the gas cham-
ber for the fast detection of the channeling condition aredgtintillators which
provided the trigger.
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Figure 3.3: (a) The beam profile in the downstream region oredsy the silicon
chamber, in the horizontal direction. (b) The beam divecgereconstructed using
the first module and the silicon chamber information.

3.1.2.1 AGILE silicon microstrip

Fig. 3.4 shows the position of the AGILE detectors with retge the crystal.
They are silicon microstrip detectors originally desigriedthe AGILE satellite
[61][62]. In total there are 20 silicon tiles organized in 2§ assemblies. The
dimension of each silicon tile is 9.59.5 cn? and the thickness is 413@m; the
physical strip pitch is 12fum while the readout one is 24n thus a floating strip
scheme has been adopted. The detectors are AC coupled \yiiligon resistors
for the biasing. Each tile is readout by three low noise sadfgering ASICs
(TAA1 by Ideas, Norway); the readout is a multiplexed onéwatmaximum rate
of 10 MHz. The detectors are organized in 3 separate meaststations”:

e the “first module” which is located in the upstream regionfobe the first
bending magnet; it is a single x-y detector;

¢ the downstream region, which is located at about 70 m frongtimometer,
consists of two measuring “stations”. the “silicon chan#ig€fig. 3.5), a
group of 4 x-y silicon tiles and the “minitracker” which is anall scale
prototype of the AGILE silicon tungsten tracker with 6 x-yapkes as shown
in fig. 3.6.
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Upstream-region = -t Downstream-region
I crystal | (( Silicon chambers Mini tracker
first module R " 4.47 m >

Figure 3.4: A schematic diagram showing the AGILE micrgstietectors posi-
tion with respect to the crystal.

Figure 3.6: The minitracker: (a) the single tile and its @atdASICs (TAAL); (b)
the 6 x-y planes; (c) its box.

3.1.2.2 Gas chamber

A detector for planar channeling studies, capable to waitndthigh particle rates
and working in self-triggering mode, has been assembletgusiparallel-plate
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gas chamber [63]. In the H8 data taking this detector is ugethe fast angular
crystal scans, to get information on their orientation weblpect to the beam and
to provide the online characterization of the crystals urioheestigation.

The detector (fig. 3.7) consists of two parallel flat elece®dssembled with a
uniform gap and installed within an aluminum frame of 25 ¢ x 110 (width)
x 175 (length) mr, filled with a gas mixture (70% Ar + 30% CO2) at atmo-
spheric pressure. The anode electrode is arranged on aaglessic plate cov-
ered by a Ni-Cu-V multi-layer and treated photo-lithogregaltly to produce 64
strips, 150um wide, with a 200um pitch. The cathode electrode is made of a
low-resistance sputtered silicon plate of &5.0 x 50 mn?.

Due to the relatively small active area, the detector wasntezlion a movable
support, with a step precision ofgn and a total range of about 50 mm for both
the horizontal and vertical movements.

Figure 3.7: A photo of the gas chamber during the experiment.

3.1.2.3 Scintillators

Two thin scintillation counters were installed on the gtartable (S1, 10Qum
thick in the horizontal direction) and on the upper lineagst of the goniometer
(S2, 80um thick). They were used to define the exact beam positioneghect
to the crystals.

A pair of identical scintillators (S3-S4: 160L00x4 mn?) was placed down-
stream of the AMS detectors and used to define the triggehtmsilicon detec-
tors. Two additional scintillators were used in the dowaain detector region: a
100 pm thick (S5) and a 2 mm thick one (S6), mounted on movable stpfar
a redundant measurement of the beam divergence and profile.
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A scintillating hodoscope (H), made of 16 vertical stripshna total sensitive
area of 3.%4.0 cn?, was used for beam monitoring. Each strip is 2 (horizontal)
x 4 (along beam) 40 (vertical) mni. The hodoscope was used during the data
taking to provide fast information on the crystal alignmantl the beam stability.

The scintillators conditioning and readout electronic®ased on NIM and
VME commercial modules. The signals are sent to a progrartenagger logic
unit, a custom module (INFN Ferrara) which generates tlygén signals for the
silicon microstrip detectors, receiving as an input thedisinated signals from
all the scintillators and the hodoscope, in addition to tbeybsignals from the
silicon stations data acquisition and the SPS accelerggpals (such as the spill
signal).

3.1.3 The goniometer

The study of channeling phenomena requires a very accungi@ar alignment
of the crystals with respect to the proton beam. In sec. itMhs shown that
the critical angle for channeling (that is its angular a¢aape) is of the order
of 10 prad for 400 GeV/c protons in silicon and the beam divergencihé H8
beamline was expected to be abouprdd thus an alignment system with the
precision of~1 prad is necessary to perform a detailed studied of the chagnel
phenomena. Moreover, such a precision is more than enowgihdyg the volume
reflection which has a larger angular acceptance and leésgeit requirements
on the alignment.

A high precision goniometric system has been implementedhi® experi-
ment described in this chapter (a scheme (a) and a photoglshawn in fig. 3.8).
Besides the angular alignment, this system is designedaw #te precise posi-
tioning of the crystal on the beam. Therefore it consistssfasvn in fig. 3.9) of
different stages:

e alinear one to put the goniometer on the beam (52 mm range);
e arotational one to align the crystal with respect to the bé260° range);

e another linear stage is designed to put the crystal holde¢hemotational
axis (102 mm range);

e on the top two crystal holders can be mounted so that, thraut®0 ro-
tation of the goniometer, two crystals can be analyzed witlstopping the
beam.

The two translational stages have an accuracy ofuin5a bidirectional re-
peatability of 2um and a resolution of fim over the whole range; the rotational
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B
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Figure 3.8: (a) A schematic of the goniometric system; (bhatp of the system
during the operation in the H8 beamline.

one has a Jrad average accuracy,|tad repeatability and 0.2frad resolution.
The accuracy is defined as the difference between the reath@dominal po-
sition of the stages; the repeatability is the spread of thgespositions in case
of repeated motion to the same value. The resolution is defisethe smallest
possible step of the translation/rotation movement.

In order to improve the mechanical stability of the gonioen@ind to precisely
define its relative position with respect to the beam, thele/bgstem was installed
on a precisely machined granite table.

The readout of the angular and linear stages position i®padd by optical
encoders; the system is remotely controlled via PC and tloenmation from the
encoders is stored in dedicated data files by the data atgoisystem.

3.1.4 The crystals

Two different types of crystals have been used in the exparimthe strip and
guasimosaic which are characterized by a different bentdiolgnique. Fig. 3.10
shows a strip crystal mounted on its holder (a) and a quasimose (b).

3.1.4.1 Strip crystals

The name strip comes from the shape of the crystal which isexto exploit the
anticlastic curvature in order to obtain a uniform bendindghe beam direction.
Fig. 3.11(a) shows the curvature scheme of a strip crystatteaehanical holder
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Rotational axis of the goniometer

Crystal holder 2

Crystal holder 1
Rotational stage for the

alignment of the arystal
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Figure 3.10: Two examples of the crystals used during theexgent: (a) a strip
crystal ; (b) a quasimosaic one.

bends the strip (fig. 3.11(a)) along its major direction pidg a primary cur-
vature (indicated with?); the anticlastic forces generate a secondary curvature
(indicated withA¢) which is used to deflect the proton beam.

The silicon strips used in the experiment have been manufstiat the Sen-
sors and Semiconductors Laboratory at Ferrara Universigoilaboration with
IHEP. The strip crystals are obtained dicing the siliconevafwith a fine grane-
blade in order to induce minimal lattice damages; the resditiitice damage has
been removed through wet isotropic chemical etching in aoldtions [64]. The
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| Crystal | orientation | length (mm) | area (mn¥) | bend radius (m) |

ST4 (110) 3.0 0.9x70 18.47
ST1 (111) 1.0 0.2x70 11.17
ST2 (111) 1.85 0.5x70 8.55

Table 3.1: Geometrical parameters of the analyzed striptaly, length corre-
sponds to the direction and area to they ones, defined in fig. 3.11(b). The
analysis of the ST4 crystal is presented in chap. 4.

(a) (b)

Figure 3.11: (a) The bending principle of the strip crystdls) A scheme of the
strip crystal bending device (the crystal holder).

surface characterization with the Rutherford Back Sciaiierechnique in chan-
neling mode demonstrated the quality of the etched surf&&sTable 3.1 sum-

marizes the geometrical characteristics of the strip atgsised during the exper-
iment.

3.1.4.2 Quasimosaic crystals

The second type of crystals has been prepared exploitirgldlséc quasi-mosaicity
effect. The crystals are prepared in form of small plates wag that the (111)
crystalline planes are normal to the large face of the chystelf and parallel to
its edges (as shown in fig. 3.12(a)). The bending device (shiofig. 3.12(b)) ex-
ploits again the anticlastic effect: it is designed to bereldrystal in theyzplane
conferring it the principal curvature (indicated wiphn fig. 3.12(b)); the anticlas-
tic forces produce a secondary curvature (indicated witim fig. 3.12(b)) in the
xz plane which causes the quasimosaic curvature of the (1adfjiaplane. The
guasimosaic effect is due to the crystal anisotropy whighedds on the selected
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crystallographic planes and on the orientation of the otimgstalline direction
with respect to the crystal plate. Fig. 3.13 shows the cadiinder which the
guasimosaic effect takes place.

p-beam

7

(b)

Figure 3.12: (a) The bending principle of the quasimosaysteids. (b) A scheme
of a quasimosaic crystal bending device (the crystal hplder

The quasimosaic crystals used in the experiment were pdpaPNPI (Pe-
tersburg Nuclear Physics Institute, Gatchina) as destiib¢66]; table 3.2 lists
their geometrical characteristics.

a) 111 b) c) aiy

<00 1>

Figure 3.13: a) The silicon ingot before the cut with the iasting crystalline

planes and axis indicated; b) a portion of the ingot to be suhdicated; the

corresponding crystal will not present the quasimosaiectffc) if the cut is per-

formed misaligned with respect to the (001) axis directiom quasimosaic effect
will be present.

3.2 Experimental procedure

The standard experimental procedure to analyze a crydta ifollowing:
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| Crystal | orientation | length (mm) | area (mn¥) | bend radius (m) |
QM2 111) 0.84 30x58 12.25
QM1 (111) 0.93 30x58 11.43

Table 3.2: Geometrical parameters of the analyzed QM dsjskangth corre-
sponds to the direction and area to they ones, as defined in fig. 3.12(b). The
analysis of the QM2 crystal is presented in chap. 4.

¢ the crystal is mounted on its holder and then on the goniomete

e the crystal is pre-aligned with a laser beam (the proceduescribed in
fig. 3.14(a)) with a precision of about 3Q@ad,;

e the crystal is placed on the beam trajectory with a laterahguerformed
with the transversal movement of the goniometer (the proeeis described
in fig. 3.14(b));

e given the critical angle~ 10 prad), the laser pre-alignment precision (
300 prad) is not enough to detect the channeling angular positarthis
reason a fast angular scan with the gas chamber is performed,;

e the gas chamber defines, in a short time, the precise chagnratigular
position and the total angular range to be measured withelngfiatistics and
higher precision with the silicon detectors; a typical hgjhtistic angular
scan is performed with a goniometer angular step of abeua@ collecting
about 45000 events per step with the AGILE detectors (15000 case
of AMS);

The scan angular range is chosen in a way that both the chiagaeld the vol-
ume reflection are probed over their whole angular acceptakig. 3.15 shows
the beam profile (recorded by the silicon chambers) as aifumot the goniome-
ter angle (during the ST4 crystal scan); the plot is dividetbur angular regions:

1. the “amorphous” position, where the crystal effect onleam is only a
multiple scattering contribution;

2. the “channeling” position, where the channeling peakeapp and the re-
flection starts; note that the area between the channeliak aed the re-
flection one is filled by the dechanneled particles;
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detector
g

Laser beam

@) (b)

Figure 3.14: a) The laser pre-alignment technique: a lasambis aligned with
respect to the beam pipe and projected at t®vards the crystal surface with a
penta prism; the crystal reflects the laser beam so thatgtatvith the goniome-
ter, once the incoming and the reflected beam overlap, ttstadng perpendicular
to the proton beam; at this point a9ftation of the crystal aligns it for channel-
ing. b) The lateral scan procedure to put the crystal in thevbea Pb strip is put
on the crystal which is moved in the transversal directiothwespect to the beam
until an increased multiple scattering is detected by tlseoh@mber; at this point
the Pb strip is removed and the crystal is properly placed.

3. the “reflection” position, where the channeling peak pimzars and part of
the beam is reflected (as it will be shown, the whole beam esof® crys-
tal); the diagonal line which connects the channeling petk the amor-
phous one is due to the volume captured patrticles;

4. the crystal is back in the amorphous position.

Fig. 3.15 is the sum of the beam profiles recorded in the doeast region
by one of the silicon chambers as a function of the crystatiomn angle. The
standard analysis is performed through gaussian fits of tier@hous, reflected
and channeled peaks, if present in the beam profiles.

This fit allows to compute the crystal angular parameters sis¢he channel-
ing angle (crystal bending angl6g = 8y), the channeling peak widtlog), the
reflection angle §;) and the increase of the main peak width during reflection
(or — 04, Wheregj is the width of the amorphous beam).

Fig. 3.16(a) shows an example of a gaussian fit of the chamgnekak; the
beam profile is taken from the ST4 scan (fig. 3.15 region (2))e Values from
the fits of the different profiles are then summarized in pligtsthe one shown in
fig. 3.16(b) where the main value of the channeling peak isntep.

Fig. 3.17(a) shows the gaussian fit of a reflected peak in a Ipeafihe taken
from the ST4 scan (fig. 3.15 region (3)); since the crystatialger than the beam,
both the reflected and the “unperturbed” beam are presettedit is the sum of
two gaussian functions. The main gaussian peak trend isrshofig. 3.17(b).
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Figure 3.15: Bidimensional plot of the ST4 crystal scan&ldtipmic scale): on the
horizontal axis the crystal rotation angle, on the vertavdk the beam profile in
the downstream zone, reconstructed using the informatam & silicon chamber
(the 29 one with respect to the beam).

The channeling angle corresponding to the different goetempositions is
computed from the distance difference between the maina@akphous position
(determined in fig. 3.17(b)) and the channeling peak onaldiviby the distance
between the chamber and the crystal. The bending angle afryis¢al is the
channeling angle value which corresponds to the goniorpetgtion in which the
channeling is more efficient (the procedure is describecdm 4.4). In the same
way the reflection angle is the difference between the reftepeak position and
the amorphous one.
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Figure 3.16: (a) A frame of the ST4 crystal scan during chéngdfig. 3.15
region (2)); the channeling peak is fitted with a gaussianTfte channeling peak

trend as a function of the goniometer angle.
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Figure 3.17: (a) A frame of the ST4 crystal scan during reibecffig. 3.15 region

(3)), the main peak is fitted with the sum of two gaussiansT (i@ main peak trend
(biggest gaussian) as a function of the goniometer angéefittivith the constant
function gives an average displacement of 7862 um which corresponds to an
angle of 11.53+ 0.02 prad.
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Chapter 4
The September 2006 results

This chapter presents the analysis work performed on the datected in the
September 2006 run with the setup described in the previoaister.

The analysis starts with the research of the most efficient twaexploit the
information from many detectors (sec. 4.1) leading to theonstruction of the
divergence profile of the protons which have crossed thealys

Two different analysis methods will be described: the ongeldaon the beam
profile of a single detector and the one exploiting the angnfarmation obtained
reconstructing the tracks. This thesis work is based ongbersd method, whose
advantages will be clearly demonstrated with several exesnp

The presence of a high resolution detector near the crybals for the first
time, the analysis of the crystal properties with respedhw different regions
of the crystal surface: the method used to define the secfitthedoeam which
impinges on the ST4 crystal (which is a 90t strip) is presented in sec. 4.2
while in sec. 4.3 an analysis of the crystal effect as a fomatif the proton impact
point on the crystal itself in the vertical direction is dabed. In fact, both the
guasimosaic crystal and the strip one seem characterizadimall rotation of the
surface with respect to the vertical position which has betrpreted as a torsion
of the crystal due to the forces applied by the holder to olttae curvature.

The last part of the chapter is dedicated to the method degdlto compute
the efficiencies of the different crystal effects (sec. 4.4)

The analysis has been performed on the crystals which haretested after
the first module installation, which are a strip crystal ($T& quasimosaic one
(QM2) and a double crystal (QM1 and QM2 in series) which pied a double
reflection.

Among the various results presented in this chapter theeecel of a very
efficient volume reflection (in agreement with the theomdtend simulation ex-
pectations) is the most significant result of this experimerhe measurement
performed with the two aligned crystals suggests the pdsgito develop multi
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reflectors to exploit the volume reflection large efficieneyddarge angular ac-
ceptance while at the same time obtaining an adequate defiectgle.

4.1 Track reconstruction

As already said, two different analysis methods have baehexd: the beam pro-
file and the reconstructed angle. The first one is based omfbemation of a
single silicon tile. The attention was focused on the beaofilprvariation caused
by the insertion and the rotation of the crystal. The beamedision at the go-
niometer position is small compared with its dimension ia tlownstream zone
(about 10 times smaller, see sec. 3.1.1) so, once it is dh\bgehe distance from
the crystal, the beam profile roughly corresponds to itsrdimece profile. The
first published results [67] have been analyzed using thesriiethod.

The analysis presented in the next sections is based on tbadsenethod
which uses the information from the different silicon mogkito improve the mea-
surements precision; this method can be divided in 3 steps:

e detectors alignment;
e reconstruction of the proton position in the downstreamaeg

e computation of the protons angle using the information & tipstream
detector.

To use the information from many detectors, their relatiesipons should
be known at least with a precision of the order of their spatiaolution which
is a hard task to achieve with just external measuremengsdties performed
by the surveyors) especially when the detectors are vetartigs in this case.
The difficulty can be overcome exploiting the informationen by the detectors
themselves when hit by the beam. The alignment procedurptimgiple, can
be very complex as the position of any silicon x-y couple isedained by 5
parameters; so to know the relative position of the AGILEed#irs (for the time
being only the downstream silicon chambers and minitraakeiconsidered, that
is 9 detectors) & 8 = 40 parameters are needed. The task can be simplified taking
into account a smaller number of parameters which addedtmformation from
the external measurements allow to reach the desired egcas it was done in
this case.

The 5 parameters which determine the position of one deteeto be cho-
sen as: three coordinates that define the position of ond pbihe detector in
space (two describe the transversal alignment with respettie beam (horizon-
tal and vertical coordinate) and the other one the longitaldklignment) and two
parameters for the rotation angles around the vertical hadhbrizontal axis.
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In the alignment of the AGILE detector the number of paramselas been
reduced from 40 to 18: the two rotation angles around thacaraxis (one for
the silicon chambers and one for the silicon minitracked &6 parameters which
define the relative transversal alignment.

The 8 parameters concerning the longitudinal alignmene lieen neglected
because the possible error on the external measuremerts distance between
the detectors/{z~ 0.15 mm) when propagated on the transversal plane taking into
account the largest measured angle (that is the channeimgfeabout 15Qrad)
gives a transversal error negligible with respect to theders resolutionx =
AZ-Bmax>= 2 um).

As far as the angular parameters are concerned, the rotatigles of the sin-
gle detectors have not been considered because the mehsupports ensure
the fact that the single modules are parallel to each othdy; the rotation an-
gles of the two detector blocks have to be adjusted and anthasg tonly the one
around the vertical axis could influence the measuremertteabénding due to
the crystal is in the horizontal plane.

Once the interesting parameters have been chosen, thenalngrprocedure
has been performed using a set of data of the unperturbeldqutitrystal) beam
as follows:

e the maximum of the beam profile on the first silicon chambeakeh as a
benchmark; in other words the measured points of the othecties will
be shifted in a reference system in which this point is fixed;

e the first detector of the minitracker is shifted in the tragrsal direction so
that the measured beam profile is aligned with the one meadbyrthe first
chamber;

e the silicon chambers ensemble and the minitracker one #a&ertbaround
a vertical axis placed on the beam profile maximum of the fietector
(the first chamber and the first layer of the silicon trackene rotation
angle is chosen to minimize the offsets of the residuals ecdetpas the
measured position on the remaining layers minus the onamdiaited from
the track reconstructed using the information from the finstdule of the
two detectors blocks;

e to cancel an eventual offset, an additional shift for eadieder is needed
so that the residuals are centered in O;

¢ this same shift procedure is applied to the vertical redglua

Fig. 4.1 shows a residual of the silicon chamber after thgnatient procedure.



100 The September 2006 results

2000

1201 / 27
1331.
-0.2751
5.202

621.7
-0.2628E-01
27.34

1750 |

1500

1250 |

1000
750 [
500 |~

250 |-

. T D, PR S
-300 -200 -100 0 100 200 300
residual (um)

Figure 4.1: The residual of an AGILE microstrip silicon dette (the third silicon
chamber crossed by the beam, horizontal direction). Thalalision is fitted with
the sum of two gaussians wit¥5.2 and 27.3rrad, the average value (weighed
on the gaussian areas) is 2(uad.

Once the detectors have been aligned, the second step indlysia is the re-
construction of the particle tracks, in order to obtain thgla and the position of
the proton coming from the crystal. Before performing a éinét it is necessary
to consider the multiple scattering contribution: in peutar, the scattering intro-
duced by the silicon chambers on the impact point measurdadoyinitracker is
not negligible with respect to the resolution. For this mrag has been decided
not to use the minitracker information in this analysis.

The chambers are very near one to the other so the effect ofidlitele scat-
tering in the chambers can be neglected. On the other haadXjmected track
angle is very small compared to the chamber resolutionyf20best value) so
that the information from the silicon chambers is not enotgheconstruct the
particles tracks with the precision needed to investigaté the channeling and
volume reflection effect. Anyway the information of the 4 oifzers is used to
have a better reconstruction of the particles position éndbwnstream region ex-
ploiting the redundancy to recover eventually dead or netsps; a comparison
between the beam profile of a single chamber with respectdmtie obtained
using the information of the 4 detectors is presented in f@. 4

Once the position of the protons in the downstream regioeésmstructed,
the first module can be considered. It is located about foueraeefore the
goniometer, just before the first bending magnet and can && tascompute the
angle of the proton which has crossed the crystal.
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Figure 4.2: The ST4 crystal angular scan, a comparison legtwé) the beam
profile obtained from a single silicon module; (b) the beawfifg reconstructed
using the information of the 4 silicon chambers.

In the approach which involves the first module informatithre beam shape
before the crystal is taken into account with the hypotheéssthe protons have
the same transversal position with respect to the beam lsefere the first magnet
and at the goniometer. This approximation is based on thetact the particles
trajectories in the dipole magnet are parallel and it is @eable if the average
transversal shift of the protons in the path between thecttmtand the goniometer
is small compared to the spatial beam dimension.

The beam divergence measured without the crystal is abqua® and this
number is actually an upper limit as it includes the multggattering contribution
(detector, air, other) and an eventual contribution of theosd bending magnet
in spreading the beam itself. | ad means an average transversal shift ofi3b
while the beam profile FWHM is 26(m so the approximation is acceptable.

This method, if compared to the beam profile one, has at leaslv@ntages
that will become clear further on:

e better resolution;
e better evaluation of the beam and channeling divergence;

e correction of eventual effects due to the crystal surface.
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The next three examples will compare the beam profile methidd thve re-
constructed angle one; the plots are relative to the ST4alrgs the channeling
position.

In fig. 4.3 the beam profile of a single silicon tile is companath the angular
profile obtained using the silicon chambers and the upstreadule. The resolu-
tion in the second case is better; in fact, in the beam profiie @orresponds to a
readout channel (242m) which means 3.4firad while in the divergence profile
a bin is 2urad and no effect due to the strip granularity is evident.

Position profile
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Figure 4.3: Comparison between the gaussian fits of the @hagrpeak in the
beam profile method (top) and in the reconstructed anglelootéofn). Note that:
1) in the first plot a bin corresponds to 24éh that divided by the distance from
the crystal (69 m) gives a value of 3.48ad, while in the second plot a bin is
2 prad; 2) the channeling peak sigma value is 0.56 cm (top) tivedetl by the
distance from the crystal gives a value of 8j9&d while its value measured with
the first module is 7.28f@rad (bottom).

Fig. 4.3 compares also the channeling parameters obtaioedthe position
profile (top) and the angular profile (bottom): the beam peafilethod overesti-
mates the channeling sigma of more than@atl which corresponds to a system-
atic error of about 10%.

As said before, the last advantage of the angular methoaisdirection of
eventual effects depending on the proton impact positibthelre are regions of
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the crystal which act in different ways on the beam modifyihg beam profile
itself and causing systematic effects, they can be remowesidering the impact
point of the proton on the crystal itself.

Going back to the example this fact will become clearer; in4i@ the main
peak presents a “bump” on the left, corresponding to the qfatthe beam that
doesn't pass through the crystal. However, while this busngearly visible with
the beam profile method it seems to be hidden in the beam dreggprofile,
where it appears only as an asymmetry of the main peak. Fightws the main
peak fit performed with two gaussians in order to evaluateatigular distance
between the unperturbed beam and the region of the beameuwtrefi.
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Figure 4.4: Fit of the main peak with two gaussians. Top pib& distance be-
tween the two peaks is 0.191 cm corresponding to 2jir&8. Bottom plot: the
distance between the two peaks is 14u8d.

The angular distance of the two gaussians is different intwleecases: the
beam profile method gives a distance of 276&d while the angular method a
distance of 14.98rad which is compatible with the reflection angle. It is evitle
that there is an effect that enlarges this distance onlyarb#tam profile. Fig. 4.5
explains this effect: in the beam profile the distance betwvibe particles which
cross the crystal and the unperturbed beam is the sum of tieetren process
and the original distribution of the particles in the beantted crystal. In the
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beam profile method this second component is neglected @amlis assumed
point-like at the crystal) thus overestimating the refl@ctangle.

Downstream
Crystal region

69 meters
| |

beam profile Method

Angle reconstruction

Figure 4.5: This scheme explains why with the beam profilehogthe angle
between the unperturbed peak and the reflection peak appeatsr than the one
obtained using the reconstructed angle.

4.2 Definition of the ST4 crystal horizontal size

The previous section has shown that the ST4 crystal is snib#de the beam size;
this section shows how the effective ST4 area has been defitiedespect to the
first module position. The following description startsrfrahe observation of a
beam profile peculiarity recorded in the ST4 crystal scan.

To extrapolate the reflection and channeling parametens fhe beam profile
both the channeling peak and the reflection one are fittedangidwssian function
at each angular step. In the case of the ST4 crystal the makhzes two gaussian
components when in reflection, the reflected one and the oméodhe beam not
crossing the crystal; thus the fit is performed only on theeibn part as shown
in fig. 4.6(a).

The results of the gaussian fits are shown in fig. 4.6(b). lemarkable,
according to the sigma trend (bottom of the figure), that then width seems to
decrease when it is in reflection. This strange effect coaldianalysis artifact:
by means of the fit shown in fig. 4.6(a), when the crystal isfleotion only a part
of the beam is considered by the fit while when it is in the arhoys position the
whole beam is considered because it is not possible to dissh two different
components. This could explain an apparent beam reductiasdith but, as will
be demonstrated later on, not its entity.

Fig. 4.7 presents the two dimensional plot of the beam desgrg with respect
to the proton horizontal position on the crystal. The datataken from the ST4
crystal scan when it was in the amorphous position.
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Figure 4.6: (a) Plot of the beam profile in the reflection gosit A gaussian fit
has been performed only on the part of the beam that actualised the crys-
tal. (b) Results of the gaussian fits (performed as showndh(g)) of the beam
profile main peak of the ST4 crystal. Top plot: the gaussiammigend; the
amorphous position and the reflection one are fitted with atao to measure
the reflection gap which is 0.0795 0.0003 cm that is 11.42 0.05urad. Bot-
tom plot: the gaussian sigma trend; the amorphous positidritee reflection one
are fitted with a constant to measure the sigma variation dmtvthem which is
-0.0089+ 0.0003 cm corresponding to -1.280.05purad.

Fig. 4.8 shows two other frames of the ST4 crystal scan, durlmnneling
(a) and during reflection (b). The superimposed red linegteeontours of the
amorphous position plot (fig. 4.7); they underline the cledimg and reflection
effect.

In both plots three zones are recognizable. From the botbotinet top of the
figure they are:

1. both channeling and reflection are absent; this part di¢laen doesn’t cross
the crystal and corresponds to the bump on the left side dielaen profile
(see fig. 4.6(a));

2. both channeling and reflection are present; this partebttam crosses the
crystal;
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Figure 4.7: Bidimensional plot showing the protons horizbposition, measured
by the first module (vertical axis), with respect to their Engrhe data are taken
from the ST4 crystal scan when it was in the amorphous posititat means both
channeling and reflection are absent.

3. both channeling and reflection are absent but there is ie®ese of this
third beam component in the position beam profile detecteatiendown-
stream zone.

The knowledge of the protons position allows to select ferdhalysis precise
regions of the incoming beam. Fig. 4.9(a) presents agairetiéution of the
beam profile with respect to the crystal rotation angle buhia case the part of
the beam that doesn't cross the crystal (marked with 1 in fi§) ¥ excluded;
the difference with the plot of fig. 3.15 is evident in the refien position where
the unperturbed part of the beam disappears. Fig. 4.9(hyshtte result of the
gaussian fit of the beam main peak after the cut. Also in thég caccording to
the sigma trend (bottom of the figure), the beam width seentetoease when
it goes in reflection. This beam compression actually besosnealler after the
cut: the sigma difference goes from about 80 for the whole beam (fig. 4.6(b))
to about 5Qum for the one with the cut (fig. 4.9(b)). This means that thdyes
performed on the whole beam (the fit of only a part of the beamavshn fig. 4.6)
actually causes an apparent beam width decrease but iteogidin completely
the effect.

Until now the analysis has been performed using only the beafile but, as
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Figure 4.8: Two interesting frames of the ST4 crystal scaswsing the protons
horizontal position with respect to their angle. They akletawhen: (a) the chan-
neling effect is at its maximum, (b) the reflection effectasnplete. Three regions
are separated by red lines; the effect of channeling ancttieffeis present only
in the middle one (marked with 2).

shown in sec. 4.1, using the first module information it isgdole to compute the
angular beam profile with several advantages. The bidimeaasplot shown in
fig. 4.10(a) is the equivalent of fig. 4.9 (the one with the dwt) it has been ob-
tained with the angular profile instead of the position onlge Two plots are simi-
lar but performing the main peak analysis (fit of the peak w&itfaussian function;
the results are presented in fig. 4.10(b)) an interestirfgreifice appears: while in
the position profile case the beam sigma in reflection becamedler, in the case
of the angular profile it increases. So a decrease in beanmwatesponds to an
increase in its divergence indicating that a focusing effepresent. Fig. 4.11 ex-
plains what is happening: the third beam component (markéd3win fig. 4.8),
which does not suffer channeling and reflection effects, tdués position and
propagation angle, is superimposed to the part of the beasiléction.

The final test to be sure that the beam width decrease is dine tprésence
of a third beam component is to exclude from the analysis tiabcomponent,
that means taking into account only the inner part of the beiig. 4.12 shows
the bidimensional plot of the ST4 crystal scan obtained yu# the beam inner
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Figure 4.9: (a) Bidimensional plot of the ST4 crystal scamtlze horizontal axis
the crystal rotation angle, on the vertical one the beamIprofithe downstream
zone, reconstructed using the information from the silichambers as described
in sec. 4.1. The beam component that doesn't cross the ci{yséaked with 1
in fig. 4.8) is excluded. (b) Results of the gaussian fits ofltbam profile main
peak of the ST4 crystal. Top plot: the gaussian mean trerdathorphous and
reflection positions are fitted with a constant to measuredfiection gap which
is 0.0684+ 0.0002 cm corresponding to 9.88 0.03 yrad. Bottom plot: the
gaussian sigma trend; the amorphous and reflection position fitted with a
constant to measure the sigma variation which is -0.0853.0003 cm that is
-0.76+ 0.041prad.

part (marked with 2 in fig. 4.8): as expected the sigma deer@aseflection is
replaced by a small increase (about OBad). Fig. 4.13 shows similar results
with the analysis performed with the angular profile.

To give a more quantitative evaluation of the interestirggor in the ST4 scan
the reflection angle has been computed as a function of thedmbal position
detected by the first module; the resultis shown in fig. 4. 1 drystal dimension
can be roughly estimated as875+ 50 um which is in agreement with the crystal
width (900um). The plot also shows that the crystal edge is not identifigd
a very high precision (the first module detector is placed 4efiote the crystal);
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Figure 4.10: (a) Bidimensional plot of the ST4 crystal saamthe horizontal axis
the crystal rotation angle, on the vertical one the beam languofile. The beam
component that doesn'’t cross the crystal (marked with 1 in4fig) is excluded.
(b) Results of the gaussian fits of the beam profile main pedkeo5T4 crystal.
Top plot: the gaussian mean trend; the amorphous and refteptsitions are
fitted with a constant to measure the reflection gap which 2414 0.04 prad.
Bottom plot: the gaussian sigma trend; the amorphous arettiefh positions are
fitted with a constant to measure the sigma variation whidhd5-+ 0.04prad.

thus the following analysis is performed in a narrower regid 500 um inside
which all the beam should cross the crystal.
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Figure 4.11: Composition of the downstream beam profile wtherST4 crystal

is in reflection: only the inner part of the beam is reflecteaied with 2) and so
changes its angle, resulting in an effect of separation veisipect to the external
component of the beam (the one marked with 1); at the sameatfioising effect

is present for the other one (marked with 3) causing a bearthwigcrease during
reflection.
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Figure 4.12: (a) Bidimensional plot of the ST4 crystal scamsidering only
the inner horizontal part of the beam (beam profile). (b) Tésults from the
gaussian fit of the main peak: in the top plot, the reflectiospldicement is
0.0937+ 0.0003 cm that is 13.5% 0.04 prad; in the bottom one, the beam
sigma variation in reflection which is 0.0036 0.0004 cm corresponding to
0.51+ 0.06prad.



angular profile (urad)

4.2 Definition of the ST4 crystal horizontal size

111

—~
=] £ %
S 12 B :
5 ,F Jraererestes !
pt E o | X/ndf 1734 1 37
g 8 = : [ P1 10.95 £ 0.2817E-01
E .
E 5 F ¥ F/ndf 1276 | 10
ot 4 = P1 -2.868+  0.5001E-01 i
[ E
=% 2 F
.% o b
1S 2 .
P e 3
4 [
| | | | | | | | ’l
897 8975 898  89.85 899  89.95 % 90.05 901
i rotation angle (deg)
&8 ~
I B ; ;
= 1 X/ndf 4569 | 37
- ~ P1 10.38 0.2594E-01
I < 16 =
I g’ /ndf 6942 1 10
}7 a5 [ P1 1009+ 0.4478E-01
B4 1
o g .f H
i £ F P
e ] E 5 sis e et e U
£ 10 |- MR . [ * LS
} E “*ni‘l i i
L = | I | I I I I I I
89.7 89. 89.8 89.85 89.9 89.95 %0 90.05 20.1 89.7 8975 898 8985 899  89.95 £ 9005 901

rotation angle (deg) rotation angle (deg)

(@) (b)

Figure 4.13: (a) Bidimensional plot of the ST4 crystal scansidering only the
inner horizontal part of the beam. On the horizontal axisctlystal rotation angle;
on the vertical axis the angular beam profile. (b) The redtdts the gaussian fit
of the main peak: top, the reflection displacement which i823 0.06prad; in
the bottom one, the beam sigma variation in reflection whsdh 27+ 0.05purad.
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Figure 4.14: Volume reflection angle as a function of the zamtal position be-
fore the crystal.



112 The September 2006 results

4.2.1 Check on QM2 and double crystals

The plots of fig. 4.8 were crucial for the analysis of the STystal so it is sig-
nificant to show them also with data from the other crystalbe Tirst module
has been installed only for part of the time so its informai®available only for
the QM2 crystal and for the data of the double crystals aparhfof course the
ST4 crystal. Fig. 4.15 shows the QM2 crystal properties @&otion and chan-
neling as a function of the proton horizontal position on¢hgstal surface, while
in fig. 4.16 the same plots are obtained with the data from thébl® crystals
(QM1 and QM2 aligned). In both cases the reflection and theméag show,
differently from the ST4 crystal, a uniform behaviour witkspect to the proton
horizontal position. This is consistent with the crystahdnsion which is bigger
than the beam one.

horizontal position before crystal (cm)
horizontal position before crystal (cm)

0 20 0
angle (prad) angle (prad)

(@) (b)

Figure 4.15: Two frames of the QM2 crystal scan showing tleéqors horizontal

position (vertical axis) with respect to their angle (hontal axis): (a) the chan-
neling effect is at its maximum; (b) the reflection effect @nplete. A uniform

behaviour is visible from the comparison with the red sup@sed lines which
represent the contour of the amorphous position.

4.3 Rotational effect

In the previous section the uniformity of the crystal beloaviin its horizontal

dimension has been checked plotting the angle of the protdhsespect to their
horizontal position on the crystal surface (see for exarfiglel.8). The same kind
of plot, using the vertical proton position shows some ietéing aspects of non
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horizontal position before crystal (cm)
horizontal position before crystal (cm)

angle (prad) angle (prad)
(@) (b)

Figure 4.16: Two frames of the double crystal scan showiegtbtons horizontal
position (vertical axis) with respect to their angle (honzal axis): (a) the chan-
neling effect is at its maximum; (b) the reflection effect @nplete. A uniform
behaviour is visible from the comparison with the superisgzbred lines which
represent the contour of the amorphous position.

uniformity that, as will be demonstrated, have a commonaxgiion: a vertical
displacement on the crystal surface has the same effectrgbtatrotation. This
effect is common to all the analyzed crystals.

In this section a quantitative evaluation of the effect foe QM2 and the
ST4 crystals will be given and it will be shown how this effeduld be used
“to change” the alignment condition in the double crystaleca

4.3.1 Evaluation of the effect (QM2, ST4 crystals)

Fig. 4.17 presents three frames from the QM2 crystal scarh) pbot shows the
relation between the protons angle (horizontal axis) amir thertical position
on the crystal surface at a different crystal rotation antile superimposed red
lines are the contour of the same plot taken when the crysialthe amorphous
position and underline the reflection effect. The threegpébtow:

¢ a) the beginning of the channeling effect; the channelirekpgppears in
the lower region of the beam, the reflection effect is almbseat;

e b) the maximum of the channeling effect; the channeling peaqually
spread along the vertical beam direction but it is not palat the beam
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vertical position before crystal (cm)
vertical position before crystal (cm)

20 40

angle (urad) angle (urad)

vertical position before crystal (cm)

angle (prad)

(©

Figure 4.17: Three plots of the QM2 crystal scan during thencteling effect

showing the beam angular profile (on the horizontal axishwéspect to the ver-
tical beam profile at the crystal (on the vertical axis); thpeximposed red lines
are the contour of the amorphous position. (a) The charnmekak is appearing,
the reflection one is almost absent. (b) The channelingtefeat its maximum.

(c) The channeling peak is disappearing, the reflectiommoat complete.

main peak indicating that the channeling angle dependseoprtiton verti-
cal position on the crystal surface;

e C) the end of the channeling effect; the situation is reverseh respect
to the beginning of the channeling; the channeling peakpgisars in the
upper region of the beam and the reflection is almost complete
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If it's assumed that to an increase in the vertical positiartiee crystal sur-
face corresponds a decrease in its rotation angle, theugasibuations shown in
fig. 4.17 could be explained. In fact according to this assionp

¢ the channeling peak appears and disappears before in tlee tegion of
the beam than in the upper one (plots (a), (b) in fig. 4.17);

¢ the channeling effect has a larger angle in the lower pati@beam, which
decreases when the rotation angle increases (plot (b) iA.43).

The same plot of fig. 4.17(b) is shown in fig. 4.18; the red lidesde the
beam in three regions. The aim is to perform a separate asaljth the particles
of the upper beam side (marked with 1 in the plot) and of theslomne (marked
with 2). Fig. 4.18(b) compares, from a qualitative point &w, the behaviour of

anhgular profile (urad)

120 |
[} 200 400 600 800 1000 1200 1400

angle (urad) rotation angle (deq)

@) (b)

Figure 4.18: (a) A frame of the QM2 crystal scan during chdingethe red lines
limit the two external areas of the beam that will be used eftllowing analysis
(the beam upper region 1 and the lower one 2). (b) Comparistween the
bidimensional plots of the QM2 crystal scan obtained with dlata from region
(1) (red lines) and from region (2) (coloured plot in the bgicund).

the two crystal regions. The bidimensional plot summaribesQM2 scan with
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the rotation angle on the horizontal axis and the beam darerg on the vertical
one: the coloured plot is filled with data from the lower beaygion (2) while

the superimposed red lines are the contour of the same platittudata from the
upper beam region (1). The contour of the second plot fits thelfirst one apart
from a horizontal shift which, as anticipated, represehts ¢ffect of a vertical
shift on the crystal surface.

A way to perform a more quantitative analysis consists ifngunto account
one of the effects of the beam variation due to the crystal, @mputing the
crystal rotation angle at which it happens. From the conspariof the different
angles obtained with the upper and lower part of the beam timatson of the
effect could be given. The chosen reference points are thengling peak trend
and the main peak one during the entrance in reflection. Iidviba possible to
consider also the exit from reflection but, given the presenica discontinuity,
the analysis would be much more complicated. Fig. 4.19 shbevgomparison
between the behaviour of the channeling peak in case 1 (aparase 2 (b). The
points are fitted with a straight line then a point that cquaexds to the channeling
maximum (-70.4urad) on the vertical axis is taken and the projection of thuatip
on the horizontal axis is computed. The results are: -36:0/88prad for case 1
and -40.33t 1.82prad for case 2 that means a horizontal shift of 3t5B.02prad.

- P1 1123+ 0.5185
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y \
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Ll b b
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crystal rotation angle (urad) crystal rotation angle (urad)
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Figure 4.19: The points in the plots represent the changelak angular position
as a function of the rotation angle of the crystal; they aeertitean value of the
gaussian that fits the channeling peak; the error bars arertbe values given
by the fit. (a) Data from the upper beam region (marked with fign4.18); the
horizontal value which corresponds to the projection of ¥iedical coordinate
—70.4 prad is -36.77+ 0.88urad. (b) Data from the lower beam region (marked
with 2 in fig. 4.18); the horizontal value which correspondstie projection of
the vertical coordinate -704rad is -40.33t 1.82prad.

The second reference point taken into account is the maik @etrance in
reflection. This second measurement combined with the pusvone will give a
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more precise result. Fig. 4.20 shows the comparison betteemain peak trend
in case 1 (a) and in case 2 (b). The diagonal points that reptrése movement of
the main peak to the reflection position are fitted with twaigtnt lines (the en-
trance in reflection happens in two steps). The projectiortbe horizontal axis of
an intermediate point of the two segments are found in batbhsarhe rotational
shift values computed for the two segments are: 2t938.62 prad for the first
segment and 3.72 4.97prad for the second one; the average is 3t38.39rad.
The agreement of the values obtained with the channelingtpead and the main
peak one proves that the effect of non homogeneity shown.idfiy(a) (c) and
the effect of channeling “diagonality” of fig. 4.17(b) aredvaspects of the same
phenomenon that is the rotation effect, whose final valueyded as the average
of the two, is 3.46+ 1.98prad.
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Figure 4.20: The points in the plots represent the main pagllar position as a
function of the crystal rotation angle; they are the meanesbf the gaussian that
fits the main peak; the error bars are the error values givehéyits. The diago-
nal points of the main peak shift from the amorphous to thec&fn position are
fitted with two straight lines; then the projections on theibantal axis of an in-
termediate point of the two segments are computed. (a) Batathe upper beam
region (marked with 1 in fig. 4.18): the first rotation angle26.46+ 2.23prad
corresponding to the vertical value 1.a6&d (bottom segment); the second rota-
tion angle is -45.60t 2.78 prad corresponding to a vertical value of 7.@&d
(top segment). (b) Data from the lower beam region (marked @in fig. 4.18):
the first rotation angle is -29.324.05prad corresponding to a vertical value of
1.66prad (bottom segment); the second rotation angle is -49.397 urad cor-
responding to a vertical value of 7.38ad (top segment).

As anticipated, the rotation effect is common in all the sab@at can be ana-
lyzed by means of the first module information. Fig. 4.21 shdwo interesting
frames of the ST4 crystal scan; the plots are the beam angpaflie with respect
to the protons vertical position at the crystal. The firstfea(4.21(a)) shows the
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comparison between the beginning (superimposed red lared)the end of the
channeling effect (plot in the background); the channetiagk appears and dis-
appears in the upper region of the beam. This means that thei$$tal has the
opposite behaviour with respect to the QM2 crystal and, at, falso the diago-
nal described by the channeling peak has the opposite idingstee fig. 4.17 for
comparison). The second frame (4.21(b)) shows two stegdsedie¢am exit from
the reflection position: the amorphous peak appears in therygart of the beam
(first step represented by the red lines) while the reflegbieak disappears in its
lower part.

vertical position before crystal (cm)
vertical position before crystal (cm)

-200 -150 -100 -50 0 50

angle (prad) angle (prad)
(@) (b)

Figure 4.21: Two interesting frames of the ST4 crystal stdagy show the protons
vertical position at the crystal with respect to their angldney are taken when:
(a) the channeling effect is at its maximum, (b) the reflecgffect is complete.

The same analysis method used to estimate the rotatiornt &ffethe QM2
crystal can be used also for the ST4 crystal. Fig. 4.22(ayvsltbe two beam
slices which will be used for the following differential dgsis. Unlike the QM2
crystal case, the regions chosen are smaller and more tastarfrom the other,
in order to maximize the effect and simplify the computatafrtheir physical
distance. The rotation effect is linear with the verticaplacement on the crystal,
as can be understood from the fact that the channeling peaisfa diagonal (a
straight line) with respect to the main one (see it in fig. 4a22 Thus it can be
interesting to measure not only the absolute value of thegicotal displacement,
but also the ratio between it and the vertical displacem&he two slices width
is 500um and they are centered on the two values: 6.265 cm (slice 1)5&m
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(slice 2) so their distance is roughly 15@0100um. In fig. 4.22(b) the data of the
two slices form the bidimensional plot of the beam angulafifa as a function of
the crystal rotation angle. The red lines contour plot (deden slice 1) is visibly
shifted with respect to the coloured one (data from slicen2he background.

angular profile (urad)

o 500 1000 1500 2000 2500

crystal rotation angle (urad)

angle (urad)

(a) (b)

Figure 4.22: (a) A frame of the ST4 crystal scan during chénggthe red lines
limit the two beam slices that will be used in the followingasysis (the beam
upper region 1 and the lower one 2). (b) Comparison betweebittimensional
plots of the ST4 crystal scan obtained with the data from fhgeu region of the
beam (1) (red lines) and from the lower one (2) (coloured fhletin background).

The effect of the angular shift between the two slices is aatiexh as it was
done for the QM2 crystal:

e in fig. 4.23 the comparison between the trends of the champgleaks
is shown. Projecting the same vertical value (the changetiaximum,
—1701 prad) on the horizontal axis the two obtained values are eshidif
14.68+ 4.41prad,;

e fig. 4.24 shows the comparison between the trends of the neik in the
two cases; the movement from the amorphous position to taangiing
one is fitted with a straight line; the projection of an intediate point
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between the two positions is computed. The values obtaimeéta two

cases differ of 14.06- 2.93purad;

e as the value obtained with the channeling peak comparisaorisistent
with the one obtained with the main peak comparison, it ismregdul to

compute their average which is 14.372.65prad.

Thus a crystal rotation of 14.3F 2.65prad is equivalent to a vertical displace-

ment of 150G+ 100um on the ST4 crystal surface which means 9t58.89

prad
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Figure 4.23: The points in the plots represent the changelak angular position
as a function of the rotation angle of the crystal; they aeerttean value of the
gaussian that fits the channeling peak; the error bars arertbe values given
by the fit. (a) Data from the upper beam region (marked with fign4.22); the
horizontal value which corresponds to the projection of ¥leeical coordinate
—1711 prad is -62.8H 2.94prad. (b) Data from the lower beam region (marked
with 2 in fig. 4.22); the horizontal value which correspondstie projection of

the vertical coordinate -171frad is -48.19+ 3.29purad.
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Figure 4.24: The points in the plots represent the main pegklar position as
a function of the crystal rotation angle; they are the mednesof the gaussian
that fits the main peak; the error bars are the error valuesngoy the fits. The
diagonal points of the main peak shift from the amorphouséoréflection posi-
tion are fitted with a straight line, then the projection oa ttorizontal axis of an
intermediate point of the line is computed. (a) Data fromupper beam region
(marked with 1 in fig. 4.22): the rotation angle -72.#92.30 yrad corresponds
to the vertical value 5.furad. (b) Data from the lower beam region (marked with
2 in fig. 4.22): the rotation angle -58.73 1.81 yrad corresponds to the vertical
value 5.1urad.
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4.3.2 Double crystal scan

In the double crystal analysis even if the crystals are pitgdigned their effect
on the beam is more complex with respect to the effect of thglesicrystal. This
is evident observing the bidimensional plot of the beam rdieece as a function
of the crystals rotation angle, presented in fig. 4.25:

:abc d e f

angular profile (urad)

-75

] 20 40 60 &0 100 120 140
crystal rotation angle (urad)

Figure 4.25: Bidimensional plot of the double crystal saamthe horizontal axis
the crystal rotation angle, on the vertical axis the beamukangorofile, recon-
structed using the information from the silicon chamberd toe first module, as
described in sec. 4.1.

¢ the reflection effect could be seen as the sum of the two sorgktal ef-
fects; since the two crystals are different they can’t befqmtly aligned,
so the entrance into and the exit from the reflection positiappen in dif-
ferent steps depending on which crystal is in the reflectiositpn. In
addition, when the first crystal crossed by the beam is ingtdie, it bends
the protons that impinge on the second crystal interferift@ ws normal
behaviour;
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¢ the channeling effect happens independently for the twetaly but they
interfere with each other in two ways: the channeling pea&aerlapped
in space and if the crystals are in the channeling positidhesame time,
the first crystal crossed by the beam subtracts straightpesto the second
one due to its channeling peak, so that the second chanmsalgappears
less intense.

To understand the contribution of each single crystal inltelkaviour of the
double crystal scan, an analysis has been performed bast ootation effect
described in sec. 4.3.1.

Fig. 4.26-4.28 show six plots of the proton vertical positigith respect to the
beam divergence; they are taken from the double crystal Sdamangles at which
each frame corresponds are shown by a vertical red line id fth; the plots are
ordered according to the position (from left to right) of tte@responding line.

It will be shown how each plot allows to understand which talys working in
that specific goniometer position, but before analyzingsingle positions in de-
tail, a comment has to be made on the one of fig. 4.27(a) whiotvsla frame
in which both the channeling peaks are present with a sinmtansity. The re-
markable thing is their orientation with respect to the ieaftdirection as they
form an opposite angle. As shown in sec. 4.3.1 this meansahane crystal (the
one that will be called A, for simplicity) the upper part ofettheam anticipates
the behaviour of the lower one, while for the other crystahil be called B) the
rotation effect is opposite, that is the lower part of therbeaill anticipate the
upper one. According to this statement the beam behaviatneinlifferent plots
can be understood:

e fig. 4.26(a),the A channeling peak is appearing in the upper region of the

beam; this means the channeling effect of the A crystal isnméuyg;

¢ fig. 4.26(b),the channeling peak of the B crystal appears in the lower part

of the beam; the channeling effect of the B crystal is stgrtin

e fig. 4.27(a),the upper region of the beam is going into the reflection posi-

tion; at this rotation angle the reflection contribution lo¢tA crystal starts.
The channeling peak of the B crystal is much more intensetth@aA crys-

tal one, suggesting that the beam first crosses the B crysdalhen the A
one;

e fig. 4.27(b),the two channeling peaks and so their angles with respect to

the beam main peak are clearly visible. For what concernsniia peak,
the situation is complicated by the interference betweent®o crystals.
Fig. 4.27(a) states that the A crystal starts reflection teefioe B one; this
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last one, however, is crossed by the beam first, so whenis sedlection, it
bends the A crystal incoming beam, disturbing its normakribn trend.
Assuming this hypothesis is correct, there are two possdsl either the
bending angle is in phase with the goniometer one, that mieacseler-

ates the A crystal entrance in reflection, or it has an oppg@éiase in which
case the B crystal bending effect extends the A crystal eogran reflection.
The entrance in reflection runs in parallel with the chamgeéffect so the
reflection interference should compress or enlarge the Atahghanneling
peak in the plot of fig. 4.25. Observing the plot, the two chedimy peaks
are visible; they are underlined in fig. 4.29 with differeotaurs; the less
intense one is the A crystal one as stated watching fig. 4 2n@ it is the

one marked in blue. The channeling peak usually forms aneasfghbout
45° in the beam divergence crystal rotation angle plane, buginfi29 it

is evident that the A crystal channeling peak forms an anggatgr than
45° with respect to the vertical axis and that means it is sulifeet hori-

zontal dilatation which is due to the reflection interferert the B crystal
that bends the beam in the opposite direction with respettte@oniome-
ter movement. Once this effect of reflection interferencenderstood, the
main peak trend shown in fig. 4.27-4.28 can be explained. dtsilparity

is that it has the same shape of fig. 4.27(a) but it is shiftetieaight (to

the reflection position). This happens because, unlike in4ig7(a), in

fig. 4.27(b) the B crystal reflection contribution is addingdaat the same
time the A crystal contribution doesn't evolve due to theeetion interfer-

ence caused by the B crystal;

fig. 4.28(a) the lower part of the beam goes back to the amorphous position

that means the B crystal starts its exit from the reflectiositpm;

fig. 4.28(b),the lower part of the beam is in an intermediate position be-

tween the amorphous and the reflection one while its uppérhaar just
gone back in the amorphous position. That means the B crgataton-
cluded its exit from reflection while the A crystal is stagiits one.

The information obtained from the double reflection scanuimmarized in
fig. 4.29(a). Black and blue lines are superimposed to theneidsional plot of
the proton angle as a function of the goniometer angle; tloéyt put the single
crystal contribution. The lines relative to the A crystag &nue while the B ones
are black:

¢ the A crystal starts the entrance in the reflection positiefoke the B one

but B completes its entrance in reflection before A,

¢ the B crystal starts and ends its exit from reflection before A
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Figure 4.26: Two plots of the double crystal scan that shasvioton vertical
position with respect to their angle: (a) the A crystal chelmy peak is appearing
in the upper part of the beam; (b) the B crystal channeling peappearing in
the lower part of the beam.
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angle (urad) angle (urad)
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Figure 4.27: Two plots of the double crystal scan that shasvpioton vertical
position with respect to their angle: (a) the A crystal isrgpinto reflection; (b)
the two channeling peaks and their orientation with resfueitte beam main peak.

¢ the channeling peak of the B crystal is much more evident tharA one
which is recognizable as it appears before and disappdarstiaé B one.

The beam crosses first the B crystal, so this crystal is natenfted by the
other one and it is likely that some of its characteristias lseen seen in the beam
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Figure 4.28: Two plots of the double crystal scan that shasvgioton vertical
position with respect to their angle: (a) the B crystal ismgpback to the amor-
phous position; (b) the B crystal has completed its exit freffection while the
A crystal is starting it.

profile. For this reason it is meaningful to try to compare lidimensional plot
of the double reflection scan with the one of the single ctystefig. 4.29(b) the
comparison of the double crystal scan with the one of the QM&tal is shown:
the QM2 channeling peak seems to fit well the channeling pé#hkeoB crystal
and so do its entrance and exit from reflection. Thus it is iptesso affirm that
the B crystal is QM2.

The previous section showed that if the beam is divided iticadrslices the
effects of the crystal on these slices are shifted with reispethe rotation an-
gle. This angular shift can’t be obtained in the double @lysase because (see
fig. 4.27(a)) the rotation effect has the opposite directasrihe two crystals. Ac-
cording to this, a division of the beam in vertical slices whoshow different
alignment conditions in the beam slices.

Fig. 4.30(a) shows the beam vertical profile as a functiotsadivergence (during
the double crystal scan at the channeling position); theoregbove the red line
is the one used for the plot of fig. 4.30(b) in which the beanedjence is plotted
as a function of the goniometer angle. The rotation effeglii@s that in the upper
part of the beam the A crystal anticipates its effect whike Ehcrystal delays its
own. Therefore comparing fig. 4.30(b) with fig. 4.29(b) thetwibution of the A

crystal is shifted to the left while the B crystal effect isfsd to the right. In this

configuration the crystals alignment is more accurate: Weedhanneling peaks
are almost overlapped; the passage from the reflection tant@phous posi-
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Figure 4.29: (a) Bidimensional plot of the double crystars¢rotation angle on
the horizontal axis, beam divergence on the vertical ome)superimposed lines
represent the contribution of the two crystals, in blue thergstal, in black the
B one. (b) The same plot with the contour of the QM2 crystalesumpposed,;
the comparison between the channeling peak shapes sutjgedtse B crystal is
QM2.

tion is the same for the two crystals while the entrance imolkéing seems more
gradual but this is caused by the reflection interferencevé&en the two crystals.

If the beam region taken into account is the lower one, thectivn of the
crystals shift will be inverted with respect to the upper.one
Fig. 4.30(b) shows a better crystal alignment (comparedth wie global plot).
According to this, the data from the lower region of the be&imsd show a worse
crystal alignment; in fact in fig. 4.31, presenting the beaverdence plotted as a
function of the goniometer angle, the two channeling pea&separate and both
the entrance into and the exit from the reflection positianwsthe presence of the
different contributions from the two crystals.

The main and channeling peak trends extracted from the dateecupper
and lower part of the beam are compared in fig. 4.32 (main paad)n fig. 4.33
(channeling peak); they are obtained by means of a gaussiahtfie peak, so
that the peak position corresponds to the gaussian meae thglerror bars are
the error of the fits.
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Figure 4.30: (a) A frame of the double crystal scan duringncieding; the red
lines limit the external area of the beam, whose data are wesprbduce the (b)
plot. (b) Beam divergence with respect to the goniometeatiam angle. The
plot should be compared with the one shown in fig. 4.29(b)e laebetter crystal
alignment is visible.

Fig. 4.32(a) shows the main peak trend of the upper part ob#dan, which is
the beam region in which the best alignment is present; $he®nfirmed by the
superposition of the two crystals entrance to and exit froereflection position.
This behaviour is not visible in fig. 4.32(b) which shows thaimpeak trend of
the lower beam region, the more disaligned one. On one halodgar entrance
in the reflection position with respect to the (a) figure ighies, which indicates
less superposition between the two crystals; on the othad bae exit from the
reflection position is divided in two distinct steps. As stjtin the lower beam
region the contribution of the A crystal is shifted to thehtiigvhile the B crystal
effect is shifted to the left. Therefore the first step frone tleflection position
to the amorphous one corresponds to the B crystal (QM2) whédesecond step
is due to the A crystal; it is remarkable that differentlyfiidhe (a) figure the
two processes are separate so no interference is presenpadiog the two exits
from reflection, in the first case it happens in about 5 goniem&eps (each step
is about 3.5urad) while in the second one it needs two phases, the firsty&al)
is of 5 goniometer steps, the second (A crystal) in about8sstéhich means that
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Figure 4.31: (a) A frame of the double crystal scan duringncieding, the red
lines limit the external area of the beam, whose data are tespbduce the (b)
plot. (b) Beam divergence with respect to the goniometeatiam angle. The
plot should be compared with the one shown in fig. 4.29(b)e laeworse crystal
alignment is visible.

also assuming that in the (a) plot the crystals start thefexin reflection at the
same time about 3 (10j%ad) goniometer steps of the A crystal exit are missing
with respect to the (b) figure. In the (a) figure the two exitsrirthe reflection are
interfering with each other. As this interference delaysehtrance in reflection, it
compresses the exit. During its exit from reflection, the ¥stal bends the beam
impinging on the A crystal in the same goniometer directisn,the A crystal
undergoes the standard goniometer rotation plus the Baidrystiection angle
(about 12urad) that explains the apparent disappearance of a pare & tirystal
exit from reflection. The comparison between the channgdeak trends in the
“aligned” and “disaligned” case gives a clear indicatiortteé direction in which
the two crystals contribution has been shifted. In fig. 4a38(@e two channeling
peaks merging, figured out in fig. 4.30(b), is confirmed. THitsy in fact, follow
a continuous line; however three different regions arecetde:

e first 3 points,only the A crystal channeling peak is present;

¢ following 4 pointsthe A crystal channeling peak is still the object of the fit
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but the slope is decreased due to the interference with thrgdat entrance
in reflection;

e last 7 pointspnly the B crystal channeling peak is present.

So the A crystal channeling peak anticipates the B crystalwhile fig. 4.33(b)
describes the opposite situation where the B crystal cHangnpeak precedes
the A crystal one which is recognizable because of its lowmyescaused by the
interference with the B crystal entrance in reflection.
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Figure 4.32: The main peak trend; the points are the meartseajdussian that
fits the peak and the error bars are the errors from the fitylogotots concern the
double crystal scan with data from: (a) the upper part of b (see fig. 4.30),
(b) the lower part of the beam (see fig. 4.31).

a5 40 a5 50
rotation angle (urad)

(@)

4 8 8 &

channeling mean (urad)
4
a

& &

50
rotation angle (urad)

(b)

Figure 4.33: The channeling peak trend; the points are thenmef the gaussian
that fits the peak and the error bars are the errors from thehéttwo plots con-

cern the double crystal scan with data from: (a) the uppergfahe beam (see
fig. 4.30), (b) the lower part of the beam (see fig. 4.31).
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4.4 Efficiency measurements

The crystal efficiency will be given as a function of the efféne crystal has on the
proton beam, that is an efficiency for channeling, for reftectdechanneling and
volume capture. This efficiency is a function of the anglersen the impinging
proton and the crystal itself.

Thus, the efficiency should be measured in a way that giveratigle, it would
be possible to assign to the proton a probability for eactlsieffect. To compute
this “ideal” efficiency, it is necessary to:

e once chosen the reference frame, measure: (1) the protde befpre the
crystal; (2) the crystal rotation angle; (3) the proton auing angle after
the crystal. These three numbers will allow the calculatbthe proton
impact angle on the crystal and the proton bending because afystal,

e assign to each impact angle a bending angle range for eastakeffect;

¢ the efficiency of an effect is the ratio between the numberadfigles under-
going this effect and the total number of particles impirggim the crystal.

Such an ideal efficiency cannot be computed with this experim

e anintrinsic limitation is given by the presence of the caygself, that trans-
forms the theoretical bending angle in an angular range aothie effects
are not sharply separated;

¢ the experimental setup for these data does not allow the gtatipn of the
incoming angle; the basic hypothesis is that the beam we measured
with the first module arrives undeflected on the crystal; imeotwords, the
divergence of the beam between the module and the crystagiscted,;

¢ the angular resolution of the detectors system is finite anghiticular the
multiple scattering effects of the materials on the bearh pegtult in a larger
range for the bending angles.

These preliminary considerations suggest the change®iddtectors system to
improve its performance: the particles incoming angle s&hdwe measured and
the contribution to the multiple scattering should be miziea. Chap. 5 shows
how these requests have been satisfied by the detectorafygpianplemented for
the May 2007 testbeam.

Anyway, these limitations can be overcome consideringlerovay to mea-
sure the efficiency just comparing the number of protons énaimorphous peak
with the number in the different channels. In this way, whappens upstream is
not taken into consideration.
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4.4.1 Method definition (ST4 crystal)

In this section, using the ST4 crystal as an example, it vélekplained how the
various effects are characterized and how their efficiemeydcbe estimated by a
comparison with the beam in the amorphous position.

The analysis is performed with the following spatial cutplagd on the first
module coordinate:

¢ in the horizontal direction the 5Q@m slice which is contained in the crystal
shape (individuated in fig. 4.14) has been considered;

e in the vertical direction the beam tails have been excludededuce the
background (a slice of 3 mm is taken into account).

4.4.1.1 Reflection efficiency

As anticipated, before computing the various efficiencygalit is necessary to
study the crystal characteristics in order to assign to eaiztion angle a bending
angle range for each crystal effect. This is done fitting tearb main peak and
the channeling one with gaussian functions.

Fig. 4.13(b) shows the main peak divergence trend for the @ygtal scan;
the reflection angle and the peak width enlargement in réflectre computed
with respect to the amorphous position as the proton andtadé¢he crystal is
unknown. Essentially for the same reason the reflection@ffay is computed in
comparison with the amorphous peak with the following pchoe:

e for each frame of the crystal scan the total number of evesgdleen com-
puted and rescaled to 100; this procedure which is fundaahéatall the
efficiency measurements, has also been applied to nornellizee pre-
sented bidimensional scan plots;

o for each goniometer step, using the values from the gaufisiafithe main
peak, the events withindfrom the mean of the peak are counted and the
percentages computed in this way are shown in fig. 4.34 asciidmrof the
goniometer angle;

¢ the average number of the events under the main peak in tketrefl posi-
tion, Nr(3q), and in the amorphous onl s,), is computed by means of a
constant fit; the reflection efficiency is defined as the ra¢imeen the two
numbers:
NR(30)

Na(30)

ER= (4.1)
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Figure 4.34: The plot shows the number of events witlarfirdm the main peak as
a function of the goniometer angle; the mean and sigma valieethe ones from
the fits shown in fig. 4.13(b) for each goniometer step; thersrare computed
according to the binomial statistics. Both the amorphouwktha reflection plateau
are fitted with a constant to obtain their average values

The reflection efficiency of the ST4 crystal is.28+ 0.14%. Two questions
are still to be discussed:

¢ the efficiency definition doesn’t allow to check the angulaiftsand the
sigma stability of the beam during reflection; for examplehe reflection
angle varies (during the reflection position), the fit pargerse(used to com-
pute the efficiency) will follow the peak movement, thus theation of the
reflection angle will not influence the reflection efficiencgasurements;

¢ the method assumes the gaussian shape of the divergencetEdendur-
ing the reflection position, but eventual deviations frons tshape could
mean non-detectable inefficiency effects.

The reflection stability can be independently checked ofisgthe main peak
trend and the ST4 crystal, for example, doesn’t show anylgtgiroblem (fig. 4.13(b))
as the position of the reflected peak is constant within tipeemental error. Any-
way, the efficiency definition can be slightly changed in otdeébe self consistent
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with the reflection angle definition, which is unique and esponds to the aver-
age position of the beam in reflection.

The plotsin fig. 4.13 show that one value for the main peakeaagtl its sigma
for the amorphous position and one value for the reflectitwration are computed
(with constant fits) averaging on the scan values. The réflecfficiency can
be estimated taking into account these mean and sigma avealiges instead of
updating them each goniometer step.

Fig. 4.35 is the analogous of fig. 4.34 obtained taking intmbaat the mean
and sigma average value of the amorphous position in thaliand final part of
the scan and the reflection one in the central part.

%
80 - i

705 i

i X°/ndf 3988 / 6
P1 95.57 + 0.1135

‘X’/ndf 2426 | 23

60 — P1 93.90 + 0.7048E-01 ‘

0 50 100 150 200 250 300
prad

Figure 4.35: The plot shows the number of events witlarfrdm the amorphous
position (initial and final part of the scan) and the reflectame (central scan
region) as a function of the goniometer angle. The two condits give the
percentage of the events in the main peak (wittoh 3

The reflection efficiency value computed with the modifiedmoetis 9825+
0.13% which is compatible with the 98.26% of the first versiortled method.
This result demonstrates the beam stability during reflactiAlthough the two
methods seem to be equivalent, this second method makegftbetion effi-
ciency definition stronger with respect to the reflectionlarggfinition and less
influenced by errors in the single gaussian fit.
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The second possible objection to the proposed method retfaedossibility
that the gaussian shape of the beam profile is modified whesflection.

The efficiency results have been computed considerirgga&a around the peak,
thus about 99% of the gaussian area which takes into accoemajority of the
events excluding the beam tails. But if the amorphous andtitected peak have
the same shape, the variation of this area shouldn’t caug@ificant variation in
the reflection efficiency value.

Therefore computing the efficiency with different sigmaued could under-
line on one hand an eventual dependence of the obtained oaltleis number
and on the other a deviation from the gaussian shape durflegtien. Such a be-
haviour should be included in the efficiency value as a syatererror. Fig. 4.36
shows the efficiency as a function of the number of sigmas catbbetween
1 and 4: a clear increasing trend with sigma is shown ovenghich could be
due to the beam tails and to the fact that the volume captares 4o be included.
Below 3o it is difficult to identify and explain a trend also because #mrors are
great; the intrinsic asymmetry of the reflection effect (see. 1.2.3) which here is
almost hidden by the beam shape, and the multiple scatteaimglay a role that
has been studied in the May 2007 beam test (chap. 5). Anywsawrage value
(98.15%) obtained by this-scan is compatible with the previous one confirming
the reliability of the method.
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P1 98.15
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Figure 4.36: The reflection efficiency computed with the désd method with
different sigma values.
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4.4.1.2 Channeling efficiency

The channeling efficiency can be evaluated by analogy wighréflection one
counting the number of protons withim3rom the channeling peak and compar-
ing this number with the number of protons withia #om the amorphous peak.
Fig. 4.37 shows the channeling peak trend for the ST4 cryitsdahean in the top
plot and its sigma in the bottom one.
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Figure 4.37: The channeling peak trend during the ST4 drgstmn: (top plot) its
angular position, the points are the mean values of the gmssthat fit the peak
and the error bars are the errors of the fit; (bottom plot)nts trend, the points
are the sigma values of the gaussian fits and the error batiseaegrors of the fits.

The channeling peak position and width depend on the crystation angle;
for this reason, to obtain a better description of the areai@ by the channeling
peak, the mean and sigma values, that will define the bowelafithat area, have
to be updated each goniometer step with the parameters 6f (titee data shown
in fig. 4.37). Therefore this is the procedure to obtain thancteling efficiency:

¢ the total number of the events is normalized at each goniemnsétp;

¢ the events within 8 from the amorphous peak are counted with the mean
and sigma values updated each goniometer step; the avarageenof the
events in the amorphous position is computed;
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¢ the events within 8 from the mean of the channeling peak are counted,;

¢ the channeling efficiency is defined as the ratio betweenlaisisnumber
and the previous one:
Nc(30)

&c=—-+ 4.2
c Na(ao) (4.2)

Fig. 4.38 shows the channeling efficiency of the ST4 cryssahdunction of

the crystal rotation angle; the maximum efficiency valuelislB+ 0.72%. The

efficiency point trend is the result of the matching betwess angular accep-
tance window of the crystal and the incoming beam divergetieefit shows a
good agreement with a gaussian function and it is remarkihlalethe gaussian
o is 10.7prad which is very close to the critical angle for silicon aistienergy

(B¢ ~ 10 prad).
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Figure 4.38: The channeling efficiency trend of the ST4 alyas a function of
the goniometer angle. The maximum value is1®&h- 0.72%.

The channeling efficiency trend provides an unambiguous$ateto find the
crystal rotation axis corresponding to the channeling mmaxn thus identifying
the crystal bending angle. In the ST4 crystal the bendindearagults to bé; =
157.63+0.18 prad.
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Fig. 4.39 shows the trend of the maximum channeling effigieagca func-
tion of the number ofb considered in the efficiency computation. An opposite
trend with respect to the reflection case is shown: the efffigielecreases as the
area considered for the measurement increases. The resatbat both the amor-
phous and the channeling peaks slightly deviate from thegian shape in the
opposite direction: the amorphous peak has larger non geutals while the
channeling one (being extracted from the crystal) has snaggdges. Although
the plot in fig. 4.39 is interesting, as it shows a differerds of the channeling
peak with respect to the beam, it is not so much significarth vaspect to the
efficiency value since differently from the reflection cake thanneling peak is
clearly separate from the amorphous one. According to Has3b choice seems
a good compromise as it allows to integrate the majority ef¢thanneling and
amorphous events without taking into account the beam tails
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Figure 4.39: The channeling efficiency computed with theedeed method as a
function of the chosen area (numbera)f

Finally it is interesting to note that the channeling efficg trend is affected
by the crystal torsion; fig. 4.40 shows the channeling efficjetrend of the ST4
crystal computed in a horizontal slice of 7 centered on the beam maximum.
If compared with the one shown in fig. 4.38 the gaussian whishtlie data is
narrower ¢ = 9.72 prad) and higher®1 = 54.04) meaning that the channeling
angular acceptance has decreased while the efficiency ¢treaged.

This depends on the crystal torsion; in fact when the beaminiggs on a
larger crystal area (in the vertical direction) it expegen different alignment
conditions. This on one hand spreads the range in whichcpestcan be chan-
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neled and on the other prevents the impinging beam to beigied at the same
time with the crystal surface, reducing the maximum efficievalue.
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Figure 4.40: The channeling efficiency trend of the ST4 aly&tata from a hor-
izontal slice of 700um) as a function of the goniometer angle. The maximum

value is 54764 0.97%.

4.4.1.3 Volume capture and dechanneling

Although most of the attention was dedicated to developiabig definition of
the volume reflection and channeling efficiency, the esionadf the percentage
of the events that go in the volume capture and dechannefiagt® have been

done.

The efficiencies are computed counting the number of pesgiathich are in
a region (of the phase space beam angle-rotation anglgjfiddras the volume
capture or the dechanneling region. The procedures tordeterthe limits of

these two regions are:

¢ (dechannelingusing the data from the fits, the areas withim fBom the
main and channeling peak are excluded; the dechannelimrexthe area
between the main and channeling peak;
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¢ (volume capturedhe volume capture peak is fitted with a gaussian function
and the events within®are counted.

Fig. 4.41(a) shows the dechanneling and volume capturensginderlined
on the plot of the ST4 crystal scan while fig. 4.41(b) showstiber of events
within 3o of the volume capture peak (top) and in the dechannelingpregiot-
tom).

x/ndf 1499 / 14
Pl 2.196 + 0.5457E-01

L e S S S IS SR E |
40 60 80 100 120 140 160 180
prad

X /ndf 1023 / 11
P1 6.460 £ 0.4236

1 P2 62.01 £ 1.162

N PR PR . <20 BNPRRT I -2 I S NRTE 1.1 20 (IR R
30 40 50 60 70 80 90

rotation angle (prad) prad

Figure 4.41: (a) The ST4 crystal scan: the beam angular graBlconstructed
as described in sec. 4.1, as a function of the goniometeeanghe regions in
which the dechanneling and volume capture events are abamesunderlined.
(b) The number of events: in the volume capture region (tdgp &he events
under the channeling peak are shown) and in the dechanrmrelgign (bottom)
where the events are fitted with a gaussian function; thénotaber of events of
each goniometer step has been rescaled to 100.

The average percentage of the particles in the volume agptegion i<, =
2.20+0.05% while the one in the dechanneling one reaches the valgg f
6.46+0.42%.

These values overestimate the real volume capture and mieelvag efficiencies
due to the background contribution of the main peak whichosmegligible if
compared to the low volume capture and dechanneling efticen

To perform a background estimation the number of particlgside the main
peak (from & to + 200urad) have been counted; the results are shown in fig. 4.42(b)
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Figure 4.42: Background estimation in the ST4 crystal sqahthe underlined
regions correspond to the ones in which the events are cdbtimeesult is shown
in (b) together with the fit values.

divided in four regions as schematically shown in fig. 4.42(&he D region
should be excluded since it includes the volume captureribomibn. The C re-
gion is chosen to estimate the background level as it is osahe side of the vol-
ume capture and dechanneling with respect to the main peaknih asymmetry
in the background (originated by the beam) is expected. Vamge background
level in this region iB. = 2.1840.08%; the region starts froma3elow the main
peak ¢~ —30prad) and ends at200purad so its extension is aboug = 170urad.
The background subtracted volume capture (dechannelifigjgacy is:

Ls
Lve(a)

whereL,q) is the average region dimension of the volume capture (dewimg)
in the divergence beam profile (the vertical sections of tbeip fig. 4.41(a)):

e volume captureL,¢ = 6- oyc Whereo,c = 11.90+ 0.37 prad is the value
computed with the gaussian fit of the volume capture peak taiscmulti-
plied by 6 because the volume capture region is defined witfdo from
the peak;
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e dechanneling Ly = B¢ — 30ch — 30amo Where6; = —167.87+ 0.18 prad
is the channeling angle whilg;, = 7.81+ 0.16 prad andoame= 10.09+
0.04 prad are the main and channeliogsince the dechanneling region is
between the amorphous and the reflection peak.

According to these parameters, eq. 4.3 gives the followifigiencies: for the
volume capture,. = sSd — Byc = (2.20£0.05— 0.92+ 0.03)% = 1.28+ 0.06%;
for the dechannelingy = €3 — By = (6.46-£0.42— 1.4640.05)% = 5.00-£0.42%
where the errors are only statistical. Both the angular dfidiency values ob-
tained in the ST4 crystal analysis are collected in table 4.1

| V. reflection | | Channeling | | V.capture (e %) |
6 (prad) 1382 + 0.06 | B (wrad) | 157.63+0.18prad 1.28+£0.06
Ao (prad) 0.27 + 0.05 | o (prad) 7.36+0.39 Dechanneling(e %)
£ (%) 98.25+0.13 | € (%) 51.18+0.72 5.00+0.42

Table 4.1: The measured ST4 parameters.

4.4.2 The QM2 Crystal

The efficiency analysis described in the previous sectieegn performed also
for the QM2 crystal (fig. 4.43(a)); this section presentsrémults and the most
significant plots. The analysis has been performed in a windb4 mn? (se-
lected with the first module information) to cut the beamstaihd to reduce the
background rate; fig. 4.43(b) shows the results of the QM2 sath the selected
events.

Fig. 4.44 shows the main (a) and channeling (b) peaks trerile e extrap-
olated angular parameters are summarized in table 4.2.

Fig. 4.45(a) is the QM2 crystal equivalent of fig. 4.35 for 8184 one, there-
fore it presents the number of events withim Bom the main peak as a function
of the goniometer angle. The values used as the averagepasid sigma for the
amorphous and reflection regions are the ones computed 4. The constant
fit of the reflection points gives an efficiency of 989013%. Fig. 4.45(b) shows
the channeling efficiency trend of the QM2 crystal as a fuorctif the goniometer
angle. The maximun value reached is 5183%% corresponding to a channeling
angle of 7439+ 0.15 yrad (0c = 6.874+0.10 prad).

It is interesting to note that the points corresponding toréflected particles
in fig. 4.45(a) show a small (but significant with respect te énrors) increasing
trend with the goniometer angle which for example is not @né#n the ST4 crys-
tal scan (fig. 4.35). The QM2 crystal has a smaller reflectiogi@with respect
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Figure 4.43: (a) A photo of the QM2 crystal. (b) Bidimensibpiat of the QM2
crystal scan, on the horizontal axis the crystal rotatiogl@non the vertical one
the angular beam profile.

to the ST4 one which implies a larger superposition betwéenréflected and
the volume captured particles populations (see fig. 4.43&pecially for large
goniometer angles, in the region where the two peaks areene@his gradual
superposition explains the increasing trend present indfgb(a) and results in
the overestimation of the volume reflection efficiency. Hgt6(a) in fact shows
that if the volume reflection efficiency is computed takingpiaccount only the
points before the increasing trend, the obtained value i8880.16% which is
smaller (apart from the errors) than the previous one. Theesefficiency plot is
also shown in fig. 4.46(b) but in this case it is computed tgkimo account the
events within & from the main peak. It is remarkable that on one hand the in-
creasing trend has disappeared and on the other the rgsrdflaction efficiency
is 9856+ 0.19% which is consistent with the value of fig. 4.46(a).

Following the method presented in the previous sectionytiteme capture
and dechanneling efficiencies have been computed with th@viag results:
€vc = 2.16+0.15%;eq = 1.424+0.39%.

Differently from the ST4 crystal in the QM2 case the volumetcae proba-
bility is not totally consistent with the reflection efficignas their sum exceeds
100% apart from the errors. The problem also in this caseesdthe superposi-
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Figure 4.44. Result of the systematic gaussian fit on the QMRilar scan: (a)
the main peak angular position (top plot) and its sigma t{@attom plot); (b) the
channeling peak angular position (top plot) and its sigreadr(bottom plot).

tion between the volume capture and the reflected peak glelaolwn in fig. 4.47.

To limit this effect, the volume capture efficiency has beemputed consid-
ering the events withind of its peak (instead of 3 as shown in the ST4 case)
multiplying the obtained number for/0.68 to estimate the total value.

Anyway the final value obtained = 2.16+ 0.15%) seems to overestimate
the real volume capture efficiency because if added to thectedh efficiency
the sum is slightly greater than 100%. Probably the reasdhaitsin the back-
ground subtraction procedure the background in the amapposition is taken
into account assuming that it is equivalent to the reflectiosition one. But the
reflection peak could have a higher tail in the volume capside due to its small
asymmetry (intrinsic in the reflection phenomenon). Thisasymmetry can
be important in the volume capture efficiency evaluatiorhima QM2 case as the
volume capture peak is superimposed to the reflection paakst# is shown in
fig. 4.47.
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Figure 4.46: Number of events withiro3a) (20 (b)) from the main peak as a
function of the goniometer angle: (a) only the first pointstioé reflection are
taken into account to compute the reflection efficierggy= 98.56+ 0.19%; (b)
the reflection region points form a plateau which fitted giae<fficiency of, =

98.68+ 0.16%.
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Figure 4.47: A frame of the QM2 scan in logarithmic scale;\tbkime captured
peak is small compared to the reflected beam tail.

| V. reflection | | Channeling | | V.capture (e %) |
6 (rad) | 12.04+ 0.06] 6 (Wrad) | 74.39+0.15 2.16+£0.15
Ao (prad) 0.37+£0.05 | o¢ (prad) 6.87+0.10 | Dechanneling(e %)
£ (%) 9825+ 0.13 | € (%) 5153+ 0.5% 1.42+0.39

Table 4.2: The measured QM2 parameters.

4.4.3 Double crystal

Fig. 4.48(a) shows the double crystal scan. The channebad s present since
the first frame of the scan; this implies that the reflecticiicieincy has to be
computed in comparison with the last frame of the scan.

Fig. 4.48(b) shows the main peak mean and sigma trend dummglouble
crystal scan; it is evident that both in the reflection anchemamorphous position
there aren’t stable angular positions to be fitted with a taortgo obtain an aver-
age reflection angle. The reflection angle can be computedekettwo frames
of the scan: for the reflection one a position in which the cleding peaks are
absent is chosen (fig. 4.49(b)) while for the amorphous ogeditkt position of
the scan is taken into account (fig. 4.49(a)), as it is thééstifrom the reflection
peak (see fig. 4.48(b)) and so the nearest to the effectivepnoos position. A
small channeling peak is present; therefore the extrapalaflection angle could
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Figure 4.48: (a) Bidimensional plot of the double crystars¢angular profile
method). On the horizontal axis the crystal rotation angfethe vertical axis the
position beam profile. (b) The main peak angular positiop filmt) and its sigma
trend (bottom plot).

slightly underestimate the effective reflection angle, @ that will be checked
further on.

The reflection efficiency measurement cannot be performéh tve second
method (taking into account the average parameters) be¢heseflection angle
is defined from the first scan position but this position cdrbetaken into ac-
count to compute the efficiency as the channeling peak ieptdthe computed
value would largely overestimate the effective one). Adaag to this, the mea-
surement will be performed following the first method (updgtthe cut limits at
each goniometer step with the fit information).

Fig. 4.50 shows the number of events of the main peak as aidunat the
goniometer angle. The reflection efficiency obtained inwWay is 95.74-0.42%.

The same efficiency measurements have been performed \eitthatia from
the beam vertical slice shown in fig. 4.30(a) which, as dbsdriin sec. 4.3.2,
presents a better crystals alignment.

The double crystal behaviour in this beam slice is represkmt fig. 4.51(a)
while the (b) plots show the main peak trend. Unlike fig. 403&¢hich represents
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Figure 4.49: Two frames of the double crystal scan (fig. 4.48) the nearest to
the amorphous position; (b) the one in full reflection; thiéetion angle com-
puted as the difference between the two mean values4228 0.27 prad.
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Figure 4.50: The plot shows the number of events witlarfr®m the main peak
as a function of the goniometer angle; the mean and sigma&yalte the ones
from the fits shown in fig. 4.48(b) for each goniometer step.

the whole data, here both in the reflection and in the amorplpasition, there
are stable angular positions to be fitted with a constanhgigireflection angle of
23.50+ 0.20prad which is consistent with the value measured with the detap

data set.

Thanks to both the angular stability in reflection and a cieaorphous region
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Figure 4.51: (a) Bidimensional plot of the double crystarsselecting the lower
beam region. On the horizontal axis the crystal rotatiorlgran the vertical axis
the position beam profile. (b) The main peak angular posifiop plot) and its

sigma trend (bottom plot).

the efficiency measurement can be performed with the secatdan. Fig 4.52
presents the number of events withioc #om the main peak as a function of
the goniometer angle. The values used as the average paaittbsigma for the
amorphous and reflection regions are the ones computed #5if). The constant
fit of the reflection and amorphous points gives an efficient9687+0.55%.
This value shows that a better alignment besides incredlagrystals angular
range of complete double reflection slightly increasesfitsiency; this is due to
the perfect superposition of the channeling peaks whichegmts a fraction of the
beam from being channeled during reflection.

The alignment difference between the two presented caietata and data
from a small horizontal slice) should be of the order ofk@d (this can be de-
duced from the measurements on the single crystal, sed.)48d the effect of
this difference on the efficiency does not seem crucial intthe crystal case
(~ 1%); a more complicated situation can be foreseen if thet@iysumber in-
creases. In fact, apart from a small decrease of the reffeefiiciency, in the
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misaligned case (all data) the full reflection is reached smaller goniometer
angular range (fig. 4.48) if compared to the single crystalhef most aligned
case. This essentially happens because one of the chag;sliextended by the
reflection interference of the other crystal (sec. 4.3.2).

It is therefore probable that when the number of crystalseases the full
reflection cannot be reached without a perfect alignmentiwvhirns out to be the
only way to maintain a high reflection efficiency increasihg teflection angle
using a multicrystal setup.
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Figure 4.52: The plot shows the number of events witlarfrdm the amorphous
position (in the external regions) and the reflection ondl{gnmiddle region) as
a function of the goniometer angle; in both cases, each guegtier step, the total
number of events is normalized and rescaled to 100. The mezhseflection
efficiency is 95.74-0.42%.

Finally it is possible to correlate the reflection efficierayd the reflection
angle of the single crystal with those of the double one. Tdfkection angle
should be the sum of the reflection angles of the single ds/stBhe reflection
efficiency is defined as the proton probability of going inéflection, expressed
as a percentage. Therefore in the double crystal, if the éfleation processes are
independent, the double reflection efficiency should be edetpas the product
of the single crystal efficiencies.

In this case the two crystals are QM1 and QM2, the reflectioglieafeffi-
ciency) of the first one has not been computed in the framewfbitkis thesis, but
it has been analyzed in an equivalent way using the data fnr@AMS silicon
microstrip detectors (the corresponding values are ptedan table 4.3).

The obtained reflection efficiency value is 96431.42% whose consistency
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with the measured value (maximum alignment case) is an lextglroof of both
the reliability of the analysis method and the possibilitypymducing multicrystal
deflectors. The relevance of this technique is that, onced glignment is found,
the multicrystal reflection properties can be extrapoldteth the single crystal
characteristics.

| | 6 (wad) | & (%) |
All 23.424+ 0.27| 95.74+ 0.42
Max alignment | 23.50+ 0.20| 96.87 + 0.55
QM2 12.04+ 0.06| 98.68+ 0.16
QM1 11.90+ 0.04| 97.80+ 0.40
QM2+QM1¢, | 23.94+ 0.07| 96.51+ 0.42

Table 4.3: The double crystals reflection parameters sumethand compared
to the theoretical values computed from the single crysedsanrements.
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Chapter 5
The May 2007 beam test

The September 2006 beam test described in the previous tayiens gave valu-
able results, leading to plan a series of new experimenth®i8 beamline. In
this chapter the past experiment results will be summarretiused as the start-
ing point to define the requests for the next beam tests, varehddressed to both
the measurement apparatus upgrade (sec. 5.2) and a neal dgsign (sec. 5.3).

A description of how these requests have been fulfilled dutire last May
2007 beam test will be given; the advantages of the new measunt setup will
be discussed and some preliminary results obtained withetecrystals will be
presented.

5.1 Going beyond
The results of the September 2006 beam test can be summasiZeliows:

¢ the measurement apparatus (detectors and goniometexjedlltm investi-
gate the channeling and the other related effects with weplented preci-
sion; both the angular parameters and the efficiency ones lbeen com-
puted and it was possible to investigate the homogeneitieottystal be-
haviour with respect to its different regions;

¢ the volume reflection has been observed for the first time iatehergy
showing its great efficiency and angular acceptance in aggaewith the
simulation expectations; these features suggest to éxpéovolume reflec-
tion to develop a collimation system which should be chamatd by a
high efficiency;

¢ the double reflection has been observed,; this first investigan the mul-
tireflection turned out to be a fundamental ingredient indbkimation sys-

153
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tem development since the volume reflection angle of a sinigigal is too
small to satisfy the collimation requirements.

The last item in the previous list suggests that the next rex@ats should
verify the possibility of a multiple reflection defining aneil crystal design and
mechanical support; in this framework the crystals testetthé May 2007 beam
test are briefly described in sec. 5.3 together with somerpirehry results.

For what concerns the experimental apparatus, althougblthsystem allowed
to obtain good results, the experience of the September bestmesulted in the
development of a new detectors system capable of:

e increasing the single particle deflection angle global ltggmn in order to
achieve a clearer separation of the different crystal &ffecmake the mea-
surements independent from the beam characteristics.4Seshows how
using the information of a detector placed near the crysimleffects due
to the beam dimension at the crystal can be neglected evér ibéam
divergence can still influence the result; this is partidylanportant con-
sidering that the measured beam divergence is at least tihwcexpected
one (as shownin sec. 3.1.1);

¢ having a good spatial resolution on the particle impact pomthe crystal
surface to be able to precisely select the crystal (if it iaken than the
beam) or a region of it if necessary;

e making the experimental procedure to analyze a crystakfastigh reduc-
ing the dead times.

The next section describes the way these requests have ket

5.2 Setup upgrade

The old measurement apparatus was composed of many detéasodescribed
in sec. 3.1.2) but it essentially allowed to measure thegarbutcoming angle
through the detection of the particle position near thetatyand far from it (in

the downstream region at about 70 m). According to this iteesge can be re-
duced to the one presented in fig. 5.1(a) where the black buesents all the
effects which disturb the measurement of the outcomingeasgth as the multi-
ple scattering, the angular spread induced by the bendiggets, the position of
the first module (upstream AGILE detector) which is not ngaléxt to the crys-

tal. The final angular distribution will depend on the inlitieeam divergence, the
“black box” contribution, the detector resolution and figain the crystal deflec-
tion which is hidden by the other effects. The weights of tiflecent “disturbing”
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contributions are approximatelyi8ad for the incoming beam divergencephd
for the black box effects and since the detectors resoligien20 um, the angular
resolution will be abouf20 um/70 m)\/2 = 0.4 prad. Being these effects inde-
pendent they add in quadrature, thus the beam divergenbe woiminant effect
while the angular resolution contribution can be neglected

Ds1 Ds2 DsO Ds1 Ds2

(a) (b)

Figure 5.1: (a) A simplified scheme of the September 2006osdtuwo detecting

stations allow the measurement of the outcoming partictgegd (the black box

represents the multiple scattering due to the material éetwthe two detector
stations). (b) The new setup reconstructs both the incorfifji@nd outcoming

(B) particle angle so that the deflection angle a — 3 can be computed.

Several steps have to be performed to improve the resolatidhe single par-
ticle crystal deflection angle measurement: the beam davexginfluence should
be eliminated measuring the incoming particle angle; tlagbbox contribution
which was the dominant element should be limited; the amgatolution should
be maintained negligible. Fig. 5.1(b) shows that addingira tthetecting station
before the crystal both the incoming)(and the outcoming3) particle angle can
be measured so that the deflection angle 3 — a) can be directly observed thus
removing the influence of the beam divergence.

The resolution on the deflection angle is at this point deiteeohby the angular
dispersion between the first and the third detector (duedanthltiple scattering
and the eventual magnet crossings) and by the intrinsictietepatial resolution.
The angular spread has been minimized both moving the ewpatal setup in a
beamline section without bending magnets between theatrgst the detectors
and limiting the material thickness crossed by the pasicietween the two ex-
ternal detectors, in fact, there are only the 4 windows wintarrupt the beam
pipe vacuum to put the detector and the goniometer, the laitive to these in-
terruptions and the central detector which being doubledsallows the position
measurements in both the directions introducing only @80of silicon in the
particle path.

Fig. 5.2(a) shows an image of the silicon detector placedrbahe crystal to
measure the incoming angle; the tracking system is compafdedr detectors of
the same type positioned as in fig. 5.2(b). There are thresumieg stations, one
before, one next to and one after the crystal, the last of svisicomposed of two
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detectors, so to the basic scheme presented in fig. 5.1(li¢etdeis added at the
end of the setup. This one does not add a multiple scatteangibution and is

used to have a redundant measurement of the position afteryktal. Note that
the detector setup allows to use the analysis proceduremeztin sec. 4.1 with
the addition of a new detector before the crystal.

The detectors are four modules of silicon microstrip tedgpss developed by
INFN Trieste [68]; each module (the box is ¥50 cn? and 4 cm thick) consists
of a silicon strip detector and its readout electronics. @a&ctor sensitive area
(1.92 % 1.92 cn?) is a double sided high resistivity silicon microstrip deite,
300pum thick. The p-side of the detector has a p+ implantatiop gvery 25um
and a readout pitch of 5@m while the n-side (which is perpendicular to the p-
one) has n+ implantation strips every i, separated by p+ blocking strips. The
p-side which has the best resolution (thanks to the presehaefloating strip)
has been used to measure the horizontal direction in whelerystal deflection
takes place. Each detector side has 384 DC-coupled stip#&@ coupling to the
electronics is performed with external quartz capacitdtee strips are readout by
3 low noise VA2 (IDEAS) ASICs with a multiplexed readout at 3¢t they are
glued on a thin substrate of ceramic which provides theibigion of the digital
control signals to the ASICs and takes the analog ones taahéeshd electronics
(the so called repeater boards), which is located near tteetbes.

534

-10.8 11.1
Z (m)

(b)

Figure 5.2: (a) A photo of the silicon telescope mounted @ K8 beamline
together with its electronics. (b) The May 2007 beam testset

Fig. 5.3 shows a silicon telescope residual; the resolusi@iout a factor 3.5
better than the AGILE silicon chambers one. The use of a legblution detector
system was necessary to measure the incoming and the outg@ngle with
a relatively compact system and perform a precise measuteofiehe particle
impact position on the crystal surface. A compact systemavaandatory request
for two reasons: it allows the possibility to use a highegtrency readout clock
(because the cables are shorter) and thus a higher rateefdath acquisition and
it fits the beamline setup.

The higher spatial resolution on the particles impact pomthe crystal sur-
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Figure 5.3: The residual of a silicon telescope. The distidn is fitted with the
sum of two gaussians with=2.4 and 7.9urad; the average value (weighed on
the gaussian areas) is Gufad.

face with respect to the one of the old setup is provided bl bog higher detec-
tors resolution and the proximity of one of them to the criysta

Sec. 5.2.1 will summarize in a few points the comparison betwthe two
setups while sec. 5.2.2 will show how the new system has ietbthe experi-
mental procedure to analyze the crystals.

5.2.1 Higher precision

As stated in the previous section the new measurement systeesigned to re-
construct the crystal deflection angle instead of simplysueathe particles out-
coming angle from the crystal; its single particle deflectemngle resolution is
therefore independent from the beam divergence and isndeted by the mul-
tiple scattering and by the detector resolution. Fig. 5.4f@ws the distribution
of the measured deflection angle without any crystal: theofhhis distribution
represents the global resolution of the system and is ahéyir&d (to compare
with 9 prad that was the rms of the outcoming angle distribution.(3¢ekc1)).

Fig. 5.4(b) shows the result of the scan of the QM2 crystad @halysis of
this crystal with the old setup is presented in chap. 4) whi new system; if
compared with an old scan (see fig. 4.43), the different ahgstects appear more
defined and separate. Fig. 5.5 compares the distributiomeobtitcoming angles
in the amorphous and reflection position measured with thdesetup (a) with
the distributions of the deflection angle acquired durirgyltist beam test (b); the
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QM2 crystal is analyzed in both cases. The rms of the defleetngle distribution
in the amorphous position (5.5(b)) is 4.pgad and it is the sum of the system
resolution (fig. 5.4) and the multiple scattering of the taygself which adds in
guadrature; the multiple scattering inside the crystalesents an intrinsic limit in
the achievable deflection angle resolution. The QM2 width82 mm (table 3.2)
meaning that the effective resolution of 4.{@&d is not so far from the physical
limit especially considering that the QM2 crystal is one loé thinnest crystals
ever analyzed.

X’ /ndf 2594 | 16

Constant 2539, £ 22.95
Mean 1199+  0.2439E-01
Sigma H 3.537 £ 0.2262E-01

deflection angle (prad)

o |

40 -2980 -2960 -2940 -2920 -2900 -2880

deflection angle prad goniometer angle (urad)

(a) (b)

Figure 5.4: (a) The deflection angle distribution measusethb silicon telescope
without any crystal in place. (b) The QM2 crystal scan olediwith the silicon
telescope.

5.2.2 Faster

Besides the better resolution the new setup has simplifidédpad up the crystal
analysis procedure. This has been possible for three reason

¢ the high resolution achieved by the system which makes jt sensitive to
the crystal effects; as pointed out in the previous secflamexample, the
multiple scattering of one of the thinner crystals is cleatkible;

¢ the acquisition rate (5 kHz) which allows to acquire 10k dsger spill;
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Figure 5.5: A comparison between the performances of theeBdger 2006 setup
and the May one; the amorphous and reflection positions heete taken from the
QM2 crystal scan: (a) the outcoming angle reconstructel thi¢ silicon cham-
bers; (b) the deflection angle measured by the silicon tejesx

¢ the high integration level between the goniometer, the DAQ e online
analysis allows to acquire data (during the spill), movedbaiometer (in
the time between the different spills), while an automatialgsis procedure
shows the results.

These features avoid the lateral alignment with the leag atrd the fast angular
scan performed with the gas chamber to find the channelireptation. These
procedures described in sec. 3.2 which required a lot of @me& beam stops
have been substituted by the equivalent ones performedheétkilicon telescope
system in less time.

Fig. 5.6 shows the result of a lateral scan performed withehescope to cen-
ter a strip crystal on the beam; the passage of the crystailderas an increase of
the deflection angle (due to the multiple scattering of tlysted itself) in the beam
region which impinges on the crystal. This method allowsltoase a particular
beam region for example avoiding a dead strip of the detewar the crystal.

Once the crystal is on the beam a fast angular scan can sttiro(va beam
stop to remove the lead strip) to determine the channelireptation. The result
of a fast angular scan performed with the silicon telescepghbwn in fig. 5.7;
in this case the goniometer has been set to scan an angulam e#fgt-750 prad
around the angular position obtained with the optical pigranent. The angular
step was 2%m which means a total of 60 steps; since each step can beccantie
in one beam cycle (16.8 s) about 17 minutes are required t@leaenthe scan.
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deflection angle prad
deflection angle prad

beam profile pum beam profile um beam profile um
(@) (b) (©)

Figure 5.6: An example of a lateral scan performed with thieai telescope:
from (@) to (c) the crystal (50Am wide and 2 mm thick) is moving from the right
to the left of the beam profile; it is recognizable since itreases the deflection
angle due to the multiple scattering.

It is interesting to note that the online analysis (whichdwoes almost instantly
the plotin fig. 5.7) can be used to interrupt the fast angudansf the interesting
region is revealed before the end of the scan thus saving (imthie presented
case, for example, the scan region has been reduced tar&dp

5.3 New Crystals

A study of the volume reflection has been performed duringStetember 2006
beam test indicating two important aspects for a possibl@eémentation of a
crystal collimation based on the volume reflection effelse teflection efficiency
is very high (98% at 400 GeV and it should increase at highergy); the multiple
reflection is an achievable task and it allows to increasedftection angle.
According to these considerations, if for example 5 crgstak aligned for
the volume reflection a deflection angle@&f = 56, ~ 65 prad is expected with
a deflection efficiency ofy = 98% ~ 90%, which means a deflection angle of
the order of magnitude of the channeling one with a highecieficy and more
important with an angular acceptance which depending obéhnéing angle can
be kept larger than the channeling one and independent frempdrticles energy.
Fig. 5.8(a) shows the multiple reflection working principierystals perfectly
aligned with respect to each other: when the first crystal reflection it deviates
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Figure 5.7: An example of a fast angular scan with the silitelascope; the
angular region is 67frad wide and the goniometer step isj@ad.

the beam of an angkg which is smaller than the bending an@lg as this angle
corresponds to the reflection angular acceptance, the decystal is still aligned
to reflect the beam. The effect of the reflection in the prewiorystal is that
the tangency point in the following crystal volume movesiirthe end to the
beginning of the curvature. Therefore the number of reftetiachievable with
this alignment is of the order dJ,/6; which for the bending angles involved
gives about 10 crystals. Fig. 5.8(b) shows that, if the etgsare progressively
rotated of an angle equal to the volume reflection angle, dhgency point of
the particles in the channel can be maintained at the santé dephe crystal
volume. The andvantage of this relative shift is that in gipfe a greater number
of crystals can be aligned and more important that the tatgukar acceptance
does not decrease with respect to the single crystal.

Fig. 5.9 shows two examples of multicrystals mounted orr th@der; they are
based on quasimosaic crystals (a) and strip ones (b). T8tiexaloits the bending
system (described in sec. 3.1.4.1; normally used to benditigge strip) to bend
8 strips at the same time so that the crystals should haveathe alignment with
respect to the beam (as shown in fig. 5.8(a)). The quasimosatals (fig. 5.9(a))
instead are mounted in a more complex holder which providestrvature for
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(a) (b)

Figure 5.8: Three crystals aligned for multireflection: {hgy have the same

alignment with respect to the beam; (b) they are progrelysie¢ated of an angle
equal to the volume reflection andgie

each crystal and is able to vary the alignment between therelift crystals acting
on the screws visible in the photo.

=

(a) (b)

Figure 5.9: The multicrystals mounted on their holder: (guasimosaic crystals
mounted in a holder which allows to adjust their relativggainent; (b) 8 silicon
strip crystals bent by the same holder.

Both these crystal types have shown interesting and pes#sults during the
beam test. In the following only the results of the quasinwsaystal (called
MQM5) will be commented as its possibility of varying thegament between
the crystals probably will be a request for all the multicasystems in the next
test.

The alignment of the MQMS5 crystal was a complex procedure lcty the
ability of the detector system in performing fast angulaarsc with an almost
online data analysis turned out to be crucial. Fig. 5.10 shtwvo phases of the
MQMS5 alignment procedure. Fig. 5.10(a) presents a fastlangoan in which the
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5 channeling peaks are separate and no multireflectionildeisThe crystals are
misaligned and measuring the distance between the chagmaks the relative
misalignment can be computed. Once this operation has bmes the beam is
stopped and the screws on the holder are rotated to varyitrerant between the
crystals as a function of the measured misalignment. Thesatjon is repeated
for a number of times because a feedback on the results oftioe gerformed on
the holder is needed. Fig. 5.10(b) shows a fast angular saahich the alignment
between the different crystals is better than the one shovfig.i 5.10(a) but not
perfect.

150

deflection angle prad
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-50

I
-17700 -17600

goniometer angle prad goniometer angle urad

(@) (b)

Figure 5.10: Two fast angular scans of the MQMS5 crystal: &) % channeling
peaks are separate and observable, the crystals are noedligh) after some
interventions on the holder four channeling peaks are gdbrtsuperimposed, the
crystals are almost aligned. The data belong to the centrdiop of the beam
profile in a window of 650< 800um?.

Finally, fig. 5.11 shows an angular scan of the MQM5 crystalggeed once
the alignment between the different crystals is almostguerithis can be appre-
ciated by the superposition of the different channelingpe&ig. 5.11(b) shows
the deflection angle distribution measured when the crystal the amorphous
position (white plot) and in reflection (coloured plot). Ttata relative to this
crystal are at the moment under analysis but as a prelimiresylt a deflection

angle of about 5@rrad can be estimated with an efficiency above 90% which is a
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result compatible with the expectations.
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Figure 5.11: (a) The angular scan of MQMS5 with its 5 crystdigreed; (b) the
deflection angle distribution measured when the crystad taé amorphous posi-
tion (white plot) and in reflection (coloured plot). The dakong to the central
portion of the beam profile in a window of 650800 um?.



Conclusions and outlooks

The adventure of this thesis started with the setup of themxgnt performed by
the RD22 collaboration on the SPS H8 beamline. The goal stcihliaboration is
the development of a collimation system for LHC based on tistal channeling
phenomena, which should allow the machine to reach its nalmiminosity. The
beam test, which took place in September 2006, was perfotonglotain an accu-
rate study of the last crystal generation, testing both tie and the quasimosaic
crystals.

The experimental setup allowed an unprecedented precitianks to the
track reconstruction performed by silicon microstrip dites and an ad-hoc de-
signed goniometric system.

During the experiment the volume reflection phenomenon leas lobserved
for the first time at this energy: it is an impressive shift bhast the whole beam
with an opposite angle with respect to channeling; it is edusy the elastic in-
teraction of the protons with the crystalline interplanatenmtial. This deflection
effect could be used for the crystal collimation insteadladrmneling which has a
smaller efficiency and angular acceptance. Keeping in nfiiscioal the observa-
tion of the double reflection, obtained with two crystalsémiss, is a fundamental
result as it demonstrates that, thanks to the volume reflect large deflection
angle can be obtained with high efficiency.

A detailed analysis work has been performed on the dataateteby the sili-
con microstrip detectors based on the AGILE satellite oAesethod to compute
the proton outcoming angle from the crystal, which, exjhgjtthe information
from different detectors, increases the angular resatudiod corrects for some
systematic effects, has been developed. Using this metibtha information of
a detector placed near the crystal an analysis of the ciysgipkrties as a function
of the particles impact region on its surface has been chowg. This analysis
revealed the presence of a crystal torsion along the védicection, observed in
all the analyzed crystals; the entity of the torsion has beeasured in the single
crystal cases.

Also the double crystals scan is influenced by the torsidagtffiects the align-
ment between the two crystals, which varies as a functiohefertical position.

165



166 Conclusion

This phenomenon has been used to discriminate the combmboit the two crys-
tals in the combined scan and to investigate how the deffepaoameters, during
the multiple reflection, are influenced by the alignment lesieowing that, with-
out an almost perfect alignment, the volume reflection aargatceptance rapidly
decreases.

A method to measure the efficiency of the different deflecéfigcts has been
developed and applied on the anayzed crystals showingnisistence; the vol-
ume reflection efficiency is greater than 98% in agreemertt Wieoretical and
simulated predictions; the deflection efficiency of the deubflection (96.7%) is
coherent with the hypothesis of two independent reflectaamsopens the way to
the development of multicrystal reflectors to be used in &rmation system.

The encouraging results of this data taking led to the sdeesfua series of
new beam tests, the first of which was held in May 2007. Thisarent was
performed with a new detector setup satisfying the requargisiborn after the first
run. The new setup is based on three detector stations tbrateway that both
the incoming and the outcoming angle to and from the crysiallze measured
ensuring a better resolution on the single particle defiecéingle measurement.
This resolution, which is more than two times better thanhia previous beam
test and approaches the intrinsic limit of the measurenmastbeen achieved also
minimizing the multiple scattering contributions. Morewsythe detection system
is faster with a higher integration level between the DA tletectors and the
goniometric system.

Different measurements were performed: among them, a deey sf the
volume reflection and of the axial channeling. The analyssill ongoing.

In the thesis the results obtained with a multireflector cosgal of 5 quasimosaic
crystals is presented as it represents the natural prasac¢nthe collimation sys-
tem development. This crystal system showed a deflectiole afigbout 5Qurad
maintaining an efficiency higher than 90%. Different muitstal systems have
been tested during the experiment and the particularitthefquasimosaic one
is that its holder has the possibility to adjust the aligntristween the crystals
which turned out to be fundamental to reach the best resutesims of efficiency
and angular acceptance.

The results obtained by the HBRD22 collaboration indidaae ¢rystals for the
LHC collimation upgrade are a real possibility. In the fituthe ideal geometry
of the multicrystal should be defined through simulationshaf crystal physics
and of the LHC collimation environment and new tests on thebE@mline; one
of the next tests for example will profit of an alignment systef the different
crystals remotely controlled. At the same time, tests orre@ular beam will be
necessary to check the effective collimation efficiencyhim final environment.
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