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Summary

The Large Hadron Collider (LHC) has been constructed at CERN (Conseil Européen
pour la Recherche Nucléaire, Geneva, Switzerland), and recently started up. The
LHC beams, currently accelerated to 3.5 TeV, are meant to reach the nominal energy
of 7 TeV, and a total stored energy, in nominal conditions, of 360 MJ per beam [1, 2].
The contrast between the huge stored power and the delicate cryogenic environment
calls for a sophisticated collimation system [3].

For overcoming the limitations of the actual collimation system, different upgrade
solutions have been considered [4, 5, 6]; this Ph.D. work gives a first performance
evaluation of a crystal-enhanced collimation system by analytical, experimental and
simulation investigations.

In this work, two crystal collimation experiments are described: the T980 (Teva-
tron, Chicago, U.S.) and the UA9 (SPS, CERN, Geneva, Switzerland). The data
are analyzed and actual crystal performances are measured. These experimental
results and their cross-check with dedicated simulations constitute the foundations
of a weighted, critical prediction for the LHC. Different scenarios for a possible
LHC crystal-enhanced collimation system have been simulated. Here the results are
described and optimal parameters for a possible crystal collimator are proposed.

Key words: LHC, Collimation, Crystal, Channeling, T980, UA9, Collimator
scan, Multi-turn efficiency
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Riassunto

Il "Large Hadron Collider" (LHC) e’ stato costruito al CERN (Conseil Européen
pour la Recherche Nucléaire, Ginevra, Svizzera), e recentemente messo in funzione.
I fasci di LHC, al momento accelerati a 3.5 TeV, sono previsti raggiungere un’energia
nominale di 7 TeV, corrispondendte a un’energia accumulata totale di 360 MJ per
fascio [1, 2]. Il contrasto tra l’imponente energia eccumulata e il delicato ambiente
criogenico rende necessario un sofisticato sistema di collimazione [3].

Per ovviare alle limitazioni del presente sistema di collimazione, differenti opzioni
per l’upgrade sono state considerate [4, 5, 6]: questa tesi di dottorato fornisce una
prima valutazione delle performances per un sistema di collimazione che utilizzi
cristalli curvi, mediante studi ti tipo analitico, sperimentale e simulazioni.

In questo lavoro due esperimenti di “collimazione a cristallo” vengono descritti:
l’esperimento T980 (Fermilab, Chicago, U.S.) e l’esperimento UA9 (SPS, CERN). I
dati sperimentali sono qui analizzati e le reali prestazioni dei cristalli sono misurate.
Su tali dati sperimentali, e sul loro confronto con simulazioni dedicate, vengono
ponderate le successive predizioni per LHC. Scenari differenti per un sistema di
collimazione a cristallo, da installare eventualmente nell’LHC, sono stati simulati.
I risultati delle simulazioni vengono descritti e uno studio di ottimizzazione dei
parametri di un eventuale cristallo e’ discusso.

Key words: LHC, collimazione, cristallo, channeling, T980, UA9, scan del colli-
matore, efficienza su giri multipli
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Introduction

The Large Hadron Collider (LHC) has been constructed at CERN, and recently
started up. The LHC beams, currently accelerated to 3.5 TeV, are meant to reach
the nominal energy of 7 TeV. In nominal conditions there will be 2808 bunches per
beam, 1.15·1011 protons per bunch, corresponding to an intensity of 3.2·1014 protons
and a total stored energy of 360 MJ per beam [1, 2].

These parameters make the LHC beam very powerful and highly destructive if
lost in an uncontrolled way. Moreover the superconducting magnets of the LHC are
highly sensitive to even tiny amount of energy deposition: direct beam losses in the
super-conducting aperture could provoke a quench in the magnet or even irreversible
damages to the machine [7, 8]. The contrast between the huge stored power and the
delicate cryogenic environment calls for a sophisticated collimation system, able to
intercept and control the unavoidable losses from the beam. This is the reason why
the collimation system is a vital organ for the correct functioning of the LHC, and
why its task is so hard to accomplish.

In order to gradually attack the problem, the LHC collimation system is being
implemented in a phased approach [3]. The Phase 1 of the collimation system is
designed to maximize the robustness of the system and guarantees ∼ 40% of the
nominal intensity during the first few years of LHC operation [9]. This phase is
however expected to be limited in intensity reach by two factors: the achievable
cleaning efficiency and the collimator-induced increase of the LHC impedance.
For overcoming these limitations a Phase 2 of the collimation system is being studied,
with the goal to reach nominal and possibly ultimate intensities for the LHC. The
Phase 2 design has not been finalized yet. Among the possible concepts are metallic
secondary collimators that would complement Phase 1 collimators and would be
used during stable physics operation. Beyond Phase 2 secondary collimators it is
also being envisaged to implement other solutions, like dedicated absorber in cryo-
genic regions (cryo-collimators) [4], crystal-enhanced collimation [5], e-beam lens
based beam scraping [6] and other advanced schemes.

The LHC collimation system is structured as a “multi stage system”: short pri-
mary collimators intercept and disperse the primary halo beam, which is successively
collected by a second, longer stage. At present the Phase 1 system is composed by
graphite collimators. Particle showers generated by the secondary collimator are

5
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collected by metallic absorber at the end of the collimation insertion, while ter-
tiary collimators positioned in strategic locations protect particularly delicate and
exposed equipment. The role of a primary collimator is to give a kick to the primary
particles in order to increase their amplitude at the secondary collimator location.
While an amorphous material would scatter the primary halo in all possible direc-
tions, a crystal could act as a “smart” scatterer of the beam: coherent effects like
channeling [10] and Volume Reflection [11] can in principle deviate the beam halo
in a controlled fashion, possibly improving the performance of a collimation sys-
tem. My Ph.D. work aims at testing and evaluating the option of crystal-enhanced
collimation for the LHC, both by experimental and simulation investigations. This
thesis summarizes the work performed in the three years of my Ph.D. work.

The thesis is structured in six chapters.

The first part of Chapter 1 is an introduction to the crystal theory: the crystal
formalism is given and the approach used to describe the crystal structure is pre-
sented. Subsequently the possible coherent interactions between a positive charged
particle and the crystal lattice are treated. In the second half of the Chapter 1,
an overview about past experiments and the recent results in extraction line ex-
periments give an historical perspective of the issue, and describe the ground from
whom my Ph.D. thesis work moved.

Starting from Chapter 2 the focus moves from the sole crystal object to the
possible implementation of such an object in the multi turn dynamics of a circular
accelerator. After a short introduction of accelerator physics and collimation the-
ory, specific aspects of crystal collimation are discussed. In particular a new optical
function (the grazing function g) is defined and used to characterize optimal crystal
collimator locations [12]. The possible impact of crystal manufacturing imperfec-
tions (e.g. miscut) is also analyzed.

In Chapter 3 the computational and analytical tools used during this Ph.D.
work are described. Since both the simulations and the experimental data analysis
constitute important parts of my work, the chapter is naturally divided in two parts:
the first part treats the general description and the new features introduced in the
tracking code used for collimation studies (SixTrack software[13, 14]), while the sec-
ond part describes the experimental techniques and the analytical tools employed
for the data analysis. Particular attention is given to the collimator scan method, a
new tool developed for channeling efficiency calculation in a circular machine.

The last three chapters are dedicated to the three machines which have been stud-
ied during this Ph.D work: the Tevatron (FNAL,Batavia, USA), the SPS (CERN,
Geneva, Switzerland) and the LHC (CERN, Geneva, Switzerland) .
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The crystal experiment in Tevatron (T-980) is a crystal collimation experiment
with the aim of improving the performance of the actual two-stage collimation sys-
tem, and reducing the background at the experiments. A bent crystal is intended to
deflect the beam halo to a downstream secondary collimator. The loss rate at the
collimator location is recorded by a set of scintillators and by an ionization cham-
ber: the detector signals are compared, and both sets of data are analyzed. The
results include the channeling kick, the channeling efficiency estimation and their
dependence on the crystal orientation. In Chapter 4 the results of beam tests
performed in winter 2008-2009 are presented, when an “old” o-shaped crystal, pre-
viously tested with unsatisfactory results at Brookaven (BNL, USA), was tested [15].

During the summer 2009 in the SPS the UA9 Crystal Collimation experiment
began, designed to verify the usability and the possible advantages of using a crys-
tal for collimation purposes in a circular machine [16]. In UA9 two new-generation
crystals were inserted in the SPS and alternatively used as primary elements of a
two stage collimation system: the beam halo was first intercepted by one crystal and
then deviated on a downstream secondary collimator. The losses were recorded both
in the region immediately downstream the crystal and in the rest of the ring. In
Chapter 5 the main results of the beam tests performed last summer are presented.
A full set of simulations has been carried out, and the results are compared with the
experimental ones.

The beam tests conducted in Tevatron (Chapter 4) and SPS (Chapter 5) con-
tributed to finalize the scenario foreseen by the simulations of a possible crystal
collimation-enhanced collimation system for the LHC, presented in Chapter 6.
Different crystal geometries are considered, in a first attempt to optimize the sys-
tem performances, yet maintaining a design compatible with the actual layout of
the collimation insertion. The studies are performed with the same state-of-the-art
code used for the design of the conventional LHC collimation system. The numerical
models are described and the performance predictions are presented for the nominal
7 TeV energy. Open issues and further work towards a crystal collimation design for
the LHC are discussed.



8 Introduction



Chapter 1

Crystal Physics and Theory

In this chapter the basics of the crystal theory are given. After a short introduction
on crystal structure, the different possible interactions between crystal and positively
charged particles are presented. Some highlights of the physics of the processes will
help us understanding the main processes (channeling, volume reflection, dechannel-
ing and volume capture) both for straight and for mechanically bent crystals. The
main parameters which characterize these effects are derived and discussed (e.g.
critical angle, dechanneling probability).

The last part of the chapter is dedicated to a short review of the past experimental
results. After giving an overview of the possible efficiency definitions, the “state of
the art” for crystal single pass experiments is presented, showing the experimental
results regarding the previously introduced processes. A last section introduces the
past crystal experiments in circular machines, giving an historical overview and
introduction to the work presented in the following of this thesis.

9
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1.1 Crystal structure

A crystal is a solid with an high degree of order in its internal structure. The atoms
which constitute the crystal are organized in a geometrical arrangement which is
called lattice. The lattice is usually represented as a grid of lines in the space, and
each interception of these lines is called node. In each node one or more atoms
can be placed. It is possible to find a minimum volume of space in the shape of
a 3D parallelepiped, called the crystal cell, whose infinite repetition by translation
constitutes the solid structure of the entire crystal. This requires that a linear base
i, j ,k can be chosen such that the translational operation T

T = n1i + n2j + n3k (1.1)

(where n1, n2 and n3 are three arbitrary integers) connects two locations in the
crystal having identical atomic enviroments. The lattice directions are then given in
units of the linear base.

Figure 1.1: The diamond cubic lattice cell. This is the elementary cell for the Si
crystal structure, after [17].

In crystallography many different lattice types are classified, however it is beyond
the purpose of this thesis to describe the structure and symmetries of all the possible
crystal structures (see a complete description, for example, in [17]). We briefly
remind that the silicon (Si), which is of particular interest for our study, is arranged
in a diamond lattice: a sketch of the diamond cell, which has been described as a
“two interpenetrating face-centered cubic lattices” primitive lattices [18], is shown in
Figure 1.1. The lattice constant of Si (edge of the cubic unitary cell) is a = 5.430 Å.
The crystal orientation is critical for determining the kind of interactions between
particles and the lattice. The two orientations which are most commonly used in
the experiments treated in this thesis work are, in units of the linear base (n1n2n3),
(110) and (111).
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1.2 Particle interactions with crystals.

When a particle crosses a material which does not present strong symmetries (e.g.
amorphous) it experiences a large number of uncorrelated interactions with the
atoms compounding the material. Depending on the impact parameter and energy
of the particle, a large variety of interactions, both elastic and inelastic, are possible:
multiple Coulomb scattering, Rutherford scattering, ionization, elastic, quasi elastic
and inelastic point-like interactions. A complete description of these effects, which
are dominating in standard collimation materials, can be found in [19].

Even if these interactions occur also in a misaligned crystal, the following sections
will be focused on the effects which take place when the impinging particle is well
oriented along the main symmetry axes/planes of the crystal lattice structure. These
interactions are called coherent interactions, because the particles interact with a
subset of atoms arranged in a specific geometrical layout (e.g. a plane or an axis
of the lattice) instead of interacting separately with each individual atom.The kind
of coherent effect which takes place depends on the relative orientation between the
particle velocity and the crystal lattice.

In case of orientation with respect to a plane (e.g. 110), we have planar channel-
ing both for straight and bent crystals(section 1.2.1 and 1.2.2.1) or volume reflection
(section 1.2.2.2) only for bent crystals. Secondary effects are dechanneling and vol-
ume capture, which are briefly treated in Section 1.2.3

In case of a crystal axis (e.g. 111), we will have axial channeling (section 1.2.4).

1.2.1 Planar channeling in straight crystals

In this section the coherent interaction of a charged particle with the planes of a
straight crystal is studied. We pass from the potential energy for the particle-single
atom interaction to the potential energy for the single crystal plane. It is then
considered the interaction between a particle and the two adiacent crystal planes
(section 1.2.1.1), and the motion of a particle and the critical parameters for the
channeling effect (section 1.2.1.2) are derived. A full detailed analysis can be found
in [10]. Finally, in section 1.2.1.3, two approximations for the crystal planar potential
are presented: the square well and the harmonic potential.

1.2.1.1 Planar potential

If a particle (charge Zie) interacts with a single atom (atomic number Z), the po-
tential energy associated with the interaction is (Thomas-Fermi model):

V (r) =
ZiZe

2

r
Φ
(

r

aTF

)
(1.2)

where r is the distance between the particle and the atom, aTF is the screening
distance and it value is 0.8853 aB Z

−1/3, with aB = 0.529 Å.
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Φ
(

r
aTF

)
is called screening function and takes into account the charge distribution

of the atom. One of the most common analytical approximation for the screening
function was given by Moliere [20]:

Φ
(

r

aTF

)
=

3∑
i=1

αiexp
(
− βi r
aTF

)
(1.3)

where α = (0.1, 0.55, 0.35), β = (6.0, 1.2, 0.3). When the particle orientation is
almost parallel to one of the main axes of symmetry of the crystal lattice, then the
particle does not see anymore the potential from a single atom, but an averaged
continuous potential Upl from all the atoms aligned with its direction:

Upl = N dp

∫ +∞

−∞

∫ +∞

−∞
V (x, y, z) dy dz (1.4)

where V (x, y, z) is specified in equation 1.2 (but expressed in cartesian coordinates),
dp is the inter-planar distance and N the volume density of the atoms. Considering
also the thermal vibration (by averaging the atom positions over a Gaussian whose
width depends on the temperature) it is possible to obtain a global equation for the
planar potential Upl. A plot for the potential energy associated with a single plane
of Si crystal (orientation 110) is shown in Figure 1.2.
It is clear that the total particle potential energy U(x) will depend on all the crystal

Figure 1.2: Planar potential energy
(for a proton) for a single Si 110
crystal plane. The potential with
the highest value refers to the static
case (no Temperature dependence).
The other lines (from top to bot-
tom) refer to 77K, 300K and 500K.
Image from [10].

planes, but in first approximation only the two planes that are closest to the particle
are considered. By defining x = 0 the position in the middle between the atomic
layers it follows:

U(x) = Upl(
dp
2
− x) + Upl(

dp
2

+ x)− 2Upl(dp/2) (1.5)
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Figure 1.3: Planar potential energy for a proton, orientations (110) (case a., on the
left hand side) and (111) (case b., on the right hand side) of Si crystal. In dashed
line the harmonic approximation (U ∼ x2) is shown for the case (110). Image from
[10].

where U(0) = 0 was imposed. Examples of the planar potential for the orientations
(110) and (111) are shown in Figure 1.3 . It is possible to see in the picture that the
planar potential rises to about 20-25 V at a ≈ 1Å distance, that means an average
electric field of more than 2·1011 V/m.

1.2.1.2 Transverse energy conservation and channeling critical angle

In this section the channeling effect is introduced, i.e. the motion of the parti-
cles which are trapped inside the potential well in between two atomic planes. By
decoupling the Hamiltonian for transverse and longitudinal motion, the energy con-
servation law for the transverse motion is derived. The critical angle parameter, that
is the maximum allowed angle for channeled particles, is defined and its dependence
on the total energy is commented.

We showed in the last section the shape of the potential well in between two
atomic planes. It is known from quantum mechanics that the permitted energy
levels in a potential well are discrete, but in our case, for heavy particles like protons,
the energetic states are so dense that the problem can be treated with a classical
treatment (see [10] for details). Let’s consider a particle with total relativistic energy

Etot =
√
p2c2 +m2

0c
4 + Upl(x) (1.6)
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where p is the momentum of the particle, c the speed of light and m0 the rest
mass. Obviously this quantity must be conserved. If the particle is moving in the
x-z plane, and px�pz≈p, it is possible to rewrite the last equation like:

Etot =
√
p2
zc

2 +m2
0c

4 +
p2
xc

2

2
√
p2
zc

2 +m2
0c

4
+ U(x) (1.7)

Since U(x) is a purely transverse potential, the longitudinal energyEz =
√
p2
zc

2 +m2
0c

4

must be conserved. This implies the conservation also of the transverse energy
ET = p2xc

2

2Ez
+ U(x). Defining the angle θ = px

pz
= dx

dz
, and using the approximation

pz ≈ p, Ez ≈ E, it is finally obtained

ET =
pv

2
θ2 + U(x) = const (1.8)

that is the final conservation equation for crystal planar channeling, from which the
critical parameters of channeling can be derived. Therefore a particle is confined
in the potential well if its transverse energy is smaller than the maximum potential
energy:

pv

2
θ2 + U(x) < U0 (1.9)

In this case the particle is said to be in channeling mode. Assuming the initial
coordinate x0 = 0 (the particle enters in the middle between two planes), and using
a potential where U(0) = 0 (like the one described by equation 1.5), then the critical
angle for straight crystals θC0 is obtained:

θC0 =

√
2U0

pv
(1.10)

which in literature is also referred to as Lindhardt angle [21].The critical angle
depends on the maximum of the planar potential energy U0 (i.e. on the orientation
and on the temperature), and decreases with momentum and the velocity of the
particle. For relativistic particles, having v'c and using E = mc2, it is obtained

θC0 =

√
2U0

pv
=

√
2U0

E
(1.11)

where it is worth to notice the energy dependence. The cricital angle may then be
defined as the maximum angle that a particle of energy E can have with respect to
the selected crystallography direction for being trapped in channeling mode.
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1.2.1.3 Planar potential approximations: harmonic potential

In this section the trajectory of the particle inside the crystal in the simplified har-
monic potential approximation is studied.

The shape of the planar potential calculated with Moliere’s approximation for the
atomic potential is shown in Figure 1.3. A quite realistic, yet much more practical

Figure 1.4: Harmonic ap-
proximation of the planar po-
tential in a straight crys-
tal, and particle trajectory in
channeling mode.

approximation for the potential is the harmonic potential Uh(x) = U0

(
2x
dp

)2
. The

difference between the harmonic potential and the Moliere approximation is shown
in Figure 1.3. It can be shown that in this case the equation 1.8 is equivalent to
the standard equation for a harmonic oscillator in the x direction. Keeping in mind
that θ = dx

dz
and deriving equation 1.8 with respect to z it is obtained:

pv

2

d2x

dz2
+
dU(x)

dx
= 0 (1.12)

Using U(x) = Uh(x) and solving the differential equation, the solution[10] results

x =
dp
2

√
ETU0 sin

(
2π

λ
+ φ

)
(1.13)

where the oscillation period λ is:

λ = πdp

√
pv

2U0

= π
dp
θc0

(1.14)

with θc0 as defined in equation 1.11. Our simulation code is based on this harmonic
approximation model, implemented in the standard collimation tracking code, and
extensively used in this thesis work.
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1.2.2 Bent crystals

In the previous sections we have presented the channeling effect in a straight crys-
tal, whose dynamics is determined by the conservation law for the transverse energy
(equation 1.8). In this section similar effects for bent crystals are studied. In partic-
ular the two effects for which the transverse energy conservation law is still valid1 are
presented: the channeling (Section 1.2.2.1) and the volume reflection effect (Section
1.2.2.2).

1.2.2.1 Planar channeling in bent crystals

In this section an overview of the differences between the channeling in bent and
straight crystals is given. We define a new coordinate system for a bent crystal,
where it is still possible to define an effective transverse potential. In perfect anal-
ogy with the case of a straight crystal, a conservation law for the transverse energy
is found. The critical parameters for channeling in bent crystals (critical radius,
energy and angle) are then derived.

For the treatment of the dynamics in bent crystals it is useful to choose a reference
system where the longitudinal coordinate z follows the curvature of the crystal. Since
a centripetal force Fc̄=−pv/R(z) is needed to follow the curvature of the crystal (and
then the new coodinate z), the particles in the new reference system experience an
equal and opposite centrifugal force Fc=pv/R(z). This is a fictitious force, because
the new reference system is not inertial. For this reason, if computing the potential
energy for the plane which is transverse to z in each point, a picture totally different
from the one in a straight crystal 2 is obtained: this is due to the contribution of Fc.
If the curvature radius R(z) is constant over the length of the crystal (R(z)=const),
then the transverse energy conservation equation 1.8 in the new reference system
can be rewritten as:

ET =
pv

2
θ2 + Ueff (x) = const (1.15)

where
Ueff (x) = U(x) +

pv

R
x (1.16)

Ueff is called the effective planar potential for bent crystals, and it is the sum of the
planar potential U(x) for straigth crystals (see Section 1.2.1.1) and the centrifugal
potential Fc ·x. An example of the different effective potentials for straight and bent

1It is worth to stress the passage from an inertial reference system for straight crystals to a
non-inertial one for bent crystals (see details in Section 1.2.2.1).

2It is a fact that, given the curvature of a bent crystal, the planes associated with a smaller
curvature radius have an higher nuclear density N . Since the planar potential U(x) is proportional
to N (equation 1.4), one could think that this is the reason for a change in the planar potential
shape, which would cause a different channeling dynamics. Anyway, for typical crystal geometry,
the relative difference in density between two adjacent planes is of the order of 10−10, that can be
considered negligible.
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crystals is shown in Figure 1.5.

Figure 1.5: Effective potential for straight and bent crystals. The potential well
depth is indicated in the two cases. In red a particle in trapped mode (channeling)
is drawn.

The effect of the centrifugal force is to decrease the potential well depth for each
potential well in between two atomic planes, and to shift its minimum. Obviously
there is a value of the force Fc for which the potential well depth goes to zero, and
the particles cannot be trapped anymore. Given a fixed particle energy, the bending
radius for which the channeling disappears can be found by pairing the centrifugal
force with the maximum electric force in straight crystal U ′max =

(
dU(x)
dx

)
max

. The
formula for the critical radius Rc is immediately obtained:

Rc =
pv

U ′max(x)
(1.17)

that can then be defined as the minimum bending radius for which the channeling
mode well is still possible. Using the harmonic potential approximation (see Section
1.2.1.3) in equation the depth of the potential well U0B(Rc

R
) is:

U0B

(
Rc

R

)
= U0

(
1− Rc

R

)2

(1.18)

where U0 is the potential well depth for a straight crystal. Analogously, the maxi-
mum acceptance angle for trapping a particle is:

θc

(
Rc

R

)
= θc0

(
1− Rc

R

)
(1.19)

where θc0 is the critical angle for straight crystals.
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1.2.2.2 Volume reflection

Beside the channeling effect, there is another effect which takes place in bent crys-
tals and conserves the total transverse energy: the volume reflection. It consists of
a single reflection of the particle by the crystal planes. In this section the physics of
volume reflection is explained by using two models: at first the purely geometrical
approximation, and then the more refined model with the harmonic approximation.

Figure 1.6: Volume reflection effect
interpreted with a purely geometri-
cal model.

For understanding the principle let’s first consider a simple geometrical model,
where the particles is reflected by the atomic plane only if its impacting angle is
smaller than the critical angle θc0 for straight crystals. Let’s consider a particle with
initial impacting angle higher than θc0, going toward the center of the curvature (from
now a negative sign is associated to this orientation). For effect of the curvature, at
each new crystal plane the particle impacting angle decreases (see Figure 1.6). For
this initial configuration there are then two possibilities:

1. Up to the end of the total crystal length (z = zmax) the absolute value of the
impacting angle is still higher than −θc0. In this case the particle crosses the
whole length of the crystal without changing its initial direction.

2. there is a plane at 0 < z < zmax for which the impacting angle θ1 is smaller than
θc0: here the particle must be reflected. When coming back to the previous
atomic plane the impacting angle is again higher than the critical one3 (for
symmetry reasons, see Figure 1.7). Going outward, the impacting angle with
the new crystal planes crossed is going to increase. In this case the particle
crosses back all the atomic planes up to the end of the crystal.

It is clear that, in our simplified model, the volume reflection effect occurs only if
the impacting angle at the first crystal plane is, in absolute value, higher or equal
than the critical angle defined in equation 1.19, but smaller or equal than the critical
angle at the last plane of the crystal. Since the last crystal plane has an inclination
−θb with respect to the first plane, the absolute value of the initial impacting angle
must be smaller than θb + θc0, where θb is the total bending angle of the crystal .
Using this geometrical approximation a summary table of all the processes that are
expected in a bent crystal can be built, for different impacting angles θi (Table 1.1).

3this is exactly the reason why the critical angle for channeling in bent crystals must be smaller
than the critical angle for the straight case.
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Table 1.1: Different effects in a bent crystal as a function of the initial impacting
angle (θi) of the particle, and the kick θk associated with each case. With θc0 we
refer to the critical angle for the straight crystal, while θc is the critical angle for
bent crystals. Only the effects that satisfy the conservation of transverse energy
(equation 1.15) are listed. The angle in this table are calculated based on the purely
geometrical model described in the text.

Impacting angle Effect Kick
θi>θc no change in angle θk=0
‖θi‖<θc channeling θk ≈ θb

−θc0>θi>−θc Reflection on the
first atomic plane

2θc < θk<2θc0

−θb−θc0>θi>−θc0 Volume Reflection 2θc < θk<2θc0
θi<−θb−θc0 no change in angle θk=0

It must be stressed that in this table only the effects that satisfy the conservation of
transverse energy are listed.
The explanation of the volume reflection effect using the conservation of the total
transverse energy is analogous. For understanding the analogy it is important to
remember that, if the total energy of the particle is fixed, its transverse kinetic
energy is proportional to the square of the impacting angle θi (see equation 1.15). A

Figure 1.7: Effective potential for straight and bent crystals. The red point is the
initial condition of the particle. Volume reflection for bent crystals is shown.

picture of the particle in the “transverse energy-transverse position” space is shown
in Figure 1.7. The initial conditions of the particle are indicated by the red point,
and the red arrow indicates the initial direction of the motion toward the interior of
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the curvature. In the bent crystal, as crossing the atomic planes, the kinetic energy
of the particle decreases: this is because the relative angle with respect to the atomic
plane direction decreases. If the crystal is long enough, the particle arrives up to a
plane where the particle is reflected back by the potential barrier.

1.2.3 Inelastic processes: volume capture and dechanneling

All the effects presented up to now are compatible with the conservation of the to-
tal transverse energy, as defined in equation 1.8 for straight crystals and equation
1.15 for bent crystals. However, there is a probability larger than zero that, when
transversing the length of the crystal, the particle undergoes one or more interactions
that change its total energy or its direction. If this happens, the transverse energy
of the particle is not conserved anymore. In this section a qualitative introduction
to two effects that can arise from a change in transverse energy of the particle is
given: the volume capture and the dechanneling effect. A detailed description of
these effects is beyond the scope of this thesis: a exhaustive overview can be found
in [10].

In this section we use the formalism introduced in Section 1.2.2.1, where the
reference system for bent crystals is introduced and the effective potential is derived.
Both volume capture (Figure 1.8) and dechanneling effects (1.9) require a change
in the transverse energy of the particle. Since a change in transverse energy is
associated not only with a total energy variation, but may be to a mere change in
the orientation of the particle, then both negative and positive changes of the energy
are possible.

Figure 1.8: “Transverse energy - transverse position” space for straight and bent
crystals. The red point indicates the initial conditions of the particle. The blue
arrow indicates a change in the transverse energy of the crystal. The volume capture
effect is illustrated.
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Table 5.5: List of the collimator scans for Crystal 1

scan MD date θtilt εx ncry θCOLLkick θmultik

n. [µrad] [m·rad] [σx] [µrad] [µrad]

C1.1 01 Jul 2009
03:23:20 GMT

≈−2000
(main chan.)

14·10−9 -3.1 -26 -56

C1.2 22 Sep 2009
21:35:00 GMT

≈−2000
(main chan.)

35 ·10−9 -3.1 -41 -89

C1.3 22 Sep 2009
22:15:20 GMT

≈−2000
(main chan.)

35·10−9 -3.1 -41 -89

C1.4 01 Jul 2009
03:36:40 GMT

≈+1400
(skew chan.)

14·10−9 -3.1 -26 -56

C1.5 01 Jul 2009
04:34:50 GMT

≈−5000
(skew chan.)

14·10−9 -3.1 -26 -56

-0.002

 0

 0.002

 0.004

 0.006

 0.008

 0.010

 0.012

 0.014

 0.016

 0.018

 0.020

-400 -350 -300 -250 -200 -150 -100 -50 0

d(
N

co
ll/

N
cr

y)
/d

μrad]

01 Jul 2009 03:23 GMT
22 Sep 2009 21:35 GMT
22 Sep 2009 22:15 GMT

multi turn
secondary 
halo:

01 Jul

22 Sep

[θkick

θ k
ic

k

Figure 5.14: Reconstructed secondary halo distribution (bottom) for three different
scans of Crystal 1. All the orientations are within the main channeling peak.

distributions measured within the main channeling peak is shown in Figure 5.5. It is
worth noticing that, while the C1.2 and C1.3 distributions almost overlap, the curve
relative to the C1.1 scan presents a fairly different distribution, both concerning the
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peak of the channeled beam and its width. While it is sure that for the scans C1.2
and C1.3 the crystal orientation is the same (the scans were performed one after
the other, without changing the crystal orientation in the meantime), unfortunately
the poor reproducibility of the goniometer does not allow to reconstruct the relative
change in crystal orientation between the C1.1 scan and the C1.2-C1.3 ones. Inves-
tigations with the Medipix detector, presented in section 5.3.3, confirms that the
spread in results, both for the channeling kick θchan and for its width σch, is consis-
tent with the channeled beam shape when slightly changing the crystal orientation
still within the main channeling peak.
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Figure 5.15: Channeling and dechanneling fitting functions, applied to the collima-
tor scan C1.1. The fitting functions, described in 3.2.2.1, permit to calculate the
efficiency associated to the different processes.

In order to calculate the efficiencies associated to the different processes, the
fit functions described in section 3.2.2.1 were applied to the collimator scan data.
An example is shown in Figure 5.15, were the channeling and dechanneling fit are
applied to the C1.1 collimator scan data. Being the multi turn limit θmultik = 56 µrad,
the amorphous region could not be observed and fitted. However the probability
associated to the dechanneling process has been estimated to be 5± 1%.

For the other collimator scans, where the multi-turn kick is even higher (about
100 µrad), only the channeling fit has been applied, which allowed to calculate the
channeled beam center, width and its population (or, equivalently, the channeling
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efficiency).

Table 5.6: List of the collimator scan results for Crystal 1

no baseline with baseline
scan n. θchan σch ηchan θchan σch ηchan

[µrad] [µrad] [%] [µrad] [µrad] [%]

C1.1 173±1 17±1 75±4 172±1 16±1 73±4
C1.2 199±1 40±1 65±3 201±1 35±1 59±3
C1.3 198±1 42±1 64±3 202±1 35±1 56±3

C1.4 153±1 16±1 33±2 147±1 152±1 12±3
C1.5 155±4 19±3 20±2 153±1 9±1 14±1

A summary of the channeling kick and width evaluation is presented in table
5.6. The error on the efficiency calculation is dominated by the uncertainty on the
normalization value, which, as discussed in section 5.3.2.2, is of the order of 5%.

5.3.2.4 Crystal 2 collimator scan results

As already discussed in section 5.3.1, Crystal 2 presents, as expected, only one chan-
neling peak. An angular scan was performed in the middle of the channeling peak
to measure the channeled beam features (displacement, width) and to reconstruct
the halo beam profile. The details of the collimator scan can be found in Table 5.7.
The scan result and the reconstructed beam distribution are shown in Figure 5.16.

Table 5.7: List of the collimator scans for Crystal 2

date θtilt εx ncry θCOLLkick θmultikick

[µrad] [m·rad] [σx] [µrad] [µrad]

C2.1 23 Sep 2009
05:19:44 GMT

−1525 31.3·10−9 -6.0 -66 -100

As specified in section 3.2.2.1, the channeling angle and width have been evaluated
by an error function fit of the collimator scan data. The measured channeling kick
value is about 165 µrad, and the channeled beam width is about 20-21 µrad(see table
5.8). The measure channeled beam width is in good agreement with the expected
theoretical value (about the critical angle θc = 19 µrad). The channeling efficiency
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Figure 5.16: Normalized BLM6 losses versus crystal kick (top) and reconstructed
secondary halo distribution (bottom), for scan C2.1

Table 5.8: List of the collimator scan results for Crystal 2

no baseline with baseline
scan n. θchan σch ηchan θchan σch ηchan

[µrad] [µrad] [%] [µrad] [µrad] [%]

C2.1 165±1 21±1 85±5 164±1 20±1 77±4

value goes from the 77% (with with baseline) to 85% (fit without baseline). As al-
ready commented for Crystal 1, the uncertainty on the efficiency calculation (about
5%) is dominated by the uncertainty on the normalization value.

5.3.3 Medipix data

The Medipix detector [76, 75] used in the UA9 experiment is formed by 256 × 256
square pixels. Each 55 µm-wide pixel counts up to 11,810 particles, and the mini-
mum time separation required for two events to be detected by a pixel is 1µs. For
UA9 the acquisition time is set to 1 s, afterwards about 2 s are needed for the data
readout, i.e. the actual acquisition frequency is about 3 s.
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The Medipix was positioned in a Roman Pot about 1.2 m downstream the LHC-type
collimator (see Figure 5.2), on the right side with respect to the beam direction, and
in horizontal orientation. The transverse position of the Roman Pot could be ad-
justed, thus allowing a beam based alignment of the Medipix sensor and therefore
knowing its exact distance from the beam center.

This section presents the results of the analysis of the channeled beam of Crystal
1, in different orientations. The data have been taken on the 4th November 2009,
between 15:20 and 15:40 GMT, and analyzed with a software specifically developed
at CERN for this purpose[80]. Several screenshots of the analysis software are shown
in Figure 5.17, to give a pictorial view of the changes in the channeled beam shape
with the crystal orientation. Each screenshot is divided in four frames:

- frame on the top-left: image of the channeled beam as detected by the sensor.
The color scale is normalized to the maximum pixel reading.

- frame on the top-right: integrated horizontal beam profile. The vertical scale
is normalized to the maximum value calculated. This is in principle should
correspond to the beam profile obtained by the numerical derivative of the
collimator scans data (see, for example, Figures 5.13 and 5.16). The peak of
this curve is fitted with a Gaussian, and its center and rms are used to compute
the channeling kick θch and the channeled beam width σch.

- frame on bottom-left: vertical section of the Medipix data, corresponding to
the horizontal position of the channeled beam center. The vertical scale is
normalized to the maximum pixel reading.

- frame on bottom-right: horizontal section of the Medipix data, corresponding
to the vertical position of the channeled beam center. The vertical scale is
normalized to the maximum pixel reading.

A slow angular scan of the main channeling peak is considered, from -1730 to
-1982 µrad (starting from the volume reflection and moving toward the amorphous
region): in this range 11 different orientations were analyzed. The total measured
angular acceptance of the channeling process is larger than 200 µrad, in good agree-
ment with the rms acceptance σchAcc = 130µrad measured with the BLM4 during
the angular scan (see section 5.5).

For each orientation we calculated the channeling peak displacement from the
sensor edge and its rms width (Gaussian fit). Thanks to the relative alignment with
the collimator, it was possible to calculate the absolute position of the sensor with
respect to the center of the beam, and hence the absolute position of the channeled
beam center. The equivalent crystal kick was finally calculated with equation 3.20,
with the optics parameters relative to the roman pot position. The results are shown
in Figure 5.18
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1. 2.

3. 4.

5. 6.

7. 8.

Figure 5.17: Channeled beam image by the Medipix detector, for different crystal
orientations: 1. -1737 µrad,2. -1769 µrad, 3. -1795 µrad, 4. -1810 µrad, 5. -1836
µrad, 6. -1883 µrad, 7. -1907 µrad, 8. -1961 µrad. For the detailed description of
the different frames see the text.
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Figure 5.18: Channeling kick and rms width of the channeled beam for different
orientations of Crystal 1, as measured using the Medipix data.

The channeling kicks and rms widths change almost linearly with the crystal
orientation:

- Channeling angle from 224 to 187 µrad, while moving from the amorphous
orientation toward the volume reflection region. Variation of almost 40 µrad.
The kick values detected by the Medipix seems to be always higher than the
values measured via collimator scans. A systematic error on the measurement
could be due to an imprecision on the beam based alignment procedure, or,
equivalently, on a movement of the closed orbit2.

- Channeling width between 32 to 15 µrad, while moving toward the volume
reflection region. Larger channeling width values are generally associated to
larger channeling kicks.

The variations of the channeled beam profile and position (see Figure 5.17), both
in vertical and horizontal direction, are consistent with the hypothesis of partial
alignment of the crystal with respect to the axial channeling. The spread observed
for the channeling parameters with the Medipix data is consistent with the results
obtained with the collimator scans.

2The beam movement hypothesis is compatible with the highly unstable losses which were
recorded during the whole experimental run on November the 4th.
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5.3.4 Beam loss maps

An important test for understanding the improvement in collimation efficiency is
to measure the change in far away losses when using the crystal in different con-
figurations. It was unfortunately difficult to see any reproducible effect of crystal
on beam loss maps around the SPS ring, probably for a limit of sensitivity of the
BLMs. The only successful attempt was done on August 11, when the crystal was
driven into the core of the SPS beam and its angular orientation was changed from
amorphous to channeling, and back again. The analyzed BLMs data were taken in
a time interval of about 7 min, between 17:10 and 17:17 (local time). This section
gives an overview on the results of the analysis (Analysis by S. Redaelli [81]).
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Figure 5.19: Positions of crystal, TAL and crystal orientation vs time. From [81].

In Figure 5.19 the transverse position of the TAL and the Crystal, together with
the crystal orientation, are shown, and the time interval of interest is indicated.
In Figures 5.20, 5.21 and 5.22 the BLM readings are presented respectively for the
straight insertions 2, 5 and 6: each column corresponds to a different BLM, and
different colors correspond to different time intervals. For some of the BLMs an
exponential decay is visible - interrupted by a region where the losses decrease,
in time with the channeling orientation of the crystal. The exponential decay is
associated to the movement inward of the crystal [79], which is expected to generate
losses with long decay times. The BLMs whose readings are totally flat were either
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saturated or not detecting any loss, showing large zero-offset value for some of them,
also with negative values. The real offset values for the BLMs remain unknown; to
estimate the efficiency gain a zero offset value was assumed.
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Figure 5.20: Losses in Long straight section 2 (LSS2), between 17:10:37 and 17:17:31
(local time). From [81].

The highest reduction in losses is found, as expected, just downstream the crys-
tal position (see Figure 5.21, BLM n. 163, 7 m downstream the crystal), in the
straight section 5. The loss reduction is of about 53%, or, equivalently, an increase
in local cleaning efficiency (see section 2.2.3) of 2.11. This is however not relevant
for collimation purposes. For the regions far downstream of the crystal three BLM
present a strong variation in losses:

- BLM 53 (magnet “QFA.21610”, distance from the crystal 3398 m): factor
1.16±0.01

- BLM 54 (magnet “QFA.21710”, distance from the crystal 3400 m): factor
1.03±0.01

- BLM 201 (magnet “QF.62010”, distance from the Crystal 1223 m): factor
1.29±0.05

It must be stressed that no correction for eventual BLM offsets was applied. All
other BLMs showed no significant change in loss reading.
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Figure 5.21: Losses in Long straight section 5 (LSS5), between 17:10:37 and 17:17:31
(local time). From [81].
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Figure 5.22: Losses in Long straight section 6 (LSS6), between 17:10:37 and 17:17:31
(local time). From [81].
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5.4 SixTrack simulations
The three main experimental outcomes for the UA9 experiments analyzed so far are:

1. Angular scans: by moving the crystal orientation and detecting the losses
downstream the crystal, the difference between the nuclear interaction rate
in amorphous and channeling orientation is found. The channeling angular
acceptance and total bending angle are also evaluated (Section 5.3.1).

2. Collimator scan: by gradually moving the collimator toward the beam edge,
the channeled beam profile can be reconstructed: the channeling efficiency,
average kick and width are therefore evaluated (Section 5.3.2).

3. Far away losses: by using the SPS BLMs, the reduction in far away losses
can be registered, and therefore the relative loss reduction of channeling mode
with respect to amorphous (Section 5.3.4).

The Sixtrack code has been used to simulate all the experimental outcomes. In
particular two different sets of measurements have been done:

- Low-statistic simulations (6400 particles, 500 turns) for reproducing angular
and collimator scans. The results are presented and compared with experi-
mental data in Sections 5.4.1 and 5.4.2.

- High statistics simulations (1.6 million particles, 750 turns) for simulating the
losses along the ring. The results are compared with the experimental data,
see the discussion in Section5.4.3

For the three cases a 1 mm long Si crystal, 111 orientation with curvature radius
of 6.67 m (i.e. a channeling angle of 150 µrad) is used. It is worth noticing that
value differs from the nominal value for Crystal 1, that is 170 µrad, because the
simulations have been set before knowing the precise crystal features. The crystal
transverse directions are typical dimensions for a strip crystal, i.e. a width of 500 µm
and a height of 50 mm. If not specified differently, the simulation settings (element
positions and emittance) matches the experimental ones. In the next sections the
comparison between the simulation and the experimental results are presented, while
an analysis of the possible causes for the found discrepancies is given in Section 5.5.

5.4.1 Angular scans

As suggested from the multiple peaks detected during the angular scan data (see
Figure 5.5), and verified by the Medipix investigations (Section 5.3.3), the Crystal 1
is in quasi-axial position. This means that different skew planes are crossed before
reaching the main channeling direction: this situation cannot be simulated by our
code at the moment. For this reason only the Crystal 2 angular scan has been sim-
ulated, and the comparison between experimental data and simulation outcomes is
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shown in Figure 5.23. All the data are normalized as explained in Section 5.3.1.
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Figure 5.23: Angular scan for Crystal 2: comparison between simulation and mea-
surements.

As for the experimental data, three important parameters are deduced from the
simulated angular scan:

- The channeling acceptance. The simulation value is σchAcc = 52 µrad, in
good agreement with the experimental value σchAcc = 50 µrad. However both
values are higher than the theoretically expected value (29 µrad) for the single-
pass experiments. This is a known effect of the multi turn dynamics, that
increases the angular divergence of the impinging beam, therefore widening
the channeling angular acceptance.

- The total bending angle θb. In case of simulations θsimb = 145± 5 µrad, while
for the experimental data θexpb = 161±10 µrad. The higher measured bending
angle agrees with the channeling angle measured during the collimator scan
C2.1, θc = 164±1 µrad (see Section 5.3.2.4). The total bending angle measured
for Crystal 1 is θb = 155± 10 µrad.

- Single-pass efficiency in multi-turn environment. In the simulated case, the
signal reduction in channeling is about a factor 50, to be compared with the
factor 2.5-3 got by experimental data. The reduction factor measured for
Crystal 1 is approximately a factor 10.
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5.4.2 Collimator scans

Three different collimator scans have been simulated, both for Crystal 1 and for
Crystal 2. For each case a set of simulations with different apertures of the col-
limator right jaw (the left jaw is kept retracted as in the experimental condition)
was performed, and the number of particles which had inelastic interactions in the
collimator jaw was considered. In this Section the comparison between simulations
and experiment is presented.

Table 5.9: Emittance and transverse aperture settings used for collimator scan sim-
ulations

simulated εx ncry nCOLL nTAL
coll. scan [m·rad] [σx] [σx] [σx]

S1.1 C1.1 14·10−9 -3.14 -17→-3.1 -4.97
S1.2 C1.2 35 ·10−9 -3.11 -14→-3.1 -5.26

S2.1 C2.1 31.3·10−9 -6.03 -16→-6 -7.05

The simulation details, together with the indication of the corresponding colli-
mator scan, are specified in Table 5.9.

The simulation results were analyzed as the experimental ones, and the obtained
halo distributions - as seen by the collimator jaws - are compared in Figure 5.24.

It is interesting to notice that the three curves in Figure 5.24 almost overlap,
despite the different emittances, the different normalized apertures of the elements
and even the 2-meters longitudinal displacement between Crystal 1 and Crystal 2.
The distributions show a clear channeled beam: a Gaussian fit gives a center 150
µrad and an rms of 13 µrad for the three cases. Both values are in perfect agreement
with the theoretically expected values, i.e. the set channeling angle and the expected
rms (0.7 · θc= 12.95 µrad). It must be stressed that only the case of perfectly on
momentum halo has been simulated: if considering the angular spread of off mo-
mentum particles, and keeping the grazing assumption (see Section 2.3.1), the rms
width is expected to increase to a value of 16.5 µrad.

The comparison between the simulation and the experimental results are shown
in Figure 5.25, 5.26 and 5.27.
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Figure 5.24: Secondary halo distribution as measured by the collimator for the
simulation cases specified in the text.
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Figure 5.25: Secondary halo distribution as measured by the collimator scan for the
case C1.1, compared with the results of the simulation S1.1.
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Figure 5.26: Secondary halo distribution as measured by the collimator scan for the
case C1.2, compared with the results of the simulation S1.2.
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Figure 5.27: Secondary halo distribution as measured by the collimator scan for the
case C2.1, compared with the results of the simulation S2.1.
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Table 5.10: List of the collimator scan results: simulations and measurements are
compared. For the channeling angle θkick the nominal value has been used.

scan n. θmeasch /θnominalch σmeasch /σsimchan ηmeaschan /η
sim
chan

[-] [-] [-]

C1.1 1.01 1.3 0.82
C1.2 1.15 3.07 0.71
C2.1 1.10 1.62 0.92

The comparison between the measured and the experimental results is summa-
rized in Table 5.10. For the three cases, the measured rms widths of the channeled
peak are systematically larger than the simulated one, while the measured efficiency
is smaller. For the bending angle the comparison is made with the nominal values.
The experimental result for collimator scan C1.1 agrees with the expected values,
while it is larger for the other cases.

5.4.3 Beam Loss Maps

The main feature of our simulation tool is the possibility to evaluate the local in-
efficiency of the collimation system by comparing the tracks of the particles with
a detailed aperture model (see Section 3.1.1.2). The local cleaning inefficiency η is
defined by equation 2.32, that is repeated here for convenience:

η =
Nabs(dl)

NTot · dl

with Nabs the number of particles hitting the aperture in the longitudinal inter-
val dl over the total number of particles absorbed by the collimation system NTot,
normalized over the length dl. The picture of the local cleaning inefficiency versus
the longitudinal coordinate s is called loss map. A set of simulations with different
crystal orientations has been performed to understand how the loss maps along the
SPS are supposed to vary. In this section the loss map results are presented and
compared with the experimental results.

The simulation layout is the one already shown in Figure 5.2, but the crystal is
positioned in the middle of the tank and there is a second roman pot 15.6 m down-
stream the first one: these differences are due to the fact that, when the simulation
campaign has been launched, the experimental layout had been not finalized yet.
The crystal used for our simulations is a Si crystal, 111 orientation. The length is
1 mm and the curvature radius is 6.67, that means a channeling angle of 150 µrad.
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Its transverse directions are typical dimensions for a strip crystal, i.e. a width of
500 µm and a height of 50 mm.

Table 5.11: Equivalent thickness in Cu for the different RP regions. The value for
the detector region can vary depending on the number of Si detectors inserted in
the RP.

RP region transverse dimension equivalent
Cu thick-
ness

Detector b > 650µm 664-882µm
Dead 150µm < b < 650µm 370 µm
Border 0 < b < 150µm 1.16 cm

The roman pots are multi layered objects both in longitudinal and in vertical
direction. We used an equivalent thickness in Cu, rescaling with the nuclear inter-
action length, to represent each RP transverse layer (edge, dead region, detector
region). For each layer we got a different equivalent thickness, as summarized in
table 5.11. Since our code does not foresee multi-layer elements in the transverse
direction, we choose to use a Cu thickness of 750µm, representative of the detector
region.

Table 5.12: Settings for beam loss maps simulations

simulated εx ncry nRP1 nRP2 nTAL
[m·rad] [σx] [σx] [σx] [σx]

S.LM Beam loss maps 11.7·10−9 -6.0 -7.0 -7.0 -6.83

The aperture settings of the different elements are listed in Table 5.12. Scans of
35 different crystal orientations between -400 and +250 µrad were made.

The loss maps for amorphous and channeling case are presented in Figures 5.28
and 5.29. Outside of the experimental region, in both cases we can recognize three
peaks in far away losses, at 1712 m, 4036 m and 6499 m. Two of the BLMs which
detected the highest change in losses were close to this coordinates (1669 and 6402
m), showing that our simulations can locate the regions which get more losses.
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Figure 5.28: Beam loss map in the SPS, when using the crystal in amorphous ori-
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Figure 5.30: Maximum of the local cleaning inefficiency for local (within 500 m
downstream the crystal) and far away losses (in the rest of the ring) for different
crystal orientations. Case of perfect crystal.

The maximum of local cleaning inefficiency versus crystal orientation is shown
in Figure 5.30. The ring has been divided in two regions: the first 300 meters down-
stream the crystal (local losses) and the rest of the machine (far away losses). As
shown in the plot, the predicted reduction for maximum cleaning inefficiency goes
up to a factor 17± 2 for local losses, and a factor 16± 3 for far away losses. These
estimations should be compared with the experimental data from the BLMs (section
5.3.4), where the maximum measured loss reduction factor is of about 2 for local
losses, and a factor of 1.3 for far away losses, i.e. ten times smaller than predicted
by simulations.

5.5 Discrepancies between experiment and simula-
tion: possible causes

Comparing the experimental results with the simulated cases, it was found that the
crystal performances are generally worse than expected, i.e.:

- From angular scan, a reduction in nuclear interactions rate at the crystal of a
factor 20 is expected - the experimentally measured values are a factor 10 (for
Crystal 1) and a factor 2.5-3 (for Crystal 2).
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- From collimator scan simulations, a channeling efficiency of 92% is expected,
to be compared with a wide rage of efficiencies obtained (from 64 to 85%).
The channeled beam features are also different: channeling angles higher than
the nominal angles are found, and the measured beam widths are also slightly
higher than expected.

- From the Beam loss maps, a loss reduction factor of 16 in far away losses is
predicted by simulations, but the maximum measured value was about 1.3.

To understand these discrepancies, the simulation settings must be considered. Since
a perfect crystal in perfect channeling orientation is considered both for collimator
scan and beam loss map simulations, the experimental results could indicate that:

- the crystal is not “perfect”, i.e. the channeling probabilities in the edge of the
crystal are, for some reason (e.g. amorphous layer, higher degree of impurities,
cracks...), lower than expected.

- the orientation is not “perfect”, i.e. we are not measuring the distribution
associated to the optimal channeling orientation.

Or, more realistically, a mixture of both conditions. Both hypothesis can help in
justifying different experimental results. A reduced edge efficiency could account
for the angular scan results, the measured far away loss reduction and the chan-
neled beam width and population, but the only way to get a channeled kick larger
than expected is a misalignment of the crystal3. On the other hand, a simple mis-
alignment could not justify the angular scan results. Given the poor control on the
available goniometers (see Figure 5.3), a small misalignment is possible: its effect,
however, is investigated elsewhere [82]. In this section more details are given about
the possible influence of a reduced channeling efficiency on the crystal edge: this has
been obtained in our simulations by adding an amorphous layer.

Amorphous layer thicknesses (λam) between 50 nm and 0.5 mm were added to
the crystal model (see Section 3.1.2.2 for details). It should be stressed that these
studies are meaningful only if we rescale the amorphous layer thickness with the
initial impact parameter of the particles on the entrance face of the crystal (b).
In our case the characteristic impact parameter is of about 18 µm (typical length
resulting from an exponential fit of the data).

The effect on the collimator scan simulations is presented in Figure 5.31, while in
Table 5.13 the fitting parameters and the channeling probabilities for the different
λam are summarized. It is interesting to notice how values of amorphous layer of up
to 50% of the impact parameter value seem to have little effect on the multi-turn
channeling efficiency. A slight decrease (about 4%) in efficiency can be observed

3Always in the case that the expected value is correct, i.e. the crystal bending angle is still the
one measured before the experiment in the crystal characterization.
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Figure 5.31: Efficiency curves for the simulation S1.1, with different amorphous layer
thicknesses.

Table 5.13: Displacement c, rms σc and relative population of the channeled beam
at the collimator location, as calculated fitting the collimator scan data, for different
thicknesses of the amorphous layer.

λam λam/b θch σch ηch
[µm] [-] [µrad] [σx] [%]

0 0 −150± 0.5 13.2± 0.3 92± 1.4
1 0.05 −150± 0.5 13.1± 0.3 91±1.4
10 0.5 −150± 0.4 13.6± 0.2 91± 1.2
100 5 −150± 0.5 14.2± 0.02 87± 1
250 14 −148± 0.5 15.4± 0.5 77± 1.4
500 28 no visible channeling effect

scan C1.1 ? 172±1 16±1 73±4

for values of λam = 5b, while a strong effect (decrease of about 15%) is observed
for λam = 14b. When λam = 28b, the channeling effect is no efficient anymore. An
amorphous layer between 100 and 250 µrad can reproduce the best efficiency values
found for the two crystals: in particular a value of 250 µm fits almost perfectly both
the channeled beam population and width of the collimator scan C1.1.
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Figure 5.32: Secondary halo distribution as measured by the collimator scan for the
case C1.1, compared with the results of the simulation S1.1 with an amorphous layer
of 250 µm.

The comparison between the beam profile measured by the collimator scan C1.1
and the corresponding simulation results, including an amorphous layer of 250 µm,
is shown in Figure 5.32. The simulations well reproduce both the channeling peak
(width and population) and the intermediate region. The different average kick is
compatible with the different simulation settings.

Investigations of the influence of amorphous layer on loss maps have been per-
formed as well. Once again different amorphous layer thicknesses, between 500 nm
and 1 mm, have been considered, and the typical initial impact parameter of the
particles at the crystal is of about 18 µm. The perfect channeling orientation was
simulated, as described in Section 5.4.3. In Figure 5.33 the maximum of the lo-
cal cleaning inefficiency both for local and far away losses is shown for different
amorphous layer.

As it was found for collimator scan simulations, an amorphous layer of 500 µm
give results that cannot be distinguished by the pure amorphous case. In particular
the loss reduction factor with respect to the amorphous case for a thickness of 250
µm is of 1.75± 0.20 for local losses, and 1.86± 0.22 for far away losses, to be com-
pared with the experimental values (2 for local losses, 1.3 for far away losses). Even
though the agreement is not perfect, the results are much closer to the experimental
values than the one obtained for the perfect crystal (17 for local losses, 16 for far
away losses).
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amorphous layer thicknesses, in case of perfect crystal.

It was shown that simulations with an amorphous layer of 250 µm can account for
most of the features observed in the experimental results: this is considered a strong
evidence of the fact that the channeling efficiency at the crystal edge is smaller than
the one considered in our simulations.

5.6 Conclusions

The main results of the UA9 experiment have been presented. The experiment con-
sisted in deviating the SPS circulating beam halo with a bent crystal in different
operational modes: two Si crystals, fabricated with different techniques, have been
tested so far. A set of BLM detectors, combined with the collimator scan technique,
enabled a direct measurement of the multi turn channeling efficiency: for the two
considered crystals we obtained efficiencies between 57 to 85%. The lower values are
associated to non optimal crystal orientations. Using the same procedure the chan-
neled beam parameters (center and width) have been calculated, and the results are
in good agreement with the images of the channeled beam registered by the Medipix
detector.
A full set of simulations have been performed in an attempt to reproduce and un-
derstand the collimator scan results. In case of simulations for a perfect crystal,
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the experimental channeling efficiencies do not reach more than the 70% of the val-
ues predicted by the simulation. However it was possible to reproduce most of the
features of the experimental results by adding, in the crystal model used for simu-
lations, a 250 µm thick amorphous layer (to be compared with an rms impact of 18
µm).

Regarding the far-away losses, it was unfortunately difficult to get a clean mea-
surement of the loss variations when using the crystals in different operational modes.
Unfortunately the experimental value is affected by the limited resolution of the SPS
beam loss monitors: a precise calibration should be performed to get a better evalua-
tion. However, in the hypothesis of a negligible offset value of the considered BLMs,
the maximum measured loss reduction in channeling mode was about a factor of 1.3
for far away losses, while the simulations for a perfect crystal predicted a factor of
16. More realistic vales can be obtained by adding, again, an amorphous layer to
the crystal surface exposed to the beam: when simulating a thickness of 250 µm, a
loss reduction factor of 1.86± 0.22 is obtained.
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Chapter 6

LHC

In this chapter a possible implementation of a crystal-enhanced collimation system
is evaluated for the LHC. Simulation studies were performed with the same state-of
the art tracking codes as used for the design of the conventional LHC collimation
system. The numerical models are described and predictions for the local and global
cleaning efficiency with a crystal-based LHC collimation system are presented for the
nominal 7 TeV energy. Open issues and further work towards a crystal collimation
design for the LHC are discussed.

157
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6.1 The machine

The LHC is the main accelerator and collider at the CERN laboratories, Geneva.
It is a 27 km long ring, located in an underground tunnel which crosses through
France and Switzerland, where two beams circulate in opposite directions. It can
accelerate both protons and lead ions. Eight curved regions (main arcs), alternated
with eight straight regions (insertion regions), constitute the accelerator layout (see
Figure 6.1).
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Figure 6.1: The 27 km LHC ring, which lays underground over the territories of
France and Switzerland. From [83].

In the main arcs superconducting dipoles and quadrupoles are used to steer the
beams and keep them focused. The 15-m long superconducting dipoles fill about
2/3 of the total accelerator length, and they are designed to operate with a cen-
tral field of about 8.3 T. The superconducting elements are constantly kept at the
superfluid helium temperature (1.9 K), and the temperature margin, e.g. the max-
imum temperature increase that the superconducting material can sustain without
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losing its superconducting capabilities, is about 1.5 K. Any release of energy, caus-
ing a temperature raise over the temperature margin, would provoke a quench, i.e.
a transition between the superconducting and resistive state. The maximum en-
ergy per volume unit that could be deposited in a superconducting magnet is called
the quench limit, and it generally depends on the material, operational parameters
of the superconductor (magnetic field, temperature, electric current) and cooling
power. The quench limit value and its implications for the LHC collimation system
are discussed in the next section.

In the straight sections the experimental regions and the utility insertions are
located. The main experiments, placed at the four interaction points (IPs) of the
accelerator, are: ATLAS (IP1), ALICE (IP2), CMS (IP5) and LHCb (IP8).

The two large experiments, ATLAS and CMS, are based on general-purpose
detectors and they are designed to investigate the largest range of physics possible,
including the search for the Higgs boson and particles that could make up dark
matter.

The two medium-size experiments, ALICE and LHCb, have specialized detectors:
LHCb investigates the slight differences between matter and antimatter by studying
a type of particle called the ’beauty quark’, or ’b quark’, while ALICE is specially
designed to be used during Lead ion runs, to study a state of matter known as quark
gluon plasma, which is believed to have existed soon after the Big Bang

The remaining straight insertion regions (IRs) are dedicated to RF cavities (IR4),
the beam dump (IR6) and collimation (IR3 and IR7). More details about the LHC
collimation system will be given in the next section.

6.2 Importance of the LHC collimation system: clean-
ing, machine protection and background reduc-
tion

With its actual center-of-mass energy of 7.0 TeV, the LHC is nowadays the most
powerful accelerator in the world. During the next 2 years it is foreseen to run
the LHC with a collision energy of 7 TeV (3.5 TeV per beam); after that, a long
shutdown will be required to overcome the present limitations and reach the LHC’s
design collision energy of 14 TeV.
In nominal conditions there will be 2808 bunches per beam with 1.15 · 1011 protons
per bunch. The energy stored in the circulating beam (up to 360 MJ per beam [2])
makes it very powerful and highly destructive.

The expected loss rates are shown in Table 6.1. The total power loss correspond-
ing to the most critical case (collision energy, beam lifetime of 0.2 h) reaches almost
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Table 6.1: Specified maximum loss rates for safe operation of the machine.

Total time beam lifetime Rate Losses Lost power
[s] [h] [p/s] [W]

Injection continuous 1.0 0.8 ·1011 6·103

(450 GeV) 10 0.1 8.6 ·1011 60·103

Collision continuous 1.0 0.8 ·1011 90·103

(7 TeV) 10 0.2 4.3 ·1011 480·103

500 kW for a maximum of 10 s. The collimation system is designed to stand such a
power.

Obviously a fraction of particles could be lost in the superconducting elements.
One has to make sure that the power associated to the losses in the magnets are
lower than the cooling capacity of the cryogenic system. Extensive theoretical and
experimental studies [7, 8] were performed to evaluate the maximum sustainable
power load (quench limit) for the main LHC superconducting magnets. A compre-
hensive summary of the results can be found in [9]. For the studies carried out in
this thesis, as usually done for standard collimation studies, the case of continuous
heat deposit is assumed: the estimated quench limits in this assumption are listed
in Table 6.2.

Table 6.2: Magnet quench limit associated to continuous losses. See [7] for a complete
description.

Quench limit Quench limit
[mW/cm3] [p/s/m]

Injection (450 GeV) 10 7.0·108

Collision (7 Tev) 5 7.8·106

The collimation system is designed to keep the unavoidable beam losses in the
cryogenic regions lower than the quench limit, by concentrating them in dedicated
collimation insertions: this is the halo cleaning function of the collimation system,
and the main purpose of the LHC collimation system. The huge disproportion
(about 8 orders of magnitude) between the expected power lost in the machine and
the value of the quench limit demands for a sophisticated, highly-efficient system.

The quantity used to qualify the effectiveness of the LHC collimation system
is the local cleaning inefficiency η, defined by equation 2.32 and repeated here for
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convenience:

η =
Nabs(dl)

NTot · dl

i.e. the number of particles Nabs hitting the aperture over the length dl divided
by the total number of particles absorbed by the collimation system NTot and nor-
malized to the length. At collision, taking into account the quench limit and the
assumed losses, a local cleaning inefficiency of 1.7 × 10−5 1/m can be tolerated. A
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Figure 6.2: Layout of the phase 1 collimation system for the two beams (not in
scale). Courtesy of C. Bracco [9].

sketch of the installed collimation system is shown in Figure 6.2. The cleaning inser-
tions are positioned in IR3 and IR7: the first one is dedicated to momentum cleaning
collimation, while IR7 is the betatron cleaning insertion (for details on collimation
theory see section 2.2.2). In both regions the collimators are organized in two stages:
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the 60 cm long CFC1 primary collimators (TCP) are used to scatter the beam halo
onto the 1m long CFC secondary collimators (TCS) downstream. At the very end
of the insertion, W absorbers (TCLA) are set to intercept the particles which have
escaped the secondary collimators (tertiary halo), immediately before the beginning
of the cold region.

Apart from the halo cleaning function, the LHC collimation system is designed
to provide limited passive machine protection in case of abnormal losses. Special
protection devices, in fact, shield the most sensitive parts of the LHC against losses
caused by equipment failures or wrong operation of the machine:

- Injection errors: occurring when the injection kicker magnets misfire. The TDI
(injection beam stopper) and the TCLIA, TCLIB collimators are foreseen in
IR2 and IR8.

- Extraction error: in the event of an asynchronous beam dump the beam can
be swept over the machine aperture. Two identical, single-sided elements
(TCDQA) are installed in IR6 to absorb the mis-kicked particles.

- Failures inducing multi-turn losses (e.g. RF failure, vacuum leak, mis-function
of the kickers for the separation at IPs...): large part of the beam population is
intercepted at the smallest aperture (i.e. the primary collimators) in few turns.
This example underlines the importance of the robustness of the collimators.

A third and last task of the collimation system is also the minimization of
collimation-related background at the experiments. Horizontal (TCTH) and
vertical (TCTV) tertiary collimators are installed upstream the magnets at high beta
locations (triplet magnets) at the interaction regions: the setting of the TCTs have
been optimized to protect the triplets yet keeping the background as low as possible.
Finally, special absorbers (TCL) located downstream of the high luminosity IPs use
two pure copper jaws to catch the physic debris coming out from the interaction
points during collisions

6.3 LHC collimation system: the phased approach
Depending on the loss rate and the efficiency of the collimation system, the perfor-
mance of the machine could be limited. In view of the high energy of the LHC halo
and the stringent constraints due to the cryogenic environment, the LHC collimation
system is implemented in a phased approach. The Phase 1 relies on the robustness
of the system, while the Phase 2 is intended to allow the LHC to run at its nominal
settings (energy and intensity). Recent studies [9] assess a limitation of 40% of
the nominal intensity for the Phase 1 of the collimation system, yet considering a

1Carbon Fiber Carbon composite
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machine without imperfections such as jaw flatness tolerances, tilt errors, machine
alignment errors, non ideal closed orbits. When the imperfections are taken into
account the machine luminosity is further reduced to a few percent of the nominal
value.
The Phase 2 collimation system is being designed to improve the efficiency by means
of metallic collimators to be used during stable physics runs and adding collimators
in the cryogenic region [4]. In parallel, advanced collimation studies are carried out
to maximize ultimate performance of the LHC. Crystal collimation is one of these
advanced options. The idea is to use the well-studied and tested crystal channeling
effect in a bent crystal to increase the betatron amplitude of the halo particles, thus
increasing the impact parameter on secondary collimators and possibly improving
the collimation efficiency for the betatron halo.

6.4 Simulations

This section presents the results of simulations studying the feasibility and the opti-
mum configurations for a crystal-based collimation insertion. In section 6.4.1 a study
on the basic features of the particles impacting on the crystal surface, starting from
the expected beam lifetime, is presented. The distribution of impact parameter and
impacting angle is obtained, and used as input for the tracking studies performed
with Sixtrack.

The Sixtrack simulations for the LHC, investigating the possible configurations
for a crystal-based collimation insertion during stable physics runs at the LHC nom-
inal energy (7 TeV), are described in section 6.4.2.

6.4.1 Impacting beam features

A bent crystal gives a kick to an impinging particle if certain initial conditions are
fulfilled. In detail, channeling is possible only if the relative angle between the par-
ticle velocity and the crystal planes is lower than the crystal critical angle θc (see
section 1.2.2.1). For a Si crystal with 110 orientation, the critical angle varies be-
tween about 8 µrad and 2 µrad (respectively at LHC injection and collision energy).
It is therefore important to evaluate the expected divergence of the particles impact-
ing on the crystal surface: here the collision case is studied, because it is expected
to be the most critical one due to the tightest constraints on angular acceptance.
Since the vertical dispersion at the crystal location is close to zero (see Table 6.5),
the impact parameter spread and impact angle spread is expected to be smaller.
For this reason only the horizontal case is treated. In this section the results of a
simulation evaluating the first impact coordinates of the particles on the crystal are
presented.
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In order to have a realistic impacting particle distribution the code described in
section 3.1.3 was used. The code generates a matched Gaussian tail distribution
both in the transverse and longitudinal dimension, where particles receive a trans-
verse random kick every turn (all the details can be found in Section 3.1.3).

A method to estimate a realistic kick could be to consider the effect of the differ-
ent processes responsible for the emittance growth in the machine. Many processes
lead to a natural increase of the emittance, such as intra beam scattering (IBS),
scattering with residual gas, elastic scattering at the interaction points, diffusive
phenomena (like resonance crossing or ripple in the power converters), collective
effects like beam beam, space charge and instabilities (for further details please see
[63, 84, 85, 86]). In addition to these processes, the natural reduction of emittance
associated to the synchrotron radiation must be taken into account. In principle
the contribution of each effect to the total emittance growth should be evaluated
separately, but unfortunately most of them cannot be easily predicted, e.g.:

- The effect of wake fields and electron cloud depends strongly on the lattice of
the machine, and can be evaluated only via dedicated simulations [87].

- The effect of the beam beam depends strongly on the particle amplitude and
it is not easy to “be translated” in a single diffusion coefficient [88].

A different approach to evaluate the equivalent kick is to tune the single-turn
kick in the code to match the assumed beam lifetime (i.e. a beam lifetime of 0.2 h,
see section 6.2). The beam lifetime condition is satisfied when:

Npart(0.2h) =
1

e
·Npart(0) (6.1)

where Npart(t) is the number of particles in the accelerator at the time t. Assuming,
in very first approximation, that the particle losses are equally generated by the
horizontal and the vertical kicks we expect that at the time t=0.2 h:

N lost
x (t = 0.2h) =

1

2
N lost(t = 0.2h) =

1

2

(
1− 1

e

)
(6.2)

where N lost
x (t) the number of lost particles in the horizontal plane and N lost(t) is the

total number of lost particles. It follows that the condition on the beam lifetime, for
the single x plane (illustrated in Figure 6.3), becomes:

Npart(t = 0.2h) = (1−N lost
x ) ·Npart(t = 0) ' 0.68Npart(t = 0) (6.3)

For a Gaussian distribution, and considering only the horizontal plane, equation 6.3
becomes:

N0

∫ x=xlim

x=−xlim

1√
2πσx(0.2h)

e
x2

2σ2
x(0.2h) = 0.68 ·N0

∫ x=xlim

x=−xlim

1√
2πσx(0)

e
x2

2σ2
x(0) (6.4)
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Figure 6.3: Beam lifetime condition for the horizontal plane: the total number of
particle circulating in the machine must be reduced to 68% of its initial number
after a time equal to the selected beam lifetime.

where N0 = Npart(0) is the initial number of particles, xlim is the half aperture
limitation in the machine, σx(t) is the horizontal dimension of the beam at the time
t. The initial rms beam dimension is σx(0) =

√
εx0βx where βx is the value of the

horizontal beta function at the point where the kick is applied and εx0 is the initial
horizontal emittance (the usual value 5 10−10m · rad [1] is considered).

A one turn matrix code was used to simulate the beam population variation
over a large turn number for different rms kicks given to the particles at each turn.
The code starts from a matched Gaussian particle distribution fitting the machine
aperture, and gives a random kick to each particle every turn: if the particle touches
the aperture bottleneck (in our case corresponding with the crystal aperture), it is
considered lost and removed from the tracking. The particle initial distribution and
all the details about the code can be found in Section 3.1.3. Ten different scenarios
were simulated, tracking, for each case, a gaussian distribution of 1000 particles
for about 8 million turns (=0.2h) and varying the rms kick from 0.5 nrad to 15
nrad. The kick was applied, for convenience, at the crystal longitudinal location,
where βx = 137.62 m. It was found that an rms kick of 3 nrad satisfies equation
6.3. Considering the equation linking an rms kick with an average emittance growth
after one turn:

∆ε =
1

2
· βx < k >2 (6.5)

Using the LHC revolution frequency (11245 Hz) one gets an emittance growth rate
of 7 · 10−12 m rad/s in the horizontal plane.
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The distribution of the first impact parameters obtained by the simulations is
shown in Figure 6.4. The simulated data have been fitted with an exponential func-
tion, with a decay length of 2.1 µm: the simulations presented in section 6.4.2 have
been tuned to obtain similar first impact parameters.
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The angular distribution of the impacting particles is presented in Figure 6.5 for
the horizontal case, and a Gaussian fit is applied. The mean angle2 in the Gaussian
fit is θimp0 = −22.5 µrad, with an rms σθ−imp =0.4 µrad. The channeling acceptance
is, for the collision case, about 3.5 µrad. Particles with an angular deviation within
±4σθ−imp from the average are still suitable for channeling, i.e. less than 0.01% of
the incoming particles are expected to be incompatible with the channeling process.
Given single-passage channeling probabilities of the order of 50-60% [23], the angular
distribution is not expected to be a limiting factor, assuming that a good alignment
can be achieved.

6.4.2 SixTrack simulations

Being the energy stored in the halo 8 orders of magnitude larger than the quench
limit, the local losses around the ring must be evaluated very precisely. It is not only
necessary to evaluate the escape rate of particles from the collimation system, but it
is also critical to understand how losses are distributed along the machine. To run
detailed simulations, the software package described in section 3.1.1 is used, and the
losses are evaluated along the ring with a longitudinal precision of 10 cm. In this
sections we present the results of the tracking simulation, aiming at verifying and
evaluating the possible implementation of a crystal in the standard LHC collimation
system.

In section 6.4.2.1 all the details about the physical inputs are given, with a
particular attention to the description of the collimation insertion where the crystal
is mounted, the corresponding beam optics, and the crystal characteristics. The
results of the simulations are then presented in section 6.4.2.2 for different crystal
bending angles (θb), and an optimal bending angle is proposed. The correction to
be applied to the simulation results as inferred from the SPS experimental data are
detailed in section (6.5).

6.4.2.1 SixTrack inputs: optics and collimator database

The simulated case corresponds to the 7 TeV collision optics for beam 1, with the
full Phase 1 collimation system plus a crystal installed in the slot of the Phase 4
collimator TCP.A6L7.B1(s coordinate 19795 m from IP1), space presently available
at the beginning of the IR7 insertion, next to the primary collimators. The complete

2The expected angle for on momentum particles just grazing the crystal surface is:

ncry · αx

√
εx

βx
= −22.2 µrad (6.6)

where ncry = 6 is the crystal normalized half aperture (in σx units), εx is the beam horizontal
emittance and αx, βx are the twiss parameters at the crystal location: βx =137.6 m, αx =1.94.
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list of the elements in IR7, with their longitudinal position, material, length and
azimuthal angle (θtilt in Figure B.1, section 3.1.1.1) can be found in Table 6.3. The
aperture settings for the IR7 elements both for the crystal option and the standard
Phase 1 system [9] are summarized in Table 6.4.

Table 6.3: List of collimators in IR7 and their setting for the simulations

s name material lenght angle
[m] [m] [rad]

19789.18 TCP.D6L7.B1 CFC 0.6 1.571
19791.18 TCP.C6L7.B1 CFC 0.6 0.000
19793.18 TCP.B6L7.B1 CFC 0.6 2.215
19795.18 CRY.A6L7.B1 CRY-Si 0.0005→ 0.01 0.000/1.571
19832.68 TCSG.A6L7.B1 CFC 1 2.463
19891.91 TCSG.B5L7.B1 CFC 1 2.504
19895.91 TCSG.A5L7.B1 CFC 1 0.710
19917.24 TCSG.D4L7.B1 CFC 1 1.571
19987.16 TCSG.B4L7.B1 CFC 1 0.000
19991.16 TCSG.A4L7.B1 CFC 1 2.349
19995.16 TCSG.A4R7.B1 CFC 1 0.808
20086.42 TCSG.B5R7.B1 CFC 1 2.470
20102.42 TCSG.D5R7.B1 CFC 1 0.897
20106.42 TCSG.E5R7.B1 CFC 1 2.277
20141.02 TCSG.6R7.B1 CFC 1 0.009
20148.09 TCLA.A6R7.B1 W 1 1.571
20178.96 TCLA.B6R7.B1 W 1 0.000
20212.51 TCLA.C6R7.B1 W 1 1.571
20214.51 TCLA.D6R7.B1 W 1 0.000
20231.86 TCLA.A7R7.B1 W 1 0.000

The crystal analyzed is a Si crystal with orientation 110, curvature radius of 50
m and no amorphous layer. Different lengths were scanned, in order to explore a
range of bending angles between 10 and 200 µrad. The values of the main optical
functions at the crystal location are listed in Table 6.5. The horizontal and vertical
beta functions and the phase advance in the IR7 insertion are shown, respectively,
in Figure 6.6 and Figure 6.7.

A perfect machine with the sextupoles switched off was considered. The initial
beam has no energy spread and its average impact parameter on the crystal front
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Table 6.4: Aperture settings for the IR7 elements.

element Half aperture [σ]
crystal Phase 1

CFC primary collimators (TCP) 6.2 6.0
crystal collimator (CRY) 6.0 -
secondary collimator (TCSG) 7.0 7.0
W absorbers (TCLA) 10.0 10.0

Table 6.5: Values of the horizontal and vertical optical functions at the crystal
location, rms beam size σ and beam divergence at 1 σ.

β α D 1σ 1σ′

[m] [-] [m] [µm] [µrad]

x direction 137.62 1.94 0.59 262 3.7
y direction 90.65 -1.25 0.002 213 2.9

face is ∼ 1µm, in accordance with the studies presented in section 6.4.1.

Since the planar channeling provides a kick in one transverse direction, while
acting as a drift in the other direction, the horizontal and vertical halo were studied
indipendently, with a purely horizontal channeling kick applied for the horizontal
halo, and a purely vertical one for the vertical halo. Each simulation has been per-
formed by tracking 8 million particles for 500 turns. The results are compared
with those for the standard Phase 1 system, having the same optics and same initial
conditions.

6.4.2.2 Simulation results: beam loss maps and crystal bending angle
optimization

In order to understand how losses are distributed along the machine, the local clean-
ing inefficiency is evaluated with a 10 cm binning along the 27 km ring, as described
in section 3.1.1. The plot of the local cleaning inefficiency versus the longitudinal
position is usually called loss map. In this section the loss maps in case of crystal
and standard collimation system are compared, and an optimization of the bending
angle for the crystal collimation option is presented.

Examples of loss maps for the horizontal case, without and with crystal colli-
mation, are presented respectively in pictures 6.8 and 6.9 for the IR7-dispersion
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suppressor region: losses outside of this region are negligible. The vertical case is
analogous. Figure 6.9 refers to the crystal option, with a crystal in perfect chan-
neling position, bending angle of 40 µrad, which shows a massive decrease for cold
losses: the cleaning inefficiency peak values, in the two cases, go from 4.2 · 10−5 to
2.6 · 10−6, showing about a factor 15 improvement. Figures 6.10 and 6.11 show the
dependence of the local cleaning inefficiency peak value from the crystal orientation
in the cold region, together with the maximum power load released in the IR7 warm
insertion, along a length of 10 cm.
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Figure 6.10: Maximum local cleaning inefficiency for different bending angles. The
crystal is perfectly aligned in channeling position, horizontal case.

It is interesting to notice how these two variables naturally define an optimal
range for the crystal bending angle:

1. For channeling kicks beyond a critical value θb−min the maximum local inef-
ficiency in cold regions does not improve; this defines the minimum bending
angle for maximum cleaning inefficiency.

2. For channeling kicks up to a critical value θb−Max the loss peak in the warm
insertion is stable, while it increases for large values; this defines the maximum
bending angle for minimum radiation load to warm elements.

The angles θb−min and θb−Max (whose values are listed in Table 6.6) define the
range of optimal bending angles.
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Table 6.6: Range for an optimal bending angle.

case θb−min θb−Max

[µrad] [µrad]

horizontal 30 50
vertical 40 100

It is important to remember that the simulation results do no take into account
the showers generated in the collimators; it is assumed that, for inelastic interac-
tions, all the energy associated to the particle is absorbed at the interaction location.
This assumption, while it is a good approximation in case of metallic collimators,
cannot be considered realistic for our graphite collimators. Even if a proton crosses
the whole length of the collimator, the average lost energy is about 0.5 percent of
the impacting one [?]; the rest is dispersed in showers. It is therefore important to
understand how the inelastic losses redistribute on collimators of the IR7 insertion
for the different scenarios. In Table 6.7 the collimator where the highest losses are
concentrated are listed, with the relative number of inelastic interactions and the
average impact parameter depending on the bending angle.

It is found that, in 6 out of 7 cases within the optimal channeling range, the
largest part of the primary halo is stopped at the first secondary collimator (TCSG.A6L7.B1).
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Table 6.7: Number of inelastic interactions on the highest loaded secondary colli-
mator versus the bending angle θb. The name, longitudinal position and average
impact parameter are also shown.

θb name position Nabs

Ntot
b

[µrad] [m] [mm]

horizontal case
010 TCSG.6R7.B1 345.84 0.912 4.024
020 TCSG.B5R7.B1 291.24 0.388 0.016
030 TCSG.B5L7.B1 96.73 0.907 1.005
040 TCSG.A6L7.B1 37.50 0.893 0.066
050 TCSG.A6L7.B1 37.50 0.889 0.352
075 TCSG.A6L7.B1 37.50 0.895 1.065
100 TCSG.A6L7.B1 37.50 0.893 1.773
150 TCSG.A6L7.B1 37.50 0.886 3.171
200 TCSG.A6L7.B1 37.50 0.880 4.552

vertical case
010 TCSG.D4L7.B1 122.06 0.777 0.081
020 TCSG.A6L7.B1 37.50 0.783 0.021
030 TCSG.A6L7.B1 37.50 0.909 0.245
040 TCSG.A6L7.B1 37.50 0.907 0.475
050 TCSG.A6L7.B1 37.50 0.906 0.703
075 TCSG.A6L7.B1 37.50 0.903 1.267
100 TCSG.A6L7.B1 37.50 0.900 1.825
150 TCSG.A6L7.B1 37.50 0.893 2.922
200 TCSG.A6L7.B1 37.50 0.887 4.003

The rate of inelastic interactions is about 90%, and decreases for larger bending an-
gles (while the warm losses increase). This means that the main shower source is
shifted downstream by at least 37.5 m with respect to the Phase 1 system, where
collimators which sustain the highest number of hits are the primary ones. A de-
tailed evaluation of the energy deposition must be done with the use of dedicated
programs, in order to check that the downstream equipment (quadrupole, electron-
ics in the UJ76 insertions, ...) is not affected. It is also highly likely that the CFC
collimator must be replaced by a dedicated halo dump. Checks remain to be done
for injection and ramp energies.
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6.5 Impact of experimental tests on simulation pre-
dictions

The LHC simulations for a crystal-based collimation system promise a consistent
increase of cleaning efficiency (a factor of 15) for far away losses. However the
simulation predictions should always be verified by experimental data: it has been
presented that, for SPS, analogous simulations were predicting an improvement fac-
tor of about 16 for the channesling case, while the BLMs measurements did not
detect an improvement factor better than 1.3 (Section 5.3.4). In this section we
present a short summary of the experimental results presented in this thesis, which
represent, so far, the state of the art of the crystal collimation experiments.

Two experiments, inserted in circular machines, have been considered: the UA9
(in the SPS) and T980 (Tevatron). The important results for collimation purposes
are the crystal channeling efficiency in multi-turn mode and the achievable reduc-
tion in losses along the ring. These experimental results are here commented and
compared, when possible, to the simulations.

The efficiency, average kick and rms angular spread of the channeling process
were measured using the collimator scan technique: a summary of the results can
be found in Table 6.8.

Table 6.8: Equivalent kick θch, rms angular spread σch and multi-turn channeling
efficiency ηch for measured and simulated collimator scans.

Experiment θexpch σexpch ηexpch θsimch σsimch ηsimch
(Crystal) [µrad] [µrad] [%] [µrad] [µrad] [%]

T980 304±20 15±1 0.61±0.11 - - -

UA9:
Crystal1 173±1 17±1 75±4 150 13 92

199±1 40±1 65±3 150 13 92
198±1 42±1 64±3 150 13 92

Crystal2 165±1 21±1 85±5 150 13 92

For the T980 experiment only the best efficiency result has been listed in Table
6.8: varying crystal orientations, a wide spread in results (both efficiency, rms spread
and average kick) have been measured. The measured angular dependence has been
explained as an effect of the large crystal miscut angle: once an orientation is fixed,
the results present a good reproducibility.
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On the other hand, in the same Table all the results for the UA9 experiments
are included : some hypothesis have been advanced to account for the wide spread
found in the experimental results and for the differences with the simulations, but,
given the limited reproducibility of the goniometers, an experimental confirmation
is not available yet. At the moment one can only state that the best channeling
multi turn efficiency ever measured in 85 ± 5% for Crystal 2 (UA9 experiment),
to be compared with a 92% efficiency predicted by simulations. It is important to
remember that, with the collimator scan, a minimum detectable kick θCOLLkick exists:
our efficiency calculation is based on the assumption that only 5% of the particles
receiving kicks θ < θCOLLkick are lost in the machine aperture (value taken from sim-
ulations). If the actual population of particles receiving a small angular deflection
is higher than expected, then the number of lost particle would increase and the
measured efficiency would proportionally be scaled down.

Regarding far-away losses, unfortunately only one measurement is available. This
has been performed in the SPS, with the Crystal 1, by inserting the crystal deep
into the primary halo and switching fast from amorphous to channeling orientation.
A maximum loss reduction of a factor 1.3 has been measured outside of the experi-
mental insertion, while a factor 16 was expected by the simulations.

The experimental results of UA9, both regarding the multi turn efficiency and
the far away losses, could be reproduced by adding an amorphous layer of 250 µm to
the “perfect crystal” model. If this results are really depending on the crystal quality
(as simulations seem to suggest), the LHC predictions should be equally rescaled of
about a factor 10, and an improvement factor of maximum 1.5-2 could be expected.
Further and more precise measurements in the SPS next summer (2010) are expected
to validate the presented data and prove (or disprove) the hypothesis here discussed.

6.6 Conclusions

One of the limiting factor for crystal collimation are the tight alignment require-
ments, together with the fact that, in a location where the twiss parameter α is
different from zero, the divergence of the beam halo changes during the energy ramp
(see [5] for details). This makes the use of a crystal possible only during stable
physics runs. It follows that the crystal must be a complement and not a replace-
ment of the existent collimation system, which in principle should be able to take
over in case of crystal misalignment/misfunctioning. A crystal collimation solution
for the LHC has been worked out, showing that, according to simulations, a perfect
crystal in channeling mode can increase the cleaning efficiency by about a factor
of 10-15 with respect to the standard Phase 1 collimation system. This solution is
compatible with the present layout in IR7. On the contrary, simulations of crystals
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in volume reflection mode did not show any improvement.

Optimal bending angles have been found for horizontal and vertical cleaning.
Fundamental problems (like the heat load in the secondary collimator which is di-
rectly hit by the channeled beam) have not been addressed. The main particle
shower source is shifted by about 40 m downstream.

In the light of the experimental result analysis, it is clear that the performance
predicted by simulation are still to be proven, and that the predicted improvement
factor could be scaled down even by a factor 10. Further experimental results are
expected, in summer 2010, to give a better insight on the possible crystal perfor-
mances.
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Conclusions

This PHD thesis aims at giving a first performance evaluation of a possible crystal-
enhanced collimation system for the Large Hadron Collider (LHC, CERN, Geneva,
Switzerland) by analytical, experimental and simulation investigations.

At first, analytical studies of a crystal inserted in a circular machine has been
performed. Since in approximation of zero diffusion rate the particles just “graze”
the primary collimator surface, two correlated effects have been treated:

- the angular distribution of grazing particles and its comparison with the crystal
channeling acceptance. For assessing the role of synchrotron motion on the
expected angular spread a new optical function, g, has been introduced [12]
and used to qualify possible crystal collimator locations.

- the spatial distribution of the grazing particles, which makes the edge effect
(such as amorphous layer or miscut angle) extremely relevant. The conse-
quences of a large miscut angle has been studied in details for the first time.

New tools have also been established for simulations and experimental measure-
ments. On the simulation side, a code describing the crystal has been introduced in
the “state-of-the-art” tracking code currently used at CERN for collimation studies.
The crystal code was adapted and further developed to include the edge effects:
amorphous layer and miscut angle. A separate, simplified routine was written to
give a first estimation of the initial spatial and angular particle distribution on the
crystal surface, when using realistic diffusion values. The results were used as an
input for the tracking code.

On the experimental side, an innovative method has been developed to calculate
the multi-turn channeling efficiency, i.e. the ratio of channeled particles with respect
to the total number of particles in the primary beam halo. The method consists in
gradually cutting the secondary halo particles with a collimator jaw downstream the
crystal, and detecting the generated loss rates. For large enough kicks, it allows the
reconstruction of the profile of the particles directly scattered by the crystal. The
method is however limited:

- Since the phase advance is larger than zero between crystal and collimator, a
kick larger than zero is necessary for being collected at the collimator location
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at the first turn after the interaction with the crystal. This is true even when
the collimator normalized aperture is the same as the crystal one. For “small
enough” kicks the particles can be detected only in multi-turn mode.

- The data normalization relies on the assumption that the collimator is capable
of collecting, in multi turn mode, all the particles deviated by the crystal.
In reality a fraction of the particles receiving a “small enough” kick can be
lost in the machine aperture: a leakage factor is therefore expected (we use
a 5% value, as predicted by simulations). If, for some reason (amorphous
layer, miscut angle, increase dechanneling population, etc...) the “small angle”
particle population is higher than expected, the obtained efficiency must be
scaled down proportionally.

The collimator scan method has been applied, as main tool for calculating multi-turn
channeling efficiency, in two crystal collimation experiments: the T980 (at Tevatron,
winter 2008-2009) and the UA9 (at SPS, summer 2009). Efficiency values between
10% and 60% (for the T980 experiment) and between 56% and 85% (for the UA9
experiment) have been found, to be compared with the 92% efficiency predicted by
simulations (only for the UA9 experiment). The efficiency results are not the only
discrepancy with the simulation results: also the measured channeling angles and
rms widths are different from the expected values. These features were successfully
explained, in the T980 case, by the large miscut angle value of the “old” crystal
installed in the Tevatron [15]. On the other hand, two new generation crystals pro-
duced with advanced manufacturing techniques were installed in the SPS: in this
case the differences with simulations could be explained by the misalignment of the
crystal [82] and/or by reduced channeling efficiency at the crystal edge. In this
thesis, the second the reduced channeling efficiency has been investigated, and the
observed features of the UA9 collimator scans could be reproduced by adding, to
the perfect crystal model, an amorphous layer of 250 µrad.

Another important results for collimation studies is the reduction in far-away
losses when using the crystal in channeling mode. This could be measured only once
in the SPS, and a maximum measured reduction of a factor 1.3 was found, while
the simulations were predicting a factor 16. Once again, realistic value could be
obtained by adding an amorphous layer to the perfect simulated crystal.

The SPS experimental results and the cross-check with dedicated simulations are
the foundations of a critical prediction for the LHC. In this thesis a first optimized
crystal collimation layout for the LHC was worked out. According to simulations,
a factor 15 decrease in far away losses (cold regions) is expected for an optimized
crystal-based collimation system, in comparison with the Phase 1 collimation sys-
tem. However the experimental results in SPS demonstrated that the simulation
of a perfect crystal could not realistically reproduce the experimental data: if we
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base our expectations on the SPS experiment, the improvement factor of 15 could
be lowered to a value not higher than 1.5-2, which is not as beneficial as expected
or required for the phase 2 of the LHC collimation system. Moreover the performed
simulations should be finalized by secondary showers calculation, to understand how
the inelastic losses redistribute on collimators of the IR7 insertion for the different
scenarios, and by mechanical calculations to verify that the lost power in secondary
collimators can be safely managed.

Further work is needed to better understand the feasibility of a crystal-based
collimation system in the LHC. First of all, a clear, reproducible measurements of
the multi turn channeling efficiency and of far-away loss reduction are necessary to
corroborate our simulations and validate our predictions for the LHC. New experi-
ments in the SPS will follow in summer 2010 for this purpose.

Moreover, some technical limitation must still be overcome. Given the tight an-
gular acceptance constraints, it was seen that a good goniometer is essential for the
success of a crystal collimation experiment. While the Tevatron goniometer allowed
to precisely orient the crystal (a control within 2 µrad was achieved), the UA9 ex-
periment suffered from the poor instrument reproducibility. It is important to stress
that, not even in the Tevatron experiment, the required angular stability over long
time intervals have been achieved. Considering that the channeling angular accep-
tance scales with 1/

√
E, where E is the beam energy, this could be an important

technological problem for applications at the LHC energies, where the crystal orien-
tation should be realistically kept within 1-2 µrad for a time comparable with the
beam lifetime (e.g. many hours).

At last, a conceptual proposal for improving the collimator scan method in future
experiments can be made: in order to minimize the angle for which the collimator
is “blind”, a telescopic system could be implemented:

- a first collimator should be positioned at large beta location and optimal phase
advance with respect to the channeling kick , to optimize the available resolu-
tion of particle distribution for large kicks;

- a second collimator, close to 180 degrees phase shift, should be used to collect
the fraction of secondary halo receiving crystal kicks “small enough” to escape
the first collimator.

In this way, the normalization of the collimator scan data would be checked, and
the efficiency values would be more reliable.
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Appendix A

The miscut angle theory

In this section the influence of a positive miscut angle on the particle-crystal inter-
action is analyzed. It will be demonstrated that the channeling mode is not limited
to a specific particle-crystal orientation, but it is possible to have channeling in an
angular range which correspond to the bending angle of the crystal. The dependency
of channeling angle on crystal orientation is deduced.

In the following we consider a crystal with length lcry, bending angle θb and pos-
itive miscut angle θmc. As shown in Figure A.1, with the coordinate scry we refer
to the curvilinear coordinate which follows the lateral face of the crystal, while the
direction perpendicular to the entrance face is t. The relative angle between the
direction t and the particle direction is called θ. With θpl(scry) we indicate the angle
between the direction t and the crystalline planes. At the entrance face of the crys-
tal, by definition, we have that θpl(0) = θmc, while at the exit face θpl(lcry) = θb+θmc.

Table A.1: A summary of the symbols which are used in this section.

lcry crystal length
scry curvilinear coordinate which follows the lateral face of

the crystal
s0 scry coordinate of the first impact point
t direction perpendicular to the entrance face
θb crystal bending angle
θmc crystal miscut angle
θ angle between the direction t and the beam direction

θpl(scry) angle between the direction t and the crystalline planes
at the coordinate scry

δθimp(scry) angle between the crystalline planes and the beam di-
rection at the coordinate scry; δθimp(scry) = θ− θpl(scry)
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Figure A.1: Zero divergence
beam impacting on the crystal
surface. The bending angle θb,
the miscut angle θmc and the im-
pacting angle θ are shown.

Assuming a zero divergence beam in zero-limit diffusion regime implies that
the particles would always hit first the point of the crystal which is closer to the
beam center. With s0 we indicate the scry coordinate of the first impact point.
The angle between the crystalline planes and the incoming particles at s0 is named
δθimp(s0) = θ − θpl(s0).

A summary of the symbols which are used in this section is given, for conve-
nience, in Table A.

In the following different particle orientations are considered, and the effect of
the miscut angle is derived. We first consider two limit cases, i.e. when the particles
are aligned with the crystalline planes at scry = 0 and scry = lcry, the intermediate
cases are then deduced.

Limit case 1: θ = θmc

At first we consider the case when θ = θmc, i.e. when the particle velocity is
aligned with the planes at the entrance face of the crystal (scry = 0). This is the
orientation that is needed in order to recover the channeling alignment at the en-
trance face of the crystal, as already discussed in the previous section (see Figure
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2.10, case 3).

Figure A.2: Positive miscut angle, beam aligned with the crystaline planes at the
entrance face of the crystal. In the illustrated case θb > θmc.

Figure A.3: Positive miscut angle, beam aligned with the crystaline planes at the
entrance face of the crystal. In the illustrated case θb < θmc.

For calculating the first impact point s0 and the corresponding relative alignment
between the crystalline planes and the incoming particles δθimp(s0), two cases must
be distinguished:
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- if the bending angle θb is larger than the miscut angle θmc, the first impact
point corresponds to the tangency point (s0 = θmc · lcryθb ). In this case the angle
between the particle velocity and the crystal planes is δθimp(s0) = θ−θpl(s0) =
θ − 2θmc = −θmc. This case is shown in Figure A.2.

- if the bending angle θb is smaller than the miscut angle θmc, the tangency
point is outside of the crystal: in this case the particle simply hits the end
of the crystal, that is s0 = lcry. Since θpl(s0) = θb + θmc, the relative angle
between the particles and the crystal planes at the impact point is equal to
δθimp(lcry) = θ − θpl(lcry) = −θb. This case is shown in Figure A.3.

In both cases, if the absolute value of δθimp(s0) is larger than the half channeling
acceptance angle (about the critical angle of the crystal θc), so the particles cannot
channel in the point where they impact first. In order to channel the particles must
overcome the layer where they are misaligned with the crystal planes, and where
the interaction are amorphous-like. The thickness of such amorphous layer will be
calculated when considering the more general case (see equation A.5).

Limit case 2: θ = θmc + θb

Let’s consider the other limit case, i.e. when the particles are aligned with the
crystal planes at s = lcry, that means θ = θpl(lcry) = θmc + θb. The situation is
illustrated in Figure A.4.

Figure A.4: Positive miscut angle, beam aligned with the crystaline planes at the
end of the crystal. In the illustrated case θb < θmc.

In this case the first region of the crystal which is seen by the particles is always
its end, i.e. s0 = lcry, and therefore θpl(lcry) = 0: the particles are, in principle,
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aligned for channeling. However, since the remaining length of the crystal is zero,
the channeling angle is zero as well.

Figure A.5: Relative alignment δθimp in case of 0 < θtilt < θb, for the case θb < θ.

General case: θmc < θ < θmc + θb

We have analyzed the two limit cases: particles aligned at the beginning (θ = θmc)
or at the end of the crystal (θ = θmc + θb). Now the more general case is treated,
i.e. an impacting angle θ = θmc + θtilt, with 0 < θtilt < θb (see Figure A.5). The first
impact point is, in this case:

- if θb > θ, the first impact point is s0 = θ · lcry
θb

. In this case δθimp(s0) = −θmc,
by definition of miscut angle.

- if θb < θ the particle first hits the end of the crystal (s0 = lcry). In this case
δθimp = θ − θpl(s0) = θtilt − θb.

In both cases there is a negative misalignment δθimp(s0) at the impact point s0.
On the other hand, at the entrance face, there would be a positive misalignment
δθimp(0) = θ − θmc = θtilt . Being the physical function δθimp(scry) continuous, in
between the entrance face (scry = 0) and the first impact point s0 of the crystal
there must be a point salign where δθimp(salign) = 0 (i.e. the particles are aligned
with the crystal planes). The coordinate salign depends on the incoming angle (θ),
and with some trigonometry it can be derived its value:

salign(θ) =
θtilt
θb
· lcry =

(θ − θmc)
θb

· lcry (A.1)
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It is true that the channeling angular acceptance 2θc is a finite quantity larger
than zero. The particles can therefore channel not only at the single point salign,
but in the whole region where δθimp is smaller than the critical angle θc. In terms
of the curvilinear coordinate scry, the particle will channel in a region whose width
∆s is:

∆s = sal(θ + θc)− sal(θ − θc) =
2θcrit
θb
· lcry (A.2)

and the thickness of this region in the direction perpendicular to the particle velocity
(i.e. the thickness of the impact parameter) is ∆s · sin θmis.

It was demonstrated that, if the particle can reach the appropriate region in the
crystal, it can channel. However the channeling kick given by the crystal is smaller
than the nominal kick θb, because the crossed crystal length won’t be the total length
lcry but a reduced length lcry−salign, where salign depends on θ. The effective average
channeling kick is:

θchan(θ) =
θb
lcry
· (lcry − salign(θ)) = θb − θtilt (A.3)

Figure A.6: Approximation used to calculate the thickness of the volume reflection
and the amorphous regions.

The interactions between particles and crystal outside the channeling region de-
pends on the impacting point. If a particle hits the crystal between the channeling
region and the end of the crystal (s0 < scry < lcry), where δθimp > 0, then its
orientation is such to have an amorphous-like interaction; on the other hand, if the
impacting point is between the channeling region and the entrance face of the crystal
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(0 < scry < s0), the relative orientation δθimp is negative and therefore associated
to the volume reflection process. In order to evaluate the thicknesses of the amor-
phous and volume reflection region, again a bit of trigonometry is needed. Using
the straight-pieces approximation of the crystal in Figure A.6 the amorphous and
volume reflection layer thicknesses are found to be:

xam = (s0 − sal(θ)) · sin (θmc − θ0/2 + θtilt/2) (A.4)

xV R = sal(θ) · sin (θ − θtilt/2) (A.5)

where θ0 is the angle associated to the first impact point s0, e.g. θ0 = s0 · (θb/lcry).
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Appendix B

The collimator database

In this appendix we give a detailed description of the format of the collimator
database file, and of the modifications introduced for describing a crystal collimator.

Figure B.1: Sketch of the collimator where the main characteristics, specified in the
database, are indicated.

For an amorphous collimator, the specified parameters are:
1-2 Collimator name (which should match with the name specified in

the fort.2 file)
3 Half aperture in sigma units (red arrow in Figure B.1).
4 Jaw material. The scattering routine of SixTrack allows to treat

graphite, copper, tungsten, aluminum, beryllium and lead. The
case of vacuum (simple drift) and black absorber can be treated as
well.
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5 Jaw active length [m] (Figure B.1).
6 Azimuthal angle [rad] of collimator jaws (θtilt in Figure B.1).
7 Transverse collimator gap offset [m] (Figure B.1).
8-9 Design horizontal and vertical β-function [m] at the collimator lo-

cation.
where the bold number corresponds to the line number in each collimator entry.

For crystal collimators, the code has been adapted to read the additional data which
are needed to characterize them:

1-2 Crystal collimator name (which should match with the name spec-
ified in the fort.2 file)

3 Normalized aperture in sigma units.
4 Crystal material. The crystal routine of SixTrack allows to treat

Silicon, Tungsten, Carbon or Germanium crystals.
5 Crystal total length [m], considered as the length of the curved

surface of the crystal.
6 Azimuthal angle rad of crystal (θtilt in picture 3.3/1). For the mo-

ment only purely horizontal or vertical crystal are treated in the
code (θtilt = 0 or θtilt = π/2 respectively).

7 Transverse collimator gap offset [m].
8 Bending radius [m].

9-10 Transverse x-z dimension [m] (see picture 3.3/2).
11 Thickness of the amorphous layer at the crystal edge [m].
12 Orientation of the crystal planes for silicon crystals (integer, can be

1 for the Si 110, or 2 for the Si 111). This parameter is ineffective
in case of non-Si crystals.

11 Crystal tilt [rad] (crytilt in picture 3.3).
12 Miscut angle [rad] (see paragraph 3.1.2.3 for a complete description)

13-14 Design horizontal and vertical β-function [m] at the collimator lo-
cation



Appendix C

Skew orientation for standard and
crystal collimators

In this appendix we define how the aperture for a skew collimator is found, and why
implementing a skew crystal collimator would require a new degree of freedom in
the crystal holder.

For a standard collimator the azimuthal angle θtilt is defined as the angle be-
tween the horizontal axis x and the line perpendicular to the jaw faces, in clockwise
direction (see picture C.1).

Figure C.1: Sketch of a skew
collimator. In this picture an
hypothetic azimuthal angle of
θtilt = π/4 is chosen. It is
clear from the image that the an-
gle α which corresponds to the
tangency point is different from
π/4, and depends on the shape
of the beam ellipse.

In the transverse space x-y, the equation of 1-σ ellipse in the x−y plane is:

x2

σ2
x

+
y2

σ2
y

= 1 (C.1)

193



194 C. Skew orientation for standard and crystal collimators

where σx,y are, respectively, the rms dimensions of the beam in the x,y plane, and
in general σx 6= σy. Here the collimator jaw is represented by a line:

y = − 1

tan θtilt
· x+ q (C.2)

where the parameter q is not yet defined. A collimator oriented with an angle θtilt
is tangent at the 1σ ellipse in the point (x0, y0) with, in general, α = y0

x0
6= θtilt. For

calculating (x0, y0), the system of equations C.1 and C.2 must be solved:
x2

σ2
x

+ y2

σ2
y

= 1

y(x) = − 1
tan θtilt

· x+ q
(C.3)

and tangency condition (∆ = 0) must be imposed. The value of q is then deduced:

q = ±
√
σ2
y + σ2

x ·
1

tan2 θtilt
(C.4)

The half gap of the collimator is called σskew in the code (see Figure C.1), and it
can be found by solving the system:{

y(x) = − 1
tan θtilt

· x+
√
σ2
y − σ2

x · 1
tan θtilt

y(x) = tan θtilt · x
(C.5)

where the second equation refers to the line perpendicular to the collimator jaw, and
passing from the origin. The solution (x1, y1) of the system is

(x1, y1) =

(
sin θtilt cos θtilt ·

√
σ2
y − σ2

x ·
1

tan θtilt
, sin2 θtilt ·

√
σ2
y − σ2

x ·
1

tan θtilt

)
(C.6)

so the half aperture is:

σskew =
√
x2

1 + y2
1 =

√
σ2
x · cos2 θtilt + σ2

y · sin2 θtilt (C.7)

If we consider a crystal the situation is different. While the face of a standard
collimator jaw can be considered an infinite straight line in the x-y axis, being it
dimension much larger that the typical values of σx, σy, this is not necessarily true
for the crystal. For strip and quasi-mosaic crystals the face is not even straight, while
this assumption remains valid for o-shape crystals. This would make the calculation
of the parameters α, σskew strictly dependent on the geometrical characteristics of
the crystal used (see figure C.2).

Moreover, it is usually required to use the central region of the crystal, where
quality of the crystal and the geometrical parameters are optimized. In order to use
the crystal in its center it would be necessary to align the crystal with the ellipse in
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Figure C.2: Skew crystal collimator

Figure C.3: Skew crystal collimator aligned with the beam ellipse.
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the x-y plane (see figure C.3). The tilt angle φ, defined in picture C.3, can be simply
found using again the transformation describer in equations C.8. the transformation:

X =
x

σx
(C.8)

Y =
y

σy

In the X, Y reference system the ellipse becomes a circle (X2 + Y 2 = 1), the line
perpendicular to the the angle θtilt defines the tangency. The line passing through
the origin, with azimutal angle θtilt, becomes:

Yr =
σy
σx
· tan θtilt · x (C.9)

and its tangent:

Yt = −σy
σx
· 1

tan θtilt
·X + n (C.10)

where n is the coordinate at Y = 0, which is not of interest at the moment. Trans-
forming back to the x-y coordinates:

yt = −
σ2
y

σ2
x

· 1

tan θtilt
· x+ σy · n (C.11)

The angle φ is therefore defined as:

tanφ = −
σ2
y

σ2
x

· 1

tan θtilt
(C.12)

The alignment with the ellipse tangent would require a new degree of freedom in
the holder. In this case the aperture of the crystal collimator would be:

σskew−CRY =
σxσy√

σ2
y · cos2 θtilt + σ2

x · sin2 θtilt
(C.13)

With the standard holders the alignment of the crystal for a skew position is not
foreseen. For the moment the skew option has not been implemented in the code.
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