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Introduction

What happens when a high energy charged particle crossea@mplaous mate-
rial? It loses energy by ionization and its trajectory iscafed by the multiple
Coulomb scattering, being these phenomena originated tyrrglated collisions
with the atoms. If the atoms of the target were distributembeding to an ordered
scheme, the uncorrelated collisions would turn into a cafteinteraction with
the whole atomic structure. This is the case of an alignestalyhat, depending
on the orientation, is seen as a set of atomic planes or sthipghe impinging
particles. Planes and strings produce potential wells @abt®nfine the charged
particles in a transversal region of the crystal, in the dkedahanneling condi-
tion, so that, bending the crystal, particles are forcedtlow the curvature, being
deflected.

This simple and powerful idea, dating 1979, is at the basisaify theoretical
and experimental studies that have proven its effectigmescribed the possible
applications and optimized the deflection performances.

The contribution of this thesis locates itself in this fieklan attempt to provide
a picture of the experimental techniques and the analystepiures developed to
investigate bent crystals in the last years.

In this period, bent crystal physics has witnessed a tremengdrogress char-
acterized by the increase of performances and the discovergw phenomena.
The driving forces of this process have been essentialgethbent crystals have
been identified as a possible solution of the LHC collimagooblem, bringing
considerable resources to their research field; new beneatiques exploiting
secondary deformations have been implemented and, fitlalysingle particle
track reconstruction has become the core of the crystah¢eptocedures, mak-
ing the measurements faster and more precise.

This thesis is a bridge across two complementary fieldsjshihe experimen-
tal techniques applied in the crystal study and the desonjolf the observed phe-
nomena from the phenomenological point of view as well asftioe microscopic
theoretical one, resulting in a complete overview on thd barstal physics.

The bent crystals features are presented in the very begjrofithe thesis,
with the key elements of the research field described in thedirapter before go-
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6 Introduction

ing to an overview on the most important applications to show bent crystals
can be exploited in accelerator physics. The last sectitineothapter focuses on
the microscopic bent crystal behaviour to describe theiphysehind the effects
induced by the crystal on the charged particles crossinghe second chapter
describes the state of the art of the bent crystals charzatien and test. The
first section presents the experimental setup, from thdringpconcepts to the
description of the single components and procedures. Ttup dmsic idea is
that the combination of a silicon microstrip tracking systeiith a multi-stage
goniometer allows to measure the relative alignment betviee beam and the
crystal as well as the crystal deflection angle.

The second section is dedicated to the analysis methodsasbadracterize the
single crystal behaviour in terms of the channeling and thenae reflection phe-
nomena. The described procedures are applied in a wide cdibgam conditions
from 13 GeV to 400 GeV of energy with positive and negativeipkas; all the
data have been acquired at CERN on different beamlines gitinie past three
years.

The third chapter explores a different bent crystal aspikat,is the radiation

emission. Coherent interaction with atoms, in fact, dogésnty mean deflection
capabilities but also quasi-periodic trajectories thaturn, produce an enhance-
ment of the emitted electromagnetic radiation.
The description of the theoretical bases of this phenomdadim in channeling
and volume reflection is presented in the first section of tmepter, while the
second one is dedicated to the setup and the results obtaitied 120 GeV/c
positron beam.

The last chapter goes back to the bent crystals deflectiae;igging be-
yond channeling and volume reflection, it shows innovatestlrrystals deflec-
tion schemes, developed in the last years in order to entiha@ficiency and the
angular acceptance provided by channeling. This resulbeathieved creating a
sequence of aligned crystals to increase the deflectioe amdjiced by volume re-
flection as shown in the first section or exploiting the int&icn with a crystalline
axis that, as described in the second section, originat@gphenomena such as
the multi volume reflection in one crystal (MVROC) and thesdxhanneling able
to deflect both positive and negative particles with higtcedficy.



Chapter 1

Overview on channeling and related
effects

This chapter presents an introduction to bent crystals/igirmy an overview on
this research field that goes from the theoretical baseseatdherent interaction
between charged particles and crystals to the possiblé&capphs in high energy
physics.

Sec. 1.1 tries to present bent crystals, skipping the datsatheir microscopic
properties and jumping directly to the phenomenologicakats. In this way
some of the key concepts of the thesis will be introduced filoerbeginning.
While this prologue intends to arise the curiosity of thedexaon these peculiar
devices, sec. 1.2 will present a number of applications iitkvbent crystals can
play an innovative role: from the hadron collimation to theguction of high
energy photons and positrons.

Finally sec. 1.3 will enter inside the bent crystal, proxgla detailed descrip-
tion of the theoretical laws behind the macroscopic phemantieey induce.

1.1 Bentcrystals in a nutshell

The comparison in fig. 1.1 summarizes the charm of the berstalryesearch
field: bent crystals are devices developed to deflect rédéitwcharged particles,
producing the same effect of a huge magnetic field, thanksa@doherent inter-
action of particles with the ordered crystalline structure

The comparison between a standard bending magnet and a rystsl ¢s
somewhat provocative, since there is a fundamental difterewhile in a bend-
ing magnet particles can travel in vacuum (inside a beam)pipe crystal the
presence of nuclei and electrons cannot be avoided reguitia certain amount
of scattering, which, in turn, perturbs the particle tr&peg and produces a de-
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8 Overview on channeling and related effects

(b)

Figure 1.1:(a) A bending magnet: it is a bulky device commonly used toed¢ftharged
particle beams thanks to the magnetic field induced by thegumnjected in its coils; the
most advanced bending magnets (superconducting deviaegenerate magnetic fields
up to 8 Tesla [1]. (b) A bent silicon crystal (strip type, s@cl.5): it is mounted on
an aluminium holder that provides the curvature; its dinmmsare 0.5 mmx) x 7 cm
(y) x 2 mm (z, beam direction). The particles are deflected exploitirgelectric field
generated at the atomic scale by the crystalline planekismiay an equivalent magnetic
field of hundreds of Tesla can be produced [2].

flection efficiency smaller that 100%. This is the reason vatythe moment, it
is impossible to imagine a replacement of bending magnéts lvgnt crystals.
Despite this consideration, bent crystals have a greahpali¢y for many appli-

cations, such as beam collimation, beam steering, photasuption and many
more; the studies performed in the last years have shownsad@yable improve-
ment in the deflection efficiency and have revealed many diffeeffects that,
with their pros and cons, can be exploited in the differetutadions [3].

The physical principle at the basis of bent crystals is thievong: when a
charged particle travels almost aligned with respect totamig plane, the plane
behaves as a continuous charge distribution able to refiectharged particle.
In this way, two neighboring planes can confine the partidgttory between
themselves, in the so callathannelingcondition. In 1976 E. Tsyganov pro-
posed to bend a crystal and to use the confinement due to dimanteedeflect
particles [4, 5] as it is schematically shown in fig. 1.2; hisneering idea was
experimentally confirmed in 1979 [6] at the JINR [7].

The physical observables that have to be measured to stuelytatystal are
the alignment of the crystal planes with respect to the @artiirection and the
deflection angle produced by the crystal on the particlettayy. In sec. 2.1 the
experimental setup developed to perform this measurers@gesicribed in detail;
in short, it is formed by a tracking system which reconsstiee trajectory before
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channeling in a straight crystal channeling in a bent crystal

Figure 1.2:The basic principle of channeling in bent crystals: on tlfiesiele, a particle
in channeling in a straight crystal; on the right side, thestal is bent (together with
its atomic planes) so that the channeled patrticle is foroddltow the curvature, being
deflected.

and after the crystal and by a high precision goniometerristates the crystal.
Fig. 1.3 shows the result of the measuremeatplot where on the horizontal axis
there is the crystal misalignment with respect to the beawcton (@), and on
the vertical one the deflection angle produced by the crytstlf (¢). In this co-
ordinate systemy = 0 indicates the perfect alignment between the crystal glane
and the beam, whilep = 0 means that there is no deflection. In the external re-
gions of the plot § < —250 urad a > 50 urad) the distribution of the particles
is centered aroung = 0 because the crystal is misaligned and thus behaves like
an amorphous material.

When the crystal is rotated so that its planes are aligndd tivé beamd = 0),

a part of the beam is captured in channeling being deflecedclaematically
shown in the first sketch of fig. 1.4. Fig. 1.5a shows the defle@ngle distribu-
tion corresponding to this alignmerd < 0O, yellow histogram), compared with
the amorphous one (gray histogram). The mean angular gositihe channeled
particles isg, ~182 urad. This angle allows to compute the curvature radr)s (
of the crystal; being its curvature circular, the followihglds: @ = | /R, where

| =2 mm is the crystal length along the beam. In this d&s&1.0 m.

Considering the spot formed by the channeled particlesisthtter plot (fig. 1.3),
the limited channeling angular acceptance can be noteake idlignment interval
for channeling is-a; < o < ag, in this casenc ~ 20 urad. The theoretical for-
mula which determines this value is computed in sec. 1.3&&the dependence
of the angular acceptance on the crystal material and onafiele energy will

be pointed out.

Fig. 1.5a shows that not all the particles are channeled ®rem = 0: some re-
main in the “amorphous” angular region while some otherd@cated between
the channeling peak and the amorphous one. The particleauthatill in the
amorphous region constitute the channeling inefficienased by the fact that

IMore details on the same data will be given in chap. 2.
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Figure 1.3:Scatter plot of the deflection angle produced by the crysta function of
its alignment with respect to the particles; it is obtainethting the crystal with a go-
niometer. The letters indicate the different regioAsamorphousVR-volume reflection,
C-channeling.

not all the space in the crystal is available for channelitige nuclear layers,
which confine the particles motion, in fact, have a finitekhiess so that, if a par-
ticle enters the crystal approaching the edge of a chartreglnhot be channeled.
For what concerns the particles between the amorphous pebtha channeling
one, they arelechanneledwhich means that, although initially channeled, due
to scattering with the crystalline medium (nuclei and etats), they are expelled
from the channel. Therefore, as schematically shown in #wersd sketch of
fig. 1.4, their deflection angle is smaller than the changebne (the dechannel-
ing effect is treated in sec. 1.3.2.1).

Fig. 1.3 shows that, in a bent crystal, channeling is not tilg phenomenon
able to deflect charged patrticles. In the rarde82 urad< a < 0 urad in fact, an
angular shift of almost the whole beam on the opposite doratith respect to
the channeling side can be noted: this effect is callddme reflection Consid-
ering that@, =182 urad corresponds to the crystal bending angle, this angular
region covers the range in which the particle trajectoresoime parallel with the
channel inside the crystal “volume”, being reflected by thestal plane, as it is
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DC VR vC

Figure 1.4: Schematic description of the different deflection effectsaibent crystal:
CH-channeling DC-dechannelingyR-volume reflectionyC-volume capture.

shown in the third sketch of fig. 1.4.
Fig. 1.5b presents the deflection angle distribution in th@ume” region; the
reflected beam (yellow histogram) is compared with the “gghous” one (gray
histogram). The deflection angleggr = 29.7 urad that is in agreement with the
expected valugy,r = 1.5 ac. The theoretical reason at the basis of this value is
given in sec. 1.3.4.2 but, from an intuitive point of viewetrelation between the
channeling angular acceptance and the volume reflectidie aag be figured out
thinking that both of them are linked to the strength of theriaction between the
crystalline planes and the charged particle: in the champelase, this strength
keeps the particle confined; in the volume reflection onéhanges its direction.
Fig. 1.5b points out that there is a small percentage ofgastdeflected towards

160 mean: 181.9 + 0.7 prad

160 |- mean: -29.7 + 0.8 prad
sigma: 12.6 £ 0.5 prad E

sigma: 17.8 £ 0.7 prad

| M L I

-100 -50 O 50 100 150 200 250 300 -100 -50 O 50 100 150 200 250 300
deflection angle @ (urad) deflection angle ¢ (prad)

(a) (b)

Figure 1.5:Deflection angle profiles of the particles that cross thetatys the amor-
phous condition (gray histograms) compared to the champelie (yellow histogram (a))
and the volume reflection one (yellow histogram (b)). Theddsformed with gaussian
functions allow to estimate the channeling anglgand volume reflection on@,, (indi-
cated with “mean” in the plots).



12 Overview on channeling and related effects

the “channeling side” aroung = 90 urad; they are the so calleslume captured
particles which in fig. 1.3 fill the diagonal region of the péminnecting the chan-
neling peak with the end of the reflected region.

The volume capture effect takes place when a particle reatieetangency point
with the channel inside the crystal, just as in the reflectiase, but in this po-
sition it is captured in the channel instead of being reflbctas it happens for
the dechanneling effect, volume capture takes place be¢harystal is not an
empty region: fluctuations in the particle trajectory, doesctattering, are present
and they can take the particle out (dechanneling) or brimgot(volume capture)
the channeling condition. Dechanneling and volume capueen fact strictly
related as it is explained in sec. 1.3.4.1.

1.2 Applications

The brief phenomenological description of bent crystaleiiin the previous sec-
tion has probably impressed the reader who has never heaud tiem before.
Bent crystals, in fact, open the way to the possibility ofngsiotally new beam
steering techniques increasing the achievable defleatigles, reducing the steer-
ing device dimensions and power consumption.

Although, at the current state of knowledge, these progeessll represent a far
goal, there are several fields in which bent crystals can pkeal) improving the
present performance and allowing new possibilities.

This section will present an overview on the most studied loeystal applica-
tions providing a selection of the interesting experimergaults obtained in the
last years.

Among the different applications, a special role has to Iseggagd to beam colli-
mation (sec. 1.2.1) and beam extraction (sec. 1.2.1.1)dhienation represents
the current hot topic, that, due to the relevance of the LH(@neation issue, leads
and inspires most of the present bent crystals researdhding this thesis work);
on the other side, beam extraction is historically the mustied application and
thus the most exploited at the moment.

1.2.1 Crystal collimation

The collimation system is an essential apparatus in a pagaxcelerator. Its role
is to reduce the beam halo, that is the external beam regipuilgted by particles
which are leaving the nominal accelerator orbit becausénehpmena connected
with the beam dynamics, such as: the scattering on the syhs; the beam-
beam interaction which takes place in colliders; the noednty field errors of
the superconducting magnets.
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The beam halo represents an increasing concern for modeefegators since
it causes: equipment damages, residual radiation and &qgerimental back-
grounds [8].

To keep these effects under control, complex multi-stagjcation systems have
been developed in order to absorb the high energy halo [estia first stage inter-
cepts the primary halo and generates a secondary halo cethpbparticles with

a larger misalignment with respect to the nominal beamdtajg; most of this

secondary halo is then stopped by secondary collimatasatie bulk absorbers
(fig. 1.6a).

a) b)

Figure 1.6:a) Traditional multi-stage collimation system: an amonghtarget spreads
the primary halo (creating the secondary halo) so that midstcan be intercepted by a
more distant, with respect to the beam, secondary collimatie that a real collimation
system can present further collimation stages as well &bdshio protect the equipment
from the escaping particles. b) Crystal based collimatatuent crystal acts as a smart
primary collimator deviating (through channeling) the ibdaalo into the absorber.

In 1991 it was proposed, for the first time, to use bent crgdtal halo colli-

mation in SSC (Superconducting Super Collider) [9]. Thedakea was that a
bent crystal used as a primary collimator should extracirttieent halo particles
directing them onto a secondary collimator (fig. 1.6b). lis thay the collima-
tion efficiency increases, because the channeled pardicdeseflected towards the
center of the absorber rather than to its edge, thus avohnirles backscatter-
ing in the beam. Moreover the wide angular shift provided gy bent crystal
allows to keep the secondary collimator farther from thenbeaducing its beam
coupling impedance.
Although the SSC accelerator has never been built, the niead efficient and
robust collimation system in hadron colliders has kept tiierest in crystal col-
limation alive. Experiments have been performed at the RHO (BNL) and at
the U70 (IHEP) [3] accelerators during the past few years|endt the moment
there are studies addressed to develop a collimation syfstetime Tevatron [11]
(FNAL) and the LHC (CERN) accelerators.
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Among the studies on crystal collimation, the one addretse#IC certainly has
had a leading role given the complexity and importance ofhele LHC project.
The LHC collimation represents, in fact, a very difficultkabecause of the huge
stored beam energy, with an unprecedented transverseyahangity (fig. 1.7a)
and the use of superconducting magnets which can undergalguog. As shown
in fig. 1.7b, the proton loss rate for a realistic beam lifetira from 1 to 10*
times larger than the magnet quench limit, meaning that tl®blost protons no
more than a few are allowed to escape from the collimatorks [12

1000 gy 0.01 g
3 LHC m3 F
100 | tp) 1 @
LHC % I
oL ) ] = o001
ISR E 2 E
g " sy EERA ] 2
T TEVATRONY &
E ] @ 0.0001
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0.01 T ] ] ] ] ] ] ] ] ]
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(@) (b)

Figure 1.7:a) Stored beam energy versus beam momentum for variougppasent and
future high power accelerators. b) Quench limit over the Ipeinmof lost particles as a
function of the beam lifetime [13].

The study performed on the LHC collimation did not producengle solution
that fulfills all the machine design goals. The collimatigstem will be imple-
mented in different phases so that the difficulties and tie®paance goals will
be distributed in time, following the natural evolution et LHC performance.
The first phase [13] (which is operating at the moment) isgiesi to be fail proof
requiring a minimum number of interventions in the high LH@iation environ-
ment. This collimation system limits the LHC luminosity t0% of the nominal
one thus it should be modified to reach the nominal machin@meance, with
the help of a new generation of collimators which is not dediglet [14].

In this framework, crystal collimation represents an atipgasolution [15], so
that an intense research program has started in 2006 witoleof: improving
the knowledge on bent crystals, increasing their perfoceaand proving their
effectiveness as collimators with dedicated tests on aler@accelerator.

The first point of this program has led to the development oéfaned experi-
mental technique that in turn has allowed to understand rafthe scientific and
technological aspects related to bent crystals going fofekthe LHC collima-
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tion issue. The description of the developments obtainéuisrcontext represents
the core of this thesis work and will be presented in the neapters.

In parallel to this research activity on the extracted béaas| a crystal collima-
tion test on a circular accelerator has started at CERN uhdarame UA9 [16].
The UA9 experiment is performed at the CERN SPS accelertiiar i the LHC
injector) at an energy of 120 GeV; fig. 1.8 presents the setyquit, whose main
elements are: the C1-C2 bent crystadssembled on two goniometers, inside a
vacuum tank (fig. 1.9a) and the TAL secondary collimator, @®dong tungsten
absorber (fig. 1.9b).

QF1 QD QF2
L (]
T 1 ] I | -
Cl C2 ” COL MED TAL
S1-S2 BLM

Figure 1.8:The layout of the UA9 experiment: the bent cryst@ls-C2; the scintillator
detectorsS1-S2 the quadrupole magne@@F1, QF2, QD, COL is a LHC collimator
prototype with two 1 m long graphite jaws that can be movedtercept the deflected
beam;BLM is a beam loss monitor that measures the radiation leveldeutse beam
pipe andTAL is the tungsten absorber.

Fig. 1.10 describes the alignment technique used during&8experiment,
a method already exploited during the Tevatron [11] and REA@ collimation
tests both to find the correct crystal orientation and to meass performances.
A radiation sensitive detector (in UA9 a couple of scintdis) measures the rate
of particles scattered at large angles by the crystal. Tteeafathese events, that
are produced by close inelastic interactions with the aftysticlei, strongly de-
creases when the crystal is in the channeling orientatioriwo reasons: the
channeled particles trajectories are far from the nucléamgs (sec. 1.3.2) and
the effective number of collisions with the crystal decesagiven the channeled
particles are immediately expelled from the beam thus nptnging on the crys-
tal in the following turns.
This second effect is partially present also in volume réfiec the VR deflection
angle, in fact, is larger than the one given by multiple seatg (in the amorphous
orientation), so that a volume reflected particle perforess turns than an amor-
phous interacting one.
Therefore the dip (marked wit@H) in fig. 1.10b is a hint of the channeling ori-

2They are respectively a strip crystal and a quasimosaic se® @.1.5), 2 mm long, with a
bending angle of about 14%rad.
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Figure 1.9:a) The so called “first station” consisting of a vacuum tankhich (box at
the top right) the bent crystals are mounted; the externdlgiahe goniometers (green

box) is visible. b) The “second station” consisting of a deralacuum tank containing
the tungsten absorber.

A = [ ms1-52
< MSimulation
[ 600
b
[
=
=] 3
” ﬂ $1-82 400
CH 200
= .

L | L ‘ 1 N ) ) |
$1-82 -1800 -1600 -1400
” H Angle (urad)

(a) (b)

Figure 1.10:a) Schematic description of the UA9 crystal alignment téspher in the top

plot, the crystal is misaligned\(stands for amorphous) and scatters some particles at large
angles towards the scintillator detectors; in the bottoot, ghe crystal is in channeling
and the particles are directed towards T#é. absorber. b) Th&1-S2scintillator counts

as a function of the crystal misalignment angle: the amanphohanneling and volume
reflection orientations are respectively marked wittCH andVR [16].

entation and the shoulder at its right can be interpreteth@¥R region. The
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agreement between data and simulation is rather good ardisitrepancy in the
minimum value of the nuclear interaction in channeling ishably due to a tor-
sion of the crystal (sec. 2.2.1) resulting in a differeneatation as a function of
the vertical impact position on the crystal surface.

Once the channeling orientation was found, the LHC COL aeddhowing
BLM (Beam Loss Monitor) were used to measure the deflectibaiefcy of the
crystal. As shown in fig. 1.11a, the collimator is progresivmoved towards the
beam so that, at a certain point, it intercepts the chanrgeticles. The BLM,
detecting some of the particles scattered by the collimatovides a signal pro-
portional to the number of particles impinging on the co#iior, so that moving
the collimator, the integral shape of the deflected beamvisgoy the BLM sig-
nal.

Fig. 1.11b shows the result of a collimator scan. The ina@@ashe BLM signal
(0conl = —7.5 mm) corresponds to the “integration” of the channelingkpaad
the fit performed with an error function (the gaussian ira@gerovides informa-
tion on the channeling peak; for instance, the plateau svetoportional to the
channeling peak intensity. Once the channeling peak isetbby the collimator
(that is the plateau level is reached), the BLM signal slightcreases because
of the dechanneled particles integration (sec. 1.3.2llldheé sharp rise detected
at aco ~ —3 mm, that indicates the collimator has touched the secgnuzp
created by non-channeled particles undergoing multipéesgng in the crystal.
Beyond this position, the collimator passes the crystathing the beam so that
the BLM signal becomes proportional to the number of pasianpinging on the
crystal itself. The crystal deflection efficiency can berasted as the ratio of the
error function plateau value to the maximum value at the sckye (as indicated
by the right vertical scale in fig. 1.11b) obtainiRg, = 75+ 4%.

New UA9 runs have been planned for 2011, with the goal to imgpDmMe
key features of the setup:

¢ the goniometric system has to be improved: the recordednetiagy ef-
ficiency in fact does not correspond to the perfect crysighatent that,
according to simulation, would produce an efficiefgy~ 95%.

¢ the collimation efficiency, intended as the ratio between ghrticles im-
pinging on the TAL absorber to the ones lost along the acawleshould
be measured.

e from the bent crystals point of view, the efforts will be dited firstly to the
correction of the torsion (sec. 2.2.1), whose presencealdoult the chan-
neling efficiency and thus the collimation one, and secomalthe test of
new collimation schemes such as the use of volume reflectiofitbe multi
volume reflection (sec. 4.1) in place of channeling as showigi 1.12.
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Figure 1.11:a) The procedure used to measure the channeling efficientheituA9

experiment: the LHC COL is progressively moved towards thanh, intercepting the
deflected particles so that the signal of the following BLMvisportional to the number
of particles impinging on the collimator. b) The BLM signal afunction of the horizon-
tal collimator position, during the scan towards the beaith Wie crystal in channeling
(acon = O represents the center of the orbit). The dashed blue lidieates the error

function fit [16].

a) b)
Figure 1.12:a) Crystal collimation using the VR effect with a single datsand b)

with a series of crystals to increase the final deflectionefgbc. 4.1 will present an
experimental study on the multi-crystal systems).

1.2.1.1 Crystal assisted beam extraction

Particle extraction from circular accelerators allowsroduce high energy beams
that can be used either in fixed target experiments, inctpthe production of
secondary particle beams such as the gamma and neutrinocoiedest instru-
mentation.

The classic slow extraction method consists of a systemestrelstatic and mag-
netic septa: usually the electrostatic septum (a long afalgin wires) deviates
the particles from the nominal orbit towards the field regodra magnetic sep-



1.2 Applications 19

tum [17] that, producing a further deflection, steers theiglas towards the ex-
ternal beamline.

A bent crystal can be used in particle extraction as a comaadtpassive
septum characterized by a strong electric field (of the oedei0® — 1011 Vm)
with a very small entrance wall that, ideally, can be justrayka atomic layer.
The scheme of the crystal assisted extraction is similaneécactystal collimation
one: a crystal intercepts the beam halo deviating it fronctiioailar trajectory but,
differently from collimation, the extracted beam is nottlmsan absorber but sent
to bending magnets that bring it to the experimental areas.

Depending on the required extracted beam intensity, drggteaction can work
in a “parasitic’ mode, exploiting the “natural” beam halojman “active” one, in

which the beam halo is stimulated to increase its intensity.

Crystal extraction presents several benefits with respetttet classic extraction
method [3]:

e working in parasitic mode, it allows at the same time the apen of a
collider and the production of an extracted beam.

e the time structure of the extracted beam is almost flat, dime@xtraction
mechanism does not use a resonant method.

¢ the extracted beam has a small size and a regular shape.
¢ the polarization of the main beam is preserved during theeton.

Given these advantages, crystal extraction has beenfiddrdas one of the most
promising applications of bent crystals since their firsargeof study. The first
successful test was performed in 1985 at Fermilab incrgabm maximum mo-
mentum of the delivered particles from the magnetic sepimit bf 225 GeV/c
to the primary beam momentum of 400 GeV/c [18].

In 1989 a wide crystal extraction test program started atlitteP laboratory
(Protvino, Moscow), exploiting the U70 accelerator thatederates protons up
to 70 GeV. Among the other results, this research programesepts the first reg-
ular application of crystal extraction: the installed ¢af$1as been delivering the
extracted beam since 10 years, but with an efficiency snthider 1% [19].

In the 1990s, CERN carried out a R&D program called RD22 testigate the
possible implementation of an extracted beamline from tHE laccelerator, us-
ing bent crystals [8]. This experiment tested bent crystalthe SPS circulating
beam recording an extraction efficiency ©f10— 20% (fig. 1.13a). In the late
1990s it was the turn of the FNAL laboratory succeeding imaeting 900 GeV
protons from the Tevatron accelerator with an efficiency@#320].

The SPS and Tevatron tests gave an important contributimodstrating that the
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extraction efficiency can increase a lot exploiting the dtedamulti-turn effect:
being in a circular accelerator, a particle can impinge andtystal more than
once increasing the resulting channeling probability. &keerimental proof of
this phenomenon, already predicted in [21], led to the dgpraknt of shorter crys-
tals in order to enhance efficiency: the shorter the crytialJower the intensity
of multiple scattering for the particles crossing it in thforphous” condition,
so that these patrticles are not expelled from the nominahkeead have a second
chance to be channeled.
Specific bending techniques have been developed to prothaceksent crystals
(the most important are described in sec. 2.1.5) and a neess#rtests has been
performed at the IHEP laboratory. Fig. 1.13b presents a samof the results
obtained over a decade of experiments: the extractionesiiigi shows a large in-
crease when reducing the crystal length and the percenfageracted particles
exceeds 80%.

The studies performed on crystal assisted extraction haned the IHEP U70
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Figure 1.13:a) Extraction efficiency measured at the SPS as a functioheobeam
energy [8]. b) The extraction efficiency measured for 70 GeMans as a function of the
crystal length at the U70 accelerator, with different kirdident crystals: the strip and
guasimosaic ones are presented in sec. 2.1.5 while a d#mtrih the O-shaped bending
technique can be found in [22].

accelerator in a largely “crystallized” [23] beam facilityhere bent crystals are
routinely used for beam extraction. Fig. 1.14a presentdarsatic view of the
U70 accelerator with its crystal stations: t8&gg, Sho, Sho crystals (the num-
ber refers to the position in the accelerator) extract theutating beam towards
the physics experimentSjzg splits (sec. 1.2.2) the beam originally extracted for
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beamline number 8 directing a fraction of it towards beam#8. In addition, two
more stationsSig4 andSigg, are used to test the crystals before the installation and
for channeling research, in particular for the beam colliorestudies (sec. 1.2.1).
Fig. 1.14b presents one of the extraction schemes used &:IHiE circulat-

ing beam is brought to the crystal, acting on the field of the bending mag-
nets placed before it: the channeled particles (red cua@ive a deflection of
1.7 mrad, so that they enter in the aperture of the OM24 maavatling its
septum wall and after the following deviation in the OM26 mapleave the ac-
celerator vacuum chamber reaching the external beamline.

Si22

beamiine 22

beamiine 8 —

beamiine 23

—

beamiine 2 OM24 OM26

@) (b)

Figure 1.14:a) Beam extraction schemes at the U70 acceleratorSitsilicon crystal

stations, two internal targetd,s, M7, the experimental area box) and the crystal test
one (I box) are indicated. b) An example of extraction scheme (r&gédtory) that ex-
ploits the old magnetic septa (OM24 and OM26) to increasetysal angular kick [23].

1.2.2 Beam splitting

The beam extracted from a circular or linear acceleratobeafurther divided in
order to carry out several physics experiments simultasigoUsually a beam is
split by an electrostatic or a magnetic splitter [2]. Thisigechnically complex
approach that requires a considerable space since thetueflangles provided
by the conventional splitters are small. On the other handnapact beam split
method can be based on bent crystals that provide large tieflengles in a very
small space.

The first crystal beam-splitting station [2] began to operttthe end of 1988
at the IHEP laboratory, when the installation of a new bacetel the consequent
increase of the beam intensity in the U70 accelerator aliolweshare the beam
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with a larger number of experiments. For this reason sewesigheto-optic beam-
lines were built in the limited space of the old experimeatalas, so that the use
of bent crystals to deliver the beam became very attractive.

The layout of the first crystal beam-splitting station iswhan fig. 1.15. The
crystal splitter was placed inside a pre-existing bendirgnet (M4) and it was
aligned in channeling, so that a small part of the beam, diceto beamline 23
(for tagged neutrino beam study), was deflected ef59 mrad towards beamline
21, designed for hadron studies. Placing the crystal in #Hie af the primary
beam that had an intensity bf; = 103 protons per cycle, beamline 21 achieved
an intensity ofl,; = 107 protons, keeping the particle loss in the main line below
the limit of ~ 10 protons per cycle, corresponding to 0.1%.

> A 92 o M Figure 1.15:The scheme of the
3?2 - first crystal beam-split station in-

Q4 [SK]
SRS Piiut e R ’ ol stalled at the IHEP laboratory.

M1-9 are bending magnets; Q1-
6 are quadrupole magnets; D1-4
are beam profilometers and S1-2

% are scintillator counters.

The crystal features determine the characteristics oféherslary beam: for
example decreasing the transversal dimension of the try&aossible to have
a very small beam spo&(100 um), useful to test position sensitive detectors. In
the next sections three specific applications of a bentalrgptitter will be briefly
described.

e L1 = 12mrad
o2 = 47mmd
CHANNEL 23 A = 59mrad

1.2.2.1 Beam attenuator

It happens that the nominal intensity of an extracted beasntdae reduced by
orders of magnitude, usually because the instrumentatidernuest is not able to
withstand a large particle intensity.

In these cases the standard approach consists in decrelasiagerture of the
beamline collimators. But collimators are heavy objects thus difficult to con-
trol; moreover they become the source of secondary pastanhel create a beam
halo.

A bent crystal can be used to select a small portion of the beath a known
divergence (of the order of the crystal critical angle, €e8.2) and with a size
determined by the crystal width.
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An example of this application is provided by the NA48 CERNexment, in
which simultaneous beams Kf andKs have to be produced to measure the CP
violation parameteg’ /3. The two beams have to be simultaneous because the
decays of th&| andKg are detected at the same time to minimize the systematic
uncertainties.

Fig. 1.16 shows the layout of the NA48 kaon beams productibmps The pri-
mary beam (1.8.0*2 protons per SPS pulse) impinges on a first target, producing
KLs, that move towards the decay region while the chargeccpesttreated during
the interaction with the target are deviated by a sweepingneta Among these
particles there are- 6- 10! primary protons that impinge on a bent crystal that
deflects just a small part of them 6- 10~°% corresponding te- 3- 107 protons)
deviating their trajectory of 9.6 mrad. The recovered pndteam is then trans-
ported (using a bending magnet) in parallel with Kkeone and driven towards a
second target (120 m far from the first one) whereKke are produced.

I Pl
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Figure 1.16:Layout of the NA48 kaon beams production setup.

The authors of [25] summarize the advantage of using a bgstatrin the
NA48 experiment, with respect to a bending magnet, in thoeetg:

e the flux of the transmitted beam is reduced by more than fodersrof
magnitude without deteriorating the beam quality.

3The parameter of interest is related to the measured doatiteaf theK® — rridecay rates:

Ve 1 rKe—»mPml—yy  r(KQ-mtm I -
gle=5|1- FIEKEHH'*TI) : r(ngnOnanw [24] with high precision [24]
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e the resulting beam has a small and well defined emitthimdeoth planes.

¢ the effect of the previous sweeping magnet is not reducede \thre sim-
ulation showed that a bending magnet with the same bendwegraf the
crystal would lead to a tenfold increase in the flux of backgmuons
through the NA48 detectors.

To conclude, it should be noted that the NA48 experimentigies/the most
complete information on the crystal lifetime in a radioaetenvironment as it
has operated with the same crystal for years, achievingradiation of 510%°
protons/cr that produced only a decrease of 30% in the deflection effigien
which means~100 years of lifetime in the intense beam of the NA48 experi-
ment [26].

1.2.2.2 Microbeam

The term microbeam refers to a particle beam of small sizgging from some
mm? to the nanometer scale.

Microbeams are frequently used in medicine and biologyameseto study the
effects of ionizing radiation on a single cell or on a smabbupw of cells [27]
both to improve the radiotherapy techniques (whose goakslestruction of the
cancerous cells) and to understand the effects of a lowtradidose on the human
body [28].

Moreover, microbeams are applied in the so called PIXE (@arinduced X-ray
Emission) in which a low intensity and low energy (MeV rangejton beam is
focused on targets, so that characteristic X-rays are geateiand detected by
a Si detector providing the element analysis of the samplas fechnique has
a wide range of applications from the environmental field.(¢he storm water
analysis [29]) to the artistic and historical ones (e.g.dlnent study of the ink
of ancient manuscripts [30]).

Microbeams are usually formed by charged-patrticles, logrgn X rays and low
energy electrons; in particular, the majority of microbsause light ions, such as
protons or helium nuclei because of their large linear gnaansfer (LEP) and
large relative biological effectiveness (RBEA typical setup used to produce a
ion microbeam is shown in fig. 1.17.

4The emittance is an important beam quality concept: it isgefias the area covered (at one
o) by the beam profile in the phase space of the angle as a faraftihe transversal position of
the particles. It is measured in ragm.

SLET is the rate at which energy is transferred from ioniziadiation to matter; it is expressed
in MeV/mm.

SRBE is a measurement of the capability of a specific ionizamjation to produce a specific
biological effect.
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PM 1ube\,I l

I % cell I Figure 1.17:A standard method to produce a light
; ion microbeam: protons and light ions are acceler-
ated with a 4 MV Van der Graaf accelerator and then
/ steered vertically towards the cell irradiation appara-

tus. The microbeam is provided by guin diameter

scintillator - . . .

ol bore silica capillary collimator; the particles scatter-
collimator

ing inside cells are detected by a photomultiplier tube
(PMT).

helium ions

The channeling effect can be used to produce a microbeanef®@}r exploit-
ing a silicon crystal, bent to focus the incident beam in alkgp@t, or by means
of nanotube structures as briefly described in the following

Beam focusing

The idea of crystal focusing consists in bending a crystaluich a way that
the directions of the crystalline planes converge towardsal point. In this way,
the deflection angle acquired by the crossing particlesrnesa function of their
horizontal coordinate, as shown in fig. 1.18a.

The first experimental proof of the crystal focusing capaed dates back to 1985
[31] when a 1 GeV proton beam was focused by a crystal curvedaircylinder
of 2 m radius. In this way a 15#40.05 mm FWHM beam was brought into a
0.65+0.05 mm FWHM distribution.

More recently [32] a series of bent crystals with a focal kbrig ranging from
0.5 mto 3.5 m has been tested with a 70 GeV proton beam at the l&tioratory.
An interesting characteristic of this crystal is that thammheled and focused beam
is deflected by the crystal and thus it separates from theanmmztied one reducing
the background.

Fig. 1.18b shows the shape of the beam transmitted by théatryke spot on
the left is the focused beam while the dashed rectangle omgiherepresents the
crystal cross-section in the undeflected one.

The width of the focused beam is determined by the divergeht®e channeled
particle (that is given by the; Lindhard critical angle, eq. 1.12) multiplied by the
focal lengthF. The crystal used in the example (fig. 1.18b), thatlhas 0.5 m,
should provide a beam spot of Zn RMS, while the measured value was slightly
larger, 21um, due to aberration.

Nanotube channeling
The developments in the field of nanotechnology materialsopeen interest-
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[

(a) (b)

Figure 1.18:a) The principle of beam focusing with a bent crystal. b) Thefife of
the deflected and focused beam is on the left, while the dasdetdngle on the right
represents the crystal cross-section [32].

ing possibilities for channeling, especially if the miceaton application is con-
cerned [33]. Carbon nanotubes could in fact satisfy thel ide@nneling request
to trap the particles in two directions inside large chasndgth the walls made
of densely packed atoms. Carbon nanotubes are cylindriciaules (fig. 1.19)
with a typical diameter of the order of 1 nm (single-wall nar®) or tens of
nanometer (multi-wall nanotubes) and with a length of ssvaicrons.

Figure 1.19:Schematic view of a multi-wall nanotube.

The channeling phenomena in nanotube structures occurthatiparticle con-
finement in a 2D potential which is located very close to thél as shown in
fig. 1.20a. In order to deflect these particles, a nanotubeldho® bent; the po-
tential well is thus modified by the centrifugal force (se@.3). Fig. 1.20b shows
the potential well of a bent nanotube (wiiv/R =1 GeV/cm, corresponding to
300 Tesla, wher® is the curvaturep the particle momentum andits velocity).
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It is clear that most of the nanotube cross section is stlilalle for channeling.

v

K\_J/

(b)

Figure 1.20:a) The continuous potential within a carbon nanotube of il h) The
same nanotube bent with: pv/R = 1 GeV/cm [33].

To understand the bent nanotube efficiency, Montecarlo Isimouas of positive
particle channeling have been performed: fig. 1.21 showsuheer of channeled
particles as a function of the nanotube curvature for dfienanotube structures
(single-wall and multi-wall) revealing values comparatiehe Si (110) crystal
ones.

1.2 q

Figure 1.21: Simulation of the nan-

o
o8] T——e Tl otube efficiency compared with the silicon
N w —e— Si(110) .
206{ e —-wn | Crystal one: number of channeled parti-
041 T =="] cles as a function of the nanotube curva-
02 ture for single-wall (SWNT) and multi-wall
e e e L (MWNT) nanotubes and for a silicon crystal
© pvR (GeViem) aligned along the (110) planes [33].

Two approaches can be considered to create a microbeamanmitiiubes: the
trapping of a small fraction of the incident beam, which isrttsteered away to
reduce the emittance with well-defined sharp edges or tl@mgement of a fo-
cusing array of bent channeling nanotubes that focus theneled particles into
a small spot. The first solution seems to guarantee betteltsesome experi-
ments in IHEP have evaluated the nanotube performancesms t&f efficiency
and radiation hardness with good results [33].
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1.2.3 Radiation emission related applications

The coherent aspects, characterizing the charged parintkeraction with crys-
tals, do not affect only the particle trajectory but alsoway it loses energy inside
the crystalline medium. In channeling, for example a pesigarticle is confined
in the region between the crystalline planes where thereledensity is small, so
that the collision probability with the electrons and theresponding energy loss
become lower than in an amorphous material [34].
When it comes to light particles (electrons and positrons$tnof the energy lost
during the interaction with an amorphous medium does natigpn the electron
collisions but on the emission of the bremsstrahlung razhatat is determined
by the multiple Coulomb scattering with the nuclei.
A particle crossing a crystal in channeling condition is sabject to multiple
scattering with the nuclei but, oscillating in a quasi hanmegotential, emits an
intense radiation whose spectrum, depending on the padigrgy, can present
peaks, corresponding to the different harmonics of thellaton. Also the par-
ticles that form a small angle with the crystalline planesrmt small enough to
be captured in channeling emit a strong radiation callec it bremsstrahlung
determined by the periodic crossing of the crystalline etan

The radiation emission in bent crystals, both in channedimdjvolume reflec-
tion (that can be considered as an extension of the coheremtsistrahlung), is
investigated from the theoretical and experimental pdiniew in chap. 3, while
this section will briefly describe the implications in thepéipation field. There
are, in fact, several proposals to exploit the enhancenfehesadiation emission
in aligned crystals in applications such as:

¢ the production of high energy photons.
High energy gamma beams are commonly produced deflectihgeimigrgy
electrons in bending magnets; the intensity and the spatteaacteristics
of the obtained beam depend on the type of used magnet. |io&smties the
standard dipoles [35], dedicated undulator and wigglermatsy[36] have
been developed to produce an oscillating trajectory thed,td coherent ef-
fects, increases the intensity and the monochromaticit@g@emitted pho-
tons. Moreover, the bremsstrahlung phenomenon can beiggto create
photons of higher energy but with lower intensity: an eleetimpinges on
a target emitting the photon whose energy can be computegumeg the
energy lost by the primary electron [37]. In this scheme &mald crystal
can substitute the standard amorphous target in order toiexpherent
effects which increase the photon intensity preserving/érg high energy
of the emitted gammas. In addition to that, depending on Heel effect,
the spectral distribution can present a peaked structut@ &ngh degree of
polarization. As an example, a polarized photon beam fgciiith an en-
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ergy range of 25-70 GeV, has been developed at CERN [38] asangstal
aligned for coherent bremsstrahlung, starting from a pistieg brems-
strahlung facility [39].

¢ the particle identification.

The traditional methods (Cherenkov counters and TRDs,sltian Radia-
tion Detectors) developed to identify particles cannot beduat very high
energies. For this reason, in 1976 M. A. Kumakhov [40], cidg the
existence of channeling radiation, suggested the use ahetiag radiation
itself to identify electrons and positrons. The principgethe following:
an aligned crystal is inserted in a charged beam and the piggtiicles are
identified according to their radiation emission as the deting radiation
strongly depends on the particle mass. The radiation itfeeshance-
ment in channeling (compared with bremsstrahlung) has diardage of
allowing the use of a thin target but given that the changednitical angle
(determining the channeling acceptance) is small, the odetan be ap-
plied only to highly collimated beams. Recently an experitabprogram
called PICH (Particle Identification with CHanneling ratha) has started
to test this method [41]. Fig. 1.22 shows the experimentallte obtained
at CERN with a 5 GeV/c (a) [41] and a 20 GeV/c (b) [42] hadron kgjlok
lepton beam.

¢ the positron production.
The next e/e colliders (future linear colliders and B factories) wiltygire
an increased beam intensity that in turn will need the dewretnmt of more
powerful positron sources. In a conventional positron seupositrons are
produced by high-energy electrons hitting a heavy-metgétaand then are
captured and accelerated. The maximum positron produeffmmency, for
4-8 GeV incident electrons, is obtained with an optimizedeathickness
of 4-5 Xg (radiation length) and selecting the outcoming positranghe
5-25 MeV/c momentum range. The positron intensity can beveodd, in-
creasing the incident electron beam intensity and energghbre are limits
given by the allowable heat load on the target caused by the ipower of
the incident electrons. In 1989 R. Chehab [43] proposedeausystal ori-
ented in channeling as a positron source. The idea is tham, atigned crys-
tal, both the photo production and the gamma conversioniis fhat can
be seen as its inverse process) are enhanced, resultingamgéct” elec-
tromagnetic shower that allows to increase the number dftedypositrons
without depositing more energy in the medium. Tests on tlstal posi-
tron source have been carried out bringing successfultseRid] [45], so
that, this positron production scheme has been appliec@tBEKB injector
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linac [46] increasing the positron yield ef 25% and reducing at the same
time the steady state heat load on the target @0% as shown in fig. 1.23.
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Figure 1.22:Experimental results of the PICH (Particle IdentificatiothwCHanneling
radiation) program: the photon efficiency, defined as thebmrmof particles, that emit a
detected radiation, over the total acquired one, as a fumcti the misalignment between
the crystal and the beam for a 5 GeV/c beam (a) and a 20 GeV/(bpnat small angles
a clear enhancement in the emitted radiation can be seefe@irans and positrons.

The crystal applications described in this section explwt radiation emis-
sion properties of aligned crystals and are originally tifduo work with straight
crystals; nevertheless bent crystals could offer somerddygas:

e tagging capabilities.
One of the main issues working with aligned crystals is thestant control
of the percentage of particles undergoing a certain effigghg to increase
it, optimizing the alignment between the crystal and thetesloreover it
can be useful to tag whether or not the single particle isesuhip a given
effect. These operations result to be greatly simplifiedgidient crystals
since the deflection can be exploited as a reference to pyopkgn the
crystal and as an indicator of the regime in which the singlgige has
crossed the crystal.

e increased angular acceptance.
In a bent crystal new phenomena appear such as volume refieetd vol-
ume capture. One of their main characteristics is the ise@angular ac-
ceptance, with respect to channeling, given by the curgabfithe crys-
talline planes. Since the radiation emission of these &ffiscenhanced, as
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Figure 1.23:The crystalline positron source used at KEKB [46] comparétt & stan-
dard one: a) positron production efficiency, measured ferttingsten crystal and the
standard tungsten plate, as a function of their thickndssificident electron energy and
positron momentum were 4 GeV and 20 MeV/c, respectivelylatgets temperature rise
as a function of the beam repetition rate (the temperatsedsinormalized by the average
beam charges of the primary electron beam).

well as in the channeling case, they could be exploited t@ase the angu-
lar acceptance and apply the described technique to lowaikd beams.

e new radiation production schemes.

Bent crystals are able to produce a macroscopic particlecefh that it-

self generates a characteristic radiation emission. Fameje in sec. 3.1.1
the channeling radiation in a bent crystal is described asisting of two

components: a hard one, given by the particle oscillationthé channel
(present also in straight crystals) and a soft one, gertetatdhe crystal

curvature. This second component has usually a low intehsitit can be

increased using the so called undulator crystal [47]. Theulator crystal

is bent in a way that its channels have a sinusoidal shapedinatrently

increases the radiation emission due to the curvature (#4) &s well as in
an undulator magnet. Differently from the magnet case, iitivthe oscil-

lation length is limited to several millimeters, in a cryidtee sub millimeter

range becomes accessible, allowing a strong increase efritteed photons
energy’.

hy?c

"The energy of a photon emitted by an undulator crystal (MAgmE, = - wherey is the
Lorentz factor and. is the undulator period.
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Figure 1.24:The undulator crystal working principle: the red dots repre the nuclei
forming the bent crystalline planes, the blue line is thgtitry of the channeled particle,
ais the oscillation amplitude ant} the oscillation period. The radiation emitted at each
oscillation adds coherently.

1.3 The theory behind bent crystals

This section presents the theoretical bases of the cohaterdction in bent crys-
tals. A crystal is a regular arrangement of atoms located lattece, so that,
depending on the orientation, the atoms are placed in stonglanes, as shown

in fig. 1.25.
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Figure 1.25:The crystalline structure; depending on the orientatibe,dtoms appear:

(left) in a non-ordered structure; (center) arranged imgda after a rotation around the
horizontal axis; (right) arranged in strings after a sulbeed rotation around the vertical
axis.

A crucial assumption for the charged particle interactioamorphous materi-
als is that the collisions with the atoms are not correlatétls results in a variety



1.3 The theory behind bent crystals 33

of different impact parameters, which in turn determine ynaimysical processes:
from Rutherford scattering té-ray emission, from ionization to X-ray produc-
tion.

When a charged particle is aligned with a crystal plane os,dkis crucial con-
dition is no more verified. As stated by J. Lindhard [48], tledlisions with the
crystal atoms are correlated, as if the crystalline planax@ were physical ob-
jects formed by a continuous charge distribution (obtalmegmearing the atomic
charge along the crystal plane or string). The periodicftthese planar (axial)
charge distributions forms a series of potential-wellschitare able to confine the
charged patrticles in channeling.

In this section an approximated form of the planar and axatdiptials is computed
starting from the single atom potential and allowing to deithe main features
of the channeling effect that is its angular acceptance #inieacy, the curvature
influence on the particle motion and the dechanneling phenom

The last part of the section is dedicated to the so calledutwe!’ effects which
take place (only in bent crystals) when a particle beconregtat to the crystalline
plane inside the crystal itself: at this point it can be aitteptured in channeling
(volume capture) or reflected by the potential barrier (sodureflection).

1.3.1 The continuum approximation

When a charged particle crosses a crystal with a small anigferespect to the
crystallographic axis (or plane), its motion is determitgdthe coherent effect
of the atomic axis or plane. In this condition the single atquotential can be
approximated by an average potential generated by the@aiss) as if the charge
inside the crystal had a continuum distribution, invariaith respect to the axis
(plane) direction; thus the name continuum approximatn [

The continuum approximation can be figured out consideripgrécle trav-
eling inside a crystal almost aligned with a regular seqaesfatoms (a crystal
axis or plane). As shown in fig. 1.26, the angldetween the particle momentum
and the atoms direction is smatt (< 1); thus, considering the two momentum
components (the parallel onp,, and the orthogonal ongy, with respect to the
atoms direction), sinca = p;/p, it results thatp; /p; < 1. This means that the
transversal motion of the particle, compared with the lardjnal one, is very
slow; indeed, a long distance in the longitudinal directama the interaction with
a large number of atoms correspond to a short movement ingheversal one.
For this reason the particle trajectory is determined byatrexage effect of many
atoms.

Let’s take the case of a particle traveling inside a crydighad with one of its
planes (but not with the axis) as shown in fig. 1.27a; in thigditbon, if V (X, Y, )
is the electric potential between the particle and the siagbm, the interaction
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Figure 1.26:Schematic description of the motion of a particle (greer) thatt is quasi
aligned with a series of atoms inside a crystal (the red dgigesent their nucleip is the
particle momentump; its parallel component angl its perpendicular one with respect to
the atomic series.

can be represented using an average potential computelioagsto
Upi(X) = Ndp/ / V(X,Y, z)dydz (1.1)

whereN is the number of atoms per unit voluntg, is the interplanar spacing, so
thatN - dp represents the planar atom density.

Figure 1.27:a) A particle (red line) moving in a crystal at a small angléhwespect to
the crystalline plane (placed in tlze- y plane). b) The particle experiences an average
potentialU (x), due to the planes, represented by the black line.

There are different ways to approximatéx,y, z), that in general can be a quite
complicated function depending on several parametergjHard [48] used the

Thomas-Fermi model: 2
Vi = 4% (L> (1.2)
r arr
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whereZz; is the atomic numbeiZe the charge of the particle andthe distance
between the particle and the atom; the first factor is therpiatieof the point like
charge, whiled(r /arg) is the screening function which takes into account the
charge distributionarg is the Thomas Fermi screening radiag £ = 0.8853

ag-Z Y3 ag = 0.529A).

A widely used analytical form fo® is given by Moliere [49]:

o) =S aenr 1.3
() =5 @3

wherea=(0.1, 0.55, 0.35) an=(6.0, 1.2, 0.3). Lindhard proposed an alternative

form: 1/2
o —
o) =1 (1+ 27 (L.4)
arr r

which convolved with eq. 1.1 and eq. 1.2 gives the followipg@ximation of the
continuous potential generated by a single crystal plane:

Upi(X) = 2nZ Ze#Ndy < X2 +3(arg)2— ) (1.5)

wherex is the distance from the plane, so tlat O represents the plane position
and (for positive particles) corresponds to the maximunuealf the potential.
This value, being proportional td andN (the atomic number and the atomic
density), depends on the crystal material and, for a givgstal, changes as a
function of the interplanar distancig so that the wider the channel the greater its
confinement strength.

As shown in fig. 1.27b, a particle which is crossing the ciysiti feel the effect

of all the crystalline planes but the contribution of the tmearest ones will be
dominant; therefore:

U (x) ~Up (% —X) +Up (%-ﬁ-X) —2Up (%) (1.6)

in which the origin of the transversal coordinatés placed in the middle of the
two planes, where the potential value is fixed to z&rgQ) = 0).

The most used crystals for channeling investigation in l@ghrgy experiments
are made of silicon [2] (more rarely germanium) thanks to high standards
reached by the semiconductor technology in terms of quafitize crystals. Sili-
con crystals belong to the diamond group and they are cleairzed by a covalent
bond: each atom is linked to four neighbours forming a regetaahedron with a
face centered cubic (fcc) crystalline structure. Fig. 528ws the principal planes
of the fcc structure indicated by the Miller indices; then@a useful for channel-
ing are (110) and (111) while (100) generates a too smalinpialeo be of any
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(100) (110) a1

Figure 1.28Orientation of the most important crystallographic plaimgse cubic lattice
system, indicated by the Miller indices.

interest in this frame. In fig. 1.29 the interplanar potdritigx) for the (110) and
(111) planes in silicon is shown: the (110) orientation hesgailar structure with
a constant interatomic distana, = 1.92,&) that produces a single potential well
of about 22 eV, the (111) one is more complex as it has a varigiberatomic
distance, a long onedk —2.35A) and a short onedg = 0.78 A) that origin a
couple of potential wells, the deepest one being of aboudM2T lee dashed line
in fig. 1.29a is the harmonic approximation that, fitting theerplanar potential
rather well, can be used for the analytical computation agilitbe shown in
sec. 1.3.2.

25.CC q 30
20.c0 4
~—~
- 3
15.00 3
e S
N’ D
S 0.0
5.00 3
0.00 3 rrrrrr rrm
-1.25 -0.75 -0.25 X .
a) x (A) b)

Figure 1.29:The interplanar Moliére potential for: a) the (110) Si chelhand b) the
(111) Si channel which is characterized by two potentiallsvebrresponding to its two
interplanar distances. The dashed line is the harmoniapat&pproximation.
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1.3.2 Channeling

A charged particle trapped in the potential well between ¢wystalline planes is
said to be in planar channeling; this happens if the trassveomponent of the
particle momentum (see fig. 1.26) is not enough to overcomédhrier.

In this condition, the particle experiences a series ofedated collisions; al-
though these are quantum events, the particle motion caadwgided in the clas-
sical mechanics frame, thanks to the large number of energetls accessible
in the interplanar potential.

o . . o 2\?
Taking into account the harmonic potential approximatibix) = Ug (Xd_) ,
8U ? p
the energy spacing between the levelb SdZ—I\/(I) whereM;y is the oscillating
p (0]
mass; so the classical approximation is valid if:
d
No = ——/UoMo > 1 1.7
0 ﬁ\/é 0Vio ( )

whereN, is the number of the accessible energetic levels for thgpedparticle.
Condition 1.7 is always fulfilled for heavy particles (prog) while for light ones
(electrons and positrons), the classical approach becealidsn the 10-100 MeV
range.

In the framework of the continuum approximation (sec. 1),3He transversal
momentum is much smaller than the parallel ope< p)) and thus the total
energy of the system can be approximated as follows:

2

E:\/pt2+p|2—|—mzcz+U(x):gt—EC|2+E|+U(x) (1.8)

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

22
meaning thag, is conserved and thu%‘E— +U(x) is conserved too, due to the
|

energy conservation principle. This quantity defined aptrécle transversal en-
ergy E; can be expressed in terms of the misalignment angle betwegratticle
trajectory and the crystal planes & pt/p)):

2.2 2.2

C C
E = IC;—Elorz-i—U(x) ~ pZ—Eaz—i—U(x) — const (1.9)

where, in the second equality, according to the condigoip < 1, p; has been
approximated with the total momentumandE, with the total energ¥.
According to eq. 1.9, each particle entering the crystaldn&tensversal energy
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value, which is a function of its alignment with respect te tirystal planed)
and of its position in the channet)( as it is shown in fig. 1.30.

¢ & & & ¢

Figure 1.30:Schematic description of the interplanar potential: the wertical series
of red dots represent the atomic nuclei and the blue linedspibtential shapé) (x).
The green dot represents a particle with a transversal erigrthat, being lower than
Umax= U (Xc), keeps the particle trapped in the channel.

The particle is trapped in the channel if its transversatg@ne smaller than
the maximum value of the potential barrier, thaEis< Umax the condition that
defines the possible values@fandx for a channeled particle is then:

pZCZ
oE a? +U (X) < Umax (1.10)

Although the maximum of the potential is reached at the pltssdf (x = dp/2),

in this position the particle would be quickly removed frohe tchannel by the
scattering with the nuclei; indeed the stable channelingditmn (sec. 1.3.2.1)
is achieved only wher < x;, wherex. is the critical approaching distance, and
thusUmax= U (X¢). The distance,, = dp/2 — X can be imagined as the intrinsic
width of the plane where the nuclei density is large. Thissitgrdecreases from
the plane center according to a gaussian distribution whids@ | = v/2p, being

p the RMS amplitude of the atomic thermal vibration ({healue in silicon at
room temperature is 0.0i&. The experimental data [50] show that a good ap-
proximation forp,, is 2.5p which givesUnax~ 16 eV for the (110) orientation in
silicon and 19 eV for the (111) one.
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Taking into account the relatiopc® = VE (VE is the product between the par-
ticle velocity and its energy), eq. 1.10 becomes:

_ v
S 2

that for E; = Upnax (critical value of the transversal energy) ane O (minimum
value of the interplanar potentibl(0) = 0)® gives the maximum misalignment
angle that still allows channeling, the so called critiaadjle:

. 2Umax
ac =/ ov (1.12)

For a silicon crystalmax= 20 eV, thusa. is 280urad at 500 MeV, 9.42irad at
450 GeV and 2.3@rad at 7 TeV. It has to be noted that the critical angle deeeas
as the square root of the energy, while the multiple scatjeas the energy of the
incoming particles; therefore, the effects due to multgdattering which (as will
be shown) reduce the channeling efficiency become less targat high energy.

= a?+U(x) (1.11)

d o
The anglea can be expressed acf)rz( where & and & are the infinitesimal

increases in the transversal and longitudinal spatiattioes; with this substitu-
tion, eq. 1.11 gives the following differential equationiatihdescribes the particle
motion in the channel:

2
_ Py
Ei = > (dz) +U(x) (1.13)
Differentiating with respect ta
?x d?x 8x
pv@ +U'(x) = pv@ —|—Uo@ =0 (1.14)

p

whose solution gives the patrticle trajectory in space, wwimdact corresponds to

a sinusoidal oscillation:
dp /B . (212
="/ — — 1.15
X=- Uosm< 3 +(p) (1.15)

The length of the oscillation period is:

V
A =, %O (1.16)

For example for a 400 GeV/c proton in silican~ 25.5 um.

8corresponding to the particles which enter the channesiognter.
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1.3.2.1 Dechanneling

In the particle trajectory derivation (sec. 1.3.2), theéngersal energy conserva-
tion is assumed, which in real crystals is not exactly trusalise of the scattering
processes with electrons and nuclei as well as the differbatween the real po-
tential and the continuum approximation and the possikystal lattice defects.
These events can produce either an instant change or a psogrgrowth of the
transversal energy that, overcoming the interplanar piaiearrier, causes the
release of the particle from the channeling state, the seccdechanneling.

Dechanneling is a complex phenomenon and its full desoriptivhich in-
cludes the scattering effects in the real crystal, is a@deatrough Montecarlo
computer simulations [51]. However a simplified dechamgeinodel can be de-
veloped taking into account two fundamental aspects: thipteiscattering on
the nuclei (MSN) and the one on the electrons (MSE) [52].

MSN takes place during the first phase of the crystal crossimtpanneling and
it concerns only the particles which have a high initial x@rsal energy value
(E: > U (xc) infig. 1.30): these particles, moving near the crystal ptameere the
nuclear density is high, are quickly dechanneled.

On the contrary, given that the electrons distribution isenmiform than the nu-
clear one, MSE concerns all the channeled particles; ityaresl a slow transver-
sal energy growth (compared to MSN) and thus has a negligitdet in the first
phase of the crystal crossing.

From a practical point of view, MSN is dominant in short calst(the last gener-
ation ones with a length of the order of 1 mm, sec. 2.1.5) whigealmost hidden
in long crystals, where the unstable channeling regioressmts just a small frac-
tion of the crystal itself, and where the observed dechamgpet mainly due to
MSE.

In principle the reduction of the number of channeled pkasi@as a function
of the crystal depth can be approximated by an exponent@ydboth for the
MSN case and the MSE one but characterizing the two phenomiémgheir own
dechanneling lengthp according to the following equation: [2]:

N(z) =Ng-€ (1.17)

whereN(z) is the number of channeled particles at #igsition along the crystal
(z< crystal length) andly is the number of channeled patrticles at the crystal entry
face.

For what concerns MSN, an estimation of the specific decHengnkength
(Lpn) can be provided [53] considering the average distancenextjto increase
the particle transversal energy of ab@ighp = Uo — Umax (see fig. 1.30) because
of the Coulomb multiple scattering.

The relation between the transversal endfgynd the misalignment angte is



1.3 The theory behind bent crystals 41

AE; = pv/2-Aa? (eq. 1.11); assuming that increases following the multiple
scattering formula given in [54] (neglecting the logariibrpart), the increase of
the transversal energy as a function of #wordinate is obtained:

AE(2) = %’ Aa(2)?

_pvEz Ez
2 pA2X  2pvXo
whereXg is the radiation length (9.37 cm in silicorf; =13.6 MeV. When the

transversal energy overcomes the potential barfiEy(g.) = Egap) the particle is
dechanneled.p,, = ) so:

(1.18)

Lon = Egap- pVv- 2E_X20 (1.19)
C

Taking into account that in silicoBgap ~ 5 eV, at an energy of 400 Gelp ~
2 mm. This is a rough estimate since it does not take into addbe specific
trajectory of the channeled particle; nevertheless, misresting to note that the
nuclear dechanneling length is proportional to the eneffgthe particle; for a
more accurate estimation, a Montecarlo simulation is ne&.ede

MSN affects only the particles with a high initie}. However also the parti-
cles withE; < Unax can be dechanneled due to the scattering with the electrons;
this phenomenon is slower and therefore it is charactetiged longer dechan-
neling length [2]:

256 pv aTE
972 In(2mec?yl —1) — 1 ZjremeC?

Lp = (1.20)

wherel is the ionization potential (for silicorr 172 eV),me is the electron mass
at rest,re the classical electron radius addthe charge number of the particle.
Eqg. 1.20 states that the electron dechanneling length, bhasvihe nuclear one,
linearly increases with the energy, but its numerical vdareexceeds the nu-
clear one (for example at 400 GeV in silickpe =21.9 cm). For this reason the
MSE effect is negligible in short crystals, like the onesalig®d and analyzed in
this thesis work. Nevertheless these crystals represenash generation of bent
crystals, therefore eq.1.20 has been experimentally @enifi the past with long
crystals as shown in fig. 1.31.

The given dechanneling description is valid for positivargfed particles which
are channeled in the central region of the crystalline pfan&om the nuclei. On
the contrary, negative particles are channeled aroundénei@plane as their po-
tential well minimum corresponds to the nuclei positioneeTarge electron and
nuclear densities in this region, increasing the scatjepirobability, make the
dechanneling length much shorter with respect to the pegirticles one.
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Figure 1.31: Measurements of the
electron dechanneling length in long
- silicon crystals; the symbols refer to
several experiments [55].

Dechanneling length (mm)
n

iy
I

Energy (GeV)

1.3.3 Bent crystals

The channeling phenomenon can be exploited to deflect higfiggicharged parti-
cles; the motion of a channeled patrticle is, in fact, confinetiveen the crystalline
planes; therefore, if the crystal is bent, the channel isediand the captured par-
ticle is forced to follow the curvature being deflected.

Fig. 1.32a shows the scheme of a bent crystal: the red limesepts the particle
trajectory which is deviated of the angpe=| /R (wherel is the crystal length and
R its bending radius), while an example of bending through alaeical holder
is presented in fig. 1.32b.

Figure 1.32:a) The bent crystal working principle; b) an example of a fegdevice.

The description of the interplanar potential given in se8.1lis still valid in a
bent crystal since a macroscopic curvature of the crystat (¢ a curvature radius
of the order of several meters) has a negligible effect omtleeoscopical crys-
talline structure (Angstrom scale) itself.

However a particle trapped in a bent channel feels a cegsifiorce in addition
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to the planar potential, as described in fig. 1.33, where ¢tmglition of an ideal
particle which enters the crystal in the center of a chanpetfectly aligned to
the planes (with zero transversal energy= 0) is shown both in the laboratory
inertial frame (plot a) and in the non inertial frame thattes following the crys-
tal curvature (plot b). In the reference system rotatinggltihe crystal (plot b) a

Figure 1.33:A particle with zero transversal energy in channeling in atloeystal: a)
in the laboratory inertial frame, the particle assumes agleawith respect to the planes
direction which is curved, thus its equilibrium positionthe potential is no more in the
channel center; b) in the non inertial frame which rotatet Wie particle; the centrifugal
force appears and modifies the interplanar potential.

centrifugal force directed towards the external side ofci@nnel appears and its
contribution should be added to eq. 1.14 which expressesdgb#ibrium of the
forces applied on the particle:

2
pvd—X+U (x)+ﬂ

- =0 (1.21)

whereR(z) is the curvature radius as a function of the position in thenclel; if

itis constantR(z) = R), the crystal curvature is an arc of circumference (as in the
bent crystal described in sec. 2.1.5) and the effectiveptaaar potentialet (X)

has the following analytical form:

v
Uet () :U(x)—i—%x (1.22)
The expressions given in sec. 1.3.2 which describe thecfestmotion for
an arbitrary interplanar potentiél (x) remain valid with the substitution with
Ueff(X). According to eq. 1.22, as the curvatuRet) increases, the minimum
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of the potential is shifted towards the outer planes (negatvalues) and the po-
tential well depth is reduced, as shown in fig. 1.34 whererterplanar potential
is computed for 3 different curvature radii.

Figure 1.34: The interplanar silicon
((110) planes) potential computed in the
Moliére approximation for: the straight
crystal (solid line), apv/R of 1 GeV/cm
(dashed line) and 2 GeV/cm (dotted line).
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When the centrifugal force equals the electric field produeg the atomic
plane at the critical distance (that delimits the region with high nuclear density,
see fig. 1.30):

pv_

Re

channeling is no longer possible; theref®grepresents the critical curvature ra-
dius (Tsyganov critical radius): fd® smaller than this value, capture is no longer
stable. According to Lindhard potential (eq. 1.4), an agpnate expression of
R can be computed:

U’ (%) (1.23)

pv pv

S U/(X) ~ MNdpZZ€
In deriving this expression, the contribution of the singlane is taken into ac-
count; being the. position close to an atomic plane, the contribution to thepo

tial from the other planes can be neglected. Given thaticosiU’(x.) ~ 5 GeV/cm,

the critical curvature radius for relativistic particlesemergyE (pv ~ E) is ap-
E[GeV

(1.24)

proximaterRE =

Since the maximum transversal energy value for a fixed mameparticle
decreases with the curvature (fig. 1.34) and indicating Wihy the transversal
energy limit for channeling in a straight crystal, this ltmiill assume a different
valueUP,(R) < Umaxin a crystal bent with a curvature radiBs
This affects the critical angle given in eq. 1.12 which beesm

b
a(?:,/mmpia\’/‘(R) < de (1.25)

cm
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An approximated value a8 2 . as a function of the curvature radius can be com-
puted taking into account the harmonic approximation, etiog to which the
effective potential of eq. 1.22 becomes:

2
X pv
Uett(X) =Ug- | — —X 1.26
eff(X) =Uo <Xc) +5 (1.26)
As shown in sec. 1.3.1, the interplanar potential has befnadkin order to have
the minimum in the middle of two atomic planes and to reachlfgy value in
the critical positions-xc, X.. EQ. 1.26 shows that i (x) is harmonicUet(X) is
harmonic too, but the centrifugal force shifts the minimuosigion to

pvg |

Xmin = —m, thus the height of the potential barrier will be:
b pv 1 /pv_\2
U :Ueff(xc) —Ueff(xmin) :UO—ﬁXC'i‘ﬁO (ﬁ&) (1.27)
. " o . . n PVX
According to eq. 1.24, the critical radius in the harmonigragimation i = SUn
0

so the potential barrier can be expressed as:

Ug =Ug (1—2%h+ (%h)z) :uo( —%h)z (1.28)

For a curvature radius tending to infinity, which means irraightcrystalug = Up;
if the curvature radius increasété’ decreases as expected (note that only the re-
gionR > RQ is considered). Thus the critical angtg in a bent crystal with & 1

curvature becomes:
Cb

As it was already mentioned, the effective potential in atlmepstal is still
harmonic, so the particle trajectories in the channel hagesame shape of the
ones in a straight crystal (eq. 1.3.1):

B Rc E . /2m-z
X__X°R+X°’/Ugsm< 3 +(p) (1.30)

In fact, they have the same periadbut the oscillation takes place around a new
equilibrium point,Xmin = —X:Rc/R. This shift corresponds to a change of the
particle distribution in the channel: the channeled pkasiare shifted towards
the atomic plane so they experience a larger electron gengh respect to the
straight crystal. This should increase the dechannelingability (sec. 1.3.2.1)
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but, as the valence electrons in silicon and germanium haeaighly uniform
distribution in the channel, the electron scattering pbaliig of a channeled par-
ticle is almost insensitive to the crystal curvature fornvaure radiiR > 2R..

This effect is indeed hidden by the greater influence on tisba®neling yield of
the reduction of the potential well; as already observecmn &.3.2.1 in fact, the
dechanneling length is proportional to the maximum trarsaleenergy, so ik is
the dechanneling length in a straight crystal, when thetahysbent it becomes:

b_ R\ ?
L _|_< —ﬁ) (1.31)

In addition, the dechanneling length in a crystal with a gicervature is no
more a linear function of the particlgv as shown in sec. 1.3.1: in the effective

. . . . v
potential, the curvature radil® appears always in the denommaﬁ(o%); the

critical radius has been defined for a fixed particle energyibuhe same way,
once the curvature radius is fixed, a critical particle epgyg can be defined.
Eq. 1.31 becomes:

2 2
b _ _ bV _ bV
L =Lp (1 ~ ) N pv(l ~ ) (1.32)

Cc Cc

Using theLp dependence frompv (eq. 1.20), the dechanneling length in a bent
crystal is no more a monotonic function of the energy but hasmaimum value
for pv=1/3: pv; which is the optimal choice to minimize the dechannelingéss

in a bent crystal.

1.3.4 \olume effects

In a bent crystal the direction of the atomic plane changes famction of the
position inside it: a channeled particle is forced to folltms change, so its mo-
tion does not differ substantially from the one in straigtystals. When a particle
crosses the crystal, not in channeling, its motion is apprately straight (apart
from the multiple scattering) therefore the alignment lestwthe particle trajec-
tory and the crystalline plane varies during the motion. &mtipular there is a
range of initial alignment positions that will result in tiparticle trajectory be-
coming tangent with the crystal plane inside the crystalfitdVhen this happens,
there are two possible effects: either the particle is aapltin the channel contin-
uing its motion in channelingzblume capturesec. 1.3.4.1) or itis reflected by the
potential barrier in the opposite direction with respedti®channeling deflection
(volume reflectionsec. 1.3.4.2).
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1.3.4.1 Volume capture

In sec. 1.3.2.1 it has been pointed out that the scatterfiegtefcan modify the
particle transversal energy resulting in a finite probapibr the confined particle
to leave the channel: this phenomenon is called dechamnelin

For any given particle trajectory in the crystal, the reeenge is possible (Lind-
hard reversibility rules [48]), meaning that a reverse @ecieling mechanism
should exist: a particle with a transversal energy abovetitieal value can lose
part of the energy because of multiple scattering and caapieiced in the chan-
nel; this phenomenon is callégled-inor volume capturén the bent crystal frame.
In a straight crystal, the dynamics of the two beam poputaticghe channeled
particles and the random ones (in amorphous conditiongterchined by the two
opposite mechanisms (dechanneling and feed-in), so teag¢ftactive dechan-
neling can be defined as the total fraction of particles wiegeve the channel.
Fig. 1.35a-top shows a possible particle trajectory in aight crystal: the ini-
tially channeled patrticle is firstechannele@nd, at a certain point, re-captured in
a channelfeed-ir). The feed-in mechanism in a straight crystal is possibileesi
the trajectories of the dechanneled particles remain cuasillel to the crystal
planes; in other words the transversal energy fluctuatasdrthe confinement
threshold (fig. 1.35a-bottom).

The equivalent process in a bent crystal is shown in fig. 1.85khis case, the
dechanneling takes place but in the meanwhile the chantaéroits direction as
the particle moves forward in the crystal itself. Thereftre particle misalign-
ment with the channel rapidly increases and the transversagly of the particle
moves away from the confinement threshold because of thetigfiepotential
shape (fig. 1.35b-bottom). For this reason, the feed-inng welikely and gives a
negligible contribution to the effective dechannelinglmability in bent crystals.

According to the reversibility principle, the inverse oetbdechanneling pro-
cess should exist also in bent crystals. In fact, it can bainbtl considering the
reversed trajectory of a dechanneled particle: the paréoters the crystal, mis-
aligned with respect to the channel & a¢), and it is progressively aligned by
the crystal curvature, as schematically shown in fig. 1.3@&mnFthe transversal
energy point of view (right side of the figure), during thisagle the distance from
the capture threshold is decreasing; thus near the tangematywith the channel
its fluctuation allows the capture in the potential welljfr¢his point on the parti-
cle behaves as a channeled one. Given the capture happielestivescrystal, that
is in its volume, the process is calledlume capture

Volume capture is strictly related to dechanneling, as thatyr depend on the
scattering probability; in fact, the probability to be daoheled By) crossing a
crystal length dz is equal to the probability of an almostjaéid particle to be
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Figure 1.35:a) A possible particle trajectory in a straight crystal: fragticle is first
dechanneled and subsequently re-channeled (feed-in);shikar trajectory in a bent
crystal: after the dechanneling the feed-in probabilityidly decreases as the particle is
no more aligned with the channel. In the bottom part of therighe evolution of the
particle transversal energy in the interplanar potergiaghiown for both cases.

volume capture

Figure 1.36:The volume capture process in a bent crystal: left) a passibjectory is
given, with a particle which is progressively aligned witietchannel due to the crystal
curvature and near the tangency point with the channel igaghin channeling; right)
the trajectory is represented in the phase space (tramadesrargy versus radial position);
note that it is the reverse process with respect to the deetiag one (fig. 1.35b-bottom).

captured in the channdR(c), crossing the same crystal length dz:

R/c(dz) = Po(dz) = S—E (1.33)
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where @ is the infinitesimal increment in the longitudinal directiandLp is the
dechanneling length (sec. 1.3.2.1). This happens bechas®b processes re-
guire a change of the same amount of transversal energyd@tage: an increase
for dechanneling and a decrease for volume capture.

To compute the total volume capture probability, an esiiomadf the length dur-
ing which the patrticle is almost aligned and thus can be cagtis needed; con-
sidering thato gives the angular scale allowing channeling, this length loa
approximated byz= a¢R, resulting in the following estimation for the volume
capture probability:

Rac
R/c =~ o

Considering the trajectories reversibility in the crystimore rigorous formula
(that introduces a numerical correction factor) Ryg can be derived [2]:

(1.34)

mRa.
=—— 1.35
Ric=3 . (1.35)
The volume capture trend as a function of the beam energyeaarhputed, con-

sidering thatoe O \/pvandLp O pv (if the logarithmic correction is neglected):

R

Ve D vz

(1.36)

1.3.4.2 Volume reflection

The volume reflectiorphenomenon represents the particle deviation in a single
point inside the crystal due to the elastic scattering withatomic potential bar-
rier; it was considered for the first time in computer simigias [56] and then
experimentally observed [57].
As well as the volume capture effect, volume reflection tgtase when a particle
enters the crystal with an angle larger than the critical @nso that the transver-
sal energy overcomes the potential barrier and the parsat channeled. In
this condition it crosses the crystal approaching the taogeoint with the chan-
nel (fig. 1.37) with a trajectory similar to the volume cagtne; but in this case
the transversal energy fluctuations are not able to caugestttiele confinement
and the radial coordinate, corresponding to the tangency point, is reached. In
this point the particle has no longer a transversal kinetergy thus it reverses the
motion under the influence of the interplanar potential Sgtienomenon is called
volume reflectiomnd produces a deflection anglgr of the particle trajectory.

To estimate the reflection angle the particle trajectorytbdse considered in
detail. Fig. 1.37(left) presents a simplified volume reftactrajectory formed by
two straight lines connected in a single reflection poink th an approximation
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Figure 1.37Volume reflection of a charged particle in a bent crystal atttiining radial
coordinater;: on the left side a schematic view of the crystal and on thit rape the
particle transversal energy and the effective potentialfagction of the radial coordinate.

that neglects the oscillations due to the crystalline paeénThese oscillations
(fig. 1.38a) depend on the fact that the transversal enertipeisum of a kinetic

. \ :
and a potential componertd; = %02+U (x): when the particle crosses the crys-

tal and thus the different channel$(x) oscillates from its maximum to its mini-
mum and since the transversal energy is constant also the@sgould oscillate.
Fig. 1.38b shows the oscillations of the particle momenturaction as a func-
tion of the position inside the crystal. In the first half oétplot the amplitude of
the oscillations increases as long as the channel is ggtéirgjlel to the particle
trajectory; when the tangency position is reached, thegbareverses its motion
and the oscillations start again with a decreasing amg@itairesponding to the
progressive misalignment. Fig. 1.38b shows that the réflecingle basically
depends on the amplitude of the last oscillation (the oné e turning point,
indicated in red); during this oscillation the potentiahgmonent of the transversal
energy varies of aboul B« (box at the top right in the figure). Therefore, due to
the transversal energy conservation (eq. 1.11), the angalliation is:

[2
Aot ~ 2, | 2Imax _ 2ac¢ (1.37)
pv

Aa gives the order of magnitude of the VR deflection angjg but it does not
take into account two factors which contribute to slightbcrease its mean value:

¢ the channel position in which the particle enters and ledliesrystal
This effect can be appreciated considering the oscillatioriig. 1.38b: the
points of maximum represent the points in which the parigle the center
of the channels, while the “valleys” represent the edge af tansecutive
channels. If the starting and the end point of the trajecéoeythe center of



1.3 The theory behind bent crystals 51

a) b) % E: o
g ﬁ'\ﬂmw\m
é 20+ ‘u ‘
'g tp l
e x | r
: L
o L
é R ‘\J ~'_/LT/ID'.+*\;}L}JE’|‘*J‘ﬁj‘w;n.
O‘ - ‘OJ,ll — 012‘ - lofz‘
Depth, mm

Figure 1.38:a) A detailed scheme of the volume reflection process inshiEnacrystal:
the patrticle oscillates while it is crossing the crystahgls. b) The same trajectory in the
phase space of the deflection angle as a function of the oitside the crystal; the red
line underlines the region in which the reflection takes @jalis portion of the trajectory
is also shown in the box representing the transversal efraddjys phase space.

the channels, the deflection angle will be larger than if tbeyespond to

the edge of the channels. Since for a macroscopic (with cespéhe plane

scale) beam the distribution of the entrance and exit pairttse channel is

equiprobable, this effect produces a decrease ofgfhanean value and an
increase of its spread.

¢ the bending of the crystal that deforms the effective pitient
ComputingAa, a variation of the transversal energy dfigax has been
assumed,; this is true only in the limit & > R; (a crystal with a small
curvature). Fig. 1.39 shows the reflection process in teffrtteedransversal
energy in a crystal bent with a large curvature; the vanatibthe potential
component of the transversal energy &2, a value betweenlZy,x and
2Umin (WhereUpn is given by eq. 1.28). Sinddiet < Umayx it turns out
that g/r < 2ac; moreover when a large number of particles is considered,
Ures Will assume all the possible values producing a spread inethalting
reflection angle distribution.

A better estimation that takes into account all the possrhlectories and the
crystal bending can be found in [53] givinggr = 1.5 ac. This is an indicative
average value, as the volume reflection angle depends oretitery radius. For
this reason a study has been carried out to characterizeothme reflection be-
haviour as a function of the crystal curvature [58]. The tes been performed
at 400 GeV/c with a silicon strip crystal (sec. 2.1.5) berthwdifferent curvature
radii.
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E: A

Figure 1.39:The interplanar potential in a crys-
€ tal with a small bending radius. The volume re-
Unmax flection angle of the single particley, r, depends
U..; on the specific value df,.; corresponding to the
{\___ point in which the particle changes direction.

The results are presented in fig. 1.40:

e (a) the volume reflection anglg,r and its RMS @y R) spread are plotted
as a function of the bending radius. As expect@gs increases with the
bending radius because a lower deformation of the integplpotential (see
fig. 1.39) corresponds to a smaller curvature solthat gets nearer ttnax
increasing the averagg r angle; for the same reasé becomes smaller
thus reducing the RMS of the deflection angle distributmyg.

¢ (b) The volume reflection inefficiency, represents the percentage of parti-
cles that are captured in the channel reaching its end (\wbapture)g; is
the total VR inefficiency that adds & the contribution of the particles that
even being captured in the channel are immediately deckethnBoth the
curves linearly increase with the bending radius in agregnvéh eq. 1.36.
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Figure 1.40:a) The mean volume reflection angfer and its RMSayr [58]: com-
parison between experimental data (black dots for the medrpank triangles for the
RMS), simulation data (red squares and blue triangles) lemdnalytical curves (contin-
uous for the mean and dashed for the RMS). b) The volume riefheictefficiency [58]:
comparison between experimental data (black dots), stiooldata (red squares) and the
analytical curvegs; the other curveg,, represents the probability to enter in the stable
channeling regime (volume capture).
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Chapter 2

Bent crystal measurements

This chapter will review the state of the art of the experitakand analysis tech-
niques used in the bent crystals studies. Its main goal iggirg the reader with
a complete overview on the method developed to characteteat crystal: from
its assembly on the goniometer to the detailed analysis afetlection features.

Sec. 2.1 will describe the different components of the a@rpemtal setup (the
bent crystals, the detectors and the particle beam) showongthey have been
integrated, during the past four years, optimizing the grenfinces in terms of
resolution, speed and versatility.

The data collected by means of the setup described in seme2d a non
trivial analysis to be exploited. The analysis procedurpresented in sec. 2.2,
in which the methods developed to extract the interestiggtal parameters are
applied to the bent crystals tested in various situationsrgges ranging from 13
to 400 GeV with positive and negative particles.

2.1 Experimental setup

The setup used in bent crystal measurements is the resutholtastage process,
that has registered a turning point in 2006 when, for the fins¢, the H8RD22

collaboration has used a real time system based on migraslicon detectors
able to reconstruct the single particle track [59]. The s channeling exper-
iments, in fact, were based on beam profile integrated meamnts to estimate
the deflection angles and the efficiencies of the varioudargffects.

The single particle tracking introduced in 2006 has imptbtlee resolution on
the measured parameters and has allowed the angular infonm@be correlated
with the impact position on the crystal surface.

The 2006 setup can be defined as a “half tracking system” asasuored the parti-
cle track only after the crystal crossing. In this sectionmaproved “full tracking
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system”, that measures the particle trajectory before &edthe crystal, will be

described; the performances of this system in terms of uésal are very good
(close to the physical limit of this kind of measurement) émel system itself al-
lows a greater adaptability to the different beam condg#ion

This section, starting from the basic concepts that guitledlevelopment of the
setup, will provide a detailed description of all its compats, concluding with

the experimental procedure that goes from the crystal asgamthe high statis-

tics data taking in the under-study angular position.

2.1.1 Basic concepts

The investigation of the bent crystal effects needs higltipien angular mea-
surements. These effects, in fact, are identified by redtismall deflections and
occur for small angular acceptances, being their order gimibade defined by the
critical angle @ given in eq. 1.12) that, for example,1s10 urad at 400 GeV/c.
The small angular acceptances require the use of an aciyarednt system to
rotate the crystal; for this purpose precise goniometrstesys are used as the one
exploited in this setup which is described in sec. 2.1.2.

For what concerns the particles detection, two differerattsgies can be adopted:

¢ the first one needs an almost parallel and narrow beam, wreeimsma diver-
gence smaller than the critical angle and a dimension snibt@ the crys-
tal size. With such a beam the setup can be the one describiied thla:
the beam impinges on the crystal which rotates till it reactie correct
alignment; at this point the beam is split in different armgyudomponents
which separate in space going farther from the crystal. Ibsitpn sensi-
tive detector acquires the beam profile at the distance whereffects are
separated, the crystal behaviour can be reconstructed.

e the second strategy can be applied even if the beam conslai@nfar from
the ideal ones, that is a beam divergence larger than theatiingle and
a beam dimension larger than the crystal one. The methodsedban the
capability to measure the single particle track before dtet ¢ghe crystal.
This is described in fig. 2.1b: several position sensitiiecters determine
the single particle position before and after the crystahsoit is possible
to select the particles which impinge on the crystal with ate angle and
to compute the deflection produced by the crystal itself.

The second strategy (for a practical example see sec. has3}wo clear
advantages with respect to the first one: 1) it is more véesaiith respect to
the beam conditions; 2) it is able to correlate the angulgorimation with the
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Figure 2.1:Schematic description of the two possible experimentaipsetor the crystal
channeling measurements: a) it can be used if the beam @wnand parallel (compared
with the crystal dimension and angular acceptance); bhitdse complex from the detec-
tor point of view, being based on the track reconstructionchn be used also if the beam
conditions are far from the ideal ones; in addition it is Ulsuaore compact.

impact point on the crystal, allowing to study the uniforynaf the crystal be-
haviour, which in turn affects the crystal performancesmmis of deflection (see
sec. 2.2.1).

However, from the resolution point of view, that is the capgtto distinguish
the different crystal effects, both the setups present gnascons. If the distance
between detectors is large enough, the contribution ofritrensic detector res-
olution can be neglected and the deflection angle resoligidetermined either
by the beam size and divergence (first case) or by the muliga#ering (second
case). Even if the optimal measurement setup should be clursa test by test
basis, it is clear that, since the multiple scattering iases linearly with the in-
verse of the energy, the tracking system strategy is not atéaw energy.

To give an example, sec. 2.2.5 will show how the performan€edgracking sys-
tem (designed to work in the hundreds of GeV range) worsemvthe used at
about 10 GeV.

The conclusion is that to perform bent crystal measuremetite sub GeV range,
the first strategy should be used. In this case the beam geoah&tatures, if nec-
essary, could be modified, with adequate collimators [60].

2.1.2 The goniometer

The study of channeling phenomena requires a very accurgiergent system to
orient the crystals with respect to the charged particlesroe
Furthermore, this alignment system should be remotelyrotbed by the DAQ
(Data AcQuisition) and ensure a very good reproducibigityen that the crystal
studies require first the investigation of wide angular em@nd subsequently high
statistics data taking in the interesting angular posgti@ec. 2.1.7).

The measurements described in this work use a high preagoiometric



58 Bent crystal measurements

system that, besides the angular alignment, is designelibte the precise po-
sitioning of the crystal on the beam. It consists of différstages (as shown in
fig. 2.2):

¢ alinear one to put the goniometer on the beam.

a rotational one to align the crystal with respect to the beartne horizon-
tal plane.

a second linear stage to put the crystal holder on the rotaxis.

a second rotational stage (the craddle) to orient the drystia respect to
the axis direction.

Figure 2.2:b) A photo of the goniometric system during the operationhenHi8 beam-
line. a) A schematic of the system.

All the stages are equipped with two-phase microstep matwdsmechanical
limit switches are integrated in the two linear stages. Towrol of the angular
rotation is provided by an optical encoder and closed loophaeism, which
guarantees the required angular accuracy and repeatabilite goniometer is
remotely controlled by the DAQ system and the motor pos#tiare stored in the
data file and in dedicated control files. The performances®fdifferent stages
are summarized in tab 2.1.

2.1.3 The full tracking system

As already mentioned in sec. 2.1.1, a “full tracking systama setup able to
measure both the incoming and outgoing angle of the pastitlerespect to the
crystal.
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Accuracy Repeatability Resolution Range
Linear stage2 1.5um 2um Sum 102 mm
Rotational stage 1 urad 2urad 5urad 360
Linear stagel 1.5um 2um Sum 52 mm
Craddle stage 1 urad lurad S5urad +6°

Table 2.1:Performances of the different stages of the goniometriteays

Fig. 2.3 shows the scheme of the setup on which this thesis iwdrasedDs; 4
are double sided silicon microstrip detectors for the trestonstruction while
S, are the scintillators for the trigger.

The choice of the silicon microstrip detectors and in patéicof double sided
ones for the tracking has been determined by the followiatgfes:

e a good spatial resolution both in the horizontal and in théica direction,
allowing to reach a high angular resolution with a compastey.

e asmall amount of material in the beam direction, ensurimgiédd multiple
scattering contribution.

e the compactness of the detectors (readout by VLSI elecsprihat al-
lows the installation on different beamlines (sec. 2.1.8howt substantial
changes in their layout.

Figure 2.3:Scheme of the tracking system used for the crystal chamnedgasurements.

One of the four silicon microstrip detectors is shown in figt.2They have
been originally developed by INFN Trieste [61]; each modtite box is 12x
50 cn? and 4 cm thick) consists of a double sided silicon strip deted.92 x
1.92 cn?, 300 um thick) and its frontend electronics. The p-side of the dete
has a p+ implantation strip every 2Bn and a readout pitch of 50m while the
n-side (which is perpendicular to the p-one) has n+ imptamatrips with a pitch
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of 50 um, separated by p+ blocking strips. Each silicon side isoetly three
VA2! 128 channel ASICs (Gamma Medica-IDEAS, Norway), built véth.2um
N-well CMOS technology. Each ASIC channel consists of:

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

e a sample & hold circuit.

The 128 output signals are multiplexed on a single outpet ith a maximum
frequency for the readout clock of 10 MHz. The three ASICsAecoupled to a
CSEM double side silicon detector with external quartz capasiamd are inter-
faced with the rest of the frontend electronics with a mialyier ceramic hybrid.

(b)

Figure 2.4:Two photos of the double sided silicon detector: a) detaihefdetector with
the three VA2 ASICs connected to the ohmic side of the tileTlg complete module,
during its operation at the H8 beamline (CERN SPS, sec.)2.1.6

Fig. 2.5 shows the distributions of the residual obtainedren CERN H8
beamline with a 400 GeV/c proton beam (see sec. 2.1.6) angutige detectors
one next to each other in order to evaluate their spatialugsn, minimizing the
effect of the multiple scattering. The p-side, thanks toghesence of a floating
strip, has a resolution of 6 4m which is better than the n-side one; therefore it
has been used to measure the horizontal direction, the owich the crystal
deflection takes place. The n-side has a resolution of @th5

The working principle of the setup presented in fig. 2.3 isftilwing: the
first two silicon modulesdsl-2) measure the incoming particle trajectory; this

Lhttp://www.ideas.no/products/ASICs/pdf/VA2S2.pdf
2Centre Suisse d’Electronique et de Microtechnique, ®Ale Jaquet-Droz 1,CH-2002,
Neuchéatel
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Figure 2.5:The residual distribution of one of the silicon modules: thetribution is
fitted with the sum of two gaussians; the averagealues (weighed on the gaussian
areas) are 6.4m and 10.5um.

information allows to compute the positior.{yc) on the crystal and the align-
ment @) of the single particle with respect to the crystal; morepifentegrated
over a large number of particles, it provides the geomdtcicaracteristics of the
beam that is its dimensions and divergence (sec. 2.1.6).

Being the particle position at the crystal known, is8 module allows to com-
pute the outgoing anglg3] from the crystal and therefore the deflection angle
(p = B — a) produced by the crystal itself. The last silicon deteclds,] is
redundant: it measures the same informatioB®f, thus averaging the two inde-
pendent measurements the resolution can slightly imptthe end of the line
there are two scintillators whose coincidence generaeesitiger for the tracking
system.

The choice of a setup whose core is formed by only 3 detecam®¥ben done
to optimize the angular resolution, which is mainly detered by the multiple
scattering that takes place in the material located betweefirst module and the
last one. In this setup the material is mainly due to the eéntodule Dsp), as
the space betwedds; andDs, and the one between the crystal & is “filled”
by vacuum pipes to reduce the multiple scattering in the air.

To give an example, at 400 GeV/c on the H8 beamline, the dwteate mounted
at a distancel of 10 m (fig. 2.6); ifdx is the intrinsic resolution of one detector
(~ 6.4 um) (in the horizontal direction, see fig. 2.5a), the erromagation on the
deflection angleg) will give an intrinsic resolution of/6- dx/d, which means
~ 1.6 urad. If four detectors were used (fig. 2.6b), the intrinsgotation on the
deflection angle would be slightly better:- @x/d ~ 1.3 pyrad. But taking into
account the multiple scattering, the contribution of oie@n module (300um
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of silicon) is about 1.5urad while it is about 2.2urad for two modules. There-
fore, summing the two contributions, one concludes thathihee module setup
performs better than the four one; it should be also conseitrat 400 GeV is the
maximum available energy and, since the multiple scatjenoreases at lower
energy, the advantage of this setup becomes even more eviden

a)

Figure 2.6:Schematics of two possible variants for a crystal changeticking system:
a) with three detectors; b) with four detectors.

2.1.4 The DAQ

Fig. 2.7 shows the data acquisition chain that allows theadjmn of the ele-
ments described in the previous sections. The region esatlby the dashed
blue line contains detectors that have been used duringthemhergy measure-
ment (sec. 2.2.5) and the radiation emission one (chap. Bgy are two large
area silicon microstrip detectorsiljcon beam chambeysand two electromag-
netic calorimetersprimary beam calorimetersec. 3.2.1.2, ang-calorimeter
sec. 3.2.1.3).

The system is based on the VME bus and the communication et €C is
provided by a SB3Bit3 board, (a VME and a PCI one optically interlinked).
The DAQ software is written in C with Tcl/Tkfor the user graphical interface.
The PC is also linked to the goniometer controller so thatDA& program is
able to move it and log the relevant information.

The trigger signals are generated by dedicated plastitiltatiors in the de-
flection setup and by a combination of the scintillators amel primary beam
calorimeter (sec. 3.2.1.2) in the radiation case. The &gme discriminated by
NIM discriminators and sent to the VME trigger board (INFNeRte). The trig-
ger board is controlled by the DAQ program, allowing to cletiee trigger mode
(that can be the coincidence or the anticoincidence of tbenming signals) dur-
ing the data taking.

3SBS Technologies, Inc., US.
4Tcl (Tool Command Language) is a dynamic programming lagguad Tk is its graphical
user interface toolkit.
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Figure 2.7:The DAQ chain; the elements inside the dashed blue line ardeszribed
in this section since they are not used during the high engefjgction measurements.

The resulting output trigger is sent to the sequencer (dde\ITrieste) that starts
the DAQ sequence generating the ASIC control signals @aiout by a 16 pin
scotchflex cable). Since the sequencer has a single outpu)tglexer (mux,
INFN Trieste) is used to cope with all the modules, that aseloeit in parallel.
The interface between the frontend (the detector and thachwlith the ASICS)
and the readout (the VME board) is provided by the repeatardsathat have the
following tasks: to transform the RS422 differential sitg@ single ended ones
as requested by the ASICs; to provide the bias, the powerlandigital signals
to the ASICs through 50 pin ERNI cables; to amplify the anadogput of the
hybrid.

The multiplexed analog output of the repeaters is digitizgdhe flash ADC
boards (CAEN V550), which work in “zero suppression” modetydhe channels
over a given threshold (set by the DAQ program) are readedtjaing the readout
time.

The calorimeters are readout with an integrating ADC (CAEROR) with 32
inputs; since their signals are very fast, a delay line islusesynchronize the
signals themselves with the ADC gate which is generated dyritpger and starts
~100 ns after the particle arrival.
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The readout time is dominated by the transfer time from theBvildl the PC
that needs s (a VME cycle) per channel. If only the silicon detectorsased,
about 30Qus per event are needed allowing to reach an acquisition f&éldz;
when the silicon chambers and the calorimeters are reattmitime per event
increases to 450s corresponding to 2.2 kHz.

2.1.5 The bent crystals

Two different types of crystals, characterized by a diff¢reending technique,
have been used in the measurements described in this waekstiip and the
guasimosaic one. Fig. 2.8 shows a strip crystal (a) and airgoaaic one (b)
assembled on their holders.

Figure 2.8:Two examples of the crystals used during the experiment:sij@crystal;
b) a quasimosaic one.

2.1.5.1 Strip crystals

The name strip comes from the shape of the crystal which iseshto exploit the
anticlastic curvature in order to obtain a uniform bendinghe beam direction.
Fig. 2.9a shows the curvature scheme of a strip crystal: &amcal holder bends
the strip (fig. 2.9b) along its major direction producing ar@ry curvature (in-
dicated withR;); the anticlastic forces generate a secondary curvatndécéted
with A¢) which is used to deflect the charged particles. The silidcdpssused
in the experiment have been manufactured by the Sensorsemna@ductors
Laboratory at Ferrara University [62] in collaboration WiHEP [63] (Institute of
High Energy Physic, Protvino). The strip crystals are of#didicing the silicon
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Figure 2.9:a) The bending principle of the strip crystal (the arrowsespnting the beam
follow the direction of the crystalline planes). b) A scheofehe strip crystal bending
device (the crystal holder).

wafers with a fine grane-blade in order to induce minimaidatdamages; the
residual lattice damage has been removed through wet potchemical etch-
ing in acid solutions [64]. The surface characterizatiothwhe Rutherford Back
Scattering technique in channeling mode demonstrateduhbty)of the etched
surfaces [65].

2.1.5.2 Quasimosaic crystals

The second type of crystals has been prepared exploitirejdsgc quasi-mosaicity
effect. The crystals are built with the shape of small platethat the (111) crys-
talline planes are normal to the large face of the crystalfisnd parallel to its
edges (as shown in fig. 2.10a). The bending device (shown.ig.fi@b) exploits
again the anticlastic effect: it is designed to bend thetafys theyzplane con-
ferring it the principal curvature (indicated wigh in fig. 2.10b); the anticlastic
forces produce a secondary curvature (indicated witin fig. 2.10b) in thexz
plane which causes the quasimosaic curvature of the (1bh)iatplane. The
guasimosaic effect is due to the crystal anisotropy whigedds on the selected
crystallographic planes and on the orientation of the otingstalline direction
with respect to the crystal plate. Fig. 2.11 shows the camdiinder which the
guasimosaic effect takes place.

2.1.6 The beam

The data presented in this thesis work have been collec€BRN. CERN is the
largest laboratory for high energy studies in the worldsitacated in Geneva,
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(b)

Figure 2.10:a) The bending principle of the quasimosaic crystal. b) Aesod of a
guasimosaic crystal bending device (the crystal holder).

a) <11 13 b) c) arn
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Figure 2.11:a) The silicon ingot before the cut with the interesting tailime planes and
axes indicated; b) a portion of the ingot to be cut is indidatee corresponding crystal
will not present the quasimosaic effect; c) if the cut is parfed misaligned with respect
to the (001) axis direction the quasimosaic effect will begent [66].

Switzerland and its main experimental structure is a widaggex of particle ac-
celerators (fig. 2.12) able to provide many kinds of parti@ams both to collider
experiments and to extracted beamlines.

The tests described in this work have been performed onatattéeamlines:
theH8 andH4 ones, located in the North Area experimental zone (fig. 2.484
theT9 line, in the East Hall building.

The SPS accelerates the protons (actually it is also abledb wlith ions and
leptons) for the North Area, up to an energy of 400 GeV, thimpry beam can
be used directly or exploited to produce secondary beamiffefeht particle kind

and energy, using a combination of targets and magnets.

For what concerns the bent crystal characterization angttigy of its different

effects, the H8 line and the 400 GeV/c proton beam have beeth uslthough

the geometric characteristics of the beam can slightlygbamthe different tests,
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Figure 2.12:a) The CERN accelerator complex: the beam for the measuterpes+
sented in this thesis has been provided by the PS and SP&ratoed. b) A photo of the
North Area, the experimental zone in which most of the teat®tbeen performed.

according to the different beamline settings, the beam dgioa is in average
1 mm FWHM (in the horizontal and vertical plane) while theatiyence is about
10 urad RMS in both the directions; fig. 2.13 presents an exanfgleegosition
and angular profile of the beam measured on the H8 line by licersitracking
system, during a beam test in September 2009.

Even if the full tracking system described in sec. 2.1 alldies resolution
of the measurements to be independent from the beam shapivanglence, a
narrow and parallel beam is still preferable to maximize shadistics of good
events. In this sense the quality of the H8 beam is good andwal be shown
later, better than the H4 and T9 ones.

Concerning the H4 line, different kinds of beams have beedua negative
hadron one with an energy of 150 GeV and a light lepton onectfeles and
positrons of 120 GeV/c) to measure the radiation emitteddnt brystals, as it is
described in chap. 3.

On the other hand, the T9 line has been chosen to perform attlester en-
ergy; its injector, the PS accelerator, in fact, providessdary beams generated
by 24 GeV/c protons on a target with a resulting maximum gnérgt depends on
the beamline. For the tests with the bent crystal, a hadrami(ef both positive
and negative particles) with a momentum of 13 GeV/c has besed.uFig. 2.14
presents the geometric characteristics of this beam aretir2s2.5 the procedure
and the obtained results are summarized.

2.1.7 The experimental procedure

The standard experimental procedure to analyze a crydta i®llowing:
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Figure 2.13:The 400 GeV/c proton beam measured on the H8 beamline: tefetam
profiles; bottom) the beam divergence; on the left the hataldirection and on the right
the vertical one.
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e the crystal is mounted on its holder and then on the goniamete

¢ the crystal is pre-aligned with a laser beam (the procedudescribed in
fig. 2.15) with a precision of about 3Q@rad.

¢ the crystal is placed on the beam trajectory with a laterah querformed
with the transversal movement of the goniometer acquiriaig avith the
tracking system; the position of the crystal with respe¢htobeam can be
inferred from its multiple scattering, as shown in fig. 2.16.

e since the critical angle is usually smaller than the precisif the laser
prealignment, a fast angular scan with low statistics argklangular steps
(one half of the channeling deflection angle is enough torwledbe volume
reflection) is performed, as shown in fig. 2.17.

Figure 2.15:The laser pre-alignment tech-
nigue: a laser beam is aligned with respect
to the beam pipe and projected at®°%o-
wards the crystal surface with a pentaprism;
the crystal reflects the laser beam so that ro-
tating it with the goniometer, once the incom-
ing and the reflected beam overlap, the crys-
tal is perpendicular to the proton beam; at this
point a 90 rotation of the crystal aligns it for
channeling.

Laser beam

Once the position and the orientation of the crystal witipeesto the beam are
known, the crystal is centered on the maximum of the beaml@rafimaximize
the number of particles which cross the crystal itself over total number of
acquired events. At this point the crystal can be orientétderdesired position to
acquire statistics.

2.2 Single crystal characterization

The setup and the experimental techniques described irr¢h@ps section have
allowed an important step forward in the bent crystal staifledd.

On one hand it has allowed to exploit beam conditions far ftbenideal ones,
making the measurement result independent from them; opttier one it has
shown a lack of homogeneity in the crystal bending (the ¢orssec. 2.2.1) that
explained the measured channeling efficiencies which wever than the ones
expected by theory.
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Figure 2.16:An example of a lateral scan performed moving a strip cry§talmm wide
and 2 mm thick in the beam direction) in steps of 0.5 mm: feotmc the crystal is moving
from the right to the left side of the beam profile (horizoraais); it is recognizable since
it increases the deflection angle due to multiple scattering
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Figure 2.17:An example of a fast angular scan with the silicon telescoties chan-
neling position (perfect alignment) is 5Q@-ad from the pre-alignment one. Once the
channeling is found the run is stopped to start the largésttat data taking in the inter-
esting positions.
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This section will present an overview of the analysis meshaskd to charac-
terize bent crystals oriented in planar condition.
Starting from the channeling effect (sec. 2.2.2) and the ViR ®ec. 2.2.2), the
interesting parameters, such as the deflection angle awtety, will be given
at different beam energies (till the lower value of 13 Ge\¢ 8&.5) for positive
and negative particles (sec. 2.2.4).

2.2.1 The crystal torsion

The crystal torsion is a deformation that characterizelk thett quasimosaic crystal
and the strip one. It consists of a rotation of the crystah@glds vertical axis,
originated by the non parallelism of the upper and lower péathe holder that
bends the crystal, as schematically shown in fig. 2.18.

Figure 2.18:Schematics of a crystal holder that
twists a strip crystal. The torsion is originated by
the lack of parallelism of the surfaces in the
schemgwhich block the crystal. In front of the
holder there is the strip (detached from it to make
the scheme clearer); the red ellipse represents the
beam; two 25Qum high horizontal slices at a dis-
tance of 55Qum are indicated.

The lack of parallelism of the holder surface depends on #shanical im-
perfection which produces an asymmetric deformation whenhblder itself is
bent; therefore the torsion of the crystal is more evidera anystal with a small
curvature.

The torsion implies that the orientation of the crystal a@sas a function of
the local vertical impact positiory{ in fig. 2.18) of the beam. This is shown in
fig. 2.19 where the result of a planar crystal scan is predantéwo plots filled
with the statistics of two 25@im high horizontal slices at a distance of 5&th
from each other (schematically shown in fig. 2.18). The twaigare similar but
shifted with respect to the horizontal axis that represémsorientation of the
crystal: the position of the channeling peak in fact diffef400 urad.

Given that the distance between the slices is GBQ the crystal has an average
torsion of 18.2urad/mm.

The crystal torsion can have a relevant impact on the pegoom of the crys-
tal itself, either if the beam has a significant vertical dirsien or if it presents a
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Figure 2.19:The planar scan of a strip crystal performed on the H4 linb wit20 GeV/c
positron beam: the two plots are obtained selecting théctestcrossing the crystal in two
250 um high horizontal slices at a distance of 58M. The two plots are similar, apart
from a horizontal shift due to the torsion of the crystal.

certain instability in the vertical position (in other ward moves during the run),
for the following reasons:

e the channeling efficiency can appear much smaller than th@nab one.
As shown in fig. 2.20, if the beam is extended in the verticedation, the
selection of a quasi parallel beam portion still correspsaiocan integration
over a wide alignment range; if the crystal is twisted, thisams that the
real number of particles aligned for channeling is small.

¢ if the beam changes its vertical position, the crystal ap@machanges in
the same way as it happens when the crystal is rotated, tlhdsiging an
unpredictable behaviour, which may be a serious problensdgeral ap-
plications, such as beam extraction and collimation; imlodtthem in fact
the efficiency and the direction of the extracted beam shibelkept under
control.

e the crystal characterization and the investigation of spewiliar axial ef-
fects (chap. 4) could become more difficult, as the torsieapces a mixing
of the different orientations.
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Figure 2.20:a) Same scan of fig. 2.19 but integrated over the whole beaentrahsi-
tion between the amorphous and the volume reflection comdits well as the channeling
acceptance are spread with respect to the horizontal agitodorsion. b) The best chan-
neling condition (marked with a line in the (a) plot); the nhaling efficiency (17.5%) is
very small due to torsion.

As mentioned above, the crystal torsion represents a probiethe crystal
characterization mainly because the results obtainecesetbtudies would be re-
lated with a beam condition that can change. A way of overogrthis problem
is to select (off-line) a region of the beam (a horizontaleiso thin that the influ-
ence of the torsion becomes negligible. This simple styategften used during
the data acquisition but at the expense of statistics. Towereluring the analysis
phase an alternative method has been developed computeriphle @*), that
represents the local alignment between the crystal andatiele: given that the
torsion is constant along the vertical direction of the tal/&s it will be shown in
fig. 2.22), the local alignment is:

a*=a+(yc—y)-t (2.1)

whereq is the standard misalignment (that is the sum of the gonienagigle and
the incoming particle oney, is the vertical position on the crystaljs the mean
position of the beam (vertical directiort)js the torsion coefficient (for example
18.2 urad/mm for the crystal of fig. 2.20). Fig. 2.21 shows how thaealots of
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fig. 2.20 appear as a function af instead ofa.
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Figure 2.21This figure is the equivalent of fig. 2.20 but with the torsiempensated via
software. The separation of the different deflection effectlearer (a) and the channeling
efficiency corresponding to the best alignment is larger (b)

The compensation of the torsion operated via software igibgestudy and
characterize bent crystals, but obviously does not resb&vproblems (of stability
and low efficiency) connected with the applications. Fos tleiason a procedure
to straighten the twisted crystals has been developed.

The first step is a fast evaluation of the torsion: it requjussa single data acqui-
sition in channeling and the evaluation of the deflection@ag a function of the
vertical impact position on the crystakf, as shown in fig. 2.22a. The histograms
are filled with an almost parallel beam portidrm(| <1.5urad); if the crystal were
straight, the angle of the channeling peak in this plot wdxddndependent from
Y, if the crystal is twisted, the plot turns out to be equivalenan angular scan,
in which the misalignment angle s = y. - t, wheret is the torsion coefficient.
The trend of the channeling peak with respectd(fig. 2.22) is linear and can be
fitted with the following function:

@h = par2-y.+ parl = par2- (a/t) + parl (2.2)

whereparl andpar2 are the fit parameters.
Considering an angular scan (scatter plopofs a, fig. 1.3), the channeling peak
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trend as a function o is @, = a + const Combining the two equationg, =
par2- (a/t)+ parl and@y, = o +const it turns out thapar2/t = 1, so thatpar2
gives the torsion coefficiemt
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Figure 2.22:a) A fast method to evaluate the torsion of the crystal: tHedtgon angle
is plotted as a function of the vertical position; the slopehe channeling peak mea-
sured with a linear fit gives the torsion coefficient, in thise 31.5urad/mm. The fit is
performed on the profile histogram of the channeling pealesoyposed on the contour
plot. b) Confirming the large torsion coefficient, the chdmgeefficiency is very small:
12.2%.

Once the torsion is measured it can be corrected (fig. 2.2B)gacn a screw
which deforms one of the holder surfaces making it paratidhe other one; a
laser impinging on the crystal surface and the goniometer gifeedback that
allows to perform a precise deformation (the procedurenmlar to the one used
in the crystal prealignment, fig. 2.15).

Fig. 2.24 shows the result of a new torsion measurement osahe crys-
tal of fig. 2.22 but after the torsion correction; as expectedhe left side plot
no correlation between the deflection angle and the verpioaition is present
(par2 ~ 0.95urad/mm) and the channeling efficiency is much larger rearhin
value of 72.6%.
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Figure 2.23:Schematic view of the up-
per part of a crystal holder; rotating a
screw, one of the surfaces that block the
strip is deformed to compensate the tor-
sion. The rotation amplitude is mea-
laser-feedback sured with a laser.
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Figure 2.24:The equivalent of fig. 2.22 but after the torsion correctiwhpse residual
value is just 0.95urad/mm; the channeling efficiency (72.6%) is much larger.

2.2.2 Channeling

The study of the planar channeling effect is important foo t@asons: 1) even
though many interesting alternative phenomena are beirest (chap. 3), chan-
neling still represents the most concrete possibility foragplication (such as
beam extraction and collimation); 2) channeling allowsgimgle crystal charac-
terization in terms of crystalline quality (the channeliefficiency) and bending

features (the precise measurement of the torsion and ofathéifg radius). For

this reason each bent crystal study (including the onesaddd to the axial effect
and the radiation emission) should start from the plananiching investigation

of which this section is a compendium.
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The crystal used as a prototype in the following analysisastsip shape with
a length of 1.94 mm in the beam direction; it is bent along O} plane and it
is 0.5 mm wide (fig. 2.25). The data have been taken on the H@lbeawith a
400 GeV/c proton beam (sec. 2.1.6).
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.+ Figure 2.25: The deflection angle as a
function of the horizontal position at the
0 * crystal coordinate. The presence of the
crystal (0.5 mm wide) is underlined by
the beam portion in channeling, shifted at
,+ @~ 180 urad. In the following analysis
only the events in the region385 cmx

A= " X, < 1.415 cm are considered.
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The left side plot of fig. 2.26 shows the deflection anglas a function of
the local misalignment oRea*, near the channeling orientation. In the right
side of the figure, two deflection angle profiles (correspogdo o™ =-5 urad,
bad alignment, and ta* =1 urad, good alignment) are shown to describe the
fit procedure that allows the analysis of the channelingceff¢he channeling
peak and the undeflected beam are fitted with gaussian fasctidile the region
between them (dechanneling) with an exponential function.

Since the scatter plot in fig. 2.26-left has been normaligediertical slices, as a
function of a*, have been rescaled to have an integral equal to one. In Hyis w
the area of the gaussian function, that fits the channeling,gbrectly represents
the percentage of channeled patrticles for a given oriemtati; this is shown

in the top plot of fig. 2.27. The central part of this plot hagbditted with a
parabolic function in order to obtain the following infortran on the channeling
phenomenon:

e the maximum value of the channeling efficiency, correspogdo an al-
most parallel beam, perfectly aligned with the crystal siteapresented by
the vertical position of the parabola vertex: in this cases i5.2+-0.1 %
which is a value compatible with the theoretical one (se®.3); this result
represents a great achievement, indicating that the guadlihe crystal is
really close to the ideal one.

Scomputed taking into account the crystal torsion (sec.1?fhat has been measured to be
5 um/mm (which is the residual value after the hardware coioaaf the torsion, performed
before the high statistics data taking).
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Figure 2.26:left) The deflection angle as a function of the local misatigmt; the two
blue lines correspond to the angular profiles shown on the sigle of the figure; they are
fitted with two gaussian and one exponential function.
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Figure 2.27: top) Channeling effi-
ciency as a function of the angular align-
ment; the fit with a parabolic func-
tion identifies the maximum channeling
probability that is 75.2% and also the
best alignment orientation, exploited in
the bottom plot (the mean channeling
position as a function ob*) to com-
pute the crystal bending angle that is
180.5urad.
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e the a* orientation corresponding to the perfect alignment of thestal,
identified by the horizontal coordinate of the parabolaeser* =1.28urad.
This information is necessary to compute the channelindeapg in the
bottom plot of fig. 2.27, the mean position of the channeliegkpas a func-
tion of a* is presented: the value 18&.6.1urad is the one correspond-
ing to the perfect alignment. To be precise, this value ghdad com-
pared with the position of the undeflected beam (outside thstal) that
depending on the detector alignment can differ from zerothis case it
is -1.63+0.01 urad, so thatg. = 1821+ 0.1 urad. Given that the crystal
length isl =1.94 mm, the crystal bending radiRs=1/¢@ = 10.65+0.01 m
can be computed.

¢ the channeling angular acceptance: the FWHM of the curvdé&es cho-
sen to evaluate the angular acceptance that is ra8. According to the
theory, channeling should not be possible in the regidbr: —a¢, a* > ac
but this cutoff is not sharp in the plot (because of the fingsotution on
the a* measurement). Therefore the angular acceptance curve thao
ideal method to evaluate the critical angle whose measurement will be
described later in this section.

The sum of the channeling probability with the one of not bedeflected is
not equal to one, because of the particles that being deelexhare in the re-
gion between the channeling peak and the “undeflected” ome.tHts reason
the dechanneling probability By = 1 — (Peh+ Pun), WhereP., represents the
channeling probability (given in fig. 2.27-top) afg, the probability to be non
deflected (computed as the integral under the “unchann@eak and shown in
fig. 2.28). The bottom plot of fig 2.28 represents the dechamm@robability
as a function ofo*. It is interesting to note that this probability is not ccarst
with respect toa™: its value is small for small and large* values (in the re-
gions where the channeling probability is very small), ibwgs for intermediate
a* values (following the increase of the channeling probghiland then it de-
creases again, approaching the best alignment conditienenhbecomes about
10%. This reduction depends on the average value of theveesa energy of
the channeled particles that, being small for a quasi pealegnment, keeps the
particles trajectories in the central region of the chaferehway from the nuclei.
This phenomenon can be interpreted as a confirmation of thethgsis that the
dechanneling in a short crystal depends on the interactithrntiae nuclei and thus
acts only on the large transversal energy channeled pesticl

It is also possible to measure the nuclear dechannelingiengloiting the
information from the fits presented in the right side of fi@& .where the dechan-
neling region is fitted with an exponential function. Theé&eage lifetime’r, of
this function is an angular value but, knowing the crystagkll and its bending
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Figure 2.28: top) The portion
of events under the “undeflected"
peak as a function ofr*. bottom)
The dechanneling probability as a
function of a*, corresponding to
the events which are neither in the
channeling peak (fig. 2.27 top) nor
in the undeflected one (top plot of
this figure).

angleg, it can be converted in alength:= 14 -1 /@. Fig. 2.29 presents the result
of this operation; the obtained average value for the nudeahanneling length
is 1.68+0.08 mm that is in good agreement with the one computed in s22.1.
and in [52].
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Figure 2.29:The nuclear dechan-
neling length as a function of the
misalignmenta*. No defined trend
can be recognized taking into ac-
count the experimental errors, thus
the points are fitted with a con-
stant function that returns an aver-
age value of 8+ 0.08 mm.

If the shape of the channeling peak is observed in detail Z{i§0) a double
peaked structure can be recognizeddéalues far from the best alignment con-
dition: this is a macroscopic manifestation of the intemglapotential.

A particle in channeling with a misalignmeat' ~ a. should have a transversal
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energyE; ~ Umax once it is captured, it will oscillate from side to side ireth
channel, changing its direction fromirad (edge of the channel) . (center
of the channel) as schematically shown in fig. 2.31. When sugérticle leaves
the channel, it will assume the deflection given by the chystading plus a con-
tribution given by the oscillation, ranging betweemufad anda.. Although the
precise value depends on the position of the particle, wHeaves the crystal the
average value will be 0:6¢.
Two possibilities must be considered: if the oscillatiokets place towards the
external side of the crystal (increasingreen trajectory in fig. 2.31) its contribu-
tion should be added to the deflection, whereas if it is towéne internal side of
the crystal (red trajectory in fig. 2.31) it should be sultgdc Thus the channeled
particles are divided in two deflected populations at an Emglistance ofxc.
These two populations form the two peaks, that are fitted thghsum of two

a) b)
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Figure 2.30:a) A detail of the channeling peak as a function of the misatignt angle

a*; in the regiona* > 7 urad, a double peaked structure can be seen. The red line
indicates the profile of the deflection angleshown in the right plot; the channeling peak

is fitted with the sum of two gaussian functions obtainingstatice between the means
of 9.1+0.5 urad which is a measurement of the critical angle

gaussian functions in fig. 2.30; the distance between theamvalues is a mea-
surement of the critical angle. = 9.1+0.5 urad. Inverting eq. 1.12, the maxi-
mum value of the interplanar potential is obtaindglax= 16.6+1.8 eV, in agree-
ment with the value given in sec. 1.3.2 for a silicon cryshgireed along the (110)
plane.
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Since the particle deflection through the oscillation in gheannel should be
E:

Eaas s

Ad.

Figure 2.31:Two possible trajectories of large transversal energy obiaa particles

(a* ~ a¢) in the laboratory reference frame (left side) and in thedvarsal energy -
radius phase space (right side). The deflection angle i®imfled by the oscillations in the
channel providing a contribution that on average car-Béba., originating a separation
of A = a..

present also in straight crystals, this effect can be usédketttify the channeling
orientation (measuring the deflection angle) also in thgeca which the effect
of bending is abseft

Fig. 2.32a presents the channeling effect (deflection apgls a function of
the local misalignmentr*) at the energy of 120 GeV; the data were acquired on
the H4 beamline (sec. 2.1.6) using a positron beam. Congpdhnis plot with
the equivalent one taken at 400 GeV (fig. 2.27) the most &giifference is the
broadening of the peaks, mainly due to the increase of thepteuscattering, that
worsens the system resolution.
Fig. 2.32 shows the result of the analysis performed at 120 @xained with a
series of fits (like the one shown in fig. 2.26); the (b) plotgarets the percentage
of the beam in channeling as a function of the local misalignta*: this per-
centage reaches a maximum value of 66l7.4%. This value is smaller than the
one recorded at 400 GeV and the one predicted by theory becétise increase
of the multiple scattering contribution, that limits thdi@ency with which the
selection of the local misalignment angié can be performed.
The horizontal blue line represents the FWHM of the parabiinction, whose
value (28.8urad), following the trend of the critical angle., is larger than the
one recorded at 400 GeV (141bad); eq. 1.12, that defineg, provides a ratio
0¢(120)/ac(400) =1.83 while the experimental value results to be slightlgéar
(1.99). This again depends on the multiple scattering anh@mcoming angle
selection.

Fig. 2.32c presents the mean position of the channeling peak function
of a*. The deflection angle = 170.8 urad, identified by the best alignment in

5The two peaked structures will appear superimposed to thghanneled beam; therefore if
the crystal is thin (low multiple scattering) channelingitbbe identified.
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the top plot, allows to compute the channeling angle= 186.49+ 3.9 urad (a
value obtained taking into account the detectors offs&5.694+0.01 urad). The
corresponding bending radius is 104222 m.
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Figure 2.32:a) The deflection angle as a function of the local misaligrnneenin the
channeling orientation at the energy of 120 GeV. b) Changefifficiency as a func-
tion of the alignment; the fit with a parabolic function idiéies the maximum, that is
66.7-11.4% and the best alignment. ¢) Mean channeling positi@fasction ofa*; the
channeling peak angle, corresponding to the maximum effigigés 170.83.9 urad.

2.2.3 Volume reflection

This section will describe the experimental characteioradf the volume reflec-
tion effect at the energies of 400 and 120 GeV. The crystadtee same ones
analyzed during the channeling characterization, in tegipus sectioh

Fig. 2.33 shows the deflection angle as a function of the bot& position with
the crystal aligned in volume reflection: both the beam gshiitards negativep
values (volume reflection) and the region filled with pagschtp ~ 60 purad (vol-
ume capture) are visible. The two plots on the right side efgitture compare
the angular profiles in volume reflection (a) and without thestal (b); the dis-
tributions are fitted with gaussian functions whose meanastistance gives the

"They are silicon strip crystals 0.5 mm wide and respectited¢ and 2 mm long for the one
tested at 400 GeV and the one tested at 120 GeV. They areettialing the (110) plane. The
bending radii measured in sec. 2.2.2 are65@ 0.01 m (400 GeV) and 10.A420.22 m (120 GeV).
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volume reflection angleyr = 13.13+ 0.02 urad; this value is in good agreement
with the one provided by theory (fig. 1.40a).
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Figure 2.33: Left) The deflection angle as a function of the horizontalipms; the
crystal, aligned in volume reflection, is identified by theitmeshift towards negative
values. Right) The angular profile of the deflection anglénajplume reflection (region
marked with (a) in the left plot); b) undeflected beam, owdhie crystal (region marked
with (b) in the left plot). The volume reflection anger = 13.134+0.02 urad is given
by the distance between the mean values of the two gaussiatidiis which fit the (a)
and (b) angular distributions.

The same events, represented in fig. 2.33(region-(a)) awrsin the right
side of fig. 2.34 as a function of the local misalignmarit this zoom provides a
better identification of the volume capture region, whossrage deflection angle
depends om*. It is interesting to note that, as it happens for the changeiffect
at largea* angles (fig. 2.30), a double peaked structure can be recaymzhe
volume capture pattern.

The red lines in fig. 2.34a indicate the volume capture effinet percentage of
events contained in this slice gives the volume captureiefioy: 1.16:0.03%,

a value in agreement with the theoretical one given in figOl &, trend). This
percentage does not represent the whole volume reflectsiiciency, since it is
composed just by the particles that are captured and reackntth of the crystal
in channeling without being dechanneled. Since the deaimgprobability for
a captured patrticle is very large (these particles havege laansversal energy
and thus they cross regions with a large nuclear def)sitye contribution of this

8This has been experimentally verified for the channelingatffas it is shown in fig. 2.28 the
dechanneling probability grows for large misalignmentlaag*.
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effect on the reflection efficiency is not negligible. Forstineason the volume
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Figure 2.34:a) The deflection angle as a function of the local misaligrtntée two red
lines indicate the volume capture region (H1603% of the events). b) The deflection
angle profile (all the events of the left plot) shown in logfamic scale to make the volume
capture peak visible; the region marked in yellow goes fgpm —co to the mean value
of the main peak.

reflection efficiency has been estimated in a different wayntdag the number of
events in the regiop < @,/r (given that the dechanneled particles fall on the op-
posite side of the distribution); these events represdhbhthe volume reflected
particles. Doubling the number of events in the yellow haséon of fig. 2.34b
the VR efficiency can be obtained, resulting to be 92624 %. The VR ineffi-
ciency (2.4£0.24 %) should be compared with tlge trend in fig. 1.40b; also in
this case there is a good agreement.

The same kind of analysis has been performed at the energ20fGEV:
fig. 2.35 shows the deflection angle as a functiomdf(a) and the correspond-
ing profile (b). The mean deflection angle of the undeflectedrbm this case is
—15.69+0.01 urad, therefore the volume reflection anglejs=26.9-0.22 urad.
Due to the lower statistics and the worse resolution witpeesto the 400 GeV
case, it is not possible to effectively separate the voluapre events from the
other ones; for this reason the volume capture probabisis/ot been computed,
while, selecting the events on the left side of the VR pead viilume reflection
efficiency has been measured to be 94.8.24 %.
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Figure 2.35:) The deflection angle as a function of the local misaligrinaé20 GeV.
b) The deflection angle profile (all the events of the left psbtown in logarithmic scale
to make the volume capture peak visible; the region markgellow goes fromp = —
to the mean value of the main peak.

2.2.4 Negative particles

The coherent interaction of a negatively charged partiae kent crystals is dif-

ferent with respect to the positive particles one: a negaiafticle, in fact, being

attracted by the crystalline planes where the nuclei aratéat; deals with an ef-
fective potential that is reversed with respect to the oitebfepositive particles

(fig. 2.36).

According to this, the potential wells that trap particleshanneling are located
in the middle of the crystalline planes for a positive patifig. 2.36a) and across
them for the negative ones (fig. 2.36b). In this way a negathanneled parti-

cle will travel in a crystal region with a large nuclear deysin which the large

nuclear scattering probability does not allow a stable neéing condition.

In other words, although the bounded channeling state fgatihne particles
is allowed, the dechanneling length is much shorter tharhferpositive ones
For this reason it is practically not possible to obtain thiédeflection of a neg-
ative particle in long crystals using channeling and thpstaunow, the coherent
interaction between negative particles and bent crystdslot been investigated

9The reference is to thiepe electron dechanneling length (sec.1.3.2.1) that chaiaetethe
motion of positive particles in stable channeling.
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Figure 2.36:The effective potential in a bent crystal (transversal gnass a function of
the radial coordinate) for positive (a) and negative (b}ipas. The channeling trajectory
(CH) and the volume reflection one (VR) are described by thelires and the green
ones.

in detail.

In the last years, the introduction of new bending techrsggec. 1.3.3) that
made short bent crystals available, together with the giexgoof new deflection
effects such as volume reflection (sec. 1.3.4.2) that haegvarldependence on
dechanneling, have renewed the attention on negativelesrti

This section presents the analysis performed on a siliagm atystal 2 mm
long in the beam direction, oriented along the (110) pl&maounted on the
H4 beamline to be studied with a 150 GeV/c negative hadromb@aainly 1~
mesons).

Fig. 2.37 shows the result of a goniometer scan of the styigtal, presented both
in normal (a) and logarithmic scale (b) to underline theadi#ht deflection effects
(channeling, dechanneling, volume reflection and volunpéusa) that are clearly
identifiable.

Comparing this result with its equivalent positive pagiohe (fig. 1.3, acquired at
a similar energy, 120 GeV/c, with an almost identical criystaveral differences
can be listed: the channeling efficiency results to be vempidiile both dechan-

neling and volume capture are more pronounced; moreoweyvdiume reflection

deflection angle is smaller.

To evaluate the deflection parameters of the crystal, tweck&h angle pro-
files have been extracted from fig. 2.37. They correspondedést channeling
alignment (fig. 2.38a) and the middle of the VR angular reg@y@llow histogram
in fig. 2.38b).

101t is similar to the crystals investigated in sec. 2.2.2 ané.2with positive particles of 400
and 120 GeV.
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Figure 2.37 Goniometer scan of the 2 mm strip crystal with 150 GeV/c rieggarticles

in normal (a) and logarithmic scale (b). The scatter plotssent the deflection angle
@ as a function of the local misalignment’, computed after the torsion measurement
(sec. 2.2.1), that has given a result~oB6 urad/cm.

The angular profile in channeling (fig. 2.38a) shows how thenadkeling peak is
reduced by the dechanneling increase, with respect to thiéyeoparticles case
(fig. 1.5a). The plot has been fitted with the sum of two gawusiiactions and an
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Figure 2.38:a) The deflection angle profile corresponding to the changetiaximum
efficiency; the plot has been fitted with the sum of two gauskiactions and an exponen-
tial one. b) The deflection angle distribution: in the middfehe VR acceptance (yellow
histogram) and in the amorphous orientation (grey one).
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exponential one, taking into account the different compisef the distribution;
the fit parameters allow to compute the following quantities

e channeling angle and bending radius.
The channeling angle. is given by the difference between the channeling
peak mean valué?, fig. 2.38a) and the amorphous oneX fig. 2.38b); it
is @ = 1577+ 1.5 urad. According to this value, If=2 mm is the crystal
length, the bending radius®= @/l =12.7+0.1 m.

e channeling efficiency.
It is given by the integral of the gaussian that fits the chhngg@eak (num-
ber of channeled particleNg, = 51.4+13.5) divided by the whole statistics
contained in the plot\; = 886), resulting to be 5:81.52%.

e dechanneling length.
It is given by the exponential slop@®% 1, fig. 2.38&%) rescaled by the
channeling angle and multiplied by the crystal length, asaaly done for

——— =0.92+
@-P5

0.15 mm. Given the dechanneling length is approximately pribqaal to

the energyDineg results to be close to the positive particles valDg,¢s =
1.68+0.08 mm at 400 GeV, fig. 2.29). However, it should be noted that
Dipos refers to thenucleardechanneling length that concerns only the chan-
neled particles with a large transversal energy (sec. .1LBahile Dipeg (de-
termined by the nuclear interactions as well) characterthe motion of

all the channeled particles. For this reason, the dechiagnkengths are
similar but the negative particles dechanneling probigfigilarger.

positive particles (fig. 2.29). The resulting valu®igeg =

e dechanneling probability.
The number of dechanneled particles can be computed ittegthe expo-
nential function which fits the dechanneling region betwesm and thep.
channeling angle. The integration gives 37394.2 events, that correspond
to a dechanneling probability of 42t7.4%. This value proves that using
a shorter crystal it would be possible to increase the cHamgnefficiency.
In fact, during the same H4 beam test a channeling efficiehapout 30%
[67] has been reached using 1 mm long quasimosaic and sygfats.

Fig. 2.38b shows the deflection angle profile in VR (yellowtdggam) com-
pared with the corresponding one in the amorphous oriem#tjrey histogram).
The VR deflection angle igyr = IMVR— mA = 117+ 0.4 urad, a value, in

11The exponential function used in the fitg&4+P>)
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agreement with simulations and the measurements preseniéd], that corre-

sponds to~ 0.7ac, whereac is the critical angle (eq. 1.1y = 18.3 urad at

150 GeV). Compared with the positive particle o ~ 1.4a.), the VR de-

flection angle is smaller because of the shape of the efeertterplanar potential
(fig. 2.36b) [67].

The angular profile in volume reflection (fig. 2.38b) showsikada the right
due to the volume captured particles: the ones that reactnithef the crystal in
channeling, filling the peak & ~ 80 urad, and the ones that are dechanneled and
thus appear in the region between the two peaks.

The tail, that represents the VR inefficiency, is more pojaahan in the positive
particles case (the equivalent plot is presented in fig.l8.35
The discrepancy is caused by the different impact of theiplelscattering on the
transversal energy, that in turn depends on the shape offdutiee potential.
The negative particles cross the crystalline planes (wtherescattering with the
nuclei takes place) at the minimum value of the interplanateptial, that is
when the kinetié: part of the transversal enekgys maximum E = Ex+U(x),
whereEy = pva is the transversal kinetic energy dddx) the periodic potential,
eg. 1.11). According to this, amysangular kick, caused by multiple scattering,
pPV(a + amg)?
2

of AE; = , that represents a larger change for negative particles

which have a largea value.

Using the method described in sec. 2.2.3, the volume regdleetificiency has
been measured to be 8#4.4%, a value definitely smaller than the one recorded
with positive particles (9440.2% measured with 120 GeV positrons) that con-
firms the increased volume capture probability with neggpiarticles.

makes the transversal energy—=

PV(2aams+ a2

+U(x), producing an increase

2.2.5 Going to lower energy

This section describes a test performed on the CERN T9 lee &1.6), with a

13 GeV/c hadron beam, coming from the PS accelerator. Aosilgtrip crystal
with a size of 7x0.77x0.55 mn? and oriented along the (110) planes has been
used.

The setup on the T9 line is shown in fig. 2.39, and it consiste@tame elements
of the high energy one, positioned in a much more compact Wwathis energy,

in fact, given the multiple scattering increase, the cbuotion of the intrinsic an-
gular resolution (that worsens putting the detectors cltwseach other) becomes
negligible. Thus, it is convenient to simplify the setupprehating the vacuum
pipes between the modules and reducing the air gap betwesn th
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121.3cm

Figure 2.39:A photo of the setup installed at the T9 (CERN PS) beamline;bam
enters from the bottom. On the right side a schematic vievin®fsetup is presented: Sc
is a scintillator counter, Bc the beam chamber, DsX theailimicrostrip modules, C the
crystal.

A second change in the setup has been determined by the beanmvkich
(fig. 2.14) in the horizontal direction exceeded 2 cm (FWHM)Ys being about
40 times larger than the crystal width. For this reason, aeoto increase the
number of interesting events over the total acquired onesgdalitional silicon
microstrip detector has been added to the setup descrilseatir2. 1.

It is a large area silicon beam chamber [68] (marked with Bfign2.39), con-
sisting of two single sided 9:89.5 cnf 410 um thick silicon microstrip tiles?,
arranged in a x-y way; the strip physical pitch is 12t while the readout one
is 242 um; each tile is readout by three self-triggering TA1 ASIEsThe self-
triggering capability of the silicon beam chamber has bessduo select a narrow
beam region, maximizing the number of the events that clus<itystal itself:
fig. 2.40a shows the beam profile corresponding to the trigggion formed by
the intersection of 4 horizontal strips and 50 vertical ofe3.12 cn¥).

The relative alignment between the trigger region and tlystat is checked by
the silicon modules (Ds,/3) that measure the deflection angl@s a function of
the particle horizontal position at the crystal (fig. 2.40b)

Fig. 2.40a shows that the trigger region is 1.5 cm in the eakdirection, which
is much less than the crystal height (7 cm) but anyway coversla range. This
wide vertical range makes the exact horizontal positiomefdrystal a function of

2produced bHAMAMATSU, Japan.
3produced bycamma Medica - IDEAS, Norway
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Figure 2.40:) Bidimensional plot of the beam profile acquired trigggrm a portion of

the silicon chamber formed by 4 horizontal strips and 50ic&rones. b) The deflection
angle measured by the silicon modules as a function of thiedwial coordinate: in the
central region the crystal presence is made visible by théptauscattering it causes.

the particles vertical impact point, because of the prialogurvature of the crys-
tal.

For this reason either a hard cut on the particle horizordaitjpn or the recon-
struction of the crystal shape should be performed to eribatéhe analysis takes
into account only the particles impinging on the crystal.

To avoid the loss of good events, the second strategy hasapgdied in the fol-
lowing way: the beam has been divided in 6 vertical slices @h\them are shown
in fig. 2.41a) measuring the crystal horizontal positionanleslice, so that the av-
erage horizontal position of the crystal as a function ofvtastical coordinate can
be obtained (fig. 2.41b). As expected, the crystal descalmscular curve, from
which it is possible to extract the crystal position at anyegivertical coordinate,
increasing the accuracy of the particles selection.

After the optical pre-alignment (sec. 2.1.7), the chamelbrientation has
been searched for exploiting the large divergence of thenl{ea500 urad RMS)
and looking for an asymmetry in the scatter plot of theleflection angle as a
function of thea misalignment angle, acquired at different goniometer esg|
Fig. 2.42a shows the first channeling signature at 250 urad; it is interesting
to note that the plot is much less clear than the equivalem(ign 2.17) acquired
at 400 GeV.

Once the crystal is aligned, a long data taking is perforneedccumulate
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Figure 2.41:The crystal is hit by an extended beam so that its positionfimetion of

the vertical coordinatg.. a) Two vertical beam slices 1 mm wide at a distance of 1 cm
are taken into account; the plots show the deflection angéefasction of the horizontal
position underlining the displacement of the crystal. b¢ Bkerage position of the crystal
entry face (on thg axis) as a function of the vertical positioxngxis). The points are fitted
with an arc of circumference whose radius is given by thematarP; = 40.1 cm.

statistics. As the beam has a wide divergence, it is not sacggo rotate the
goniometer, changing the alignment, to investigate tHemiht deflection effects.
Fig. 2.42b shows the result f10 hours of data taking during which 400k triggers
have been recorded. Both the channeling and the VR effentbeaentified.

The technique applied to measure the crystal torsion incdme slightly dif-
fers from the one presented in sec 2.2.1, given it is morecdlffto determine the
channeling orientation. A series of plots representingdigitection angle versus
the misalignment at different vertical coordinates andrtberresponding pro-
files'* have been produced. Fig. 2.43a shows on the left two of thegtes plots,
pointing out the channeling displacement due to torsionthihcorresponding
profile (on the right) channeling corresponds to a valleyasidme reflection to
a “shoulder”, so that the relative orientation can be deteechwith a parabolic fit
of the valley.
Fig. 2.43b shows the result of a series of these paraboligdifermed at different
vertical heights: the crystal has a torsion of 2H26.0 urad/cm.

Once the torsion coefficient is known, the torsion can be aarspated via

14A profile plot shows the average value of a variable as a fanaf another one.
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Figure 2.42:(a) The result of a pre-alignment data taking, plottipgs a function of
a: the asymmetric structure that appearsdor 250 urad reveals the channeling effect.
b) The high statistics run with positive particles: both t@nneling (C) and volume
reflection (VR) effects are visible in comparison with theéegral regions (A) of the plot
where the crystal behaves as an amorphous material.

software following eq. 2.1; the result of this operationhswn in fig. 2.44 where,
in addition to the torsion correction, the number of eventsach vertical bin of
the histogram has been rescaled to one, to simplify the plduation, given the
collected statistics was not homogeneous with respezt to

Fig. 2.45a shows the deflection angle distribution obtafnethe best crystal

alignment; the channeling peak and the undeflected one teé With the sum
of two gaussian functions: the left side one has a mean vdl82&9+3.6 prad
which roughly corresponds to the crystal bending angle.
In fig. 2.45b the deflection angle profile of the beam portiovatume reflec-
tion is shown; two angular components are present: the teflgearticles and
the captured ones; they are fitted with the sum of two gaudsiactions. The
peak position of the right gaussian identifies the VR defbectingle which is
@yr=69.4+4.7 urad.

The fit procedure shown in fig. 2.45 can be repeated for seweralngular
slices; the integral of the gaussian function fitting eadbatfallows to compute
the number of particles involved, as shown in the top plot of #.46a where
the area of the gaussian distributions is plotted as a fomctf the misalignment
anglea™ and the continuous black line represents the total numbeverits. For
small and largex* values, the whole beam is in an amorphous condition and the
fit is performed using a single gaussian function which haaraa corresponding
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Figure 2.43:a) Crystal deflection behaviour for two different verticalsftions corre-
sponding to two slices 1 mm high at a distance of 0.7 cm: th#esgalots (on the left)
and corresponding profile ones (on the right) are presentérk channeling peak dis-
placement caused by the crystal torsion is 15ir&d. b) The channeling peakposition
as a function of the vertical position on the crystal. Theitwr is linear and its value is
210.6+26.0 urad/cm.
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s Figure 2.44:The ¢ deflection an-
gle as a function of thex* local
misalignment between the crystal
surface and the particles; each verti-
cal bin has been normalized to one.
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to the black line; in the central part of the plot the events divided between
channeling, volume reflection and volume capture.

A rough estimation of the angular acceptances of the chamghahd the volume
reflection regions has been performed: concerning chamgelne width of an
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Figure 2.45:a) The deflection angle distribution for aa* value close to the ideal
crystal alignment: the channeling and the undeflected beanfitted with the sum of
two gaussian functions. b) Deflection angle distributiorthia volume reflection region:
the two components (VR on the right and VC on the left) aredittéth the sum of two
gaussian functions.

almost flat region has been considered, giving aboutiiréd; this value exceeds
2 critical angles (2 ~ 110 urad) due to the multiple scattering that limits the
a* selection efficiency. For what concerns the VR region, it bardetermined
with higher precision considering the channeling centgion as a start and the
angle in which the “amorphous” efficiency overcomes the VR as the end: the
resulting value (30@irad) is consistent with the crystal bending angle that iziabo
270 urad, as will be shown.
To compute the efficiency of the different effects, a noraation is needed, and
thus all the points have been rescaled with respect to thériamber of events
(bottom of fig. 2.46a). In the amorphous region the efficieresults to be 95%
because of the events in the tail of the gaussian due to the dangular scattering
inside the crystal or in the detectors. The efficiency of thystal effects has thus
been defined as the ratio between the number of the eventh Wéve undergone
the effect and the one in the amorphous region. Accordingitodefinition the
channeling efficiency is 28+ 1.3% while the volume reflection one is 92+
3.3%.

To determine the bending radius of the crystal the procedeseribed in
sec. 2.2.2 can be applied: fig. 2.46b shows in the top plotithereling angle as
a function ofa* and in the bottom one the trend of the channeling efficiency as
function ofa*. This trend is fitted with a parabolic curve whose vertex ramtal
position projected on the top plot, gives the value of thedimpangle:.=267.1
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+ 12.2urad, which corresponds to a bending radius R = 28012.8 cm.

This value can be compared with the principal crystal cumeaimeasurement
(presented in fig. 2.41b) that givés, = 40 cm. Being the ratio between the
principal curvature and the anticlastic one about 6.1 [@8, expected bending
radiusR, is about 244 cm.
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Figure 2.46:) In the top plot, the numbers of events in the different défia effects are
plotted as a function ofr*; the volume reflection and channeling regions are undetline
The black line represents the total number of events. Thetngplot is the equivalent of
the top one but normalized to the acquired statistics: tinstemt fits give the percentage
of events under the gaussian functions fitting the diffeedfeicts. b) The mean angle of
the channeling peak (top plot) and the channeling effici€hogtom one), as a function of
the local alignmentr*. The parabolic fit identifies the best crystal alignment deddfore
the bending angle.

Once the positive particles measurement was concludediem to inves-
tigate the crystal at the same energy but with negativegbestivas performed.
Since the identification of the channeling phenomenon wéthative particles is
more difficult, the goal was to exploit the previous (postparticles) investiga-
tion, changing the beam sign and nothing else: the spatthhagular alignment
of the crystal, in fact, remains still valid being relatediwihe detector position
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and not with the beam features; moreover the crystal femgueh as the bending
radius and the torsion coefficient do not need to be measgad.a

Fig. 2.47a presents thgdeflection angle as a function of tlae' local misalign-
ment for the whole statistics collected with 13 GeV/c negatiadrons (80.5k
events). Differently from the positive case (fig. 2.42)ther channeling nor VR
can be identified. The possibility of an unwanted crystal emgnt has been
checked for, as shown in fig. 2.47b, that compares the aveleftgrtion angle as
a function ofa* for positive and negative particles. The blue dots (posipiarti-
cles) show the channeling and the VR effects in terms of twgel@asymmetries
towards negative angles (channeling) and positive one3.(W#e same asymme-
tries are present also with the red dots (negative parjiblgswith a much lower
intensity, thus confirming the correct alignment of the tas

The conclusion is that for this crystal the coherent deftectffect is negligible
if compared to the incoherent amorphous one. To exploit & bestal in this
condition, a much shorter crystal is needed to limit the deckeling probability
(the length of the tested crystal is of the order of the deshkng one for nega-
tive particles) and to reduce the multiple scattering abation to the deflection
angle.

It is interesting to note that the unambiguity reached inrtbgative particle
data taking was made possible by the previous measurenotrped with pos-
itive particles that allowed to align the crystal and to st@hd compensate its
torsion. This technique could be exploited in the futureardy for the negative
particle studies but also to perform further investigagiahlower energy.

2.2.6 Summarizing

Tab. 2.2 collects the most relevant results (deflectionenf) and efficiencies
(E f) of channeling and volume reflection) for silicon strip dajs.

As described in the previous sections, the measurementsatped in tab. 2.2
have been performed at different energies, on differenttiaas, with both pos-
itive and negative particles, using the same experimeatapsand analysis tech-
nigues.
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Figure 2.47:a) Crystal behaviour with 13 GeV/c negative patrticles: ¢gheeflection
angle is shown as a function of tlg' local misalignment; each vertical bin has been
normalized to one. There is no clear evidence of channelmgvalume reflection. b)
Comparison between the positive and negative particletdhitiag: the dots represent the
averageg deflection angle as a function of tlee' local misalignment. Although with
different amplitudes, the red dots (negative particles)ehtnie same trend of the blue
ones (positive particles) demonstrating that the crysialthe same alignment in the two
conditions.
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100

Table 2.2: Summary of the deflection parameters for champeind volume reflection for the studied crystals at differen

energies.

E (GeV) | | (mm) | R(m) @ (urad) | Efc (%) | qvr(prad) | Efvr (%)
400 pos.| 1.94 [10.65+0.01 | 182.1::0.1 | 75.2:0.1 | 13.13t0.02| 97.6£0.2
120 pos.| 2 10.72+£0.22| 186.5:3.9 | 66.7t11.4] 26.9:0.2 | 94.4:0.2
150 neg.| 2 12.740.1 | 157.715 [58+1.52 |11.76t0.4 | 87.4:1.4
13pos. | 0.77 |2.81:0.13 | 267.1:12.2] 28.4:1.3 | 69.4t4.7 | 92.7+3.3




Chapter 3

Radiation emission in channeling
and VR

This chapter is dedicated to the investigation of the ramhamission phenomena
related to channeling and VR effects in bent crystals.
From the deflection point of view these effects are deeplignt: channeling
performs a slight deviation of the particle trajectory dtiry the crystal length,
while reflection is a point-like event located in a small megof the crystal. When
radiation emission is taken into account, their descriptiecomes similar: in both
cases the microscopic interaction with the interplanaepil plays the main
role and the macroscopic deflection (the quantity whose aneasent has been
described in chap. 2) gives an almost negligible contrdouti
Fig. 3.1 compares the trajectory of a channeled particlé kiree) with one in
VR (green line) with respect to the quasi harmonic interatgsotential; in both
cases the interaction with the potential produces an asioifi in the transversal
direction with respect to the motion. In channeling, thaipke transversal energy
is smaller than the potential barrier and the particle perfoa quasi harmonic
oscillation (box on the right in fig. 3.1) whose amplitude eegs on the initial
transversal energy value. In volume reflection, the trarsst@nergy exceeds the
potential barrier so that the particle crosses the crysellanes in an almost
regular sequence. These quasi harmonic oscillations amodp=l interactions
are responsible of the enhancement in the radiation emilyechanneled and
reflected particles.

In the following sections the results of an experimental pesformed with
a 120 GeV/c positron beam on the CERN H4 beamline will be ptese The
setup (sec. 3.2.1), based on the “deflection” one (sec.2a%)been developed to
measure the energy lost by the charged particle during tretadrcrossing using
a spectrometer and an electromagnetic calorimeter. THgsasmand the results
(sec. 3.2.2) are in good agreement with the Montecarlo sitims and the ana-

101
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Figure 3.1:The central plot represents the region between two atoraitegl inside the
crystal: the channeled particle (red line) is confined in gbeential well, its motion is
an oscillation between the crystal planes (box on the l&ig;volume reflected particle
(green line) has a transversal energy larger than the paitbatrier, so that it crosses the
crystal planes in sequence, while its transversal kinetgrgy (and thus its trajectory)
oscillates in the crystal (box on the right).

lytical calculations, whose basic principles are presmesec. 3.1.

3.1 A physical model

This section has a twofold goal: to present a deeper lookth@aadiation emis-
sion phenomena in channeling and volume reflection and toritéesthe spe-
cific analytical techniques used to interpret the expertalenesults collected in
sec. 3.2.

3.1.1 Channeling

A considerable number of theoretical [70] and experimefitéd] studies have
been dedicated to the channeling radiation investigatistraight crystals. The
majority of these studies has been performed in the enermperérom several
hundreds of MeV to some tens of GeV.

At these energies the emitted radiation has an almost mooiwetiic character; in
fact, its most relevant contribution is given by the firstrhanic of the oscillation
in the channel. An example is shown in fig. 3.2a in which theamekment of
the channeling radiation with respect to the bremsstrahture, measured with
a 10 GeV positron beam, is presented. The peaks corresgptadthe first and
second harmonic contribution are clearly visible.

Fig. 3.2b shows the same enhancement obtained with ana@ldottam; in this
case no structures are present given that the electron®afieed in a strongly
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non-harmonic potential (sec. 2.2.4).
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Figure 3.2:Emitted photon energy spectra for a 10 GeV/c particle beapiniging on a
silicon crystal ((110) plane, 0.1 mm thick) normalized te thcoherent bremsstrahlung
spectra: a) positron beam, the first and second harmoniadesdy visible; b) electron
beam, the spectrum shows an increase with respect to thieeirau bremsstrahlung but
without any relevant structures [71].

At higher energy the monochromaticity of the radiation giaty decreases
also for positive particles since the contribution of thgh@r harmonics increases
and the spectrum becomes almost continuous.

The different radiation regimes can be distinguished withtelp of the multipole
parameter:
((v(t) —vm)?)
p=2r——"m (3.1)
where((V(t) —vm)?) is the squared mean deviation of the transverse velocity fro
its mean valuey,.
Depending orp, two different situations can be recognized:

e p < 1: the radiation intensity is the result of the interferennea large part
of the particle trajectory and thus depends on the pectiianf the particle
motion.

e p > 1: the particle radiates during a small part of the trajgctond the
interference between distant parts can be neglected.

Concerning channeling radiation, the value of thparameter at a given energy
depends on the single particle trajectory (that is on itssvarsal energy). At low
energy (up to a few tens of GeY)is smaller than one, meaning that the emitted
radiation is the result of the interference along the plartiajectory (undulator
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radiation [72]) and thus the dipole approximation can belusecompute the ra-
diation emission.

It should be noted that when the crystal is bent, a circularonas superimposed
on the oscillations, with two consequences: 1) the interfee (undulator radi-
ation) is reduced since the particle trajectory drifts avirayn the straight line;

2) a low energy continuous component (synchrotron radiatienerated by the
circular motion adds to the spectrum.

The influence of bending on emitted radiation is shown in timei&tion presented
in fig. 3.3 for a 5 GeV positron beam: as the curvature incieabe middle and
high energy part of the spectrum decreases (undulatorti@aliaurves 3-4) while

a low energy component (synchrotron, curve 2) appears.

Figure 3.3: The intensity of the ra-
diation emitted by relativistic positrons
(theCLorenz factor igy = 10%, with y =

wherec is the speed of light

22’
andv the patrticle velocity) in bent crys-
tals as a function of the crystal curva-

ture expressed both in absolute terms

—
o

1¢10%ev/s)

€
20}t = (R and as a function of the critical ra-
” 4o dius R/R.): curve 1 refers to the radia-
3., tion emitted in a straight crystal, curve 2
Zjgy toner urv
. describes the synchrotron contribution,
2 curve 3 is the intensity spectrum for a
Q.‘ da 0 bent crystal and curve 4 takes into ac-
0

count the quasi-channeled particle con-
tribution [72].

R(m)

To identify which aspect dominates between the undulattla@synchrotron
one, the oscillation period in channelidggiven in eq. 1.16) should be compared
with the radiation formation lengthy, = Ry~ (Ris the bending radius andthe
Lorentz factor). Iflcon > A, the interference takes place along many oscillation
periods and the radiation has the features of a quasi-utodiyge; when o <
A, itis a quasi-synchrotron one.

The previous argument can be used at a relatively low engrgy 1), while
in the hundreds of GeV range exceeds the unity value, so that the dipole ap-
proximation is no more valid and other methods should beidensd to compute
the radiation emission. Fig. 3.4 presents the compptednd as a function of the
normalized oscillation amplitud&,® in the channel (that in turn depends on the

L&, represents the oscillation amplitude in the channel ndm@dlto the interplanar distance



3.1 A physical model 105

initial transversal energy of the particle) for a 100 GeVipros beam:p exceeds
20 for a considerable portion of the channeled patrticles.

25§

(oF

Figure 3.4:The multipole parametep as

a function of the normalized oscillation am-
plitude &y, in channeling [73]. The contin-
uous line is the exact calculation while the
dotted one is computed in the harmonic ap-
proximation; the potential used for the cal-
culations (fig. 3.5) will be described later on
in this section.
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As underlined in [73], two approaches can be used to destr#eadiation
emission phenomenon in channeling at this energy:

e method 1is based on quasi-classical considerations [74] and is t@able

describe the quasi-periodic particle motion for all the gplole p values
but, taking into account the interference phenomenon, ldhoe applied
in straight crystals or at least whégp > A.

method 2 uses a synchrotron like approach (based on the equatioa®f cl
sical electrodynamics [75]); it neglects the interferebeveen the distant
parts of the trajectory and therefore should be used whempaditecle di-
rection changes faster than the characteristic radiangtegthat approxi-
mately goes as the inverse of the Lorentz factog 1), thus wherp > 1
orlcoh << A.

The second method should be preferred being valid in a lang@ature range, but
since an interference contribution at this energy couldoeatxcluded a priori, its
validation, comparing the two methods in straight crystalsecessary.

Before being applied, both the methods need a common physimaeling
of the channeling phenomenon that goes from the analytiestription of the
interatomic potential to the main features of the partiohegion:

e an accurate description of theterplanar potential[70], based on the X-

ray measurements of the atomic form factor, can be obtameedhing an
accuracy of 1%. Fig. 3.5a shows the obtained potential asci@in of the
normalized amplitudé.

dp so thatch—;‘ =1
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e given the interplanar potential, tloscillation frequencys a function of the
normalized amplitudev(ém) can be computed. Fig. 3.5b shows the trend
of the normalized frequen®(ém) = w(ém)/wo, Wherewy is the oscilla-
tion frequency form — 0. Q(&n) is constant for small oscillations and
increases for larger amplitudes as the non-harmonic regfitime potential
is taken into account.

e figg. 3.5b and 3.4 show that the motion features depend onsititadion
amplitudeéy, in the channel; thus its probability distributigaiéq) should
be computed. Given that in short crystals the scatteringheretectrons
has a negligible effect (sec. 1.3.2.1), the transversaigne almost con-
served and the oscillation amplitude depends just on thialiconditions
of the motion described by thee andx parameters that are the particle mis-
alignment and position with respect to the planes. Sinceds&ionx has
an equiprobable distribution (the beam has a macroscopiertiion com-
pared with the channel widthp(&y) depends only on the angular diver-
gence of the particle impinging on the crystal. Fig. 3.6 shittve amplitude
probability distributionp(éy,) for different (-a) values.

¢ the last consideration is addressed to the character ofdtielp trajecto-
ries; in fig. 3.7 the amplitudé is shown as a function of time, for two
amplitude values close to on&,{= 0.98 andé,, = 0.995). The real trajec-
tories are compared with a sinusoidal function, showing tie@ harmonic
approximation is quite good up to large amplitudgs € 0.98); beyond this
level the approximation gets worse but, since these andggare populated
by a small number of particles (due to nuclear dechannetieg, 1.3.2.1),
the harmonic approximation can be used to compute the spe&mitted
by the channeled particles.

Summarizing, the used technique is based on an accuratesesgpation of
the interplanar potential, that allows to compute exadtly tultipole parame-
ter p and the oscillation frequenay as a function of the oscillation amplitude
ém whose distribution depends only on the particle incomingieno and can be
computed.

Assuming the previous results, the radiation emissiontspeé per positron per
unit length can be determined for both the methods in the balgrapproxima-
tion (the details of the calculations can be found in [73]).

2
E

2Expressed by(;jE—ds(ES)’ wheredE is the energy irradiated (in the energy rarge< ES <
y

E, + dE)) by a charged particle crossing the crystal lerdgh
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Figure 3.5:a) The interplanar potential computed for a straight silicoystal oriented
along the (110) plane. b) The normalized oscillation fregpyeof a channeled particle,
Q, as a function of its normalized oscillation amplitu€ig[73].
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Figure 3.6:The probability distribu-
tion of the normalized amplitudé,
for different values of the misalign-
ment anglea expressed irurad near
the corresponding curve [73].

Fig. 3.8 shows the spectra obtained with method 1 (a) andode2h(b) for
two values ofa (4 and 19urad) for a charged patrticle crossing 1 cm of crystal.
The interference effect in the first method, whose presemoeld be indicated by
the recognizable contribution of the different harmonisgmall for two reasons:
the presence of a larger number of high and close harmoneghanntegration
over a distribution of amplitude valués, (fig. 3.6) that smears the contribution
of the harmonics themselves. For these reasons the agreeitierthe second
method (that shows a smooth distribution) is substantgdlyd (better than 10%
comparing the positions of the spectra maximum).

This comparison demonstrates that the second more genethbdican be ap-
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-0

(@) (b)

Figure 3.7:Particles trajectories in channeling for two large ostidla amplitudes: a)
&n=0.98; b)ém = 0.995. The continuous red lines represent the exact solutindghe
dotted ones the harmonic approximation [73].

plied to compute channeling radiation but its final validatheeds the comparison
with the experimental results (sec. 3.2.2).
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Figure 3.8:The channeling radiation spectra obtained with method hid)2 (b) for
two values of the misalignment ange= 4,19 urad, for a 120 GeV positron, crossing
1 cm of crystal.

To allow this last step, two further contributions should#ieen into account:

¢ the curvature of the crystal.
The agreement between method 1 and method 2 demonstratdsetbhan-
neling radiation (at 120 GeV) has a synchrotron like ch&aaehich means
that the interference is weak and the different radiatiarcesses can be
considered independently. The contribution given by tlystet curvature
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can be estimated starting from the equation describing #cfgamoving
along a circular trajectory [70]:

Y
- 3R2

wherel is the energy loss per unit lengthis the particle chargdi the cur-
vature radius ang the Lorentz factor. The smallest tested bending radius
(sec. 3.2) is 4.74 m giving= 1.315 GeV/cm (its spectrum has a maximum
at 235 MeV and a cut-off at 1 GeV). Since the energy loss duatoscilla-
tion in the channel (corresponding to the integral of thespen in fig. 3.8)

is about 80 GeV/cm, the contribution given by the crystalature can be
neglected.

(3.2)

¢ the multi-photon emission probability for a single positro
The spectra shown in fig. 3.8 allow to estimate the singleghetmnission
probability for a positron crossing a crystal lengty but when a positron
crosses a macroscopic crystal (the crystal length alongdhen is 2 mm)
the probability of multi-photon emission has to be takew iatcount. To
introduce this effect, a Montecarlo simulation has beefopered: particles
are generated with a random position in the chansiel,f and a random
alignment (o < a < ot With an equiprobable distribution). Using
these variables the transversal energy and thus the discilEmplitudeé,
are computed, so that the particle is tracked along the alrgsisociating
an emission probability to every step of the trajectory ygstiotons in the
energy interval 50 Me¥ E, <50 GeV have been considered): the result is
the total spectrum of the emitted radiation.

In sec. 3.2.4 the spectra obtained with the described stroalfor two 2 mm
long strip crystals will be shown and compared with the expental results.

3.1.2 Volume reflection

The description of the channeling radiation phenomenoeir brystals (sec. 3.1.1)
started from the simpler case of straight crystals; in theesavay volume re-
flection radiation emission presents a straight crystahtenpart: the coherent
bremsstrahlung

Coherent bremsstrahlung takes place when a particle srassgstal at an an-
gle a with respect to its planes larger than the critical og€so that channeling is
not allowed) and small enough for the continuum approxiomagsec. 1.3.1) to be
valid. In this condition the particle crosses the crystaingls periodically (every
dp/a, wheredy is the interatomic distance, fig. 3.9); thus, for selecteddien-
cies, the electromagnetic radiation emitted at the pasagagh a plane adds
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coherently, increasing the total emitted radiation witbpect to the incoherent
bremsstrahlung [2].

A | —
— Figure 3.9: A particle crossing a
straight crystal at an angtke > a..

Fig. 3.10 shows the enhancement of the radiation emitteddtraaht crystal
(0.1 mm thick) crossed by a 10 GeV/c positron beam as a fumofidgs misalign-
menta with respect to the beam direction [71]. Far~ 0 (perfect alignment)
positrons are channeled and the channeling radiation 8s&d.), characterized
by a relatively low photon energ¥() and high intensity, is emitted. As the mis-
alignmenta increases, the coherent bremsstrahlung appears as tsvofthigher
photon energy and lower intensity. Increasing even morartisalignment with
the planes, the spectrum becomes harder because the pigyiadithe planes
crossing {p/a) is shortened and the coherent interference selects Higlugren-
cies corresponding to higher photon energies.

Figure 3.10: The enhancement of the
radiation emitted by a straight crystal
(0.1 mm thick) crossed by a 10 GeV/c po-
sitron beam as a function of its misalign-
ment with the beam directiorm( vertical
axis) and of the emitted photons energy
(Ey, horizontal axis) [71]. Both the chan-
neling radiation and the coherent brems-
_o Strahlung are present.

enhancement '°

il

0 1600 Ey

The condition of a volume reflected particle is similar to tdoderent brems-
strahlung one: the transversal energy exceeds the pdtbatiger value so that
the particle crosses in sequence the different crystgtliaees. In both the cases
the particle trajectory oscillates due to the interactioththe interplanar poten-
tial; the peculiar feature of volume reflection is given bg tmystal curvature, that
varies the average misalignment between the particlectaje and the planes,
a(t), during the crystal crossing.

For this reason the analytical expression to determinesiti@tion emission prop-
erties developed in the coherent bremsstrahlung framegankot be directly ap-
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plied to bent crystals. Therefore two strategies have begpoged to describe the
volume reflection phenomenon from the radiation point oiwie

¢ the first one uses the quasi classical approach in which ti@apilities of
QED processes are determined computing the classicattivags of the
particles in the interplanar potential [76]; this methokEsinto account the
details of the motion in volume reflection and thus is congikd and very
time consuming from the CPU point of view.

¢ the second one considers the radiation emission in volufieetien as the
sum of sub-processes in whict(t) varies of a negligible amount so that
the coherent bremsstrahlung formalism can be appliedyofaf]. This
method is faster and somehow more complete than the firstiooe is al-
lows to include the multiple scattering contribution; isigitable for a wide
energy range till about 150 GeV. A more detailed descriptioihe method
will be given in this section and its good agreement with thgegimental
results will be shown in sec. 3.2.2.

Defining | (a,E)ds as the coherent bremsstrahlung radiation [74] emitted by a
charged particle (of enerdy) which is crossing a crystal lengths (ds~ cdt),
misaligned with respect to the crystal planes of an anglie “local” application

of the bremsstrahlung theory to bent crystals can be exguassthe following
way:

d2E| dl
d—Ey(t) = d—Ey(a(t))cdt (3.3)

2

d<E L : : .
whered—EI (the variation of the differential energy loss along a distads ~
y

cdt) matches the radiation intensity due to coherent brentdatrg which in turn
depends on the angte(t) between the particle trajectory and the crystal planes.
The evolution of this angle before the reflection(tc wheret. is the time of the
reflection) is described in fig. 3.11, providing the followiaxpression:

at)y=ap— R (3.4)
whereR is the bending radius araithe light speed.

Fig. 3.12 shows that eq. 3.4 well approximatesdftie) angle fort < tc, com-
paring its average value with the instantaneous oscijfaine, computed accord-
ing to the interplanar potential [78].

Fort =t (reflection time), a discontinuity corresponding to theaetilon is present;
note that it is centered io = 0 because the particle is parallel with the crystal
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Figure 3.11: The evolution of the misalign-
ment between the crystal planes and the par-
ticle trajectory a(t) in VR (before the reflec-
tion). To simplify the scheme, the starting angle

ag = % = ZI—R has been chosen. After a tirhe
the particle crosses a distancte(3 ~ 1) so that
I .
a(t)y=a0—@(t) =09 — %. Since @ < 1,
. ct
I(t) ~ctgiving a(t) ~ ap— B

- . C
plane. The minimunar value before the reflection & = ap— ﬁtc; thus for sym-

. . C o
metry, just after the reflectiorg = —a¢ = ﬁtc — ap and, for continuity, in the
regiont > t. the following expression foa (t) holds:

at)=ap————= (3.5)

a (urad) "y Lo

40 |

Figure 3.12: The behaviour of the
a(t) angle near the reflection timg
the red curve represents the instan-
taneous value, the black points the
one averaged every oscillation and
the blue line the linear approximation
presented in this section.
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Once thea (t) behaviour is known, eq. 3.3 can be integrated with respegt to

eliminating the explicit dependence on time, given t%%t: —F%:
dE dc dI Jout (|
ae, B =R [, d—Ey(a)da-i—R/ac 4E, () (3.6)
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where the integral has been split in two parts corresponinige intervald < tc
andt > t; respectively;a; and ooy can be determined, according to [78], being
characteristic angles of the volume reflection trajectory.

The functionl (a) is the standard expression for coherent bremsstrahlurjgr{74
a straight crystal; in this situation the average energyg tisa particle crossing
a crystal of length is justl (o)l while in bent crystals a non trivial dependence
from the crystal length and curvature is present.

Eq. 3.6 gives the energy lost by a volume reflected particlétieign a sin-
gle photon but, as for channeling radiation (sec. 3.1.¥) ntlltiphoton emission
probability is not negligible. Computations show in facittin a 2 mm long crys-
tal (like the used one, sec. 3.2.2), the average photonpficity above 1 GeV is
1.5. The multiphoton emission could be treated in two wayish & Montecarlo
simulation (as for channeling, sec. 3.1.1) or includingeiftfect in the analytical
calculation. As will be shown in sec. 3.2.2, the second nethes been chosen
for the volume reflection case; the details of the calcuatian be found in [79].

3.2 The experimental test

This section describes a test performed in August 2009 oHl4hegeamline at the
CERN SPS with a 120 GeV/c positron beam. The main goal of thtentas the

bent crystal characterization from the radiation point iefwin channeling and
volume reflection. To do this, the experimental setup dbsdrin sec. 2.1 has
been modified in order to measure the energy lost by the pasithich is equiv-

alent to the irradiated one.

3.2.1 A setup add-on for the radiation tests

Fig. 3.13 shows the scheme of the experimental setup usdwdtd beamline; it
can be divided in two functional parts: the one called “deiter (sec 2.1) dedi-
cated to the beam monitoring and the study of the bent crgstldction properties
and the one called “radiation” to measure the energy radliayehe crystal.

A spectrometer (sec. 3.2.1.1) and two electromagneticioadters (secc. 3.2.1.2,
3.2.1.3) compose the “radiation” part of the setup, whoskking principles can
be described as follows:

e acharged particfecrosses the crystal, with a certain probability of emitting
a photon travelling in parallel with it; the silicon modul@sX) provide the
information on its outgoing trajectory from the crystal.

3The beam is not a pure positron one; it contains positive raamal hadrons.
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Figure 3.13.The H4 setup. “Deflection part™: 3 silicon modules (DsX) seped by vac-
uum pipes and the high precision goniometer (gc). “Radiagiart”: a bending magnet
(bm), a helium bag (hb), the®x 9.5 cn? silicon beam chambers (bc1-2), two electro-
magnetic calorimeters measuring the primary beam energjyrenphoton one.

e the 3.6 Tm bending magnet separates the charged beam fronettel
photon one.

e after having crossed a helium bag (whose goal is the mubigd¢tering re-
duction), the positron reaches two large area silicon rstciw chambers
which allow to measure the deflection angle produced by theibhg mag-
net and thus the particle momentum.

e beyond the silicon chambers, the charged particle impiogesn electro-
magnetic calorimeter that is used to separate positroms fradrons and
muons (given these last ones do not generate a shower in [drevezter
itself).

e the emitted photons travel on a straight line eventuallyingimg on a sec-
ond electromagnetic calorimeter that measures their gnerg

3.2.1.1 Spectrometer

The spectrometer is designed to measure the momentum aedehgy (> 1,

E ~ po) E; of the charged particle after the crystal. The energy losinduthe
crystal crossing thus will b = E, — Ep, whereE, is the beam energy (120 GeV
in this case).

As shown in fig. 3.14, the core of the spectrometer is a benaiagnet (green
triangle) that deflects the particle depending on its moomardgccording to:

p@ = 0.3BL (3.7)



3.2 The experimental test 115

where p is the particle momentun, the bending magnet deflection angks,

the magnetic field andl the magnet length. The magnet used in the test has a
maximumBL value of 36 Tm; thus@, = 9 mrad at 120 GeV/c. Considering
eq. 3.7, the measurement@f gives the momentum (and thus the energy) of the
charged patrticle.

ing  helium bag
magnet

0

Figure 3.14:Schematic view of the spectrometer: the bending magnegiigréangle),
the helium bag (yellow square) and the silicon beam chamfiers-bc2) are its main
elements. The red line represents the charged partickctoay; the measured quantities
are: the incoming angle towards the magmgt, the position inside the magnes;; the
position measured by the silicon chambegg,and the deflection angle produced by the
bending magnetg,.

To measure this angle the charged particle trajectory mscucted using the
silicon miscrostrip detectors:

¢ the DsX silicon modules (sec. 2.1) track the particle befbeemagnet al-
lowing to measure the incoming angle to the mag@gt.and the horizontal
position in its centerxy,.

e after the magnet, the particle travels for a distance of abhbum; this dis-
tance acts both as a lever arm to increase the angular riescdumid allows to
separate in space the photon and the charged begg B m=13.5 cm, to
measure the photons and the charged beam with two indepesadenme-
ters (avoiding contamination). Most of this space is codénga 9.6 m long
helium bag, to reduce the multiple scattering in air.

e at the end of the line two large area (2%.5 cn?) silicon chambersmea-
sure the particle position,, so that the outgoing angle from the magnet
(ot can be computed; thus the resulting deflection angle pratbhgehe
magnet isgh = ¢but — @n.

4The same detectors have been previously used to perfornmotheergy measurement,
sec. 2.2.5.
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The silicon chambers are displaced one with respect to tier at the hori-
zontal direction to increase the angular acceptance ofbetmeter that, in this
way, results to be limited by the dimension of the triggeredadr; the primary
beam calorimeter (which is included in the trigger, sec.132) in fact has a hori-
zontal acceptance of 15 cm.

Fig. 3.15a presents the comparison of the beam profile megbyrthe two cham-
bers (taking into account their relative shift): the yellbwstogram is the one
corresponding to the first chamber (bcl) while the red on&dosecond cham-
ber (bc2). The peak on the righty( ~ 8 cm) represents the unperturbed beam
(@ ~ 9 mrad andg; = 0 GeV); the tail extending to the left is due to the lower
energy particles deflected of a larger angle by the magnet.

a) b)
0 - (] r
0 10° 0 10°
c = c -
o 104l TS X*bc
103 103
102L 102L
10 B0 0 b 10 &1 | P R I
5 0 5 10 5 0 5 10
X, horizontal pos. (cm) X, horizontal pos. (cm)

Figure 3.15The charged particle horizontal positioge, measured by the silicon cham-
bers. The yellow histograms are measured with the first cbamid the red ones with
the second one: a) all the events are taken into account;lyp}fmevents which satisfy

the “vertical residual condition” (fig. 3.17) are considire

In the region where the chambers overlap(f,c < 3 cm), the beam intensity
measured by the two detectors is different. This effect lenlascribed to the
presence of the primary beam calorimeter that, being too toethe chambers,
causes random hits on the chambers themselves becausekstdttering. The
second chamber being closer to the calorimeter is more@itbjéhis contamina-
tion and thus measures a beam profile more intense than theneedt should be
noted that the effect of the “random” hits seems more immbance it acts on a
region where the intensity of the “good” events is low.

Fig. 3.16 proves the existence of the “random” hits showiegvertical residual
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on the second chamber, that is the difference between thiealgyosition com-
puted using the DsX silicon modules information and the omeasuared by bc2.
Two components populate the distribution: a peaked onectiikgcts the “good”
events and a flat one that is not correlated with the incomeanband thus is
random.

x°/ ndf 377.9 / 199
P1 4374,

P2 3.215 . . .
P3 0.3939E-01 Figure 3.16: The vertical residual on

103 P4 63.68

entries

the second chamber that is the differ-
ence between the particle position ex-
trapolated from the DsX silicon mod-
ules and the one measured by the silicon
chambers.

N T T T T S )
1 2 3 4 5 6 7 8

vertical res. bc2 (cm)

The vertical residual can be used for these studies bechesesttical direc-
tion is not perturbed by the magnet that acts only in the lootel plane. This
means that the vertical residual can be used to separatgdoe™events from
the “random” ones. In fact, according to fig. 3.16, if the cegwithin 30 from
the peak mean is considered, the percentage of random e&esaises very small
(< 2.5%).

Fig. 3.17 shows how the vertical residual cut has been imgieed for bc-1 (a)
and bc-2 (b). The plots show a slight correlation betweervéntcal residual and
the horizontal position, probably generated by a non pertaational alignment
between the detectors. To take into account this effectdbesof the residual cut
are placed at-3o0 from a mean value that in turn is a function of the horizontal
position. The overlapped contour histograms of fig. 3.17fifleel only with the
events in the region defined by the residual cut.

Fig. 3.15b shows the result of the “vertical residual cutie beam profiles
measured by the two chambers are overlapping.

Once the two chambers “see” the same beam shape, a sjglalue for each
incoming particle is selected in the following way: if thestichamber measures
a positionx, > x;. (Wherex;. is a given position, belonging to the chambers
overlapping region¥,c = X1, otherwise, the second chamber is checked and if it
presents an evems < X, Xoc = Xo.

The beam profile produced with this algorithm is presentefibin3.18a; the
valley corresponding to,. = X, (which in fact should be a delta in the_
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Figure 3.17:The plots show the vertical residual of bcl (a) and bc2 (b) fametion of
the horizontal position measured by the chamber itself. cihared histogram collects all
the statistics while the red contour plots are filled only iregion of+=30 from the mean
residual value.

position) depends on the fact that the beam crosses the ehnamithh an angle
(@ut > 9 mrad) and thus a “shadow” region appears: when the beanepiofi
converted in the deflection angdg distribution (fig. 3.18b), the hole disappears;
note that the chamber alignment has been performed so thaetk on the left
corresponds tq, = 9 mrad (equivalent to 120 GeV).

Considering eq. 3.7, the anglg gives the particle momentum after the crystal
crossing,p, and assumin, ~ pc (whereE is the particle energy), the energy
lossE, = E, — Ep (Ep =120 GeV) can be computed: its distribution is presented
in fig. 3.19a.

To estimate the spectrometer intrinsic resolutionfat=120 GeV), only the
heavy particles (muons and hadrons) should be selectenhtmate the broaden-
ing of the distribution by the low energy radiation emission
This can be done exploiting the particle identification perfed by the primary
beam calorimeter (sec. 3.2.1.2). The result is presentdid.ir3.19b: the high
E tail disappears and a fit of the peak with a gaussian functieesca resolu-
tion value of 350 MeV (RMS) at 120 GeV that corresponds to &Bakf6 of the
primary particle energy.
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Figure 3.18:a) Thexyc position reconstructed using the information of the twonsha
bers. b) The deflection angtg produced by the magnet, computed combining the DsX
information given by the silicon moduleg,(and @) with the X, position measured by
the bcl-2 beam chambers (fig. 3.14).
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Figure 3.19: The energy loss distributions measured with the spectemet) the
whole beam; b) only muons and hadrons (selected with thegpyilneam calorimeter,
sec. 3.2.1.2); the fit with a gaussian function gives a reésolwvalue (RMS) 0~350 MeV

at 120 GeV.
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3.2.1.2 Primary beam calorimeter

The H4 beam is produced by the interaction of a primary pro&sm with a tar-
get; for this reason it is not pure containing a mixture otipée kinds. Acting on
the beamline settings (targets and magnet parameterg)ossble to maximize
the desired particle kind (positrons in this case); norlefsea contamination of
other particles (muons and hadrons) will be present.

The test on the crystal radiation emission needs the pripentycle identification,
since the measured radiation spectrum should be evaluatesidering the total
number of positrons. For this purpose an electromagnelicioeeter is used ex-
ploiting the fact that muons and hadrons do not generatewsesh(oarely in case
of hadrons) in the calorimeter itself. The calorimeter iewh in fig. 3.20 and is
called DEVA. It is a sampling calorimeter composed of 12 fptescintillator tiles

(b)

Figure 3.20:The DEVA calorimeter in its aluminum vessel: the sensitik@aas shown
by a yellow stick with the radioactive material symbol. b)eTREVA calorimeter from
the top (without cover); it is composed of 12 plastic sclatdr tiles and 11 lead tiles for
a total of 13Xy. The light produced in the scintillators is carried by WLSefibto a 16
channel PMT.

interleaved with 11 lead tiles (eight tiles 0.5 cm thick ahcee 1 cm thick) for a
total of about 13X,. Each plastic scintillator tile measures £35x 2 cn?. The
light is carried by wave-length shifter (WLS) fibers to a nvalhode photomul-
tiplier tube (PMT). During the 2009 beam test, the signal from two conteeu
scintillator tiles was read by a single ADC channel to lih2 humber of channels
(the DAQ scheme allowing the DEVA readout is described in 8elc4).

A typical energy spectrum measured by DEVA is presented irBfl show-
ing how the different beam populations can be identified. @datron percentage
is around 88%.

SHAMAMATSU 16 anode PMT (R5600-M16).



3.2 The experimental test 121
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Fig. 3.22a shows the longitudinal trend of the energy reléas DEVA: while
the MIP “region” is constant at about 1100 ADC (the pedeskdls is the base-
line measured when no events are present, has not beencsethtira the plot),
the energy released by positrons is larger and changes difteeent tile pairs
according to the shower depth.

To increase the data acquisition efficiency, DEVA may be usdbe trigger. In
fact, discriminating with a high threshold the signal proéld by the tiles in which
the energy deposit is maximum (tile pair number&500 ADC), a trigger that
excludes the muons and part of the hadrons is obtained. Fg8b3hows the
primary beam spectrum measured by DEVA when the high thtddhgger is
active. The positron percentage increases to 92%.

A further selection on the particle type is then performedirdythe off-line
analysis: an event which has an energy deposit in th¢ild pair smaller than
~2500 ADC and at the same time does not radiate energy (as redasythe
spectrometer or thg-calorimeter) is not identified as a positron and thus is ex-
cluded.

3.2.1.3 They-calorimeters

The bending magnet of the spectrometer on one hand allowsasume the parti-
cle momentum (sec. 3.2.1.1) and on the other it separatehttiged beam from
the photon one, so that two independent calorimeters aeetaldetect the two
components.

The primary beam calorimeter is used for the positron idieation, while an

independent measurement of the photon beam energy witkategpthe spec-
trometer one is useful for three reasons:

e to cross-check immediately that the spectrometer worksestp.
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Figure 3.22:a) The longitudinal trend of the energy release in DEVA: anttbrizontal
axis, the tile number (every number corresponds to a tile;pan the vertical one, the
signal in ADC (without the pedestal subtraction). b) Theltapectrum measured by
DEVA with a DAQ trigger including the high threshold one o 8" pair (marked in red

in (@)).

e to integrate the spectrometer measurement in the medigmemergy loss
range, where its resolution worsens (the multiple scatecontribution to
the @, angle increases as the primary particle energy decreasdstha
calorimeter resolution becomes better (sec. 3.2.1.5).

e to measure the photon spectrum in the high energy loss raéiligeg nom-
inal energy of the beant;; = Eyp). In this range the primary particle energy
Ep is small and thus the deflectiag induced by the magnet becomes too
large to be measured in a spectrometer geometry like the @semed in
sec. 3.2.1.1 (unless the surface covered by the silicorcibeseis greatly
increased).

A calorimetric system able to satisfy the previous requeeta has been de-
veloped in three steps corresponding to three differenaiagtpses that will be
described in the following sections. As it will be shown, thestem has been
completed only in the 2010 beam test (using the “J&cklorimeter, sec. 3.2.1.6);
thus in 2009 ther-calorimeter has been used just to cross-check the spestigom
behaviour without limiting anyway the experimental studiyce in channeling
and VR, the interesting energy loss range is the low-medinen(sec. 3.2.2).

6Jack is a conventional name chosen to identify the detector.
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3.2.1.4 The Rino calorimeter

The first calorimeter used in the crystal radiation testgrened on the H4 beam-
line, shown in fig. 3.23, is called “Rino”.
It is a homogeneous calorimeter consisting of 4 Nal blockb wisensitive area

Figure 3.23: A photo of the Rino calorimeter.
The bottom vessel contains 4 2020 x 5 cn?
Nal blocks; the aluminum tubes contain two pho-
tomultipliers.

of 20x 20 cn¥ and a thickness of 5 cm for a total length of 20 cm, correspandi
to 7.7 Xo. The light readout is performed by two photomultiplier tapene each
couple of blocks.

Figg. 3.24a-b show the photon beam energy spectrum in tbemcater, after the
pedestal subtraction. In both cases the spectrum extenttsaiput 3000 ADC
corresponding to the saturation of the ADC board.
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Figure 3.24:a-b) The energy spectrum in the two parts of Rino-cal; c) thal energy
deposited in Rino determined as the normalized sum of thehaonels (a+b).

The saturation affects of course also the total spectruimgtabtained as the
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sum of the two channels (once normalized considering thesWjial) and is pre-
sented in fig. 3.24c.

The ADC saturation does not represent a crucial problengngthat the Rino
calorimeter would anyway not be able to measure the totaggneleased by the
high energy photons being too short; for example the shoie28 GeV photon
would deposit the maximum energy at about Xg7a value corresponding to the
whole length of the Rino calorimeter.

For this reason the Rino calorimeter has been used just $3-ctoeck the spec-
trometer behaviour as confirmed by the scatter plot of figs&.d2 which the
proper photon energy measured by Rino-cal is presenteduasctdn of the en-
ergy loss value provided by the spectrometer, showing theaed linear corre-
lation between the two observables.
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Figure 3.25:The energy measured by Rino-cal as a function of the one mezhby the
spectrometer; the two measurements are linearly corceleexpected. a) The whole
beam; b) only the particles impinging on the crystal.

Fig. 3.25 underlines also that besides the events properhglated (filling
the central region of the plot), there is a second, less p@d) event class, filling
the bottom of the plot and consisting of the events detecyetthé spectrometer
and not by the calorimeter. These events are probably etecelwith particles
belonging to the beam tails that for some reasons are naéattyrtracked. In
fact, once the same plot is produced only for the particlgsnging on the crystal
(fig. 3.25b), these events disappear.
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3.2.1.5 The Willie calorimeter

During the 2009 beam test, Rino-cal has been substitutédanither calorimeter
with the twofold aim of testing an innovative calorimetricsgem (with a Silicon
PhotoMultiplier readout [80]) and extending the energygewsovered by thg-
calorimeter itself.

This second calorimeter is a “shashlik” one called Willid][8 Willie is com-
posed of 41 tiles of plastic scintillator and 40 tiles of Igadch tile has an area of
8x8 cn? and is 3.27 mm thick for a total of 24.

The word “shashlik” refers to the scintillation light cotiison and transport method,
consisting in 64 0.8 mm WLS fibefsthat cross the whole calorimeter longitudi-
nally, so that each fiber collects the light of all the sclatdr tiles.

Fig. 3.26a presents a photo of the calorimeter contained.iom thick aluminum
vessel and of its back side; the WLS fibers are bundled togethgroups of 4
fibers each bundle, with a SiPM for each group. Each SiPM stsi a matrix

Willie calorimeter

primary beamf§l &
calorimeter f§

(a) (b)
Figure 3.26:a) Two photos of the Willie calorimeter: its front part cantthe active
region while fibers and SiPMs are interfaced together in thekk{top photo). b) The

Willie calorimeter in the H4 line near the silicon chambeci}y the top box shows a
schematic of this layout section.

of pixels, acting as passive-quenched silicon avalancla¢opiodes operated in
limited Geiger-mode. Each pixel (with a typical size of:2Q0 - 100x 100 um?)
gives the same current response when hit by a photon (a Giigetischarge):
the SiPM output signal, which is given by the analog sum oftadl pixels since
they are connected together, is proportional to the numtiacoming photons.

’Produced by Kuraray (model Y11).
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The SiPMs used in Willie are manufactured by FBK-irst (Teertaly) and have
a sensitive area of 1 mn? corresponding to 688, 4040 um? pixels; their out-
put signal was not amplified in order to simplify as much asspgue the readout
electronics.

Fig. 3.26b shows the calorimeter installed on the H4 beamlext to the bc-1
silicon beam chamber. Unfortunately this proximity hasegated an interference
problem with the spectrometer (noted only during the afélanalysis): the lat-
eral leakage has generated ghost hits on bc-1 which do et tdldetermine the
position of the primary particle unambiguously.

This effect can be observed in fig. 3.27 where the beam profiEsssured by the
two chambers are compared before (a) and after (b) the ctieorettical residual
(sec. 3.2.1.1). Even after the cut, the plots are not eqedlithe first chamber
apparently measures a lower intensity.

This happens because the plots are filled with the eventemtiag a single par-
ticle, that is only one clustron each detector, to make tlgg angle measure-
ment possible. But when a high energy photon is emitted aadirtst chamber
sees a multi-cluster event (originated by the calorimetakage) this is excluded
from the analysis causing the under-estimation of the nurobthe events as in
fig. 3.27h.

This phenomenon is also proved by the increase of the nunilies oulti-cluster
(rejected) events measured by the first chamber after tHeeWdl installation.

The installation of the Willie calorimeter has compromisgkd spectrometer

use; nevertheless the analysis on the crystal can be pa&dlonsing the calorime-
ter itself that, as will be shown, has proven to work properly
The energy deposit in Willie-cal is obtained as the sum ofdifferent channels,
after the equalization of their response to the MIP signa. 8.28a presents the
resulting value as a function of the energy loss computeahusie spectrometer
(the multi-cluster events have been excluded).
The linearity is good up to 10 GeV, but at higher energies ardaturation effect
appears due to the relatively small number of pixels in therf ®iPMs compared
to the large flux of optical photons produced at this enerdpe $iPM saturation,
that can be reduced with larger area SiPMs (sec. 3.2.1.63ene the calorimeter
performances in terms of resolution but does not prevent fising it to measure
the energy losg; in place of the spectrometer. To do this a calibration is eded
which can be performed using the information of the specétem

Fig. 3.28b shows two vertical slices of fig. 3.28a, corresjiogtoE; =13 GeV
andE, = 55 GeV: the distributions are fitted with a gaussian functiomce this
procedure has been repeated on all slices, the gaussianAD€amalues give the
curve presented in fig. 3.29 whose parameters (it is fitteld a# degree polyno-

8A cluster is a set of contiguous strips detecting the eneegysited by a particle.
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Figure 3.27:The primary particle horizontal positiog. measured by the silicon cham-
bers after the Willie-cal installation. The yellow histagrs are measured by the first
chamber (bcl) and the red ones by the second chamber (bc):tl# events are taken
into account; b) only the events which satisfy the cut on tirtical residual (sec. 3.2.1.1)
are considered. The data presented in these plots and inltbwihg analysis refer to a

run in which the “background” (photons generated by theaete and along the beam-
line) is the prevalent component.

mial function) give a one to one relation between Hesalue measured by the
spectrometer and the ADC one recorded by Willie.

Fig. 3.29b presents the trend of the calorimeter resoluliBpE (whereAE
andE are respectively the and mean of the gaussian fit) as a function of the
energy los€,. Even in the low energy range (where the calorimeter has arlow
resolution with respect to the spectrometer) the resalutaue is acceptable for
the study to be performed on crystal radiation productianfiime structure in the
spectrum is expected).

To give an example, at 10 GeV the plot gives a resolution of 6¥esponding
to a RMS uncertainty of 600 MeVAE:t). Given that the spectrometer has a
RMS error of about 350 MeVAEsy), the calorimeter intrinsic resolution can be

computed ad\E,, = |/E&; — Egp ~ 490 MeV comparable with the spectrometer
one.

Once the calorimeter has proven to be a valid alternativedspectrometer,
its output should be “linearized” and rescaled using therisg of the function
that fits fig. 3.29a. The validity of this operation is shownfign 3.30a where
there is a perfect linearity between the “reconstructeddraaetric energy and
the measured spectrometer one.
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Figure 3.28:a) The energy deposit in Willie-cal as a function of the onesueed by the
spectrometer. b) Two slices of plot (a) corresponding te 13 GeV andg, =55 GeV; the
mean andr parameters provided by the gaussian fits are used to calithratcalorimeter
and measure its resolution.

Fig. 3.30b presents the resulting energy spectrum; noterthhis case also the
events with more than one cluster on the chambers can bedesed| so that the
spectrum has a continuous and smooth shape.

3.2.1.6 The 2010 beam test (the Jack calorimeter)

In June 2010 a new beam test on the H4 beam has been performeadtowith
the radiation emission study extending it to the axial eff@haracterization and
to negative particles; some of the results will be describedhap. 4.

This section presents the novelties introduced in the axgertal setup with re-
spect to 20009:

e anew trigger system.
The old trigger logic was based on the high threshold disaaton of the
DEVA calorimeter signal (sec. 3.2.1.2) to increase the gr@iage of ac-
quired positrons. Since the intrinsic beam purity proveldddigh ¢ 88%
of positrons), this strategy has been abandoned using decofipcintilla-
tors (s1-2, scheme in fig. 3.31a) placed in front of the Dstail detector
(fig. 3.31b). In this way, the incoming particles trigger ha&Q also when
they do not reach DEVA, being deflected too much by the benchiagnet
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Figure 3.29:a) The energy deposit in Willie as a function of the one mezblny the
spectrometer with the polynomial function, which fits thenl, superimposed; b) the
calorimeter resolution as a function of the energy lBssneasured by the spectrometer
(the values include the spectrometer contribution).

(B, > 60 GeV). The s2 scintillator has a hole and it can act as an anti
coincidence, so that two trigger logics are available: thgls trigger on s1

to detect the whole beam acquiring statistics fast duriegsttup commis-
sioning and the anti-coincidence (5%2) one to acquire a beam portion that
matches the crystal shape thus increasing the number ofsevepinging

on the crystal itself. The anti-coincidence has been predeto a coin-
cidence because in this way only one scintillator (7 mm thiskcrossed
during the “crystal physics” runs limiting the backgrourmhtribution due

to bremsstrahlung.

¢ a different arrangement of the beam chambers and the casters.
The 2009 beam test was affected by the interference prolidetageen the
calorimeters and the spectrometer due to the calorimetkeatge that creates
ghost hits on the silicon beam chambers. This problem has beleed
increasing the distance between the different elementsasadte chambers
are placed before thecalorimeter that in turn is located before DEVA as it
is shown in fig. 3.32a.

e a newy-calorimeter (Jack-cal) readout with 3 nfrBiPMs.
The most remarkable novelty of the 2010 beam test has beenttbduc-
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Figure 3.30:a) The energy released in Willie-cal, after the calibratsna function of
the one measured by the spectrometer; b) the overall speaweasured by the calibrated
Willie-cal.

tion of a newy-calorimeter; it is called Jack (fig. 3.32b). As well as Vélli
(sec. 3.2.1.5), Jack is a “shashlik” calorimeter, compaxetD tiles, 4 mm

thick, of plastic scintillator and 69 tiles, 1.5 mm thick,le&d, for a total of

19 Xo. Each tile has an area of ¥22 cn?; the scintillation light is brought
by 1.2 mm WLS fiber$ to 16 silicon photomultiplier® with an active area
of 9 mn?.

Fig. 3.33a shows the Jack output in ADC counts as a functidghetnergy
loss given by the spectrometer; the blue lines represensdhatter plot, while
the overlapped red line is the fit of the mean Jack energyjrastavith a series
of gaussian fits (the procedure has been described in set.53.2Comparing
the plot with the equivalent one produced with the Williearaheter (fig. 3.29)
the Jack linearity improvement obtained using larger ai®3S can be noted.
Fig. 3.33b shows the Jack-cal resolution trend as a funotidj.

The trigger strategy used during the 2010 beam test alloasduire particles
with an energy loss value larger than what the spectrometemeeasure (due
to the finite dimensions of the bc1-2 silicon chambers). Tiergy lost by these
positrons should be measured by thealorimeter. For this reason the calorimeter
calibration has been extended to the redipr 63 GeV, beyond the spectrometer

9BCF-9224, produced by Saint-Gobain.
1%produced by FBK-irst, Trento, Italy.
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Figure 3.31:a) A schematic drawing of the s1-2 scintillators mountedren@s1 detec-
tor; each of them is 24 cn? with a thickness of 7 mm and it is readout by a single anode
931-B photomultiplier, produced by HAMAMATSU. b) A photo tiie s1-2 scintillator

in the H4 beamline.

primary beam
calorimeter
bc1-2
Ty

| ;
. T

Jack|
(a) (b)

Figure 3.32:a) The Jack calorimeter in the H4 beamline during the 2016nktest; it

is located after the silicon chambers as shown in the top bbgree. b) A photo of the
calorimeter: its front part contains the active region wfiibers and SiPMs are interfaced
in the back.

limit.
Fig. 3.34 presents the energy deposited in Jack by the pribgam (the bending
magnet was switched off) with an energy of 80 GeV (a), 100 Gy\af(d 60 GeV
(c). The peak representing the positron population has et with a gaussian
to obtain the corresponding mean value in ADC.

Fig. 3.35 shows the Jack calibration curve obtained usiegsffectrometer
information at low energy (fig. 3.33a) and the direct primésam detection
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Figure 3.33:a) The energy deposit in Jack-cal as a function ofhenergy loss mea-
sured by the spectrometer (scatter plot in blue) with thgrpmhial function which fits the
trend (red line); b) the calorimeter resolution as a functbthe energy losg; measured
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Figure 3.34: The energy spectrum of the primary beam measured by Jadkical
80 GeV (a), 100 GeV (b) and 60 GeV (c) beam.

(fig. 3.34a) at high energy. The point at 60 GeV demonstrdtesagreement
between the two measurements. The information providedhéyit parameters
allows to obtain thé; energy loss in GeV.
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3.2.2 Analysis and results

The 2009 beam test on the H4 beamline has been dedicateddeviblepment of
the experimental setup and to the investigation of changelnd volume reflec-
tion from the radiation emission point of view.

This section will start (sec. 3.2.3) presenting the charstics of the crystals,
measured following the methods described in chap. 2 andvwhleation of the
background radiation contribution and of the amorphous drieen the emitted
radiation in channeling (sec. 3.2.4) and volume reflectsac(3.2.5) will be mea-
sured and compared with the theoretical models presentestirB. 1.

3.2.3 Crystals and background

The channeling and VR radiation emission investigatiortdess performed using
two silicon strip crystals bended with curvatures radii bbat 5 m and 10 m.
These crystals have been fully characterized followingotfoeedure presented in
chap. 2 and their features are summarized in tab. 3.1.

Crystal | orientation| length (mm) torsion(%) @ (prad) | R(m)

StR5 | (110) 2 181.8 403.5t1.3 | 4.96+0.02
StR11 | (110) 2 52.7 186.5+-3.9 | 10.72+0.22

Table 3.1: Characteristics of the strip crystals inveséidaduring the 2009 H4
beam test.



134 Radiation emission in channeling and VR

The experimental setup presented in sec. 3.2 has been désmmeasure the
radiation emitted by the crystal; anyway a background doution, produced by
the detectors placed before the bending magnet (the DXsitelescopes) and
along the beamline, is present.

In sec. 3.2, the spectra of the background contribution Heen used to show
the behaviour of the spectrometer (fig. 3.28) and ofytoalorimeter (fig. 3.19).
Fig. 3.36 presents the passage from raw data to a normaligeibdtion:

e the first plot is the raw histogram, that is the number of evé&MN(E )
acquired in the ranggjg < E; < Ejo+ AEq.

e rescalingAN for the total number of incoming positroiNg,: (well approx-
imated by the number of the entries of the histogram) andiutigi it by

the bin size of the histografdE, the photon spectrur%lEn is obtained
(fig. 3.36Db).

e to extract the energy loss distributi dn -E (fig. 3.36¢), each point of the
(b) plot should be multiplied by the correspondifgvalue.

Integrating the energy loss distribution presented in 868, the average energy
loss per positron without crystal (background) is obtairtk integration interval
is 3< E < 60 GeV; the low thresholdg = 3 GeV) has been chosen to exclude
the low energy peak caused by the finite resolutiorEgnThe integral gives an
average background energy Iosﬁf"zlj&o.oz GeV.

Fig. 3.37 shows the photon (a) and the energy loss (b) spectasured se-
lecting the particles impinging on the crystal, that is miggged of 4 mrad with
respect to the channeling orientation and thus behaves anarphous material.
The obtained spectra represent the sum of the crystal bahon and the back-
ground one; this last one has been superimposed (greerspmntomparison.
Since the probability for a positron to lose more than 3 Gedh{puted as the in-
tegral of fig. 3.37a) is much lower than onel9%), the crystal contribution and
the background one can be considered independent, so ¢attbrphous con-
tribution can be obtained subtracting the background, asslin fig. 3.37c. The
plot fit with a constant function gives the percentage of gnéwst by a positron
crossing the crystal in an amorphous condition: 2QA7% that is compatible
with the expected value of 2.05% (computed asd /%) wherel andXg are
the crystal length and the silicon radiation one). Accogdin the measurement,
the average energy loss in the amorphous conditiEﬁﬁ%: 1.20+0.1 GeV (for
3< E; <60 GeV).
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Figure 3.36:Spectra of the background (without crystal) radiation dbation: a) the
number of acquired eventaN); b) the photon spectrwg%; c) the energy loss spectrum
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3.2.4 Channeling

The combination of the “deflection” and the “radiation” pafthe setup presented
in sec. 3.2 allows to measure the radiation spectra emittéladocrystal in a given

incoming deflection angle range.

For what concerns channeling, it is possible to take int@actonly the chan-

neled particles selecting also the desired incoming deserg.

Fig. 3.38 shows the plots involved in the channeling radrasitudy, collecting the

statistics of a single DAQ performed with the StR5 crystaioted in channeling:

e a) the distribution of the local divergence (sec. 2.2.1)imgmg on the crys-
tal, p(a*).

¢ b) the scatter plot of the deflection angi@s a function otr*; in the central
part of the plot the channeling peak is present.

e C) the energy loss distribution ri&;/dE,;) of the channeled patrticles as a
function of o, obtained selecting the particle with< —300 urad (note
that the statistics is present only in correspondence afroglang).
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lines represent the particles impinging on the crystalnbdeid in amorphous condition and
the green points the beam portion outside the crystal (ackgl). c) Subtracting the
background contribution, the energy loss produced onlyhbyctystal is obtained.

considered due to the limited statistics. Doing so, the stapghea™ distribu-

Fig. 3.38c shows that in principle it is possible to obtaia émergy loss spec-
trum for any arbitrary value oft* but in practice a finite angular range should be

tion could influence the obtained spectrum, thus a proceidurbtain the spectra
independently from the incoming angle distribution shaae lbeen implemented:

¢ the histogram presented in fig. 3.38c is divided in vertiteés representing

the spectral distribution before the normalizatidhN(E; ) - E; or AN(E;)) as

afunction ofa*. For each slice (calles|) the number of incoming positrons
p(a*); (fig. 3.38a) is computed.

e anew spectruns(y) is obtained summing thg slices weighting their con-
tribution for the number of the incoming positrons relatedlicep(a*®);,

Sot =

Sj
p(a*);

2

(3.8)

In this way, after the normalizatiorgo: will correspond to the spectrum

produced by an equiprobabte’ distribution. Depending on the values
taken into account in the sum, the analyzednterval is chosen.
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¢ to define thea™ ranges, the angle corresponding to the best crystal align-
ment should be identified (using the procedure shown in f&j7)2 for the
StR5 crystal (fig. 3.38b) this angledg ~ 6.6 urad.

e onceaq( is known, the angular ranges, symmetric with respect tovlise,
can be defined taking into account: the central region oftla@eling peak
(la* —ag| < afy) or the external ond§* — aj| > a7 and|a* —ag| < a5
with o < a5, wherea, ay, are the parameters determining the range
size).

Fig. 3.39 shows the energy loss spectrum of the particlesreiad by the
StR11 (a) and the StR5 (b) bent crystals: the red points spored to the central
region of the channeling peako(* — aj| < 3 urad) while the black ones to the
external portion of the peakd* — ag| > 5 prad anda* — aj| < 20 prad).

Fig. 3.39 shows a similar behaviour of the two crystals wiffecent curva-
ture radii, confirming the negligible effect of the crystalnaing on the radiation
emission (sec. 3.1.1).

Comparing the different angular ranges, no clear diffezerare recognizable;
probably the high uncertainty (due to the low statisticgginot allow to identify
the slight discrepancies that should be caused by the eliiterin the transversal
energy distribution.
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Figure 3.39: The energy loss spectra in channeling for: a) the StR11 alryssing
the spectrometer) and b) the StR5 one (using the Willie wa&ter). The red points
correspond to the rande™ — aj| < 3 prad while the black ones t@r* — aj| > 5 urad
and|a* —ag| < 20 prad.

Fig. 3.40a for the StR11 crystal (and b for the StR5 one) prtssihe com-
parison between the measured energy loss spectrum in dimn(Eack points
with the red error bars) and the one obtained with the sinmradescribed in
sec. 3.1.1 (blue lines). The angular range taken into adcisujm™ — agj| <
20 urad; the green line represents the radiation emission immh@phous con-
dition (background subtracted, sec. 3.2.3). The agreemghtthe simulation
(within the experimental errors) is rather good; the meadaverage energy loss
is E|Ch =11.69+0.08 GeV for the StR11 crystal arﬁfh =11.6740.07 GeV for
the StR5 one, while the value provided by the simulatidgfs=11.98 Ge\V.

3.2.5 Volume Reflection

Sec. 3.1.2 describes the radiation emission in volume tafteextending the co-
herent bremsstrahlung model to bent crystals. Fig 3.10 bas bsed to present
the straight crystal radiation emission as a function ofmtsalignment with the
beam: in addition to the channeling radiation, for 0 two external tails repre-
sent the coherent bremsstrahlung.
The equivalent of that plot for a bent crystal (the StR11 dras been recorded
during the 2009 H4 beam test and is shown in fig. 3.41.

The top plot of fig. 3.41 presents the deflection anglas a function of the
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Figure 3.40:Comparison between the measured (black points) and siedulalue line)
energy loss spectra for the StR5 crystal (a) and the StR1{bdrhe green lines represent
the radiation emission in the amorphous condition.

misalignment onex* as a reference to identify the channeling alignmerit £

12025urad) and the volume reflection region (1182&ad< a* < 12025urad).

The second plot shows the photon spectrdmy @ E) and the third one the energy
dn

I —-F .

0SS spectrurr(OIE| |)

The enhancement in the radiation emission can be clearlyeteéind some qual-
itative differences with respect to the straight crysta &i10) can be recognized:
the angular region, interested by the radiation enhancensemo more centered
around the best alignment (channeling) and its acceptaraeger being approx-
imately determined by the VR one, that depends on the crgatahture (an ad-
justable parameter). Moreover the spectral shape is akmdsrm with respect to
the misalignment angle; this is due to the crystal curvatiaéchanges the angle
between the particle trajectory and the crystal planesxduhe crystal crossing,
producing a “mixed”, more uniform effect.

Fig. 3.42 shows the comparison between the measured ermaggpectrum
in volume reflection (black points with the red error barsj #re one provided by
the analytical calculation as described in sec. 3.1.2 (lnhes).

Fig. 3.42a refers to the StR11 crystal while the StR5 crysgiattrum is shown in
(b). Both plots have been produced using the procedureidedan sec. 3.2.4 to
emulate an equiprobable incoming angle distribution.

Defining aj as the middle point of the VR angular acceptance, the ranges
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Figure 3.41:The scatter plots present as a function of the local misalegt o* the
@ deflection angle and the energy IdSs In the bottom plot each histogram entry is
weighted for the energy loss value itself so that the intgrsdlor scale represents the

dn
energy loss spectrurgE -E.

considered in fig. 3.42 area; — 60 urad< a* < aj + 20 urad for the StR11
crystal (a) andry — 200 urad< a* < aj +200urad for the StR5 one (b).
Differently from channeling, in VR both the shape and thesmsity of the
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Figure 3.42:Comparison between the measured (black points) and cduémergy
loss spectra for the StR11 crystal (a) and the StR5 one (b)gtben lines represent the
radiation emission in the amorphous condition.

spectrum depend on the bending radius; in fact the StR5atr{{st being more
bent, presents a lower radiation intensity and a more brodaribution.
This depends on the increase of the angular range expedidnycthe positron
during the crystal crossing, that causing the interactiadh planes that are mis-
aligned more, adds a harder but less intense component en#rgy loss spec-
trum.

The agreement with the analytical calculation (within tRpeximental errors)
is rather good; the measured average energy |d58 is12.29+0.12 GeV for the
StR11 crystal ané" =8.53+0.05 for the StR5 one while the values provided by
the simulation ar&"" =11.64 GeV (StR11) anH,"" =8.27 GeV (StR5).

3.2.6 Conclusion

This chapter has described channeling and volume reflefroom the radiation
emission point of view from the theoretical charactermatio the measurements,
performed on two 2 mm long strip crystals, with differentature radii (tab. 3.1).
The obtained results are summarized in tab. 3.2; the thitohwogives the average
energy loss (background subtracted.- Iglbg), for the amorphous, channeling and
volume reflection orientation, in the investigated eneagyge (< E; < 60 GeV).

If compared with the amorphous condition, both channeling ¥R produce
a more intense radiation emission, with an enhancementnguiigpm 5.740.6
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(StR5 VR) to 8.8-0.9 (StR11 VR), with an intermediate &8.8 value for chan-
neling (both crystals).

E Gev E —E’?GeV | Ay | Accept.urad | Efficiency
Amorphous| 2.92+0.1 1.20+0.1
StR11
channeling| 11.69+0.08 | 9.97+0.08 4.14| 34 67.7+11.4
V. R. 8.53+:0.08 | 6.81+0.08 1.5 | 186.5:3.9 94.4+0.24
StR5
channeling| 11.6740.07 | 9.95+0.07 4.14| 34 97.3+:1.1%
V. R. 12.29+0.12| 10.5A40.12 | 1.5 | 403.5+1.3 53.4+:2.4%

Table 3.2: Results for the strip crystals investigatedrdythe 2009 H4 beam test.

Considering the average energy loss per positron, chamgnafid VR have a
similar behaviour but there are differences between th#eete that should be
underlined:

e average photon multiplicity or single photon spectrum.
The obtained results have proven that a positron, crossioegnacrystal,
loses a similar amount of energy, both in channeling and inrae reflec-
tion but this does not imply the emitted photon beam to belamais well.
In other words, the single photon spectfdroan be different as expected
by theory (sec. 3.1). The theoretical (it has not been med3$yrarameter
that allows to estimate this difference is theaverage number of emitted
photons per positron (fourth column of tab. 3.2); this numbe&hanneling
is about 3 times larger than in VR so that the single photorctspe in
channeling is much softer than in VR.

e dependence from curvature.

As theoretically described in sec. 3.1.1 and experimgmvaliified in sec. 3.2.4,
the radiation emission in channeling (at the investigateslgy) is deter-
mined by the oscillation inside the channel with a negligibbntribution
given by the crystal curvature. On the other hand, considerR, there are
big differences between its straight crystal counterphetcoherent brems-
strahlung, and the bent crystal behaviour. These diffe®ncdginate in the
variation of the angle between the particle and the crys&aplanes during
the crystal crossing. Moreover, since this angle averalyevacreases with

, dn . .
1The single photon spectrum referségy as a function oE,, whereE, is the photon energy
y

andny is the number of emitted photons per positron, indlig energy range.
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the curvature and so does its distribution spread, the VIRggriess distri-
bution can be modified acting on the crystal curvature. Kinashould be
noted that, although the curvature has no effect on the ednigtdiation in
channeling, the use of bent crystals has been fundamenfialdtohe cor-
rect alignment and to tag the channeled particles sepgrtitem from the
undeflected beam.

¢ efficiency and angular acceptance.

To measure the energy loss values (reported in tab. 3.2)tbalparticles
subject to the effect under study have been considered bet) the overall
crystal behaviour is evaluated, the efficiency of the giviéece should be
taken into account, since it provides the number of the téife” positrons

(the channeled or reflected ones) over the total one. Wheeftiseency

is taken into account, VR “naturally” overcomes channelithgg measured
values in this case are 96% for VR and 60% for channeling) #tka most

significant difference is the angular acceptance, that Rr&/much larger
than for channeling and can also be adjusted, dependingeobehding
radius. The angular acceptance, in fact, becomes crucex wie “practical
parameters” such as the beam divergence, the alignmensipreand the
crystal torsion, are taken into account.
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Chapter 4

Advanced bent crystals

This chapter will go beyond the standard channeling andmelueflection ef-

fects, describing some innovative bent crystal deflectreses. Experimental
results obtained with both positive and negative partieldsbe presented for

every effect, after a brief theoretical introduction.

Sec. 4.1 will focus on the multi volume reflection in a seriésrgstals that is
not a new effect but rather a technological developmengdas VR, to obtain
large deflection angles with high efficiency and large angadaeptance.

Sec. 4.2 will uncover the “second bent crystal dimensiomégiby the crystal
rotation along the vertical direction. Moving in this dingon, new elements
such as the skew planes (sec. 4.2.1) and axes will come ondhe,gevealing the
possibility to drive particles that are spinning around @lxes (axial channeling,
sec. 4.2.2) or to reflect particles in several planes insgle@e crystal (MVROC,
sec. 4.2.3).

4.1 Multi VR in a sequence of crystals

As described in sec. 2.2.3, volume reflection has a largelangaceptance and
a high efficiency, properties that make it a channeling cditgyen applications
such as collimation and beam extraction.
Compared with channeling, VR is limited by the deflection langhat, being
determined by the intrinsic crystal properties, is smatl ired, differently from
the channeling one, that depends on the crystal length andtove.
To increase the deflection produced by VR, a system of marstalsy aligned
between each other, has been developed so that the pamtadsing the crystals,
is subject to a series of reflections, resulting in a largéledgon angle, as shown
schematically in fig. 4.1.

The first experimental test of multi volume reflection in desof crystals [82]

145
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Figure 4.1:Scheme of the multi vol-
Z(R/ ume reflection in two subsequent crys-
tals.

has been carried out in 2007 using two quasimosaic crysiglsi(2a) that were
originally designed to work separately. Fig 4.2b shows #@seilt of a goniometer
scan performed with the double crystal system: in the regjorad< a <70 urad,
two overlapping channeling peaks can be noted, while a @oblection of the
beam is present for 4Qrad< a <110 urad, which provides a deflection angle
@/r= 234+ 0.3urad, reaching a maximum efficiency of 95.0.4%.

80 120 140
Misalignment angle a (urad)

(b)

Figure 4.2:a) The quasimosaic bent crystals aligned between each atidemounted
on the goniometer. b) The result of the goniometer scan pagd with the two crystal
assembly: on the horizontal axis the misalignment anglke wispect to the beam and on
the vertical one the deflection angle produced by the crystal

Fig. 4.2 demonstrates the feasibility of multi volume rdilat, revealing at
the same time its main difficulty: the need of an accuratenalignt between the
crystals in order to preserve the large VR acceptance. Thaligmment between
the crystals causes in fact the increase of the angulanréggierested by channel-
ing, in which volume reflection and thus multi volume refleat{iMVR) present
a low efficiency.

There are two possible strategies to improve the relatigmaent between
crystals: one is based on the active control of the alignraeetch crystal, that
can be obtained using piezoelectric motors (fig. 4.3a) aadther requires the
development of holders able to keep the crystals paraltelden each other, as in
the case presented in fig. 4.3b.
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(b)

Figure 4.3: Two examples of multi-crystal systems: a) two photos of aseerble of
5 quasimosaic crystals mounted on a holder that allows tosadpeir relative align-
ment through piezoelectric motors (developed by the PaiegsNuclear Physics Insti-
tute, PNPI [83]); b) a photo and the schematics of an arraysifiébn strips, bent by a
holder designed to ensure the parallelism between the shigancing the forces applied
to them by the screws that fix their positions (produced byPthgsics Department of the
University of Ferrara [62]).

Both techniques have been tested producing positive sg@ae [84] for what
concerns the active alignment and [85] for the “passive”)dnd, at the mo-
ment, most of the efforts are directed towards the improveroé the passive
alignment system since the active one, though offering Ierdeperformances
in terms of angular acceptance and efficiency, introducastisal complications.
Multi-crystals, in fact, are developed in the framework e&in collimation whose
main request is the reliability; the presence of electr®aicd motors close to the
beam could be a problem. In addition to this, all the elemplased next to the
beam (crystals, holders and goniometer) should fit the hitra vacuum require-
ments so that the development of an active multi-crystalesydecomes more
expensive in terms of cost and time.

The next section will present as an example the resultsroddavith a multi-
strip crystal (without active alignment) tested in 2008thapositive and negative
charged patrticles.

4.1.1 The measurements

This section presents the experimental results obtainddavnulti-strip crystal
(fig. 4.4) composed by 8, 2.2 mm long silicon strips, orierdémhg the (111)
plane; it has been developed at IHEP.

Fig. 4.5a presents the result of a goniometer scan perfomitadthe IHEP
multi-crystal in 2008, on the H8 beamline, with a 400 GeV/fatpn beam (sec. 2.1.6).
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Figure 4.4: A photo of the multi-strip
crystal (8 (111) silicon crystals) pro-
duced at the IHEP laboratory. The strips
are held in position by two layers of glass
that, thanks to their high planarity, keep
them parallel.
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Figure 4.5:a) Goniometer scan of the IHEP multi-strip crystal: the detfte angle as a

function of the misalignment one (sum of the goniometer @agid the incoming particle
angle measured by the DsX silicon detectors). b) Same asi{aplecting the events that
fall in two horizontal beam slices (0.25 cm high), at a distaf 0.5 cm one from the

other.

The torsion phenomenon, described for the single crystal &.2.1), is also
present in a multi-crystal, as proven by fig. 4.5b, whose tledspare produced
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with particles falling in two horizontal beam slices at atdisce of 0.5 cm one from
the other: they show that the torsion generated by the hpldgragates to all the
strips as a rigid shift with respect to the horizontal axi¥ (This displacement can
be measured comparing the position of the channeling peakefahe reflection
regions in the two plots: they differ of around 106ad, corresponding to a torsion
of 200 urad/cm.

Once the torsion coefficient has been measured, the defienigle as a func-
tion of the local misalignmentr* (sec. 2.2.1) can be obtained (fig. 4.6a). This
compensation of the torsion allows to observe a more ddtplt#, with the chan-
neling peaks fine structure, demonstrating a good alignivetmieen all the strips
except for the first one whose channeling peak is separaiedtfre other ones.
The position of the channeling peaks with respect to theoadraxis allows to
estimate an average channeling angle~250 urad, corresponding to a bending
radius of about 9 m.

b)
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Figure 4.6:a) Goniometer scan of the IHEP 8 strip crystal with the torsiompensated
via software. b) The yellow histogram represents a slich®f{s) scatter plot (whose po-
sition is indicated by the black line) showing the multipdéiection of the beam compared
with the gray histogram (amorphous orientation).

Fig. 4.6b compares the deflection angle profile acquiredemtiddle of the
multi volume reflection region (black line in fig. 4.6a) withe amorphous one.
Once the detectors offset is taken into account, a defleatigtegyyr = 67.5+
0.5 urad is obtained. Such a deflection corresponds to 5 conseaefiections
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(consider that a single VR should giggr = 13.6 urad, fig. 1.40a). This means
that not all the crystals are simultaneously in VR which isswrprising [85] and
depends on the non perfect alignment between the crystals.

The top plot of fig. 4.7 presents the percentage of eventacwat in the main
peak (range-o < @ < @+ 30, with ¢ the mean deflection angle value) of the
deflected beam, as a function of the effective misalignnaentthe bottom plot
(deflection angle as a function of*) is used just to provide an angular refer-
ence. Three regions can be identified: on the left, a vall@yesponding to the
channeling peaks; in the middle, the multi volume reflecaod on the right the
amorphous orientation. The multi volume reflection and ghous ranges are
fit with a constant function providing the correspondingrage percentage of
events.

As already done in sec. 2.2.5 for a single crystal, the MVRiefficy can be
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8 50 E Figure 4.7: The top plot shows the
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@ 250 | . angle value, obtained with a series of
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obtained rescaling the percentage of events under the M\AR fog the corre-
sponding amorphous one (that is smaller than 100% because afeflection
angle distribution tails that are not perfectly gaussidit)e efficiency results to
be 92.14-0.1%.

It is interesting to note that the single VR efficiency is ab®0.4% (fig. 1.40b);
assuming 5 independent reflections, this would cause a M&ezfcy of 87.7%,
a value definitely smaller than the measured one. As pointg&dno[85], this

happens because the particles that are not reflected by dghe ofystals, being
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volume captured, are then reflected by the other ones thusasiag the total
MVR efficiency.

The same multi-strip crystal tested with the 400 GeV/c beas rought on
the H4 beamline to be investigated with a negative hadromhda 50 GeV/c.
Fig. 4.8a shows the result of the goniometer angular scdorpsed in this con-
dition and fig. 4.8b the comparison between the deflectiotegmgfile acquired
in the middle of the multi volume reflection region (blackdim fig. 4.8a) with
the amorphous alignment. Taking into account the angulaeb{given by the
imperfect detector alignment), the average deflectioneacgh be computed:
ouwvr = 795+ 1.0 urad. Comparing fig. 4.8 with its equivalent positive parti-
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Figure 4.8:a) Goniometer scan of the IHEP 8 strip crystal performed wift0 GeV/c
negative hadron beam showing the deflection angle productttlrrystals as a function
of the effective misalignment. b) The yellow histogram es@nts a slice of the (a) scatter
plot (whose position is indicated by the black line) while tjray histogram allows the
comparison with the amorphous orientation.

cle one (fig. 4.6), several differences due to the charge amghthe energy of
the particles appear: the lower energy is mainly respoasibthe @ distribution
broadening due to the increase of the multiple scatterihgewhe disappearing of
the channeling peaks and the increase of the volume captbalplity is caused
by the negative sign of the particles, in agreement with vilaagtbeen measured
for the single crystal (sec. 2.2.4).

Fig. 4.9 presents the number of events under the main peafkiastaon of the
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effective misalignment*. The value corresponding to the amorphous alignment
(not shown in figure) is 98.560.02%.
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Figure 4.9: The top plot shows the
percentage of events that are in the
main peak of the deflection angle dis-
tribution, within the range-c < ¢ <
@+ 30, whereg is the mean deflec-
tion angle value, obtained with a series
of gaussian fits, like the one presented
in fig. 4.8b. The scatter plot at the bot-
tom (deflection angle as a function of
o*) is used to give a reference. The ar-
row indicates the position of the slice
plotted in fig. 4.8b.

Fig. 4.9 indicates that it is not possible to identify an daguegion (in MVR)
characterized by a stable efficiency as was the case forympdrticles. This is
caused by the broadening of tipedistribution and the increase of the channeling
acceptance due to the lower energy. Thus, to estimate the &ffidRency, a thin
alignment region, corresponding to the angular profile shmfig. 4.8b (middle
point of the MVR acceptance) will be taken into account; orescaled for the
corresponding amorphous percentage, this gives an effic&fi87.0+-0.8%.

It should be noted that, for what concerns negative pastidlik and MVR
represent very interesting methods to deflect particlesgulsent crystals. The
lower channeling efficiency in fact on one hand does not aliowbtain large
deflection angles with high efficiency using channeling with the other one,
favours MVR limiting the maximum value of its inefficiency. hik last state-
ment is confirmed by the comparison between the positive4fi).and negative
(fig. 4.9) efficiency trends: in both cases the minimum is Inedcin correspon-
dence of the channeling peaks but its value is much largéhémegative particles
(~ 76%) with respect to the positive ones 60%).
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4.2 AXxis related effects

This section will show the possibilities offered by the ¢afsotation in the ver-
tical plane. First of all, new elements such as the skew glan#l be introduced
(sec. 4.2.1) and then the axial channeling (sec. 4.2.2) aB®C (sec. 4.2.3)
phenomena will be described both from the theoretical apém/xental point of
view.

4.2.1 Skew planes

In the continuum approximation (sec. 1.3.1), a crystal hemsnbdescribed as a
series of parallel planes that interact with the chargetigbes as a continuum
periodic potential.
According to the continuum approximation, the crystaljitenes are seen as such
by a charged particle when its trajectory forms a small amgle respect to the
planes themselves.
Up to now, the presented measurements have consideredhentyytstal planes
aligned along one direction that, for design choice, is the perpendicular to the
bending. This is schematically shown in fig. 4.10a, in whiod ¢urvature lies in
the (x— z) plane while the particle is aligned with respect to the @aliste planes
parallel to thely — z) orientation.

In this framework, the misalignment angle between the gartmomentum

dp=axcos(e)+
|+ Qysin(6)

Figure 4.10:Two schemes of a crystal: the red dots represent the nuséebltie lines
the crystalline planes and the green arrow the directionabfaaged particle that forms a
ap < 1 angle with respect to a vertical plane (a) and to a secorskany one (b).

(green arrow) and theaxis (black arrow) can be decomposed ia,ghorizontal
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component and ay vertical one, so that the misalignment between the particle
and the crystalline planeay, is given byay (that in turn corresponds to tlean-

gle used in this thesis to indicate the misalignment betwieeparticle trajectory
and the crystal). The crystalline planes perpendiculanédiending direction are
the main ones but secondary skew planes are also presehgvas & fig. 4.10b.
Considering a skew plane, tlog, misalignment angle with respect to the parti-
cle trajectory becomes a composition of the horizontal artical misalignment
with respect to the axisap = axsin(8) + aycog 8), wheref represents the skew
plane slope with respect to the vertical direction (fig. 4)10

a) b)

<ch=(PcC°5(9)

(pCX=(pc <Pcy=<PcS|n(9)

X X

Figure 4.11:The trajectory of a particle channeled by the vertical piagg and by the
skew ones (b).

As well as the main ones, the skew planes are able to traglearin channel-
ing and reflect them in the crystal volume, but the deflectiogleproduced by
them rotates in space according to the orientation of theepla
Fig. 4.11a shows the trajectory of a particle channeled byntlain planes of a
bent crystal; if thep deflection angle is decomposed ingahorizontal compo-
nent and ag, vertical one, theg. channeling deflection acts only in the horizontal
plane meaning that its horizontal projection correspowd$é¢ full bending an-
gle, gx = @, while the vertical one is absenfyy = 0. When the skew planes
are taken into account (fig. 4.11b), both the horizontal comemt and the vertical
one of the deflection have a non zero value resulting tgxhe- @.cog0) and
oy = @SIN(B).

Fig. 4.12a presents a goniometer scan of a silicon strigaidrya which both
the main planes and the skew ones give a contribution: theltdgthe ¢ hor-
izontal component of the deflection angle as a function ofahenisalignment)
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presents two channeling peaks while, in the bottom one ¢gheertical compo-

nent of the deflection angle as a function of tiiemisalignment), only the skew

peak is visible given that it has a non zero vertical deflecéingle.
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Figure 4.12:The experimental evidence of a skew plane compared with #ia one.
a) The goniometer scan of a (110) silicon strip crystal: ghhorizontal deflection angle
(top) and theg, vertical one (bottom) as a function of the local misaligninef; two
channeling peaks can be recognized but only the skew onesemtrin both plots. b)
Scatter plot of thep, vertical deflection angle as a function of tiaehorizontal one, filled
with the events in the angular region corresponding to teevgkane that is 170firad<
a* < 2200 urad; the projections of the channeling peak on the two gxgand ¢, are
indicated.

Fig. 4.12b shows they, vertical deflection angle as a function of tipehori-
zontal one, considering the events in the angular regioesponding to the skew
peak (170Qurad< a* < 2200 urad, fig. 4.12a). Measuring the position of the
channeling peak with respect to the two axes it is possibfedognize the incli-

nation of the plane that i8 = atan Ry

) = 30° in this case.

It should be noted that the decomp%éition of the deflectigteattescribed for the
channeling effect is valid also for the VR one but in this ctseg, r deflection

angle changes depending on the “strength” of the skew plaheerefore it can
have a very small value compared to the main one. For thisngtis not possible

L@, r depends on the depth of the potential well, that in turn ddpem the geometric charac-
teristics of the plane itself (eq. 1.5).
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to recognize a VR deflection associated to the skew chameéak in fig. 4.12.

4.2.2 Axial channeling

In the previous sections, the continuum approximation hasyes been applied to
the crystalline plane that behaves as a continuous plaragehlistribution with
respect to the aligned particlesy < 1, fig. 4.10).

This section will describe the case in which a charged gartmoving at a small
angle with respect to the crystal atomic stringaXis in fig. 4.10), feels the elec-
tric field generated by the atoms of the string as if it weredpo®d by a charge
distribution with a cylindrical symmetry, as schematigalhown in fig. 4.13.

a)

Figure 4.13:a) A particle moving at a small angle with respect to a cryaxas. b) The
continuum potential with radial symmetry as it is felt by @dggned particle.

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

(eq.1.4)is: 2 ,
ZiZ 3at¢

Ua(r) = a In (1—1— = ) (4.1)
whereg; is the interatomic spacing in the stringjs the distance between the
particle and the axisaTr is the Thomas Fermi screening radias £ = 0.8853:
ag-Z Y3 ag = 0.529A).
The transverse electric field generated as the sum of thes figtstluced by the
single atomic strings shows a rather complicated strudfige4.14), in which
the negative charged particles can be trapped by the streligdi the atomic
string and, being attracted by the positive nuclei, be cedfimear them while the
positive ones may be captured in the well of a minor potepteded between the
atomic strings.

The particle motion in th& (r) field with cylindrical symmetry [87] is char-
acterized by two conserved gquantities, 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
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Figure 4.14:Axial potential computed [86] with the use of the Molierepapximation,
in the following orientations: a) (111) Si; b) (110) Si; c0@ Si. The numbers give the
potential in eV.

z, which isag = \/dx2+dy2/d22, can be expressed in the cylindrical coordinate

system:
dr\? (rdp\° [ 2
Oy = \/(d_Z) + (E) =4/ 0Of +a(p (4.2)

According to this and taking into account that the angulanmantum isJ = p x
I = prag, eg. 1.11, which gives the transversal energy value and aaputed
for the planar channeling case, becomes:

_bv > _ bV > J2
E = 20{ +U(r)= 20r+72Myr2+U(r) (4.3)

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

centrifugal term whose effect is to move the effective pté&minimum aside
from the channel center & 0), where the redl (r) has the minimum; so, ak

increases, the effective potential minimum moves farthemfthe atomic string
for the negative particles and nearer to them for the p@sanes.

As in the planar channeling case, the condition for axiaholeding is that the
transversal energy; does not overcome the maximum value of the potential well
Up. This condition can be transformed in the request for théigharangle with
respect to the axisag) to be smaller than a critical valug,c = /2Up/pv, as
already shown in sec. 1.3.2 for the planar case.

The Up values for the most important axes in Si, Ge, W crystals avergin
tab. 4.1. Comparing theddy values with the planar ones, the axial channeling
critical angle results to be-23 times larger. According to this, the axial channel-
ing condition could seem favoured with respect to the plamarbut two distinct
states characterizing the axial channeling should be tatemmccount [88]:
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crystal Si Ge wW
axis 100 110 111100 110 111f 100 110 111
Up(eV) | 89 114 105/ 157 203 185 842 979 979

Table 4.1: The potential well depth of some axial channekslmion, germanium
and tungsten crystals, calculated in the Moliere appratiom at room tempera-
ture.

¢ the hyperchannelindig. 4.15a.
It is the confinement of a particle in a single axial channaleg that the
potential barrier separating the different axial chanrelsather low (6 eV
and 1 eV respectively for a silicon crystal aligned along{h&0) axis and
the (111) one) only a small fraction of the aligned particles is trapjpethis
state, during the whole crystal crossing.

¢ the doughnut scatterindig. 4.15b.

It is the motion of a particle aligned with respect to the taaxis but not
confined in a single channel. In this condition the transalemsomentum
of the particle changes its direction due to the multipldtscag with the
atomic string so that particles with an initial misalignrheg are distributed
along an arc (circle) with a radiug,, from which the name doughnut scat-
tering derives. The scattering process is completed dfeeiparticle has
crossed the so called equalization length:

4

A -
(Gac) °Ndar g ac

(4.4)

wherearr is the Thomas Fermi constant addhe interatomic distance.

In previous experiments on axial channeling [89, 90], otlg hyperchan-
neling [91] phenomenon has been observed resulting in asraall deflection
efficiency. But if some limitations on the crystal bendingldangth are taken
into account, the doughnut scattering does not signifigamtiear out the trajec-
tories transversely, so that the channeled particlesgping along the bent axis,
can be deflected of the crystal bending angle The condition for the particles
deflection through the axial channeling doughnut scatgg@id] is the following:

k=kiky <1 with ki =

and ky =
ac Raarkc

(4.5)

wherel is the crystal lengthRR the bending radiusy,c the axial channeling crit-
ical angle,A the equalization lengthgrr the Thomas Fermi constant addhe
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Hyperchanneling Doughnut scattering

Figure 4.15:The trajectory (red arrow) of a particle trapped in the agi@tential: a) the
particle is confined in a single potential well, hyperchdimgg b) the particle overcomes
the axial channeling potential well moving around the agesighnut scattering.

interatomic distance.

The experimental results presented in the next sectiorshailv that when eq. 4.5
is satisfied, axial channeling becomes an effective way thécleng both positive
and negative charged patrticles.

4.2.2.1 Results with positive and negative particles

This section will present the experimental results on thalakhanneling deflec-
tion investigation performed on the H4 beamline at CERN. din@yzed data are
taken from two beam tests, one carried out in 2009 with 120/GeW¥sitrons and
one with 150 GeV/c negative hadrons (maimty) during 2008.

The crystal tested with positive particles is a silicongtine oriented along
the (110) planes an(l11) axis; its features are summarized in tab. 3.1 (StR11)
while a horizontal goniometer scan is presented in fig. 1.3.

To align the crystal axis with respect to the beam, a two stepgulure has been
used: the crystal was rotated around the vertical axis Zbotal scan, fig. 1.3)
aligning it in planar channeling = 0O, fig. 1.3) and then the craddle stage of the
goniometer (sec. 2.1.2) was used to find the alignment wélatis (vertical scan,
fig. 4.16).

Fig. 4.16 shows the horizontal deflection angle (a) and tigg vertical one
(b) as a function of thex, vertical misalignment. Two structures (one gt~
—10 urad, undeflected beam, and onegat- +180 urad, channeled one) can be
seen in the external regions of the (a) plot while in the ra@8@0< ay < 3960
a third component agy ~ 30 urad appears, identifying the alignment with the
axis. The (b) plot reveals that this position is characesgtiby two channeling
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Figure 4.16:Vertical goniometer scan performed with the silicon stigreed in planar
channeling with respect to the horizontal misalignmerjt€ O urad, fig. 1.3). The plots
present as a function aly: the ¢, horizontal deflection (a) and thg vertical one (b).

peaks that, having a vertical deflection component, can dxiited as produced
by skew planes.

Once the axial alignment has been found, a single DAQ wasit@chjin this po-
sition. The scatter plot of fig. 4.17a (the vertical deflegctangle as a function
of the horizontal one) is obtained selecting a narrow beartiggo(a ~ 30 urad
width on theay horizontal direction and a 40 urad width on the vertical one)
and allows the identification of three channeling peaks:otmeon the right, that
does not present any vertical component, is due to axialresng, while the two
symmetric ones on the left are originated by the particlaes thechanneled from
the axial potential, are captured in the (011) skew planes.

Fig. 4.17b presents the deflection angle distribution onwlmeaxes (yellow his-
tograms) compared with the same distribution obtainederathorphous position.
The red boxes in fig. 4.17a enclose a regioftat from the mean position of the
channeling peaks so that, counting the number of partieléiad into them, the
efficiency of the different effects can be estimated. It suont that 262+ 0.3 %
of the particles fill the axial channeling peak while.36 0.4 % the skew ones.
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Figure 4.17:Single DAQ with the crystal aligned in axial channeling, & 3910urad in

fig. 4.16). a) The vertical deflection angle as a function efttbrizontal one; the red boxes
around them represent a regiondg8o with respect to the mean channeling position. b)
The horizontal (top) and vertical (bottom) deflection angtefiles in axial channeling
(yellow histograms) compared with the amorphous alignniigioe histograms).

The interesting feature of axial channeling is the almostglete absence of un-
deflected beam, that could be exploited in applications ssdheam collimation
(sec. 1.2.1) to increase the efficiency.

The study of the axial channeling performed with 400 GeV @mnston the H8

beamline is described in [88] where the results, in agre¢mvéh the ones pre-

sented in this work, are compared with a Montecarlo simaoitethat well repro-

duces the experimental data.

Concerning negative particles [92], the used crystal waiics strip one,
oriented along the (110) plane, 0.98mm long in the beam tiire@nd 500um
wide in the horizontal one. Fig. 4.18 shows a scan of thistalys the horizontal
plane (which means as a function of tag misalignment angle). The crystal has
been characterized according to the procedure describseti2.2.2, providing
the following parameters: a channeling angie= 42.1+ 0.9 urad, a bending
radiusR= 233+ 0.5 m and a torsion of 1{xrad/cm.

As for the positive particle case, once the planar alignnhesstbeen found
(ax = —12600urad, fig. 4.18), a vertical scan was performed to orient tlys-cr
tal with respect to the axis, so that tipe horizontal deflection angle and thg
vertical one as a function of they, vertical misalignment have been obtained,
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Figure 4.18:The goniometer scan of

the (110) silicon strip used in the neg-
ative particles axial channeling inves-
tigation. The plot presents thg hori-

1% zontal component of the deflection an-
0 gle as a function of the local misalign-

50 mentay.

deflection angle @, (urad)

“““““““““““““““““ !
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(fig. 4.19). The axis position can be identified as the certsymmetry of both
plots, corresponding tay = 6322 urad.
A high statistics single DAQ was acquired with the crystalsaaligned with
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Figure 4.19:Vertical goniometer scan performed with the silicon sttigreed in planar
channeling with respect to the horizontal misalignmerjt £ —12600urad, fig. 4.18).
The plot presents as a function a@§: a) theg horizontal deflection; b) the, vertical
one.
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the beam. Given the beam divergenogy = 30 urad, gqy = 35 prad), the data
contain a set of different alignments as presented in fid),4rwhich theg hor-
izontal deflection angle (a-c) and tipgvertical one (b-d) are plotted as a function
of the ay misalignment (left side) and thag one (right side).

These plots can be used to select the angular region of tbening beam pro-
viding the best axial channeling alignment, as it is indédaby the vertical red
lines. The angular profiles in fig. 4.21 (yellow histogramayd been obtained

-100

-100
-100 -50 O 50 100 -100 -50 O 50 100
H. I-mis-ang. a*, (urad) V. mis-ang. a, (prad)

Figure 4.20:Single DAQ in axial channeling with negative particles. Tehorizontal
deflection angle (a-c) and thg, vertical one (b-d) are plotted as a function of thg
misalignment (left side) and they one (right side); each vertical bin of the plots has
been normalized to one to eliminate the dependence fromhthygesof the beam angular
distribution. The vertical red lines indicate the optimgigh channeling alignment.

selecting the events falling into twe 10 urad wide bands around these posi-
tions. They represent the projections of the deflectionedgtribution on the
horizontal plane (a) and the vertical one (b) and are plo#tighl the correspond-
ing planar channeling distributions (red histograms) sdomparison reveals that
the maximum of theg distribution in axial channeling (fig. 4.21a) corresponds
to the planar channeling mean position and thus to the fy#itat bending an-
gle. Moreover it is interesting to note that the undeflectednb component, that
dominates the planar channeling distribution, almostapears in axial channel-
ing, increasing the deflection efficiency. To give a paramehe percentage of
particles withg < @y (vertical blue line in fig. 4.21a) is about 82%. Fig. 4.21
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shows also a considerable broadening of the deflection algfigbution; this is
due to the multiple scattering of the particles with the atostrings and the inco-
herent multiple scattering on the nuclei enhanced by thrimity of the particle
trajectories and the crystal axis.

a) b)
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Figure 4.21:The yellow histograms represent: a) the horizontal defiaciingle profile

and b) the vertical one corresponding to the alignment regiiedicated by the red lines in
fig. 4.20. The superimposed red histograms show the congpanigh the corresponding
planar channeling position. The vertical lines indicat (i, ¢vy) zero deflection angles.

4.2.3 Multi VR in One Crystal (MVROC)

This section will show that it is possible to increase the V@lettion angle
through a multiple reflection inside one crystal, explatthe so called MVROC
(Multiple VR in One Crystal) effect. The name is used to digtiish the phe-
nomenon from the MVR obtained using an array of crystals. @€J.

MVROC has been theoretically described in 2007 [93] and expntally
verified on the H8 beamline with 400 GeV protons in 2009 [94dis based on the
possibility that, under proper alignment conditions, gsancrystal with specific
geometric characteristics, the volume reflections duedoértical plane and the
skew ones take place subsequently during a single crysisdiclg thus increasing
the final value of the deflection.

Fig. 4.22 shows the trajectory of a charged particle in a beydtal in the phase
space of the verticaly and the horizontab, misalignment with respect to the
(111) axis, whose position is identified by the intersection oflthee lines (rep-

resenting the crystalline planes), whose direction is @edcular to the sheet.
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Given the crystal is bent, this coordinate system rotatsviong the curvature,
so that a charged particle (green line), entering the driystae (oo, ayo) angular
position, will move towards smallaeryg values while approaching the crystalline
planes (as it happens in the single VR).

If the ayo angle is small enough, the particle trajectory becomesetatngith a
skew plane sooner than with the vertical one. These plgid€)gk and (112)sk
infig. 4.22) give both a horizontal and vertigglrxand@, ry VR deflection angles
to the particle trajectory.

After these interactions, the reflection by {4.0), main plane (acting only in the
horizontal direction) takes place followed by the deflettioduced by the skew
planes, giving a positive,rx horizontal deflection and a negatiggry vertical
deflection.

In this way the@, rx horizontal deflection angles of the different reflectiond ad
coherently producing &wvrocxdeflection angle larger than the single VR one
while the @,ry vertical deflection angles, compensating each other, maleza
deflection in the vertical plane, as well as the single VR does

10y
(110)y
(112)g (112)g
(110)y R 110y,
\\ -
@lRy @VRV
Qlyo 0 (112)5
aX 0 <‘K crystal end a)'(

Figure 4.22:The angular space around tffel1) axis of a silicon crystal oriented along
the (110) plane. The blue lines represent the crystalliaegd (only the main ones are
represented to simplify the scheme) and the green arrove isdfectory of a particle that
having an initial misalignmenioko, ayo) With respect to the axis, is subject to MVROC.

A way to better understand the MVROC is to consider the goeiemscan of
fig. 4.12a, where both a skew plane and the main one are pegssmangular dis-
tance ofd ay ~ 2500urad. Considering the alignment condition with a skew plane
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(ap = axcog 8) + aysin(0) = 0, fig. 4.10), this angular distance is determined by
the misalignment with respect to the vertical directidmy, = aytan(6). Reduc-
ing the vertical misalignment of the crystal, the skew ptaare “compressed” in

a small angular region, so that tieamplitude of the crystal curvature is enough
for some of the particles to interact during the crystal shug.

For this reason, theyg value should be small to involve the largest number of
skew planes increasing the deflection.

If the ayg initial horizontal misalignment is set to be equal to halftloé crystal

bending angle%(n;, in order to preserve the symmetry with respect to(th0),

plane), a skew plane, characterized 8/iaclination, will be involved in MVROC
if: 1
ayo < éqcbcotg(e) (4.6)

. . 1 1 :
To give an example, ifryo = éaxo = Z(pc, the planes characterized By< 26.6°

will be involved in the MVROC process.

Howeverayg has also a low limit because if it is too small particles arp-ca
tured by the axial potential. The most suitable valuexgf can be determined

by simulations depending on the specific crystal and theggnefrthe beam but

a good approximation is 5aca, Whereda is the axial channeling critical angle
(sec. 4.2.2).

4.2.3.1 Experimental meausurements on MVROC

This section presents the experimental results obtainedgitihe MVROC inves-
tigation performed in 2010 on the H4 beamline with a 120 GegMsitron and
electron beam.

The used crystal was a silicon strip one, oriented along 168)(plane, 2 mm
long in the beam direction and 3Q@m wide in the horizontal one. Fig. 4.23
shows a scan of this crystal in the horizontal plane (as atifmof the oy mis-
alignment angle). The crystal has been characterized @iogpto the procedure
described in sec. 2.2.2, providing the following parangeter channeling angle
@ = 7346+ 22.3 prad, a bending radiuR = 2.724+0.08 m and a torsion of
15Qurad/cm.

Once the crystal has been characterized from the planargfoaiirew, the MVROC
orientation is searched for with a scan of the vertical ngsahent anglex, that

is changed using the cradle stage of the goniometer (se@)2Hig. 4.24 shows
the resulting scan, obtained keeping the horizontal algmrof the crystal in the
middle of the VR angular acceptanag;(= 3600urad). The (a) plot presents the
¢ horizontal projection of the deflection angle and the (b) theep, vertical one.
The center of symmetry of both ploisy, ~ 8900urad, corresponds to the perfect
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200 Figure 4.23: The goniometer scan

of the (110) silicon strip used in the
MVROC investigation. Thep, hori-
zontal component of the deflection an-
gle is plotted as a function of the local
misalignmentr;. Note that in this plot
-600 and in the following ones the VR and
0 MVROC deflections are towards pos-
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alignment with the(112)y, crystalline horizontal planex{o = 0 in fig. 4.22) and,
as expected, this position is characterized by the pastadpture by the axial po-

tential, represented by the events in the angular regicn O urad (fig. 4.24a).
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Figure 4.24:Vertical goniometer scan performed with the silicon strigreed in VR
with respect to the horizontal misalignment(= 3600urad, fig. 4.23). The plots present
as a function otry: a) thegy horizontal deflection; b) the, vertical one.
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alignment in the whole plot (the blue horizontal line gives treference of the
“zero deflection angle”). The MVROC produces the furtherrbeshift towards
positive angles, observed in the central region of the plot.

Once the fast angular scans have determined the optimal M3/R@rizontal
orientation ¢y = 3600 urad, fig. 4.23) and a vertical onerf = 9070 urad,
fig. 4.24), a high statistics run in these goniometer pasétiwas acquired. Given
the vertical beam divergencedy = 79 prad), a single DAQ contains a set of dif-
ferent alignments as shown in fig. 4.25, where ¢hdnorizontal deflection angle
(a) and theg, vertical one (b) are plotted as a function of tiie misalignment,
corresponding to the incoming vertical angle measured &égilicon detectors.
The two vertical lines indicate the angular region in which MVROC deflection
is maximum and the capture by the skew planes and the axesiium, that is
about 80urad wide.

Considering the events falling in this region, the scattet gf the ¢ horizontal
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Figure 4.25:Single DAQ in MVROC: a) theg horizontal deflection angle and b) the
@, vertical one as a function of tha, vertical misalignment, corresponding to the single
particle incoming angle. The black lines indicate the optiangular region for MVROC,
which is 80 urad wide. Each vertical bin of the plots has been normalizedrte to
eliminate the dependence from the shape of the beam angstidibution.

deflection angle and the, vertical one has been produced (fig. 4.26); the blue
lines in the figure, that represent the zero deflection wispeet to the two axes,
point out the beam shift towards positive angles in the lomtizl direction due to
MVROC. The left tail is formed by the particles captured bg #kew planes and
for this reason it has a non-zegp vertical deflection component.
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Fig. 4.27 presents the horizontal (a) and vertical (b) mtopas of fig. 4.26
(yellow histograms), corresponding to the deflection apgtdiles in the two di-
rections. They are compared with their VR (blue histograarg] amorphous
(black histograms) counterparts to underline the MVROEactff
The deflection angle, computed as the difference betweem#éam of the gaus-
sian function (fig. 4.27a) and the zero-deflection positign=£ —16 urad) turns
out to be@uvrocx= 1162+ 1.6 urad, that corresponds to about 5 single VR
deflectiond in agreement with the previous 400 GeV/c measurement arsirthe
ulation [94].

The MVROC efficiency has been estimated considering theepéaige of events
under the MVROC peak (within the rangex < ¢ < ¢+ 30, whereg and o
are the mean deflection angle and the sigma values given bgahssian fit,
fig. 4.27a) providing the following result: 790.2%.

The H4 beamline (sec. 2.1.6) allows to switch the partictg Sast, there-
fore the same strip crystal used to investigate the MVRO®@ patsitive particles
(120 GeV/c positrons) has been tested also with negative &9 GeV/c elec-
trons).

Fig. 4.28 presents the result of the vertical scan with tlystat aligned in the
middle of the VR angular acceptance: the (a) plot showsgheorizontal pro-
jection of the deflection angle and the (b) one thevertical one. The perfect
alignment with the(112),, crystalline plane does not correspond to the center of
symmetry of the plots as it was for the positive particle dmgiscan be identified

2The single VR deflection angle for this crystal has been nreaso beg/r = 25.1+0.5 urad.
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Figure 4.27:The horizontal (a) and vertical (b) deflection angle profilesVROC
represented by the yellow histograms. The black histogramnasthe blue ones are the
ones obtained in the amorphous and single volume reflectignnaent measured with
the same crystal.

atay ~ 8900urad. Around this position the MVROC can be observed, uncedl
by the displacement of the main peak from the horizontal ihgegiving the zero
deflection reference.

Once the effect was identified, a high statistics run has laegunired and the
result is shown in fig. 4.29 where tlgg vertical deflection angle is plotted as a
function of theg, horizontal one. The blue lines, that represent the zerodefle
tion with respect to the two axes, point out the beam shifetols positive angles
in the horizontal direction due to MVROC. Fig. 4.30 presehts projections of
fig. 4.29: the yellow histograms are the horizontal (a) andicad (b) deflection
angle profiles. They are compared with their VR (blue histogg) and amor-
phous (black histograms) counterparts.

The deflection angle, computed as the difference betweem#éas of the gaus-
sian function (fig. 4.30a) and the zero-deflection positign=£ —23.1 urad) is
Ovv rocx= 40.4+ 2.65 prad, that corresponds to about 4 single VR deflecions
The MVROC efficiency has been estimated considering theepéige of events
under the MVROC peak (within the rangeo < ¢ < @+ 30, wherep and o
are the mean deflection angle and the sigma values given bgaihssian fit,
fig. 4.27a) providing the following result: 885+ 0.05%.

3The single VR deflection angle for this crystal has been nreaso beg/r = 10.9+0.6 urad.
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Figure 4.28:Vertical goniometer scan performed with the silicon strigreed in VR
with respect to the horizontal misalignment(= 3600urad, fig. 4.23). The plots present
as a function oty: a) theg horizontal deflection; b) the, vertical one. The plots are the
negative particles counterparts of fig. 4.24; in this casectblor intensity scale is linear
to allow a better identification of the different structures

4.2.4 Summarizing

This chapter and chap. 2 have shown several effects thabiekeht crystals to
deflect positive and negative particles. Some technigsgdaaar channeling and
VR (chap. 2), have been studied in detail and are already; w¢bdr ones, like
MVR and axial channeling, are relatively new thus needinthier developments
and optimizations.

Presently, a hierarchical scale that classifies these phem® according to their
performances cannot be established, because severalsasipecld be taken into
account with their own pros and cons. These aspects can medin three
main categoriesdeflection that is the possibility to obtain large and adjustable
deflection anglesefficiency that is the percentage of deflected particsgular
acceptancewhich refers to the complexity of the alignment procedure & the
possibility of using the crystals with low collimated bean®ccording to these
parameters, tab. 4.2 summarizes pros and cons of the difféefiection effects.
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crystal.
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| EFFECT | PROS | Cons |
PLANAR CH.
deflection | large and adjustable deflection an-
gle, independent from the energy
efficiency | it can reach 80% (positive part|-it depends on the alignment and
cles) the torsion; for negative particles
it is much lower
alignment | needs to control one rotation axis it is limited by the critical angle
that depends on the energy
VR
deflection small and fixed deflection angle
with a rather complicated depen-
dence on the energy
efficiency | efficiency close to 100% (for neg-
ative and positive particles); it is
independent from torsion and fine
alignment tuning
alignment | large angular acceptance; needs to
control one rotation axis
MVR
deflection | large and adjustable deflection aneeflection angle dependence on
gle the energy
efficiency | efficiency close to 100% (for neg- lower than the single VR one
ative and positive particles)
alignment | large angular acceptance, needs toeeds to control the relative align-
control one rotation axis ment between the crystals
AXIAL CH.
deflection | large deflection angle presence of limits on the crystal
length and bending
efficiency | efficiency close to 100% (for neg- presence of skew channeling
ative and positive particles) peaks (positive particles), broad-
ening of the deflection angle
distribution (negative ones)
alignment small angular acceptance; needg to
control two rotation axes
MVROC
deflection | large deflection angle fixed deflection angle dependept
on the energy
efficiency | high efficiency with negative angd
positive particles
alignment | large angular acceptance needs to control two rotation axes

Table 4.2: Comparative table between the different deflaatiffects studied in

this thesis.
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Conclusions and outlooks

This thesis work has been written with the aim to provide a gete and up-

dated overview on the bent crystal research field. Startmm the basic physical
principles, it guides the reader through a detailed desonpf the experimental
techniques developed to study bent crystals, concludinig the analysis of the
phenomena discovered in recent years.

For this reason, the different chapters form a unitary pla#t progressively re-
veals the details and the novelty of the bent crystals pBydievertheless they
have been written to focus on a well-defined topic both fromttieoretical and
experimental point of view, so that, apart from chap. 1 whgcimtroductory, the

other ones deserve their own conclusions.

Chap. 2 presents the state of the art of the bent crystal tefiquoperties in
planar alignment. Its first part is dedicated to the desiompof the experimental
setup, that being based on a high resolution silicon migp#iacking system,
is able to measure the single particle incoming angle tosvtre crystal, the im-
pact position on its surface and the deflection angle. Thengkpart presents the
single crystal characterization, providing a descriptbthe analysis procedure,
that has become a standard one, to measure crystal preprtie as the bending
radius, the torsion coefficient and the deflection efficieridyis description pro-
vides also a complete study of the channeling and volumecteffephenomena
for different beam energies, with positive and negativeigias.

These planar phenomena result to be clearly understoodtfrertineoretical and
experimental point of view, so that in the future only tedahiimprovements,
such as the reduction of the torsion deformation, are fereses long as silicon
crystals are concerned. Possible novelties, in fact, caredoom the test of dif-
ferent materials as germanium or tungsten, that, havinggedatomic number,
present a deeper interplanar potential that in turn shawldiqe a larger channel-
ing acceptance and VR deflection angle.

From the measurement point of view, the future goal can beesepted by the
investigation of the sub GeV range, whose results could hagdeep impact on
the application field.

The focus of the third chapter is still on channeling and VRtbay are treated
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under a different angle, that is investigating the radragmission properties.

As pointed out in the theoretical introduction of the chapb®th in the chan-
neling and VR condition, particles are subject to a quasogder motion that is
represented by the oscillation between the crystallinegddor channeling and by
the almost periodic crossing of them for VR. Compared to lsstrahlung, these
peculiar trajectories generate a substantial enhancemémt emitted radiation,
whose theoretical description can be obtained extendiaghbory on straight
crystals.

After the theoretical introduction, chap. 3 describes tiditeons to the standard
deflection angle setup necessary to measure the irradiagegye They consist in
a spectrometer, based on large area silicon microstrigbeteand in two elec-
tromagnetic calorimeters allowing to measure the energfylip the crossing par-
ticles due to radiation and to select the positrons of thenrog beam. In the
extended setup, the deflection angle information can be tostdy the different
crystal effects obtaining the relative energy loss spectra

These spectra have been measured both for the channelingRaoohditions for
two bending radius values and the obtained results are id ggeement with the
simulations and theoretical calculations. The measuré&neve been performed
with 120 GeV/c positrons, recording an emitted energy ecdarent of about an
order of magnitude with respect to bremsstrahlung both amokling and VR (in
the covered energy loss range 3-60 GeV).

Concerning radiation emission, several further invesioga can be carried
out; among them the most interesting ones aim at the chaizatten of the emit-
ted photon beam, measuring the single photon spectra (vgivels the photon
multiplicity per single incoming positron) as well as thegdee of polarization.
Moreover the radiation studies can be extended to negaNEles.

The last chapter goes beyond planar channeling and VR sgawe most
innovative techniques developed to extend the bent crgisfidction capabilities.
Its first section presents the results of the technologitfattespent to produce
arrays of bent crystals aligned with each other in order tdtipiy the deflection
angle provided by the volume reflection effect. The resuisfout that this is a
method able to partially mix the large angular acceptaried,dharacterizes VR,
with large channeling deflection angles for both positivd aegative particles,
with a high deflection efficiency.

The second section reveals what happens when the crystained along two
directions, meaning with respect to the crystalline axdse first surprise is the
appearance of the skew planes that, as well as the mainalesties, are able
to channel and reflect particles. The second interestingghenon is the axial
channeling, a well known effect in straight crystals, thatder some limitations
on the bending angle, can be used to deflect particles. Itdipaty is represented
by the almost total disappearance of the undeflected beamfdwopositive and
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negative particles.

The last section is dedicated to one of the newest and mogjuimg effects in

the bent crystal field, the so called MVROC (Multi Volume Refien in One

Crystal). Its macroscopic behaviour is similar to the bewstl arrays one but,
in this case, the subsequent reflections take place insidgla srystal exploiting

the contribution of the skew planes, thus simplifying thegstal construction.

As remarked at the end of the fourth chapter, these new sffgotn the way
to further developments, such as the study of their perfao@s as a function
of the bending radius to optimize the deflection capabditi€hey also allow to
figure out new opportunities in the application field thatlwelquire studies and
simulations.

This thesis work has presented bent crystals as innovagwviees that could
bring many novelties in the future, but has also describezkaaio in which the
bent crystal physics is well understood and characterizea ‘ery good agree-
ment between the theoretical and experimental resultsantich the technolog-
ical know-how has proven successful. These facts lead usisider bent crystals
as reliable tools in particle accelerator physics and tgstigheir use in several
applications, starting from the LHC collimaton.
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