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Introduction

When a charged particle crosses a crystalline medium with aall angle with respect to
a crystallographic direction (or plane), it su ers a serie®f correlated collisions ¢oherent
interactions) with the neighboring atoms in the same row (plane) [1]. Mowver, if the

particle trajectory is aligned with respect to crystal plams/axes, it may be trapped inside
the planar/axial potential well, i.e., the channelingof the particle occurs.

Since its discovery by computer simulations in 1963 [2], amaeling and coherent inter-
actions in general have been exploited for di erent purpose At non relativistic energies,
channeling is an important tool for material analysis by iorchanneling [3], while in the
high-energy range, coherent interactions have been invgstted for years for high-intense
e.m. radiation generation bye [4]. Hard x- and -radiations are usually generated by
ultra-relativistic electrons passing through strong maggtic elds of undulators and wig-
glers, which allow reaching photon energies of hundredsvkat modern synchrotrons and
of tens-MeV in the polarized -ray sources for positron production in future linear col-
liders [5]. Harder gamma-quanta are typically produced tht@gh electron and positron
bremsstrahlung in matter [6], for which mostly soft photonsare emitted. With the aim
of increasing the intensity of photo-production, cohereng ects in crystals, such as coher-
ent bremsstrahlung (CB) and channeling radiation (CR) can & exploited. In particular,
CB facilities for generation of high-intense and monochreetic radiation are already avail-
able worldwide [7]. CB is originated by interference e ects the bremsstrahlung of elec-
trons/positrons crossing the periodic structure of a crystl [8{10], while CR is generated
by the oscillatory motion of channeled particles inside thplanar/axial potential well [11].

Another scienti ¢ eld in which the coherent interactions in crystals have generated
particular interest is the Accelerator Physics, where suchhgnomena can be exploited for
beam manipulation through the usage of bent crystals [12]orf either beam collimation
or extraction [13]. For instance, a crystal-assisted cathiation for high-energy hadron ma-
chines has been proposed. Such collimation scheme congistthe usage of a short bent
crystal as primary collimator to de ect channeled particle of the beam halo. Within this

\'



context, the reduction of nuclear interaction rate for chaneled protons and Pb ions has
been proved to lower beam losses in the CERN-SPS synchrotrontihe framework of the
UA9 experiment [14, 15]. This possibility has also been demaraded for another coherent
e ect, which is typical of bent crystals, i.e., the volume reection (VR), which consists
in the de ection of over-barrier particles in a bent crystal[16]. On the strength of these
results, bent crystals have been proposed for collimatiomé extraction at the LHC [17, 18].

Indeed, the usage of bent crystals also o ers new opporturgs for intense production of
e.m. radiation by high-energy electrons and positrons. Ingpticular, the radiation accom-
panying VR is promising for relevant applications. The main dvantage of the radiation
accompanying VR is the large and adjustable angular accepta® which can be exploited
for a -source with the usage of a relatively poor emittance eleotn beam. Moreover, the
combination of the de ecting power of VR with the high-inteng radation generation could
be investigated for a crystal-based collimation in futurelectron/positron colliders, such
as ILC [19]. Up to now, only few experiments on radiation accqmanying VR have been
performed [20{22], while more experimental data are needéal test the feasibility of the
proposed applications.

The work presented in thesis has been devoted to the study afherent interactions
for innovative schemes of either intense e.m. radiation pilaction or beam steering. A
particular attention has been given to the combination of tkse two possibilities.

The rst Chapter is dedicated to an overview of coherent inteactions between charged
particle beams and crystals. Meanwhile, the second Chaptéescribes the phenomenology
of the e.m. processes in crystals at high energies. The rsar represents an overview of
radiation emission in straight crystals, while the secondapt is dedicated to the radiation
processes in bent crystals.

In the third Chapter, a method for computation of the emitted radiation by e in
crystals, based on the direct integration of the Baier-Kattv formula, is described. This
method has been used to predict and describe the experimdntasults on e.m. radiation
production.

In the fourth Chapter, an experimental study conducted by tle INFN-COHERENT
group and performed at the extracted beamline H4 of SPS with QZ5eV/c electrons is
presented. Two coherent e ects were investigated, i.e., ¢hsingle and multiple volume
re ections. Indeed, despite many advantages, the radiatoaccompanying VR is limited
by the relatively weak strength of the eld of crystal planeswhich may limit the possibility
of high-intense -production. In order to increase the intensity of coherentadiation in
bent crystals, one can take advantage of the e ect of multipl volume re ection in one
crystal (MVROC).
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The fth Chapter is dedicated to the investigation of the posibility to steer sub-GeV
electron beams with the usage of ultra-thin bent crystals. Aexperiment was carried out
at the MAinzer Microtron (MAMI) of the University of Mainz (Germ any) by the INFN-
ICERAD experiment in collaboration with the MAMI group. Thanks to a new developed
technique available at the Sensor and Semiconductur Labdoay of the Ferrara University,
a bent crystal with the characteristics suited for de ectilg a sub-GeV negative beam was
fabricated. This experiment opens up the way for the invegfation and exploitation of
coherent interactions in bent crystals in the Sub-GeV/GeV esrgy range accessible by
many electron accelerators worldwide and which is interésg for X- or -ray sources.
With the aim of understating how the emission of e.m. radiatin changes with energy,
the radiation accompanying coherent interactions with theiltra-thin bent crystal was also
measured.

The last Chapter goes beyond the study of beam manipulatiomd emitted radiation
by high energy electrons in bent crystals, describing sonmgéaresting results achieved with
the usage of 400 GeV/c protons, available at the external lind8 of SPS, interacting with
two innovative crystals, i.e., aperiodically bent crystal and acrystal mirror . The
rst part of the chapter is dedicated to the characterization of a periodically bent crystal
via channeling of 400 GeV/c protons, conducted by the INFN-ICERD experiment. A
periodically bent crystal can be used in particular conditins as an innovative and com-
pact source of intense X- and -radiation, i.e., a crystalline undulator ([23] and refeneces
therein). The second part of the Chapter is devoted to the stly of the steering of ultra-
high energy protons with the usage of an ultra-thin (some tenof microns) straight crystal,
i.e., a crystal mirror [24]. This experimental work has beedone in the framework of the
UA9 experiment, which is devoted to the investigation of podsle crystal-assisted collima-
tion in high-energy hadron accelerators/colliders. Concaing this possibility, unlike the
traditional scheme relying on mm-long curved crystals, pacle mirroring enables beam
steering of high-energy hadrons via interactions with am-thick straight crystal, thereby
decreasing the unwanted nuclear interactions.
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Chapter 1

Coherent interactions of charged
particle beams with crystalline media

In 1912 Stark [25] had the rst idea that the atomic ordered sucture of a crystal may
be important for the process of interaction of charged pacies with matter. Nevertheless,
this old idea of thedirectional e ects ! for a charged particle moving in a crystal was
dormant until the early 1950s, when interference e ects inhte bremsstrahlung of elec-
trons/positrons crossing the periodic structure of a crystl appeared for the rst time in
the works of Ferretti [8], Ter-Mikaelian [9], Dyson and Uber&[10]. Such e ect took the
namecoherent bremsstrahlungCB), to be distinguished from the ordinary bremsstrahlung
in an amorphous medium described by the Bethe and Heitler foutation (BH) [6]. CB
was experimentally proven true by Diambrini-Palazzi et al.at Frascati in 1960 [26]. In
1963 the channeling e ect was discovered in computer simtilans [27] and experiments
[28], which observed too much long ranges of ions in crystal.

The theoretical explanation of the channeling e ect has beegiven by Lindhard [1] in
1964. Lindhard introduced the concept of coherent scatteilg of charged particles by the
atoms of a crystal when the trajectory of the particle is nedy aligned with a crystal axis
(or plane) due to correlations between successive collissoof a particle with the atoms
in the same row/plane. In such low-angle approximation onean replace the screened
Coulomb potentials of separate atoms with an average contious potential of the crystal
atomic string/plane. Channeling consists in the trapping ba charged particle within the
planar/axial potential well.

In the 1976 Tsyganov proposed to use slightly bent monocrgds to de ect high-energy
particle beams [12]; his idea was that a channeled particl@uld follow the direction of the

n this thesis, directional e ects and coherent interactions are used as synonyms.
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bent atomic planes (or axes), thus deviating from its initiadirection by an angle equal to
the bending angle of the crystal. In 1979 the possibility totser a charged beam using a
bent crystal was demonstrated experimentally with 8.4 GeVrpton beam extracted from
the synchrophasotron of the Laboratory of High Energies, JINR9, 30].

In the following years other e ects were discovered studygnbent crystals such awol-
ume captureand volume re ection. The rst one consists in the phenomenon of capturing
‘quasi-channeled' particles (i.e. unchanneled particléisat are moving in a trajectory nearly
aligned to the crystal planes) into a channeling mode in theegpth of a bent single crystal
in the region where the particle trajectories are tangentiao the crystallographic planes;
it was discovered in 1982 by using a 1 GeV proton beam [31]. Thecond one consists in
the de ection of 'quasi-channeled' particles in a directio oppositeto the crystal bending
and hence opposite to the one of the channeled particles detn; this e ect was found
in computer simulations in 1987 by Taratin and Vorobiev [16]

Another interesting e ect called Multiple Volume Re ections in One Crystal was pre-
dicted in 2007 through computer simulation by Tikhomorov [3]. MVROC concerns those
particles entering a bent crystal with a small angle with rgsect to a crystal axis and con-
sists in a set of volume re ections by di erent planes interscting the axis.

Bent crystals have opened up new perspectives for maniputat of high-energy particle
trajectories such as particle beam extraction and halo sgig. In last years, the e ects
of volume re ection (VR) [33{35] and multiple volume re ection in one crystal (MVROC)
[36{38] were observed and widely studied mainly in conneati with the problem of halo
cleaning in the Large Hadron Collider (LHC).

In this chapter, a brief description of coherent interactios in straight and bent crystals
is presented. With the aim of not becoming too prolix, it was peferred to give most of
the attention to those coherent e ects that have been inveggated in this work of thesis.
Nevertheless, other possibilities based on planar, such asiltiple volume re ection in a
series of crystals [39], or axial e ects, e.g., axial charimgy [40] and doughnut scattering
[37, 41], have been deeply investigated during the years foeam steering or intense e.m.
radiation generation.



1.1 Channeling and related phenomena in straight
crystals

1.1.1 Directional e ects

In this section the theoretical explanation of the directioal e ects given by Lindhard in
1964-5 is presented [1]. He demonstrated that when a chargexttirle has a small incidence
angle with respect to a crystallographic axis (plane) the sgessive collisions of the particle
with the lattice atoms are correlated, i.e. coherent scatteringoccurs, and therefore one
could consider the interaction of the charged particle witlthe continuous atomic string
(plane) rather than with single atoms.

Any charged particle crossing an amorphous medium, which isaracterized by homo-
geneity, isotropy and randomness, su ers uncorrelated digions with single atoms. These
collisions may be of di erent nature, depending on the impagarameter. The most com-
mon are multiple Coulomb scattering with atomic nuclei and mergy loss in collisions with
atomic electrons. In a random system the slowing-down pra=eis practically independent
of the particle direction and therefore the probability digribution in energy loss and scat-
tering angle depends only on the density of the penetrated oliam. This is essentially
a gas picture that may be called aandom system implying homogeneity, isotropy and
random collisions.

A single crystal is a medium in which directional e ects in shpping might appear, due
to both inhomogeneity, anisotropy and lack of randomnessn Ifact, a crystal is a regular
arrangement of atoms located on a lattice so that, dependiran the point of view of the
observant, the atoms are arranged in strings or planes. Any i@otropy due to the lattice
structure may result in some kind of correlation between ddions.

The directional e ects for charged particles crossing a csyal were discovered for sev-
eral processes requiring a small impact parameter in a pate-atom collision €.g. nuclear
reactions, large-angle scattering and energy loss). We mehassify directional e ects for
charged particles moving through single crystal using twabels: ungoverned motionand
governed motion By ungoverned motionis meant the approximation where the path of
the particle may be assumed to be essentially una ected by ¢hstructure of the substance.
Governed motionmeans that a path deviates strongly from the one in a random stem,
because it is determined by the structure of the medium. Gorrged motion leads to more
fundamental changes in physical processes, whereas ungoee motion just show uctua-
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tions in physical e ects due to correlation$.

For treatment of possible governed motion the scattering ate of the particle may
be assumed to be small, because scattering by large anglesildamply that the original
direction is completely lost, as well as correlations assated with direction. The scattering
of a particle can be ascribed mainly to nuclear collisionsagsing the interaction with the
charge distribution of an atom as a whole through nearly elas collision. Moreover, since
collision requires that the particle comes close to the atgnstrong correlations between
collisions occur if the particle moves at a small angle withraw of atoms; if it passes close to
one atom in a row, it must also pass close to the neighboringoams in the same row. At this
stage, one may introduce the concept of continuous string afoms, which is characterized
for example by the distance of separationgd, of atoms placed on a straight line. As a
result, the trajectory of a particle obtained after a sequere of collisions with single atoms
becomes indistinguishable from the trajectory obtained dm smearing (averaging) the
atomic potentials along the string.

In the next sections, the concepts of continuous potentialnd of channeling are de-
scribed following the book [42]. Most attention is given to lpnar e ects, since they are
the most investigated within this work of thesis.

1.1.2 Planar motion of charged particles in a straight crystal
Continuous Planar Potential

When the motion of a charged particle is aligned (or nearly igined) with a string (or
plane), a coherent scattering with the atoms of the string (oplane) may occur. In such
low-angle approximationone can replace the potentials of the single atoms with an aeged
continuous potential . The atomic string (plane) in the continuum approximation gntly
steers a particle away or towards the atoms depending on thanticle charge's sign.

If a particle is misaligned with respect to the atomic string while moving at a small
angle with respect to a crystallographic plane, the in uene of the plane may be treated
as a continuous potential, where averaging is made over thed planar coordinates:

Z,27Z,
Upi(X) = Ndp V(x;y;2) dy dz (1.1)
11 11

V(X;y; z) being the particle-atom interaction potential,N the density of atoms andd, the

2In Lindhard description, interference e ects in the process of bremsstrahlung were not con-
sidered.



interplanar spacing. Fig. 1.1(a) shows a scheme for a pogdiparticle interacting with a
crystal plane composed by individual atoms. If the distancbetween the particle and the

Figure 1.1: a) A positive particle moving in a crystal misagned with respect to the axis but
at a small angle with respect to a crystallographic plane. blhe particle feels an averaged
planar continuous potential U(x)), which form a potential well between two neighboring
crystal planes [43].

atom, r = P x2+ y2+ 72, is not too much larger thanare (the screening length of the
particle-atom interaction), the potential V (r) is Thomas-Fermi-like, and can be described
in terms of: — .
— | .

V(== ar 1.2)
Zie being the particle charge andZ the atomic number of the crystalline medium. Here,
the screening distance isire3 = 0:8853% (Z% + Zi%)! : and the Bohr radius isag =
0.529A. The rst factor in eq. 1.2 represents the potential of poirtlike charge, while
the screening function # is the Fermi function belonging to an isolated atom that
takes into account the charge distribution of the atom. By usg the approximation for

the screening function suggested by Lindhard

Nl

2
I

are = X (1.3)

3In the folIIowing it is often implicity understood that Z; << Z so that arg is put equal to
0:8853%5 7' 3.



the following approximation for the planar continuous potatial is obtained:
P
Upi(x) =2 Nd ,Z;Ze?( x2+3are2! Xx): (1.4)

A more accurate approach is given by Doyle and Turner [44], wte the potentialV(r) is
obtained by tting the electron scattering factor, determned by a Hartree-Fock calculation,
to experimental results. The Doyle-Turner potential has tk form

X4 h | r.2 |

V(r)=16 Z jag € . (b= )3:26Xp (h.:4 )2 ;

(1.5)

where @ and b are tabulated coe cients [44]. The planar static continuum potential
according to Doyle-Turner is:

X4 al h | X2 |

Upi(X) = 2 1=2[\10|pzia3e2i=1 (=2 7P (h.=4 22

(1.6)

Another common approximation for the Fermi function was given by Molere [45],
leading to a di erent approximation for planar potential:

Un(x) = 2 Nd ,Z;Ze?ars X exp ! X (1.7)
iz arF
being =(0:1;0:550:35) and = (6:0;1:2;0:3) the Molere's coe cients.
The formulas seen so far are valid in the idealized case of afpet lattice and may be
used as arst approximation . Indeed, thermal vibrations of atoms modify the static-latice
potential near the plane at a distance of the order of thermalibrations root-mean square

amplitude, ur. If we suppose that individual atoms vibrate independenthand that the
vibrations are distributed according to Gaussian probabty distribution as

2

1 X
P(x)= exp ! — ; 1.8
(X) pz—u% p T (1.8)

the modi ed potential can be obtained by averagindJ, (x) over this distribution. As an
example, for silicon at room temperaturepr is about 0.075A, which is quite small as
compared to the lattice constant d = 5.43A. Fig. 1.2 displays the continuous poten-
tial under Molere approximation with the contribution of thermal vibrations at di erent
temperatures for the case of Si(110) planes.
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Figure 1.2: The Molere potential of the Si(110) planes at derent temperatures, and the
potential of the static lattice. Top to bottom at the left edge: static, 7K, 30K, 50K
[42].

In the low-angle approximation a charged particle moves in@ystal in a potential that
is the sum of the potentials of the single planes, but one cawpresider that contributions
of two nearest atomic planes dominate. The resulting poteial for positively charged
particles can be approximated as

Upi(X)  Up(dp=2! X)+ Up(dp=2+ X) ! 2Uy(dp=2); (1.9)

X being the transverse coordinate de ned with respect to the iplane between the atomic
layers, andU(0) = 0. As a result, a positive particle moving in a crystal nedy aligned
with crystal planes seesthe crystal as a series of potential wells , U(x), formed betwa
neighboring planes (see Fig. 1.1(b)).

Usually, in channeling experimentswith high-energy charged beams, mostly diamond-
lattice crystals (see Fig. 1.3-left), such as C, Si or Ge, avsed. In some cases, since higher
Z materials generate a stronger potential, W crystals are ed. Si is extensively used in
channeling experiments due to the high degree of perfectiof crystalline materials and
the well-developed technology of growing large Si waferg fimicroelectronic. Fig. 1.3-
right shows the main planes of the cubic lattice, indicatedybthe Miller indexes. Each
plane has a dierent inter-atomic distance,d,. Table 1.1 summarizes the parameters of
the strongest planar channels of the crystal of silicon at con temperature. Higher Miller
indexes correspond to weaker crystal planes.

7
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Figure 1.3: Left-The diamond cubic lattice is characterizkby a tetragonal covalent bond:
two identical fcc lattices, one inside the other and shiftedlong the bulk diagonal by one
quarter of their length. Right-The main planes of the cubicdittice, i.e., (100), (110) and
(111).

Plane | dy [A] | arr [A] | ur [A] | U(Xc) [eV] | UAxc) [GeViem]
Si 0.194 | 0.075

(110) | 1.92 16 5.7

(111)L| 2.35 19 5.6

(111)S| 0.78 4.2 35

Table 1.1: Parameters of some planar channels of silicon tigl. The potentials U are
given at the distancex., = d,=2! 2ur in the Molere approximation [42].

Fig. 1.4 displays some examples of the interplanar potentienergy of positively charged
particles interacting with the (110) and (111) planes, whit are the most commonly used
for channeling experimentsdue to the generation of the largest potentials. The harman
approximation U x2, plotted with a dashed line in Fig. 1.4(a), ts the interplanar
Molere potential rather well, and it is often used for anaytic estimations. The planar
potential-well depth in silicon is 20 eV.

Fig. 1.5 shows the scheme of continuous planar potential feither positive (a) or
negative (b) particles in the case of a silicon crystal origed along the (110) planes. The
harmonic approximation does not hold for the planar potendil for negatively charged
particles, being opposite to that for positive particles ash thus more similar to an "inverted
parabola” [4].

Planar Channeling

It has been shown that the transverse motion of a charged pate with a small angle
with respect to atomic planes can be well described by the amgimation of continuous

8
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Figure 1.4: The interplanar Molere potential for (a) the S channels (110) and (b) the Si
channels (111) for positively charged particles witlZ;=1 (solid lines). The dashed line
represents the harmonic approximation. In the crystal wittthe (111) orientation the large
distance dpL = 2.35 Abetween the atomic planes changes periodically into a smalhe
d,° = 0.78 A[42].
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Figure 1.5: Planar potentials experienced by positive (a)nal negative (b) particles chan-
neled in the eld of (110) silicon planes. Shaded regions higght the regions of high
nuclear density (nuclear corridors), vertical lines insiel those regions show the positions of
atomic planes [46].

potential. It has been also explained that the electric potgial of atomic planes forms
potential wells. In this section, we describe the case in wdhi a particle may bechanneled
when its transverse momentum is not su cient to exceed the kaer of a neighboring
channel. This process is schematically shown in Fig. 1.6. @&lplanar channeling motion
results to be very di erent from the random motion of a partide crossing an amorphous
medium or a misaligned crystal [42]. In the latter case, therare two main sources of
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Figure 1.6: a)A positive particle bound in the interplanar ontinuous potential. b)Top view
of the channel. Here are highlighted the components of the traverse f;) and longitudinal
(p) momentum of the particle with respect to the plane directin. = p,=p is the small
misalignment angle with respect to the crystal plane.

energy loss by a charged particle in a medium: electronic stopping and olear stopping
[1]. Electronic stopping is caused by electronic inelastimollisions in which the particle
excites or ejects atomic electrons, with a consequent loSsemergy . Since electrons are
light particles, the corresponding momentum transfered tthe medium is small. On the
other hand, nuclear stopping arises from nearly-elastic lisions with nuclei, with transfer
of both energy and momentum. We assume here that the nucleieamuch more massive
than the incident particles so that the small energy transfeto the nucleus is negligible
[47]. Ignoring spin e ects and screening, these collisiorsge individually governed by
the well-known Rutherford formula Whereg— / 1=sin*( =2), hence the vast majority of
these collisions results in a small angular de ection of thearticle (multiple Coulomb
scattering), causing a random zigzag path through the medm The cumulative e ect
of those small-angle scatterings is, however, a net de emti from the original particle
direction. As a consequence, particle de ection can be mayrascribed to nuclear collisions,
in which stronger forces and heavier masses are involved. rAtativistic energies, electronic
stopping is completely dominating, being nuclear stopping 10° times smaller. A quantum
perturbation treatment of the excitation of the atomic sysem may then be applied (Bethe-
Bloch treatment) [1].

For light particles, such as electrons and positrons, the dative losses become dominant
in the energy loss spectrum at relativistic velocities [4.7]

The particle dynamics under channeling is quite di erent fom the amorphous or mis-
aligned case. Moreover, in such a case the particle dynamaspends on the charge's
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sign. Indeed, a channeled positive particle moves betweesiot atomic planes formed by
atomic nuclei, thus reducing the possibility to experiencaearly-elastic scattering with
nuclei themselves. Furthermore, since most of the electiorlevels are close to the nuclei
(core electrons), a channeled positive particle moves in aedium of electrons with re-
duced density determined by the valence electrons only. lhe opposite case of negatively
charges, a channeled particle oscillates around atomic p&s, in the region of high nuclear
and electronic densities, thus increasing the probabilitgf close collisions with nuclei and
core electrons as compared to channeled positive particleBinally, it has been demon-
strated that channeling, and coherent interactions in gemal, increase the probability of
a photon to be radiated (the creation of a pair), leading to amcrease of energy loss per
unit of length. This argument is treated in the next chapter,while in section 1.1.4 a brief
description of the phenomena that contribute to the stoppig and, hence, to the energy
loss of high-energy charged patrticles in crystals is preses

In the limit of high particle momenta the motion of channeledparticles (or in general in
the approximation of continuous potential) may be consided in the framework of classical
mechanics, even though the single process of scattering iguantum event. The classical
approximation works better at high-energy for two reasong=irst of all, the wavelengths of
incident particles are su ciently small to prevent the formation of interference patterns of
waves. Secondly, classical mechanics is applicable thatighe large number of energetic
levels in the planar potential well (in analogy with the quatum harmonic oscillator). The
quasiclassical estimate of the ngmber of levels in the ongrensional potential well at
planar channeling yieldsN d—z Etp 1, . being the Compton wavelength,E the
particle energy,U, the potential well depth andm the particle mass. The second condition
is always ful lled for heavy particles, such as ions and prons, but for light particles
(electrons, positrons) the classical approach starts to woin the 10! 100MeV energy

range [4].

In the framework of classical mechanics, one can write theaskical law of conservation
of the total energy adapted to the case of particle motion irhie continuous planar potential
(see eqg. 1.1). When the transverse componept of the particle momentump is much

smaller than the longitudinal componenip, (i.e. tg = pk=p. 1), the total conserved
energyE of the system can be written in the form:
p . plc
E = pc2+ p2c2+ m2ct + U(x) 5E + E, + U(x) = const; (1.10)
z

being E, = P p,2c2 + m2c* a conserved quantity, since the potential energy(x) is in-
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dependent ofz. As a consequence, the transverse enerdy; = p;éjz + U(x), must be
conserved too. Beingp, ' p, and assumingE, E, p, p, using the known relation
pc& = VE, wherev is the particle velocity, we may rewriteE; as:

Er = %’ 2+ U(x) = const; (1.11)

The particle trajectory is obtain by the integration of

dz= p dx : (1.12)
2=pMEr ! U(x)]

Rewriting eq. 1.11 by taking into account that = dx=dz one obtain
Er = — & + U(x) = const (1.13)

Di erentiating with respect to z and dividing all terms by , the result for the one-
dimensional transverse motion in the potential(x) is:

d?x

d
pv@ + &U(x) =0 (1.14)

Eq. 1.14 describes the particle transverse oscillation ofig particle motion under the
in uence of the planar potential U(x).

In the case of positively charged particle, in Sec. 1.1.2 itak been shown that the
harmonic approximation U(x) ' U ﬁ—? : for the interplanar potential can be used. In
this case the solution of eq. 1.14 is a sinusoidal oscillatio

r—
2z

= — _ + ]

X 2 U sin (1.15)
. _— : : P———

with the oscillation period being = d, pv=2U,.

In the case of negatively charged particles, the harmonic pqximation for U(x) never
holds, therefore a single period cannot be de ned. Nevertlsls, the main features of the
electron motion at planar channeling can be easily observeg means of the simple model
of "inverted parabola potential” [4]:

UX)' U 1! 11 CLIN (1.16)
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Within this simpli ed model the period of each channeled pa'rclerplepends on its transverse

energy inside the potential wellEr, being = dpp MInjil—J'p%j.

The particle remains trapped within the channel if its transerse energy is lower than
the potential-well depth U, (de ned at the distance d,=2 from the center of the potential
well:

Er = %’ 24 U(X) U (1.17)

If a particle moves along the center line of a channek (= 0, U(0) = 0), with oscillations
around the center of the channel, from eq. 1.17 the limitingnale of capture is obtained:

S
2Uq

- (1.18)

c =
. being the critical angle introduced by Lindhard, for both panar and axial channeling
independently of the particle charge's sign.

Dechanneling

The motion of channeled particles is a ected by incoherentcattering with electrons and
nuclei, which causes the non-conservation of the transverenergyE+ due to the contri-
bution of a random scattering angle in a event of scatteringAs a result Er may become
higher than the potential barrier, leading to the kick out ofthe particle from the channel
(dechannelingprocess) [42, 46]. There are two main sources of dechanrglin crystals:
the multiple quasi-elastic scattering with nuclei and the maltiple inelastic scattering with
electrons.

In a random system, the electronic scattering is usually nlgted in many physical
approximation and the incoherent scattering with nuclei cabe well described by a multiple
Coulomb scattering (MCS) process. MCS can be roughly represented by a Gaussian f
small de ection angles [48], where the value
_ 136MeV r t

t
Z — 1+0:038In — 1.19
cp Xo : Xo ( )

— s
0 plane

is the width of the approximate Gaussian projected angle digoution, p, ¢ and Z are the
momentum, velocity and charge number of the incident partie, andt=X is the true path
length in radiation length unit. A more accurate theory was tyen by Moliere [49], which

“We are neglecting the strong interactions that may also contibute to multiple scattering for
hadronic projectile.
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Figure 1.7: (a-b) planar potentials experienced by positevand negative particles channeled
in the eld (110) silicon planes. Shaded regions highlighthe regions of high nuclear
density (nuclear corridors), vertical lines inside thoseegions show the positions of atomic
planes. (c) Trajectories of two 150 GeV/c *: the trajectory of the particle with larger
oscillation amplitude is for a particle whose impact paranter lays inside the region of
high nuclear density (i.e. the particle is in unstable chargling state). Such a particle is
dechanneled after traversing a short distance in the crydtarhe other trajectory refers to
a particle impinging far from atomic planes (such particlesi in stable channeling states).
(d) trajectories of two 150 GeV/c ' : all negative particles pass through the high-atomic
density regions and are subject to nuclear dechanneling [46

takes into account the large scattering angles>(a few o) leading to larger tails that a
Gaussian distribution does.

In the case of a crystalline material, it is not always posdib to disregard the contri-
bution of multiple scattering with electrons. For instance for planar channeled positive
particles, two mechanisms of dechanneling have been idesti, i.e., nuclear and electronic
dechannelings. Indeed, when the incidence angle of a pddiwith the channel direction is
less than . but close to the nuclei (as close as arr  ut), the scattering from the nuclei
itself rapidly removes the particle from the channeling magl i.e., nuclear dechanneling .
We can approximate the atomic density as a Gaussian distriban with standard deviation
equal to the atomic thermal vibration amplitude, ur, (see eqg. 1.8), and then assume that
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