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Introduction

Semiconductor materials exist in many structural forms and therefore require a large
range of expemental techniques for their analystbowever, br investigation of structure on
the atomic scaleX-ray diffraction is avery sensitive analysit®ol. It has been used for a long
time and has successfully helped scientists to reveal and study the stiafcinwvide range of
materials.

This thesis focuses on experimental wakrried out both at Sensor and Semiconductor
Laboratory (SSL, Ferrara, Italy) and at European Synchrotron Radiation facility (ESRF,
Grenoble, France)n which X-ray diffraction tebnique has been used to prae study the
properties oEemiconductor crystals for applicationsastrophysics anphotovoltaics.

In the last yearsthe field of soft gammaray telescopesimed to studying violent
phenomena occurring in galaxys receied a tremendous impulse by the advent of a new
generation osemiconductocrystals, which resulted ia significantincrease operformance
with respect to traditional instruments operating in this part of the electromagnetic spectrum.
In particular, forrealization of a Laue lenasfocusingoptics to concentrat¥ and gamma
rays coming from the sky, the key factor was the usage of silicon and germanium crystals
exploiting deformations, which provide extremely uniform bendimgpughout the whole
crystalthickness.

X-ray diffraction has been applied to silicon and germanium bent crygtalshe aim
to study theirstructural deformation andiffraction propertiesfor the purpose of diffracting
high-energy photon$or astrophysical observatiotisrougha Laue lensin the framework of
fiLaue projead, devoted to build a broaand (80600 keV) focusing lens arfthanced by the
Italian Space Agency (AjlathoroughX-ray characterizatiorallowed accurate adjustment
of the experimental parameters for cristabrication and certification ofts quality of
diffraction propertieprior toinstallationas optical elemenintothe lens.

With regard to photovoltaicsemiconductors crystalsre still under investigatioas
efficientheteroepitaxial structurésr multi-junction solar cells.

Severalcharacterization techniquésive been used for tlealuation of heteroepitaxial
semiconductors, ral have enabled the advancemehthe field to its present state.-rdy
diffraction isthe most widely used techniqimr the characterization oeteroepitaxial layers.
In fact, it is nondestructive and yields a wealth of stawat information, including théattice
constants and strainsgmpositionand defect densities.

In this thesisit will be shownmain experimentaresults of Xray characterization of
semiconductor crystalsf silicon and germaniuras well as theiapplicationsto astrophysics
andmaterial science.

Chapter 1 contains aéoretical backgroundn X-ray diffractionin perfectand in
specifically defomed crystalsChapter 2 highlights the equipment which have hesad for
X-ray characterization of the samples analyredhe framework of this thesis. Chapter 3 is
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devoted to the investigation of Si and Ge crystalsicated at SSlfor the realizatiorof a

Laue lens for astrophysic®Vith this aim, main experimental resulk$ X-ray diffraction
obtained atESRFare presentedn particular,it will be pointed outthat crystals diffracted
photons from 150 to 700 keV with efficiency peaking 95% at 150 ke Si. Chapter 4
presents heteroepitaxial SiGe samples, their fabrication and investigation of structural
properties by Xray analysis at SSlfor their usage asolar cells in photovoltaicginally, an
Appendixshows results of Xay study on ceramicoatings for applications of wear resistant
materialsn metallurgy



1. X-ray diffraction in crystals

1.1. Theory of X-ray diffraction in ideal crystals

In the presentlapter, the basics of the theory ofray diffraction in crystalsill be
described. The following concepts and equations are mainly taken from Rdf4.§.
Please, refer to these documents for further dedailwell as to other articles in this volume
for a good coverage of recent works on hargda¥ diffraction, loth theoretical and
experimentalThe possibility of using crystals as ngl diffraction gratings for Xayswas
conceivedby von Laue inl912, and the subsequent expenms immediately proved that the
idea was correct. In fact, von Laue showed thatotteerved effects could be interpreted as
due to diffraction of electromagnetic waviesa threedimensional grating [6, 1.7 and his
discovery gave convincing pwb of both the wave nature of Xays and of the periodic
structure of crystals. Thus, theundation was laid for two important fields of scientific
research, i.e., the study of Xays and the study of crystal structure. The improved
experimental technique due to W. H. and W. L. Brgg®, 1.9 greatly contributed to the
rapid development of kb fields and their work clearlgrovedthe far reaching consequences
of Von Laueds discovery.

1.1.1. The Laue and Bragg Equations

As stated in Ref. [1], a linear diffraction grating may conveniently be defined as a
straight line along which the scattering powsea periodic function of position, i.e.,

rir rir oo 1.1.

where0 is any integer and is the period and measures the vector separation of
neighboring points. An electromagnetic plane wave of monochromatic radiation incident onto
the grating will be then scatteredah directions by a line element. Since the scattering power
of the grating has a periodic nature, the diffraction maxima will take place in the directions
corresponding to path differences equal to an integral number of wavelengths.

This diffraction probbem leads to the formula

atQ 71 O 1.2.

Q is the wave vector of incident-day beam and) that of the diffracted beam, i.e.,



QK Eé hQ k Bé 1.3.

Here_is the wavelength whilé and 6 represent unit vectors along the directions of
incident and maximum diffraction, respectively.

On the other hand, a threémensional grating corresponds to a spatial distribution of
matter for which the scattering power is a triply peridditction of position or

rifF rifodow 0w 0 1.4.

Thus, the threelimensional gratingcan beconsidered as consisting of three sets of
linear gratings with period® it andc . In order to findthe diffraction maximdor such a
threedimensional grating, the wave vers nmust simultaneously satisfy equation 1f@r
each of the components, i.e.,

OhtQ Q O
wtiQ Q 0 1.5.
A EN) Q (0]

These are Laue60©, Ocandiaara integers assediated with each
diffraction maximum.These three scalars equations can be rearranged in more convenient
form asa single vector equatiotgadingto

O O 6 1.6.

that is called the Laue vector equatiomhere the abbreviated form & k

~ R T

0 has been useddereé & O® 00 06, wherebhoho
represents the vector set in reciprotattice space, i.e.reciprocal to®h®hd . Thus,
according to Eql.6., 6 is associated with each diffraction mawim. If the first two
equations in 1.5. are rearranged and subtracted from each other, we will have

® to T 1.7
5 O 7.



which means that — — must be perpendicular to , and simiarly for all the
combinationsIf one considers plane in lattice space that interceptsabhe axis atP o)

theed caxis atP 0 andthe el caxis atP 10 the quantitieSO RO RO may accordinglybe
deroted as Miller indices of a family ofattice planes. Thereforegquationl.7. can only be
satisfied if6 is normal to the plane0O"0"O .

Since Q o) P hthe Laue vector equation expresses the facttteavecbrs

0 and'Q are edges of a rhomb whase is a diagonal as shown in Fig11In the lattice
space the sequence of planes representéd Inyakes equal angles witQ and’Q . One can
thus considers the diffracte@dm to be produced by a reflection of the incident beam in the
family of planes normal t6 . The magnitude of left side afquation 1.6. results to be

—— wheref is the Bragg angle ang— the scattering angle. On tlather hand, the
magnitude of the right side %'Q whereA is the spacing between the sets of crystal
planesTherefore we have

OB+
1.8.

Ll
_Q

i.e., the Bragg equation. For a cubic crystal with latticestantA, the spacing of the
"M aplanes is given by formula

oma e Q @ 1.9.
ThehE Bragg angle is then

on AET-Q Q a
— s OET = < 1.10.



Figure 1.1: The Bragg condition for diffraction [1.1].

1.1.2. Construction of the diffracted wave vectors in the reciprocal lattice

To deepertheunderstanshigBr aggés f or mul ati on of diffra
geometric construction in the reciprocal lattice of the adiied wave vectors associated with
a given direction of incidence and a given wavelength was reported inlR&}. As shown
in Fig. 1.2 since the three vec®IQRQ handd form a closed triangle (see equation 1.6.)
vector0 which satisfies the Laue equation must terminates on the sphere of reftedfien
Ewald sphereln fact, if the incident wave vectd® is chosen at radom, the Ewald sphere
will not pass through any reciprocal lattice point in genefalus, in order to produce
diffraction maxima, it becomes necessary to adjustinelength or the incidemwtirectionin
such a way that one or more of the reciprocaicktpoints fall on the Ewald spheladeed,
as depicted in Fig. 1.2. when the wavelength or the direction of incid&cés varied, there
will be a corresponding variation in the radius vector in the reciprocal lattice. If the Laue
vector equation is satisfied a diffraction maximum will be produced
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~Sphere of
reflection

Figure 1.2: The Ewald sphere construction1.1].

With this regard, there are several experimental methods which are being used to
produce X-ray diffraction maxima.Since™Q is a function of three scalar variables, it is
sufficient to vary only one of the three variables in the incident wave vector, whil¢hitre o
two are being fixed. However, two or all three variables may be varied at the same time.

With this aim, let i hand’ be the three scalar variables of the incident wave vector,
where_ is the wavelengthwhile * and’ are two parameters de#zng the direction of
incidence of theplanewave. As said above, in order to produce diffraction maxima, it is
necessary to allow at least one of the three quantifiesand’ to vary continuously.
Therefore, the different experimental methodabe depicteds follows:

I.  The wavelength is variable, but the direction of incidence is fixed,_i.e.,
variable,” * ,7
Il.  The wavelength is fixed, but the direction of incidence varies with one degree of
freedom,ie.. _," ‘ ,’ variableor_ _,” ' ,' variable.
lll.  The wavelength is fixed, but the direction of incidence changes with two degrees

of freedom, i.e._ ‘ and’ vary independently.

In cased and |, the incident wave vector has one degree of freegmirthe diffraction
direction is then uniquely determined. The diffraction maxima are sharply defined, being
recorded as spots on a photographic plate. The first method is calldchtbemethod
because it was used by Laue in its original experimantiscan be experimentally carried out
by using continuosi X rays. Sincethis technique is based on sharply defined direction of
incidence, a single crystal must be used as sample under an@ysike other hand, the
second method consists in variation lué direction of incidence with one degree of freedom,
thusthe best way o&chieving it is to rotate theample relative to the incident-rdy beam
this latter being monochromatim this case a single crystal can be employed but one can also
uses substaces in the form of aggregates where the direction of incidence with respect to
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such an aggregate will have one degree of freedom. This latter method is alsahealled
rotating crystal methad

The third methodonsists in variation of the direction of idence with two degrees of
freedom. If a single crystal is available, one of the two paranfet@mnsgl’ can be changed at
a time i.e., itresultsto bethe rotating crystal method agaidowever, the third method of
importance only in connection witthe study of substances in the form of aggregates or
powdershavingrandom orientation becausige observed diffraction effects are the same as
for a single crystal will all combinations pfandd. This method is commonly called the
powder metho@nd thediffraction maxima will draw out a line on a photograph flmated
on focal plane Indeed,each diffraction pattern is made up of a large number of small spots,
each from a separate cry$tal of the aggregate anevery spot is so small as to give the
appearance of a continuous line.

Forthe sake of simplicitytherehave been reportetghly the main method®r production
of X-ray diffraction maximaFormore informationsee Ref. [1].

1.1.3. X-ray scattering by a single electron and by a single atom

0 _
I-'I

Fig. 1.3: Scattering of a randomly polarized Xray beam from an electron[1.5].

As stated in Ref.1.5, X rays are scattered in all directions by a single electron, with
the scattered intensity strongly dependent on the scattering angléjs dependere was
derived byJ.J. Thomsonand isgiven by formula

0 0 — T OE+ 1.11.

where) is the intensity of scattering from a single electabra distance, t A
pm ([ ,Ris the chargef electron p& ¢ p ™ ), andd is the electron rest mass,
e, p p T QO is the angle between the scattering direction and the direction of
acceleratiorfor the electron, thus depending on the polarization of thrayXxbeam.If the
incident wave is unpolarized, the angldecomes indeterminate and the té&ri +must be
replaced by its average valu€onsideringFig. 1.3, an unpolarized Xray beam diffusing
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from pointN encounters an electron at the originand the scatteredebm is consequently
observed at poirfe. Electric vectoiOcan be divided into two orthogonal componei@sand
O, where the first is perpendicular to both the IM® and the scattering plam¢OP and’O

is the component parallel to tiptane. Because of the random nature of the directi@ tife
mean square values are equat., O = O = 0. The scattered intensity is thus divided
between the two polarization, leading to

o 0 C 1.12.

At point P the scattered intensity is the sum of the intensities for the two polarizations.
In particular, forA polarization e ‘ c but fora polarizations ) ¢ G where—is
the scattering angle. Then the intensity scattered to the poasuts to be

O

o " Al 6— 1.13
c T¢ a i P o

This is the familiarThomson scattering formula for an unpolarizeeray beam by a
single electron. In arX-ray diffraction experiment, all of the terms in this etipm are
constant except fop AT @—, which is called the polarization factor.

The total effect of the electronghich scatter an Xay beam in an atons taken into
account by the atomic scattering fac@which is defined as the ratio be®svethe amplitude
of a wavescattered by an atom atitht scattered by single electronThe atomic scattering
factordepends on the atomic number, the scattéBiraggangle and the wavelengtii X-ray
beam As highlighted in Ref. 1.2], the exact calcuteon of the atomic scattering factor is
usually difficult because it requires to consider the coherent diffusion by each electron of an
atom, taking into accounmguantum physicsNumerical values can be obtainég using
analytic expressions available inetinternational Tables for Xay Crystallography]1.11]].
These expressions are best fits to experimentally determined atomic scattering factors and are
in theform

Q w 0Q 1.14.

where thaidtohandA in 6 coefficientsare tabulated ifil.11] for many elements.
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While the atomic scattering factprovidesfor the intensity of the beam as diffused by a
given atom,the structure factoOis the sum of alkcattering contributions from individual
atoms in a unit celi.e., the scattering power of a unit cell

"06 N Q t 1.15.

wherel represents the numbef atoms per elementary latticand thed atom has
been considered to be at the position b in the unit celldefined by the lattice
vectors @ o . "Q is the atomic scattering factor of thie  atom. If the atoms of the
lattice are of the saménd (e.g., silicon germanium, copper, etc.) the structure factor can be
written as:

O Q. Q t "0 1.16.

where'Ois the geometrical factor which depends on the positdribe atoms in the
lattice and on the Miller indexes arghows that, due to destructive interferences, some
crystallographiglanes can not reflect the beanheoretical computatioof the geometrical
factor can be found ir[2).

Finally, the amplitudef scattering from a single unit cell can be written as

"ao 1.17.

'O being the amplitude of scattering from a free (Thomson) electron.

1.1.4. X-ray scattering from a single ideal crystal

Under the assumptions highlighted in Ref.1]Lthe amplitude of scattering due to a
single ideal crystal will be givehy the sum of the contributions from the various unit cells,
taking into account the phase differences. Considering an edgakcrystal, f the origin is
chosen at a corner of one unit cell, the location of any other unit cell can be described in term
of a lattice vectobl 0 & 0 & 0 &. In fact, the contribution to the total amplitude
from the unit cell positioned & is”AQ ¥ ', whereil ¢* @ Q ¢*6 andiffolis
the diffeence in phase with respect to the radiation reflected by the unit cell located at the
origin. Thus, the total amplitude 8mply given by

14



o oo Qaff 1.18.

where the summatiomust beextended all over the unit cells difiet crystal under
consideration. If one considers a crystal with parallelepiped shape having edges
0 0hy G &, the total number of unit cells in the crystal is theretoré 0  § and
the expanded form dhe simmation inequation 1.19. becomes

bl Q T Q T Q ¥ 1.109.

which is the one of a geometric seraexl hence equation 1.19. tarout to be

0 Q F
° 5 P

O Qf—p 1.20.

The intensity ratio can be obtainfdm the amplitude ratio by multiplication with the
complex conjugatahusleading to

O OEFOGilf®d
= G L 1.21.

© OERifte

Hence, due to the periodicity of the crystdde intensity of thediffracted beam is
essentiallyzero unless

ifod ¢ O
ifo ¢ 0

1.22.
ifd ¢ 0

this latter beingdentical to the Laue vector equatidtinally, the intensity of scattering
from an ideal crystal is

‘0 000 1.23.
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where0 is the number of unit cells in the crystal ai@he structure factor

It is worth to note that equation 1.21. has been obtained assuming that the incident wave
is not affected by the presendettee crystal medium. In facin X-ray beam traversing matter
will suffer absorptioni.e., there will be a deviation in energy from the incidezdrb. The
absorptionphenomenavhich occur in crystal matter are of two main types. The first type is
the photoelectric absorption whetee incident radiation energy is conteat into the kinetic
energy ofan ejected electromhe second type of absorptinbased on a transfef energy
from the incident to the scattereddiation andn this latter case, the are two scattering
processesi.e., the Compton scattering and the coherent soajteAccording to equation
1.21.the intensity of the coherestattering from a crystéd negligibleexcept when the Laue
conditions are satisfiedhen the Laue equation is not fulfilled, the incident beam will
undergo the absrption due to the ejection gbhotoelectrons and Compton scattering
hereinafter refergk to as normal absorptio®n the other handhe absorptiorwhich arises
when the Laue conditions are satisfied and diffracted waves are produced is called extinction.
Normal absorptionis described by means of the linear absorption coefficiemhich is
defined as the fractional intensity decrease per unit length of path through the crystal medium.
Since equation 1.21. shows tldiffracted intensity decreases as the crystal size decreases,
the limit of very small crystals, both normal absorption exiihctioncan be neglected. Later
studies proved that extinctianust be taken into account when the linear dimension of the
crystal is of the order gf 1 @ dor greater. Thysthe intensity formula in equation 1.21.
represents an asymptotic solution which holds true only for crystals having linear dimensions
of p 1 G Gor smaller.

1.1.5. The dynamical theory of X-ray diffraction : basic concepts

As highlighted in the abovesection, the main concepts of-rfy diffraction theory
presented so far neglected both normal absorption and extinction, thus being valid only in the
limiting case of small crystal©n the other handhe dynamical diffraction modéias to be
considered for best describing the physics of incident and diffracted waves within the crystal.
Wi t h t hi s cansdgracrgstal witheatsériss atbmicplanes which are parallel to
each otheas in Fig.1.4.
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Fig. 1.4: Dynamical interaction of X rays with a perfect parallelsided set of diffracting planes 1.3].

If the beam patid 6of a photon is at an incident angle in such a way to scatter it in
the directiond g then it will also be at the correct incident angleb& scattered from the
underside of these crystallographic planes. Therefore a dynamic situation occurs inside the
crystal, where the energy of the incident beam decreases with depth due to losses and
interferences between the multiple scattered beams #hendirectiond @ Clearly, normal
absorption occurs for all directions of incidence, while extinction is important only when the
incident wave vector has such a value that the Laue equation is satisfied.

This represents the basis of tdgnamical scatteringnodel prgposed by Darwinn
Refs.[1.12, 1.13. The f oundation of the dynamical t h
equations in the periodic electron density of the crystal. This theory has enabled the
calculation of the intensities and shapes of diffraction pfitem thick, perfect and real
crystals.

To understand how the photon is scattengthin a crystaland generates an internal
wavefield, the physical description given by Ewald or Laue can be followes]. [In fact,
each atomic site is considered todmupied by a dipole which oscillates and emits radiation
when a photon passes nearbyie to the periodicity of the crysighere will be an array of
oscillating di po-Wweasg eda enittmgpelectramagnetid radiationwjch | e
adds tolue total radiation field and interaatsth other dipolesEach dipole has been assumed
to emit in phasethus producing two plane waves: an electromagnetic wave which is created
by the dipole and the dipole itseMeverthelesssinceEwald did not consier that the crystal
hasa distributed electron density and should hence be considsradlielectric, Laumade
another approach but obtaining the same reduolieed, hehought the crystal to be formed
by continuous negative charge with shielded pesitharges, these latter being the atomic
nuclei, in a periodic arrayVhen no incident photon exists, any atomic site in the crystal can
be seen as neutrally charged. On the other hand, when an electric field is applied there will
occur a relative displamnent of the charges which would result in an electric polarization
thus the induced electric feewill be given by

17



O O 1“0 1.24.

or
o p ..0O 1.25.

whereQis the applied electric field andis the polarizindield. ..[is the polarizability
or the electric susceptibility of the crystegiven by

—=" 1T 1.26.

whereQis the electric charge, the wavelength, the mas®f the electroncthe speed
of light in vacuum and i [ is the variable electron densigyven by the formula

» ir P . tr
y o aQ 1.27.

wherewis the volume of the unit celind the assumption thtie electron density is
strongly associated to the atomic sites, thee,inner electrons dominatas been mad&he
crystal can be therefore considered as a structure with an anisotropic periodic complex
polarizability.

The electric field within t héeusdhe yesuttiral mu s
electromagneti field is the sum of plane waves, i.e.,

1.28.

which represent the total electric displacement and magineitl at timeQand position
i for a total oféd waves propagating withithe crystal. @ s the frequency of the
electromagnetic wavevhile 0 is the scatteredvave vector satisfying the Laue equation.

'O RO andy have to be determinein t he basis of the boundary
equations.

18



1.2. Theory of X-ray diffraction in mosaic and curved crystals
1.2.1. Definitions and assumptions

In this sectiontwo physical quantitieshould be introduced because they will be
employedin the following.Such quantities, typicallysedto qualify thediffraction properties
of a crystal, arereflectivity and diffraction efficiency According to Ref. [12, 1.14,
reflectivity is defined as the ratio of diffracted beam intensity over incident beam intensity
while diffraction efficiency is the ratio of fiiacted beam intensity over the transmitted one
when no diffraction occurs

In the previous section it was assumed that an incident wave entered a crystal through a
plane boundary and produced a diffracted wave inside the crirstidct, he diffraction
inside the crystal can either occur near the surface, this being referred to as Bragg geometry or
Ain vol ume", while the beam is propagating
Fig. 15). Indeed, considering parallelplaneboundedcrystal of thickness'Y with unlimited
lateral dimensionthe equations of thewb boundary planes ageti[[ mandéti[ "Y.
Although the incident wave enters the crystal through the @gldn§ T, the diffracted wave
may emerge either throughettplanet ti[ Tor throughé ti[ Y. Because the boundary
conditions are different, this distinction is sharp and gives rise to the two geometries, i.e., the
Bragg and Laue case respectively.

Laue Case Bragg Case

! . .
! Incident \ Diffracted [ 1ncident
/ “:dp \ wave / wave

|
|  wave

/ x Diffracted
Figure 1.5: Distinction between Laue and Bragg gemetries[1.1].

Since theframework of this thesis will mainly deal with-bay diffraction in the Laue
casetheoretical formulas ithe following sectionsvill be given for the Laue geometry.

1.2.2. Mosaic crystals

Mosaic crystals have been described by gisinDar wi n §ld5], iveq e an
assembly of small perfect crystals, the crystallites, each slightly misaligned with respect to
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each other according tomangularGaussian distributiarFor mosaic crystalthe reflectivity
is given by the formula [1, 1.14

pQ ® 0 1.29.

where thesecondfactor is for diffraction efficiency, and the latter is the attenuation
factor due to linear absorptignwithin the crystal’Y is the crystal thicknegsaversed by the
radiation,w—the difference between the angle of incidence and the Bragg angiad
® w— the distribution funtton of crystallite orientationsramely

. 't p, T 1.30.
W E— ¢ = q_Q

where is the mosaicity of the crystal, i.e. the angular distribution of the crystallites.
Finally, 0 represents the integrated intensity diffracted by a single perfect crystal per unit of

thickness. @nsidering the kinematical theory appiration[1.1], O is simply given by
. 13 ’Q
V) — = 1.31.
s Al-©

whereQ is theAspacing of plane€Xd@ndQ the extinction length as defined by
Authier [1.4] for the Laue case.

1.2.3. Curved crystals

Crystalshaving curved diffracting plane¢CDP) are nowadays under investigation by
the scientific community as an innovative concept because they appear very useful for several
applications spanning from astrophysics to nuclear meditiié-].22].

Theory of X-ray diffraction in CDP crystals was widely developed in the past half
century in the frame of dynamical theory of diffraction, with particular contributio© by
Malgrange 1.23. The equationgjiven by Malgrangerepresentan extension of the PPK
theoryof diffraction in distorted crystald [24, 1.2%5] for the case of a large and homogeneous
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curvature.In this theory the deformationof diffracting planes is described hiie strain
gradientss which, in the case of uniform curvature, can be written as

f 4 1.32.

B

whereq is the FWHMof the angular distribution of planes, i.e. the bending angle of the
crystaland] the Darwin width namely the angular range around the Bragg angle for a flat
crystal where diffraction is possibleNhen the orienteon of the diffracting planes
consistently changes over an extinction length owingtgacurvature, the probability of
diffraction parallel to the incident beam drops, so that Eq. 1.32 holds. Formally, this occurs
when the strain gradientis larger tha a critical valug " Q- The reflectivity for a

curved crystain Lauegeometryis given by
i p QU Q 1.33.

where the first factor is for diffraction efficiency, and the latethe attenuation factor
due to linear absorptianthroughout the crystaHere| is interpreted as the angular variation
of the diffracting planes over the extinction length (in unit of Darwin width) and can be
expanded as

’

¥ 4ds 1.34,
q YQ

Thereby, the reflectivity becomes

i p 'Q as Q 1.35.

It is worth noting thathere are two main differences between diffraction propeofies
mosaic and CDP crystal&irstly, perfect crystals thicker than the extinction length and
mosaic crystals suffer a maximum diffraction efficiency of 50% becausedffraction of
the incident beam onto lattice plan@sg. 1.6a). Conversely, curved crigs prevent this
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effect due to continuous change of the incidence angle so that only a single diffraction occurs
onto curved crystalline planes (Fify.6b). Hence, diffraction efficiency in CDP crystals can
ideally reach the unity. Secondlynlike for masaic crystals, which normally exhibit a
Gaussiarlike reflectivity passband, eurvedcrystal offers a continuum of possible diffraction
angles over dinite range, leading to a rectangukdrape energy passband directly owing to

its curvature.

~—

Figure 1.6 X-ray diffraction in Laue geometry in case of an unbent (a) and of a bent crystal (b).
Multiple reflections in case (a) results in maximum 50% diffraction efficiency while in case (b)
diffraction efficiency can reach 100%[1.17).
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2.Equipment for measuring diffraction

patterns
2.1. High-resolution X-ray diffractometer (HRXRD)

At Sensors and Semiconductor Laboratory (SSL, Ferrara, ltaly), ardsghution Xray
diffractometer HRXRD, X6 Pert Pr o MRD ™)has HeenNiadd yfastiuatuzal
characterizatiof semiconductor crystalnd ceramic materials

The instrument, as illustrated in F@.1, consists of basiteatures: an Xay sourcgincident
beam conditioning, sample stage and diffracted beam optiesnature of these features have to be
selected to besheet the needs oféhmaterial property to be anagd

monochromator
mirror

Figure 2.1: the high-resolution X-ray diffractometer at SSL (Ferrara, Italy) [2.1].

2.1.1. X-ray source

In a labor#ory sourceof X rays i.e., X-ray tube(see Fig. 2.2)photonsare generatety
electron energy transitiorie the innermost electron orbitals a solidand are characteristic of the
atom concernedrhe emission lines arise from excitations that trarsfficient energy to remove
an inrer electron and allow the moleosely bound to transfer to the vacamer statesAs with
any vacuum tube, there iscathode which emits electrons intitve vacuum and asnodeto collect
the electrons, thus establishing a flow of electrical current, known agdhe through the tube. A


http://en.wikipedia.org/wiki/Cathode
http://en.wikipedia.org/wiki/Anode
http://en.wikipedia.org/wiki/Charged_particle_beam

high voltage powea source, for example 30 to 150 ki connected across cathode and anode to
accelerate the electrons. TReay spectrum depends on the anode material and the accelerating

voltage.

Anode

Be window

heated cathode

water cooling il

high voltage
connection

-

ceramic insulator{

Figure 2.2: ketch of X-ray tube.

For the diffractometer undestudy, the material of the anode is copp#ius generating a
spectrum of radiatioasshown in Fig. 2.3

Ka1

KB K&g
Intensity ‘

- —

Wavelength
Figure 2.3 the Cu radiation spectrum.

For maximum intensity of the beam afwtusstability, typical values of voltage and current
are 45 kV and 40 mA, respectively.
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The filament of the Xay tube is a small linear coil and itgreénsion partially defines the
focus, being approximately rectangular in shape. The advantage of this shape is that the projection
normal and parallel to the long axis produces two very useful configurations ofridne S6urce
(seeFig. 24), i.e., line ad point focusDependhg on the geometry of thimcus of the anodehe
thermal load from higlenergy electrons impaong onto the anodean bevery high,therefore,a
balance between focus size and powestiiEtly necessaryNevertheless, efficient cting is used
for correct operation of the-Kay tube.

Projected view of anode (line focits)

., Increasing
NG e dake-off angle
& )

Increasing take-off angle Anode

Figure 2.4: the different projections available from theHRXRD [2.1].

2.1.2. Incident beam conditioning
2.1.2.1.Incident beam slits and filters

In order to reduce the divergence of theay beamthusthe iradiated length of the sample
under analysisincident beamslits with variablesize arenormally used during measurements.
Indeed, divergencslits arefitted in the incident beam path control the equatorial divergence of
the beam and thus the amounsample that is irradiated by therdy beam. In particular, the size
of the divergence slit can be set to one of these fixed vahjiesipj TApj p dandpj o &
Moreover, it is also possible to adjust the beam Bizeneans of twdknobswithin the accessory
ACrossed SI.iThe &nob&@ns wemidallayddne horizontal, allow a gapghef aperture
between 0 and 10 mm to be set. The knob scales are graduated in 2@psothereby a size of
the beam as small gsmt ¢ THM? can be achievedhe knob nearest to the-2dy tube controls the
width of the beam while the knob furthest away from the tube controls the height of the beam.

In order topreventthe saturation ofthe detectordue to a high photon fluxespecially when
the detector is pasoned along the path of direct beamabsorbingfilters or automatic beam
attenuatorplaced in front of the Xay sourceare required.However by placing an absorbing
material of an appropriate thicknessat hasan absorption edge very close to the ahtaristic
radiation of the Xray tube, the spectral distributi@an be dramatically changed, thus improving
working operation of the whole diffractometer. In fact, as seen in Fig.tRe3X-ray source has
several characteristic peaks due to thedolblet anda complexv | line though with lower
intensity. Because several radiation peakay add complications to diffraction patterns of samples
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under analysighe filter must be chosen in such a way thatiggnentaimaterialhas an absorption
edge jst on the high side of thet line. In particular, for the Cu anode tube, nickel fits the
requirement, so that thef line is almost completely eliminated but also the broad white radiation
is reduced and a sharp absorption edge can be seen.

A paraboic X-ray mirror (see Fig. &), just positioned after the filter, enhances the
performance because it parallelizes the beam from the bycascepting nearly 0.8° of divergence
andthustheCu T is virtually eliminatedonly 0.5% diffracted)

X-ray focus ",

0.8°

0.022°

106mm

AA

1 B

Figure 2.5: sketch of the parabolic X-ray mirror.

On the other hand, the energy difference in iedoublet is small, thus higénergy
resolution is required to separate these contributions. With this aim, aesiglation crystal
monochromator is useds featuredbeingdescribed irthefollowing section

2.1.2.2. Monochromator

Depending on the geometry of the tube, iettherline or point focusthe monochromator
(see Fig. 2.pof the HRXRDuses four symmetric 220 or 440 reflections from two chaoueGe
crystals with (110) faces.

@, — S

/g T+ O

(")C

N

)

Figure 2.6: scheme of the Bartels monochromator

The beam is just conditioned by four diffracting crystals arrargedrding tathe so-called
Bartek monochromataorindeed, a depicted in Ref.2.2], each of the crystals acts as a double
crystal diffractometer in the (+,) configuration In the first channetut crystal, the first reflection
passes a wide range of wavelengths, but each wavelength is diffracted at a particular angle. The
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second rdéction accepts this entire wavelength spread, but bends the beam back into line with the
source beam. The third reflection (from the first surface of the second clramrelystal) can
accept a narrow piece of this spectrum, because this crystal iaraléipwith the second and its
acceptance angle for a particwaavelength is approximately the Darwindth for this reflection.

The fourth reflection brings the beam back into the line of the source beam. Therefore, the
monochromator produces a conaiited beam with a divergence and wavelength spread that are
both determined by thearwin width of the reflectiongrom thechannelcut crystals

In particular, by using Ge 440 reflections, the conditioned beam exiting the monochromator

has a divergence ¢déw arcse@nd a monocromaticity of about ) L pT.

2.1.3. Sample stage
The sample stagaf the HRXRDis a goniometer having optical encoders on the,dzading

to angular resolution of abowt m degrees The angles associated with the difftometer
movements are shown in Fig. 2.7.

Analyser &
detector

Figure 2.7: angles asociated with the HRXRD movement$2.1].

The ? tilt axis allows for 180° rotation and the rotation axis, being normal to sample
surface, can rotate through 36&ample can also be tislated by xyz stag&hec) Mngle has a
defined zero angle related to the direction of incident beam, while #reyle can be conveniently
be defined with respect to sample surface, this latter supposed to be flat.

2.1.4. X-ray detector

To reveal the eneygof incident photons he X-ray diffractometerat SSLuses a proportional
gas counterwhich is one of the most reliable detectors capable to record evey photon and
produce a measurable signal proportiaiwathe flux of photons over a large rangés schemes
shown in Fig. B and he working principle ishe following:in a proportional counter tHél gasof
the chamber which isisually an inert gas, to prevent rections, isised by incident radiation.
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Indeed, a ionizing particle entering the gas collides with a molecule of the inert gas and ionises it
to produce an electron and a positively charged atom, commonly known as an "ion pair". As the
charged particle travels thrgln the chambeiit leaves a trail of ion pairs along its trajectory, the
number of which is proportional to the energy of the particle if it is fully stopped within the gas.

ceramic cathode spning for tensioning anode
msulator

sealed connection

[for evacuating
v

connection

-

glass-metal seal

~

field strength Be window tungsten wire anode

in central plane (0. Imm diameter)

Figure 2.8: the proportional gas detector.The incoming photon impinges ontan X-ray transparent Be window
and ionizes the gas inside the chambeElectrons and ions are acceleratetly an intense electric fieldowards the
anode and calhode, respectively,creating further impact ionization events andthus an electric signal being
proportional to the energy of the incoming photon2.1].

Indeed,to obtain a highly efficient countethe absorption of Xay photons must occur
within the chamber and this fact partially determines the choitkeahert gas.In particular, for
the casef the HRXRD at SSL, a gas of Xe is employed, giving about 93% of absorption efficiency
for X rays coming fromhe Cu X-ray tube.Further advantagef the usage of Xe as inert gasthe
creation of electrons owing to Auger process, which is the favoaisdrption mechanism for
reliable countingFinally, one of the most important aspects of any detector is the relationship
between the signal and the incoming photon fkig. 29 highlights the good energy resolution of
the detectorfor a stdle and prportional response.
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Figure 2.9: the energy distribution for discriminating CukU X rays with the proportional detector [2.1].

2.1.4.1.Combination with scattered beam analyer

In order to reduce the angular acceptance eafayX beam scattered from sample, thus
increasing theinstrumentalresolution, an analyzer crystal is positioned between sample and
detector.The analyzerconsists of two channelut Ge (220)crystak orientedin such a wayo
diffract the beam from the specimen, with an angle of acceptaned teqhe Darwin width of the
crystals Indeed, by selecting onlyparallel X raysscattered from the samplee., those which

satisfy the Bragg condition for the analyztéire angular acceptance is significantly reduddue
scheme of the analyzer is detpd in Fig. 210.

Figure 2.10: scheme of the analyzer crystamade by two channelcut Ge (220) crystals The beamundergoes
three internal reflections within the analyzer before enteringthe detector. Indeed, add numbers of reflections
reduces the clance of the directly scattered beam from reaching theetector. Only X-rays which satisfy Bragg

condition for the analyzer will enter the detector.For the analyzer of the HRXRD acceptance angle is aboutl
arcsec.
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A further method of controlling the divgence of thescatteredbeamis the usage of a
paralletplate collimator as analyzgisee Fig. 2.1). In this case, the advantage is that small
divergence can be preserved while still maintaining high inteagipotonsby using a large Xay
source. Cajure of scattering from large regions on the sample is alloardthis method is often

used in applications of thin film analysis, where very low angle of incidence are required, or powder
diffraction.

samle Payailel plaie colfimator %‘i‘ a8 / I
I S 000
f— g f"'/
/ - . % 40 /
[ 5 ~
! (= /

¢ 1 d d 4 o]
Parailel plare separation mm (0.2mm plares)

Figure 2.11: on the left side, &etch of the parallel-plate collimator while the right side shows the variation of
divergence as a function of the separation betwegnates [2.1].

2.1.5. Configuration of the HRXRD for characterization of samplesby rocking
curve

The rotating crystal methodwhich has beemlescribed in previous chapter (section 1.1.2.),
representsthe basis ofX-ray characterization of samples at S® rocking curve (RC)
measuremenindeed a RC measuremerihvolves rotating the specimen ihe monochromatic X
ray beam in ordeio plotthe diffracted intensity as a function of tineidenceangleof the beam

The configuration of the HRXREbr measuring &C, thus a diffraction profile of the sample
under analysigs depicted in Fig2.12.
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Figure 2.12: configuration of the high-resolution X-ray diffractometer at SSL for measurement of a RC of
samplein Bragg geometry with respect to incident beam

Either point or line focus can be used as geometry of thayXsource. Because in line focus
configuration the divergence isdhier than for point focus, the-bay mirror is required to
parallelize the beamThen, he monochromator controls the scattering plane divergence and
wavelength dispersigrproducing a welldefined incident beamlhe analyzer crystadnly passes
scatteredX rays coming from the sampie the specific direction defined by its rotatiabout an
axis @mmon with the sample rotatiotHowever, it is worth noting thategpending on the
application of the specimen under analyig, analyzer can be used or,rbis latter case being the
so-called open detector modAs an examplewith the aim to reveal mosaic crystallites in a
imperfectsample,the introductionof the analyzr crystalbefore the detectallows for scanning
along the directiomormal to the plamthat is sensitive to straitvecause iselectsonly parallel X
rays coming fronthe sampleTherefore, iresultspossible tcseparatéhe mosaic block orientation
from other contributionsof imperfectionsof the specimen e.g., bending, strain variatioand
intrinsic scatteringconsequentlyrevealingmosaicity of the sampleéOn the other handan open
detector scamwould result in a very broad profile, many times that of the intrinsic scattering profile
of the samplebecause all contributiorsse mixal, the major contributing factor to the width of an
open detector scabeing normal to this directionin Fig. 2.13, RG obtained with the HRXRD
show the difference between a scan in open detector mode and that with an analyzer.
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Figure 2.13: RCs obtaine on a GaAs sample in open detector mode (bladotted line) and with analyzer (black
line) by using the HRXRD at SSL

2.2. Beamline ID15A atEuropean Synchrotron Radiation Facility
(ESRF)

At European Synchrotron Radiation Facility (ESRF, Grenoble, Frasee Fig. 2.14
beamline ID15A has been used to carry out experimentsrafy Xliffraction oncurvedcrystals of
Si and Ge material.

The working principle oynchrotron lightsourceis very different from that of an ay tube.
A synchrotron is a storageng for electrons, which are contained imagnetic fields to prevent
excessive divergence and consequent energy\ldlssn the electrons are deviated from a straight
line usingauxiliary components such as bending magnets and insertion devices (usdafator
wigglers), the consequent acceleration towards ¢batre of the curve creates an energy orbital
jump thus producinglectromagnetic radiationt this energy change is larghen Xrayscan be
produced. The X-rays from the synchrotron are emittedngantially from the radius and
concentrated into a narrow cone with the electric field vector predominately confitedgiane of
the orbit,i.e., the beam is horizontally polarised.
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Figure 2.14: European Synchrotron Radiation Facility (Grenoble, Frace)

On beamline ID15A,high energy, high flux and flexibility in the energy tuning are well
combined with significantly high spatial and spectral beam definikonX-ray characterization of
curved Si and Ge crystals,highly monochromatic and quasirallel beam (50x50 pfror 100x50
e M) wastuned to the desired engrganging from 150 to 700 keV. This was dahanks to a twe
reflection Laue Si (111) unbent monochromator with a sharp monochromaticibe orderof

30 o G P T .A highpurity Ge detectowas used to reveal X ray$he beam intensitwas

constantlymonitored by the current of electrons in the storage ring of the synchrdthen.
experimental setup at beamline ID1&Ashown in Fig. 2.15

primary beam
20 scattering angle

germaniume-
detector

- -

Figure 2.15: experimental setup at the beam line ID15A at the ESRF

The characterization of the samples was carried out by performing RCs in Laue geometry,
i.e., by recording either the transmitted or diffracted beam intensity while the crystal was rotated in
the beam around the positiorh@re the Bragg condition is satisfiettansmitted beam intensity
was recorded by keeping the sample in diffraction condition and shifting the detector in such a way
to measure the beam intensity passing through the crystal without undergoing diffraction.
Moreover, the sample holder was set far enough from the detector in order to allow for sufficient
separation of diffracted and transmitted beams even at highest ebghgction and transmission
RCswererecorded one after the other, resulting in twoptementary curves as a function of the
beam incidence angléFig. 2.16) An advantage of this configuration is thaiffrdcted and
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transmitted RCexhibited diffraction efficiercy of the sample under analysisficiency is defined
asin Ref. [2.3, 2.4 (see also chapter),Inamely the ratio of diffracted beam intensity over the
transmitted one.

The FWHM of the RC is a direct measurement of the angular distribution of diffracting planes
(hereinafter referred to as angular spread), namely the bending @nthe crystal. InLaue
geometrythe Bragg angles are small and therefore a possible broadening of the RCs due to a
variation of the lattice parameter can be negligible. Furthermore, the shape of theaRamst
modifiedby extinction phenomena, whietere negligible in suctturvedcrystals
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Figure 2.16:RCs obtained at beamline ID15A on a SCDP crystal [2.5]. The energy of the photon beam  was
150 keV.Filled circles plot the intensity of the transmitted beam, whereas the empty dles plot theintensity  of
the diffracted beam. The FWHM of the RCs is of the order of crystal bending.

2.3. Hard X-ray diffractometer at Institute Laue Langevin (ILL)

At Institute Laue Langevinl(L, Grenoble, FranceX-ray characterization amvo stacksf Si
curved crystaldias been carried out by usiaghard Xray diffractometel(see Fig. 2.17pased on
the method of Xray focusing for transmission (Laue) geome®y6{2.9]. A schematic diagram of
this technique is shown in Fig.18 The diffractometer uses a polychroroaind divergenk-ray
beam (energy range between 80 and 450 keV) emitted from avdligiye and findocus X-ray
tube commonly used for industrial radiographs. Since Bragg anglessmall (0.57 1 degree),
diffraction peaksverelocated close to the @ict beam, thus allowing the observation of peaks from
several crystallographic planes. These lattereobserved thanks to a highsolution and sensitive
X-ray image intensifier coupled with a CCD camera, featuring a spatial resolution of about 0.35
mm (pixel size).

For the experiment on curved Si mudtystak, the distance between sample and generator
focus, this latter being 1x1 nfinwas set to be 4.45 m, thus determining a lattice tilt maximum
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sensitivity of 8.1 arcsec. Moreover, a slit with var@alsize positioned just before the sample
delimited the width of th&-ray beam.

Figure 2.17:left side: X-ray generator and diffractometer. Right side: sample orientation table anddetector.

Transmitted beam

Perfect crystal

Generator focus

ILL Hard X Ray diffracto

2m<2L<12m
Diffracted and

View in the diffraction plane fcased besm

20 2l

Figure 2.18 schematic representation of the irplane focusing of a divergent polychromatic xay beam by a
crystal in Laue geometry. If the distance from the source to the crystal is equal to that from the crystal to the
focal point, all diffracted rays converge to a point and a distribution of wavelengthis selected2.1q.

Under the assumptions highlighted in R&.11], for a diffradcometer based on the method
of X-ray focusing in Laue geometry with a divergent and polychromatic beam, all diffragted r
converge to a point (Fi.18 and a distribtion of wavelengths from the white beam is selected.
The focusing effect only occurs in the scattering plane while in the perpendicular direction the
radiation propagates straight.fact, scattering from a perfect thin crystal will result in a lineifgof
onto a detector located at the focusing position. The FWHM of the intensity Gaussian profile
perpendicular to the line is solely determined by the size oKtheey source and the thickness of
the crystal. Conversely, for a curved crystal the widtlthefintensity profile is also related to the
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deformation of diffracting planes, i.e., to its bending arjglB]. In particular from a crystal with
CDP the width of a converging or diverging beam at the detector {anglk approximation) is
given by

. . . _a 2.1.
‘] W CO— O0— Q\—(

where the * sign holds for the converging or diverging mode of diffraction, a is the size of the
X-ray source, t is the thickness of the crystal (traversed by radiation), f is the sestiptector
distance, |1$ the length of the crystal which undergoes bending and R is the curvature radius of the
crystal. The terng@ is the contribution of broadening due to the thickness of the sa@ptae

broadening due to the variation of incidence angle Wlepresents the bending contribution.
This result has been obtained by revisiting the formulas of the focal spot size in Refs. [2.11, 2.12].

A typical diffraction pattern produced by the hardag diffractometer is shown in Fig. 2.19.
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Figure 2.19: Diffraction patterns recordedfrom a Si crystal with CDP (a). Horizontal average crosssection of
the focal spot corresponding to (11 Hiffraction is highlighted (b).
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3. X-ray characterization of curved Si and Ge
crystals for realization of a Laue lens

3.1. A Laue lens for astrophysics

A Laue lens is an optical component to focus hardaixd soft gammaay photons through
Bragg diffraction in Laue geometry withia properly arranged array of crystals disposed as
concentric rings with radii spanning a certain range-83] (see Fig. 3.1). For a Laue lens a
significantly important field of application is represented by astrophysics. In fact, in heag X
astronomymany celestial sources emitting highergy photons are very interesting candidates for
investigation. As an example, a hot topic in astrophysics that may benefit from usage of a Laue lens
is high-precision mapping of celestial positron sources [3.4pudh the study of the+e- e 1
annihilation line at 511 keV. Despite a 511 keV emission has been observed for more than 30 years
towards the Galactic center [3.5], the origin of the positrons still remains a mystery. Stellar
nucleosynthesis [3-8.8], accreting compact objects$3.12], and even the annihilation of exotic
dark matter particles [3.13] have all been suggested, thus a deeper investigation has to be done. A
Laue lens would enable the study of the location of positron sources in our Galaxy by concentrating
the annihiation line at 511 keV with high resolution, thus bringing new clues concerning these still
elusive sources of antimatter. As another, the focalization ofk8¥7photons produced by the
decay chain of the radionuclide 56Ni would enable the study of Tgy@upernovae events, thus
unveiling the physical processes in these cosmological standard candles [3.14].

It is widely acknowledged by the scientific community that a Laue lens would achieve a gain
in sensitivity by one or two orders of magnitude withpexs to existing telescopes in the hard X
ray/soft gammaay domain (>100 keV). In fact, in order to improve our knowledge of the violent
celestial processes responsible of the emission ofdmnghgy photons more sensitive telescopes are
needed. Curreninstruments operating in this part of the electromagnetic spectrum do not use
focusing optics. They reconstruct the incidence direction of detected events thanks to either an
aperture modulation (coded mask) or by tracking the multiple (Compton) intesaofiphotons in
a sensitive volume [3.15]. The common point of these two techniques is that the signal is collected
onto an area which is itself the sensitive area. With the existing kind of telescopes more sensitive
means larger in order to collect moigral. However, the improvement of sensitivity only scales
with the square root of the collection surface since the instrumental background scales with the
volume of detectors. This is why it appears impossible to achieve the required sensitivity leap of a
factor 16100 with the existing principles of soft gamiray telescopes. On the other hand, by
concentrating photons from a large collection area of a crystal diffraction lens onto a very small
detector volume, background noise would be extremely lowrigad a significantly high gain in
sensitivity.
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Figure 3.1: sketch of a Laue lensX- and gammaray photons are diffracted by anarray of crystals, disposed as
concentric rings spanning a certain energetic range, towards a common focal point [3.15]

Since in most cases a Laue lens is requested to concentrate radiation over a broad energy
range, a typical component for wip@assband focusing is a mosaic crystal [3.16]. However, this
latter suffers a 50%mit in diffraction efficiency. With this aimcrystals with curved diffracting
planes (CDP) have been deeply studied as-&ifitiency optical components for the realization of
a Laue lens for satelltborne experiments. CDP crystals exhibit a uniform energy distribution with
a passband proportiahto the curvature and their diffraction efficiency can ideally reach the unity
[3.17, 3.18].

For fabrication of a CDP crystal, several techniques have been worked out. Bending can be
accomplished by mechanical means, i.e., by deforming a perfect siygtal [3.19] through an
external device. As an example, mechanically bent crystals have been used in synchrotrons for
many years as higéfficiency monochromators. However, the usage of an external device leads to
excessive weight, which is to be avoidegpecially in satellitdorne experiments with a Laue lens.

Thus, selstanding CDP crystals are mandatory for practical implementation of a focusing
telescope as a Laue lens. Such curved crystal can be produced by applying a thermal gradient to a
perfectsingle crystal [3.20] but, this method is energy consuming and not adapted to-b@pece
observatory as well. CDP crystals can also be obtained by concengatdiant technique, i.e., by
growing a twecomponent crystal with graded composition aldhg growth axis [3.208.23].
However, crystals bent by such a method are not easy to manufacture, this making the technique
hardly applicable for a Laue lens application, for which serial production of crystals should be
envisaged.

It was proven that a pmising technique for bending crystals is surface grooving [3.24, 3.25].
Grooves manufactured on the surface of a crystal by a diamond saw induce a permanent curvature
within the crystal, with no need for external device. This technique is based on ¢édstimation
of the crystal induced by the grooves. As a result of deformation, a permanent curvature is
produced, resulting in sedtanding CDP crystals. Such method is cheap, simple and very
reproducible, thus compatible with mass production.
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Within the f r amewor k of the AlLaue projecto as
Sensor and Semiconductor Laboratory (SSL, Ferrara, ltaly) silicon and germanium plates are
plastically deformed by grooving one of their major surfaces with very good contriiieof
curvature. Grooved crystals were characterized at ESRF (Grenoble, France) wagelifkaction
experiments and exhibited significantly high performance up to 700 keV, peaking 95% at 150 keV
[3.18]. Moreover, it resulted that measured angular spoédite diffracted beam was always very
close to the morphological curvature of the sample under investigation, proving that the energy
passband of CDP crystals can be controlled by simply imparting a selected curvature to the sample.

Next sections describthe possible arrangements of CDP crystals in a Laue lens, their
fabrication through surface grooving technique and experimental resultsayf ¢haracterization
obtained on Si and Ge grooved crystals, showing their functionality as optical elementsafe a
lens.

3.2. Configurations of crystals in a Laue lens

For the sake of better understanding, some concepts about diffraction in curved crystals are
reviewed.

CDP crystals are innovative for the realization of a Laue lens because they offer a continuum
of possible diffraction angles, directly owing to their curvature. Thus, it becomes possible to diffract
X-rays over a broad energy passband. According to dynamical theory of diffraction [3.26], their
reflectivity can be significantly high [3.17, 3.18], bgi

where the first factor is for diffraction efficiency, and the latter is the attenuation factor due to
linear absorption throughout the crystadt is the crystal thickness traversed by radiatfn, the
d-spacing of diffracting planes (hkl) amgithe angular spread, i.e., the bending angle of the crystal.
[ is the Bragg angle and the extinction length as defined in Ref. [16]. Forvaar Si (111)
crystal with radius of curvature of the order of hfeters4 pA i and photon energy of the
order of 18 keV, a reflectivity about 7080% can be obtained.

In Ref. [3.25], a model, which completely relies on the theory of elasticity, bkas
developed to predict the curvature of grooved samples, thus obtaining the appropriate nplue of
that maximizes the reflectivity of a Laue lens.
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3.2.1. Geometry 1: stack of equally curved crystal plates

With the aim of widepassband focusing, CDP cryistanust be disposed vs. impinging
photons as i n Fig. 3. 2a, hereinafter call ed
diffraction efficiency of the whole lens, sedfanding curved crystal plates thicker than some
millimeters are required. Howevyerealization of such thick CDP crystals is technologically
demanding.

A possible solution can be a muttiystal, i.e., a stack of equally curved crystal plates, aligned
with each other with high accuracy (Fig. 3.2a) [3.27, 3.28]. In a Laue lens sdherséack should
be positioned with the diffracting planes parallel to the major surface of the crystalline plate and
perpendicular to the lens surface. Photons enter the stack nearly parallel to the diffracting planes,
suffer diffraction and undergo fodag onto the detector. This technique opens up a viable way to
build up optical components for->or gammaray diffraction without any size constraint, which
may be useful in Laue lens application, where weight constraint is mandatory.

Figure 3.2: (a) Geometry 1. (b)A stack of platelike curved crystals is proposed as an optical component fora
Laue lens in geometry.Xc) Gecometry 2with a quastmosaic crystal as optical element fédocusing  through a
Laue lens. Aows represent Xray beam.In both geometries, curved diffracting planes are the (111) due to
their high reflectivity.

3.2.1.1.Misalignment effects

Proper bonding of neighboring plates in a stack (Fig 3.3a) is mandatory to ensure a good
alignment of the diffracting planes and thus a wielfined focal spot on the detector. In fact,
neighboring plates can be affected by a misalignment with respect to each other as shown in Figs.
3.3b, ¢ and d. With this regard, let us consider a paraltalybeam undergoing Laue diffraction
from curved crystailhe planes (parallel to the major surface of the plates), which are misoriented by
a constant anglg with respect to each other. In the case of Fig. 3.3b, if a photon with wavelength
is diffracted at Bragg angl§, , by one of the crystalline plates, another photon impinging onto the
other plate at the same point is being diffracted providedtthataivelength is
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=" "« o <Ai-0 3.2.

where3 is the angle of misalignment between the plates under-amglé approximation. If
instead one considers the misalignment as depicted in Fig. 3.3c, it@phkith wavelength is
di ffracted at dB by one of the crystalline pl
same point is being diffracted provided that its wavelength is

X p — 3.3.

For the case of phohs impinging onto the plates misaligned as in Fig. 3.3d, the relationship
between wavelengths reads

_foralle 3.4.

It turns out that misalignment is unimportant for arayx beam impinging as in Fig. 3.3d, less
important for the configuratiomiFig. 3.3c, while critical for the case in Fig. 3.3b. Therefore, for
fabrication of a stack of plaié&e curved crystals, special care must be paid to avoid this latter
misalignment.
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Figure 3.3: perfect bonding of neighboring plates in a stack is maatory to ensure a good alignment of  the
diffracting planes and thus a welldefined focal spot on the detector (a). For a parallel-ray beam (red arrow)
undergoing diffraction from curved crystals with plates misoriented of an angl€i, the misalignment is
critical (b), less important (c) and indifferent (d).

3.2.2. Geometry 2: quasi mosaic crystals

The Ageometry 20 as in Fig.3.2c has been g
surface exposed to the photon flux, which meansidation of about 10 samples vs. 110"
samples for geometry 1. The necessary curvature to yield CDP is provided bynqsag (QM)
effect as a secondary curvature.

Quasimosaicity is an anisotropic effect that manifests itself when a properly atientstal
plate is bent along a given direction, i.e., quaesaicity depends on the crystallographic
orientation of the plate undergoing bending. Indeed, a primary curvature imparted to a crystal
results in a secondary (quasbsaic) curvature of a diffent plane direction due to the quasi
mosaic effect. The curvature induced by the phenomenon of quasi mosaicity has been studied in the
framework of linear elasticity and can be predicted [3.29].

Historically, quasimosaicity was discovered by Sumbaevairseminal work [3.30]. More
recently, this phenomenon was introduced by Ivanov [3.31] to bend Si crystals for steering high
energy particles via coherent effects in crystals [3.32, 3.33].

The use of QM crystals allows positioning of the crystals in a len®in the same way as
for mosaic crystals, i.e., with the diffracting planes perpendicular to the major faces of the crystal
(Fig. 3.4). However, in Ref. [3.29] it has been shown that the sigrradise ratio attained for QM
crystals can be about ander of magnitude larger than that for mosaic crystals, highlighting the
functionality of exploitation of QM crystals in efficient focusing of highergy photons in a Laue
lens.
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