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Abstract

The aim of this lecture is to make a short introduction on Synchrotron Radiation, its history
and main properties. The main components of a synchrotron radiation beam line will be
described. The Italian beam line, G.I.L.D.A. (General purpose Italian beam Line for
Diffraction and Absorption) at the E. S. R. F. (European {Synchrotron Radiation Facility) in
Grenoble will be used as an example. The G.I.L.D.A. diffractometer will be described in detail
reporting also some experimental results.

1 - Introduction

Synchrotron radiation (SR) is a widely used tool for its peculiar properties, each of them

leading to specific applications.

Its wide spectral range, extended up to the hard x-rays, makes it useful to study resonance

effects at or near the core atomic absorption edges.

Due to its high intensity, white beam techniques such as Laue diffraction, in which a broad

bandpass of photons is used, can lead to ultra fast, in principle up to sub nanosecond-time

scales data collection, and thus to the study of fast reactions and metastable phases.

The low divergence and high monochromaticity lead to possibility to achieve very high

resolution.
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In this lecture a short overview of the history and properties of SR will be given. The

characteristics of a SR beam line are shown illustrating the Italian beam line GILDA (General

purpose Italian beam Line for Diffraction and Absorption) at the European Synchrotron

Radiation Facility (ESRF) in Grenoble.

Anomalous scattering, powder diffraction and reflectivity experiments performed on

GILDA will be described.

2 - Synchrotron Radiation

2.1 - Short history

It is well known that accelerated charged particles, such as electrons, positrons and ions

emit radiation. Due to their small mass electrons and positrons are the most efficient emitter of

radiation ; in particular due to this property electrons have been and are used in the production

of electromagnetic radiation in different spectral ranges (radio waves, microwaves, x-ray

Bremsstrahlung etc.).

In 1897, Larmor calculated the total instantaneous power, P, emitted by an electron of

charge e and non relativistic velocity v into all angles:

P= (2/3)(e2/c3)(dv/dt)2

where c is the speed of light and (dv/dt) is the acceleration.

The power emitted by an electron with energy E and mass m moving along a circular orbit

of radius R, at a constant speed Ivl but with changes in its direction due to the action of a

centripetal force is:

where P=v/c and mc^ is the electron rest mass energy (0.511 MeV), was evaluated by Lienard

in 1898.

When the radiation is emitted by charged particles which follow curved trajectories under

the guidance of magnetic fields, like in the case of particle accelerators such as storage rings,

the radiation emitted is known as synchrotron radiation.

The first observation, in the visible region, and the name 'synchrotron radiation1 was due

to Elder et al.[l] that in 1947 were working at the General Electric Research Laboratory

(Schenectady,N.Y.) where there was in operation a 70 MeV small electro-synchrotron.
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Only in 1956 the potentiality of synchrotron radiation as a powerful source of

electromagnetic radiation, especially in the ultraviolet region of the spectrum, were pointed out

by Tomboulian and Hartman [2] who performed their experiments at the 1 GeV Cornell

Synchrotron and realized the first spectroscopic studies. The future perspectives in the X-ray

region using machines with higher electron energies were predicted by Parrat [3] in 1959.

It took almost 20 years before synchrotron radiation really emerged. One possible reason is

that at the beginning there was only a parasitic use of accelerators mainly dedicated to high

energy physics experiments. Nowadays the situation is totally changed by the construction, in

many countries, of storage rings dedicated to synchrotron radiation and by the use of

machines which became at least partially dedicated.

2.2 - Synchrotron radiation main properties

The main properties that make synchrotron radiation a powerful source of electromagnetic

radiation are the following:

a) very broad and continuous spectral range from the infrared out to the x-ray region;

b) high intensity;

c) natural collimation;

d) high degree of polarization;

e) pulsed time structure;

f) high brilliance of the source, because of the small cross section of the electron beam and

the high degree of collimation of the radiation;

g) ultra-high vacuum environment and high beam stability in particular with storage rings;

h) all properties quantitatively evaluable.

The properties of synchrotron radiation [4,5,6,7,8,9] can be derived by applying the

methods of classical electrodynamics to the motion of relativistic electrons in circular orbits.

At non relativistic energies (p«l), electrons in circular motion radiate in a dipole pattern as

shown in Fig. 1, Case I. At relativistic energies (p=l), the angular distribution of the emitted

radiation will be strongly distorted into a narrow cone (Fig. 1, Case II) in forward direction

which means tangentially to the orbit. The cone half-opening angle, perpendicular to the

orbital plane, is proportional to y l , whose value is given by:

y = E/mc2 = 1957 E(GeV) (2)

and has a direct dependence on the electron energy, E. The natural collimation becomes very

dramatic for electron energies above about 1 GeV. At this energy most of the radiation is

emitted in a cone with a full vertical-opening of about 1 mrad.
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Figure 1. Radiation emission pattern of electrons in circular motion: Case I, non relativistic
electrons. Case II, relativistic electrons

As already noticed one of the most capable sources of synchrotron radiation is the storage

ring. A schematic view of a storage ring is shown in Fig. 2. An electron storage ring is an

assemblage of many components. Electrons are usually pre accelerated in linear accelerators up

to a certain injection energy before they are filled into the storage ring. To bring them into the

ring there is an injection system usually designed to operate at a lower energy than the

maximum of the ring itself; there must be one ore more radio frequency (rf) cavities to

accelerate electrons to full energy and to replace the energy lost to synchrotron radiation.

Electrons circulate in an ultra high vacuum chamber with ports at the locations of bending

magnets that make them travel in circular arcs producing synchrotron radiation. There are other

magnets like quadrupoles whose function is to focus, defocus the electron beam. Special

devices that are usually inserted in the straight sections are wiggler magnets and undulators that

are used to produce modified or enhanced synchrotron radiation.

The spectrum of the radiation produced contains very high energetic harmonics of a

fundamental frequency which is given by the angular velocity of the electrons. It can be shown

quantitatively [7] that the spectrum must contain frequency components up to a photon energy

e=hcy3/R. This means that synchrotron radiation from one electron consists of a discrete

spectrum of closely spaced lines. In practice in storage rings electrons are stored in circulating

bunches containing something like 1011 electrons, and the spectral distribution is continuous

because of statistical oscillations around a mean orbit (betatron oscillations), small fluctuations
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in energy ( synchrotron oscillations) due to instabilities of the magnetic and the rf-fields and

scattering with the residual gas molecules which lead to a line-broadening of each harmonic.
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Figure 2. Schematic view of a storage ring [9].

The shape of the 'universal curve' representing the spectral distribution of the radiation

from a normal bending magnet is shown in Fig. 3. The horizontal wavelength scale is defined

by a quantity ^c, know as critical wavelength and the vertical scale of intensity simply by the

electron current and energy.

^c is a very important quantity given by the equation:
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Xc=5.59 R/E3=18.64/(BE2) [A]

with E in GeV, R in meters and B, the magnetic field, in tesla.

101

(3)

x/xc
Figure 3. Spectral distribution of the synchrotron radiation produced by a bending magnet.

The shape of the spectrum shows that in order to obtain radiation extending from the x-ray

region to the infrared, Xc must be ~1 A or shorter; eq. (3) indicates that this can be achieved

with a value of E of a few GeV and R a few meters. The critical wavelength is related to the

critical energy , ec, given by the equation:

ec = 2.21E3/R = 0.07BE2 [KeV].

The physical meaning of £Q is t n a t na^f °f the total power is radiated above the critical energy,

half below.

The angular distribution of the radiation depends on the photon energy and on the critical

energy; a good approximation of this value is given by the following equation:

o = (0.68/EXec/E)0-425

where a is the FWHM given in nirad.

As an example of storage ring let us look in some detail the European Synchrotron

Radiation Facility (ESRF) built at Grenoble. ESRF is a third generation synchrotron radiation
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source. This kind of storage rings are defined as high brilliance machines, because the

parameter optimized is the flux per unit of beam cross sectional area and per unit solid angle. In

this sources the beam characteristics are significantly improved by the widespread use of

insertion devices, such as wigglers and undulators. These devices produce a spatially«

alternating magnetic field which causes an undulation of the electron trajectory, and results in a

shift in wavelength, a large increase in usable intensity and a remarkable increase in brilliance

(Fig. 4).
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Figure 4. The historical development of the available x-ray brilliance

The ESRF source is a 850 m long storage ring for 6 GeV electrons. Its injection system

consists of a 300 m long 6 GeV booster synchrotron and a 200 MeV linac preinjector. The
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electron current mean value is about 150 mA with a lifetime of ~50 h. It has 32 bending

magnets and the possibility to introduce up to 29 insertion devices.

In the following table are reported the ESRF bending magnet source main characteristics.

Magnetic field value 0.8 T

Critical energy 19.2 KeV

Beam dimensions (H x V) 187 x 128 ^m2

Beam angular divergence ( H x V ) 115x5 Jixad2

Radiated power (1=150 mA) 438 W

3 - The GILDA Beam Line

The Italian GILDA beam line [10,11] has been financed by INFN(Istituto Nazionale di

Fisica Nucleare), INFM (Istituto Nazionale Fisica della Materia) and CNR (Consiglio

Nazionale delle Ricerche) to give to the Italian scientific community access to a third generation

synchrotron radiation facility.

The beam line is divided into four main parts: the first one is the optical hutch and the other

three are experimental hutches. It collects 4 mrad of the radiation emitted by the ESRF bending

magnet D8 and covers the energy range that goes from 6 KeV to 50 KeV. The radiation

vertical divergence at the critical energy is -50 (irad.

Very important elements of a synchrotron radiation beam line are the optical elements. The

ideal beam optics would transport all photons, having defined specifications to the sample, but

there are always losses due to fundamental limits (aberrations, diffraction effects at slits etc.)

and to technological limits (crystal imperfections, mirror surface roughness...). If peculiar

beam characteristics are required, special optical elements are necessary. The main elements are:

1) slits and collimators;

2) filters;

3) mirrors;

4) crystal monochromators;

5) multilayer structures.

Slits and collimators are considered beam shapers, they are generally used to eliminate

stray radiation and limit, in some cases, the beam size. The function of the filters is to reduce

the heat load on other optical elements, absorbing part of the radiation.

X-ray mirrors have the following functions :

a) Deflection: some mirrors can be used to deflect part of a single SR beam so that several

beams become available for different experimental stations.
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b) Focusing: curved mirrors (generally cylindrical or toroidal) are used to image the source

point at some distant location.

c) Filtration: mirrors, with a cutoff in reflectivity above a certain photon energy, can act as

low-pass filters absorbing unwanted radiation and offering control over harmonics.

Crystals and multilayers are optical elements which rely on the in-phase addition of many

reflections. The coefficient of amplitude reflection of a single reflecting layer at near normal

incidence is -lO'VlO'3 in the x-ray region, and so if 100-1000 reflections can be made to add

in phase, high reflectivity can be obtained. Hat and curved crystals are employed to select more

or less narrow monochromatic energy bands.

The most important optical elements of the GILDA beam line are in the first hutch as

shown in Fig. 5. The first mirror set at about 25 m from the source collects a 4 mrad

horizontal fan of radiation at a glancing angle of 3 mrad and reduces the beam vertical

divergence. At about 28.5 m from the source a double crystal fixed-exit monochromator,

monochromatises and focuses the beam in the horizontal plane since the second crystal is

sagittally curved. A second mirror set at about 32 m from the source will also focus the beam

in the vertical direction but by changing its radius of curvature and the one of the second

monochromator crystal it will be possible to focus the beam vertically and horizontally onto

three focal points that are at the center of the three experimental hutches where experimental

apparatus are installed.

In order to cover the whole energy range the GILDA beam line can work in two different

optical configurations. For energies lower than 28 KeV the optics is represented by the double

crystal sagittal focusing monochromator and the two mirrors. For higher energies the beam is

not focused in the vertical plane and the mirrors are removed.

More details about the physical properties of x-ray mirrors and monochromators are

reported in Appendix A and B [12].

Using the focusing properties of the monochromator and of the mirrors the focal spot

achievable should be smaller than lmm2 with an average flux of the order of 10nphot/sec.

The crystals used as monochromators are Si(311) and Si(511) that have the advantage to

cover the whole energy range with an energy resolution in the 10~M0-5 range.

The first Gilda experimental hutch is dedicated to X-ray Absorption Spectroscopy (XAS) in

the transmission and fluorescence modes and will be soon ready for XAS in the reflection

mode (reflEXAFS) The high flux available at the ESRF is particularly useful in the study of

dilute systems, surfaces and interfaces. The second experimental hutch is dedicated to wide

angle x-ray scattering on amorphous materials, anomalous scattering and powder diffraction.
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Figure 5. Optical hutch of the GILDA beamline (Courtesy of V. Tullio INFN)
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Finally the third experimental hutch is available for non-standard and non-permanent

experiments.

4 - The GILDA X-Ray Diffraction Hutch

4.1 - Technical detail?

A schematic view of the diffractometer is given in Fig. 6. It mainly consists of a two-circle

(co - 20) horizontal axis goniometer (G) built by Seifert Co. (MZ VI) which has an angular

step of 0.28 arcsec and a reproducibility of 2 arcsec.

The scattering arm supports a moveable sled on which can be mounted another two-circle

diffractometer when willing to use the analyzer crystal (CA) for high resolution powder

diffraction or a 16 elements Si(Li) solid state detector (MD) for anomalous scattering

measurements. This detector, situated at 50 cm from the sample, has an angular resolution of

0.2°, an energy resolution of 300eV at 5.9 KeV and can hold a maximum count rate of 105

photons/sec/pixel. A standard scintillator detector (Nal(Tl)) is normally used as detector when

working with the crystal analyzer.

The crystal analyzers used up to now are a flat Ge(l 11) crystal and InSb(l 11) that were

mounted in a non dispersive geometry at about 15 cm from the sample and at about 10 cm from

the detector. They give the possibility to perform anomalous diffraction measurements with a

higher energy resolution (all fluorescence and Compton scattering can be removed from the

scattered beam) as well as the possibility to perform powder diffraction experiments with an

angular resolution better than 0.01°.

The sample position is adjusted using a motorized Huber goniometer head with four degrees

of freedom (two angular and two translational).

The goniometer is mounted on a kinematical base (BC) which allows its precise alignment

with respect to the beam (±10 Jim). All this system can move in the vertical direction to follow

the beam height changes due to the two possible optical configurations of the beamline and can

translate in the horizontal direction to be removed in order to allow the beam to reach the third

experimental hutch.

The beam size can be adjusted by means of a Huber slit assembly (SI), which has four

tungsten blades, two horizontal and two vertical, independently driven by small stepping

motors under external computer control, with a micrometric resolution. A second slit system

(S2) motorized and computer controlled (antiscattering slits) is placed very near to the sample.

The incoming beam intensity, useful for data normalization is measured by a scintillation

counter detector using the radiation scattered by a Kapton foil set at the Io position.
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Figure 6. Schematic view of the x-ray diffractometer (Courtesy of C. Meneghini).

4.2 - Experiments performed using the x-ray diffractometer

4.2.1 - Anomalous scattering

One of the first measurements of anomalous x-ray scattering on GILDA were performed,

on Sr(PO3)2 and Euo.iSro.9(P03)2.i glasses[13,14], to obtain detailed information about the

local order on pure and Eu-doped, Sr-metaphosphate glasses.

What makes these glasses interesting are their luminescent properties. For this reason they

have found important applications in the field of solid state lasers and optical amplifiers. In the
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case of metaphosphate glasses doped with rare earth ions like Europium, the electronic spectra

have shown to be sensitive to changes in the local environment of the dopant; on the other hand

the glass matrix itself could be modified by the presence of rare earth ions.

The advantage to use the GILDA beam line was related to the possibility to investigate both

the Sr K-edge at about 16.107 KeV and the Eu K-edge at 48.517 KeV with an high flux.

In principle also the Eu L-edges could be used for anomalous scattering experiments but

considering that the edge energy is rather low (~7KeV) the reciprocal space available is not

enough to get a good R-space resolution.

As shown in eq. 4, in a disordered multicomponent system where N atomic species are

present the measured scattered intensity is related to the total structure factor,S(q), where

q=4n:sin(6)A is the modulus of the scattering vector, 20 is the scattering angleand X, is the

photon wavelenght. In the Faber-Ziman formalism, S(q), can be written as a weighted sum of

N(N+l)/2 partial structure factors, Sap(q), that must all be determined with indipendent

measurements:

> p p p q (4)

with:

wap=caCpfa*(q,E)fp(q,E)/l<f(q,E)>|2 (5)

E is the photon energy, f(q,E) is the atomic scattering factor, a,p denote chemical species, c a

is the concentration of species a and the average value l<f(q,E)>l2 is defined as :

l<f(q,E)>|2=IZacafal2

The experimental problem is to determine species-specific structural information from the

given elemental averaging of the measured intensity. Anomalous x-ray scattering does this by

varying the photon energy and hence the atomic scattering factor:

f(q,E)=fo(q),+f(q,E)+if'(q,E) (6).

The dipendence of f anf f" (anomalous scattering factors) from the scattering angle is

negligible, but they change abruptly when the energy of the incident beam is tuned near the

absorption edge of a specific species, f is small and negative at photon energies well below the

absorption edge. As the edge is approached from below, it becomes increasingly negative and

peaks at the edge. With further increases in photon energy, it becomes less negative and

eventually small and positive well above the edge, f' is simply relatedto the x-ray absorption
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coefficient. It is small and positive for energies below the edge, rises sharply at the edge and

then decreases with increasing photon energy, always remaining positive.

Differential anomalous scattering (DAS), the simplest anomalous x-ray scattering

approach, utilizes the change in scattering below an absorption edge of a single component

element. A differential structure factor can be obtained by performing scattering experiments at

two energies, respectively near and far from the edge of a specific atomic element. By taking

the differences between these two data sets, all terms not involving the chosen atom subtract

out, since the atomic scattering factors of the other species do not change at the two energies

used in the difference.

The differential structure factor, DSF, around a selected species, A, is given by :

DSFA=LpAwAp(q,E)SAp(q) (7)

with

AwAp=[wAp(q,E1)l<f(E1)>|2- wAp(q,E2)kf(E2)>|2]/[kf(E1)>|2 - kf(E2)>|2].

The Fourier transform of the differential structure factor, for a given coordination shell will

give the average coordination numbers Nap of the atoms p surrounding the atom a at the

average distance rap and the Debye-Waller factor, aap. DAS detects the atomic arrangement

around a specific atom as EXAFS does but due to the larger q extension of the data sometimes

it can give richer in strucural details.

Fig. 7 shows the x-ray scattering spectra collected near the Sr and Eu K-edges. The small

diffrerences visible near the Eu K edge are due to the fact that the Eu concentration was only

1.2%.

The total structure factors and their Fourier transform are reported in Fig.8 and Fig.9. Two

well separated maxima, located at 1.53 A and at 2.52 A are present. This is consistent with the

presence of PO4 tetrahedral units confirmed also by other techniques like neutrons. The first

maximum is due to P-0 pairs, while both Sr-O and O—O distances contribute to the second

peak. There is also a small peak at r =1.9 A, well visible in the E3 data due to a further

coordination shell. This contribution is quantitatively consistent with a Sr-O coordination or

with a P-P coordination: different structural models are so compatible with the experimental

data. To resolve the ambiguity, the differential structure factors and their Fourier transform that

are reported respectively in Fig. 10 and Fig. 11 must be observed. The presence of the peak at

1.9 A in the DAS spectrum around the Sr K-edge allows to assign the peak to a Sr-O distance.

This result was confirmed by EXAFS experiments performed on the same samples.
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The mean coordination of the Eu ion was also determined in the Sr-Eu metaphosphate

glass. The rare earth ion was viewed as surrounded by irregular polyhedra of about 9 oxygen

atoms, with two distances centered at 2.36 A and 2.62A.
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Figure 8. Total structure factors for a-Sr(PC>3)2 (left) and a-Euo.iSr0.9(P03)2.i (right)

4.2.2 - Powder diffraction

X-ray powder diffraction, using conventional x-ray sources, is a technique widely used in

many laboratories for the characterization of materials. Some of the possible applications are :
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phase identification, accurate measurements of lattice parameters, studies of preferred

orientation and texture, line broadening analysis due to particle size and strain effects, phase

equilibrium studies and measurements of residual stress.

This technique is particularly useful in the study of interesting materials that can be prepared

only in micro crystalline form with dimensions < 5 Jim.

Synchrotron radiation has peculiar applications also in this field. As first its beam

characteristics can be used very advantageously for high-resolution powder diffraction.

Another useful feature of synchrotron radiation in powder diffraction experiments is the use of

anomalous scattering to selectively probe atoms with accessible K- and L- absorption edges.

As an example of line width achievable with the present experimental setup, Fig. 12

reports the (110) peak of a standard reference material, lanthanum hexaboride (LaB6). The

FWHM achieved, using InSb(lll) as crystal analyzer, at E=11.682KeV, was better than

0.01°.
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4.2.3 - Reflectivity measurements

The use of x-rays in reflectivity measurements to study the density profile across interfaces

or across thin films is well known [15,16]. An accurate analysis of the experimental data can

give a detailed picture of the density profile perpendicular to the sample surface. In particular,

in the study of the multi layered materials the spectra can give the layer thickness, the

periodicity of the structure and the interface quality.
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Superlattices, obtained using quaternary, ternary and binary alloys of elements of the in

and V group, are very promising materials for optoelectronic devices used in optical fiber

communications systems. The influence of the quality of the interfaces on the performance of

these devices is very high [17] and so it is consequently evident that a detailed characterization

of the interface layers is of great importance. Fig 13 reports the reflectivity spectra of a sample

prepared using low pressure metallorganic chemical vapor deposition (LP-MOCVD),

composed of 40 layers of InAso.3Po.7/InP with a period of 101 A , grown on a InP substrate.

The reflectivity spectra were recorded using 'anomalous1 x-ray reflectivity [18] at two

energies close to (11.864 KeV) and away from (11 KeV) the As K-edge (11.867 KeV).

Tuning the energy close to the As absorption edge induces a reduction of its scattering power,

Af<0.

The qualitative interpretation of the spectra shows that at 11.864 KeV the scattering from

the periodic structure is more evident, pointing out the presence of an As enriched layer of few

A at the interface between InP and InAsP well reproduced by a three layer structure InAs(4

A)/InAsP(12 A)/InP(85 A).
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Figure 13. Specular reflectivity at 11 Kev (left) and at 11.864 KeV (right).(Courtesy of S.
Bordoni)

Appendix A

Grazing Incidence Reflection: Mirrors

In order to understand how x-ray mirrors work and why conventional optics are not helpful

it is important to know that the propagation of electromagnetic radiation and in particular of x-

rays through a material is governed by the complex refractive index (n)[ 19,20,21]:
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n=n-ip=l-5-ip

where 8 and J3 are optical constants respectively known as the refractive index decrement and

the absorption index. The real part of the refractive index, n, determines the phase velocity of

the radiation, while the imaginary part, p\ describes the exponential attenuation, exp(-2rc{3tA),

of the radiation as it goes through the material of thickness, t. Typical values of 8 and P in the

x-ray region are:

8=10"2+10-5 and p=10"2+10"6.

Due to the values of 8 and (3, in order to focus and/or deflect x-ray beams, only reflection

and diffraction can be used.

The reflectivity of a mirror depends on several factors including the photon energy, the

angle of incidence, the mirror surface material and the mirror smoothness.

At normal incidence, x-ray reflectivities of all materials are very small (<10"5), again due to
the smallness of 8.

High reflectivities can be obtained at grazing incidence angles, or by coating the surface

with successive layers of high and low atomic number materials (multilayers).Grazing

incidence mirrors are based on total external reflection. It is well know that the transition of a

photon beam from a medium A to a medium B is governed by Snell's law:

nAsinai=nQsinar

where a ; and ccr are respectively the angles of the incident and refracted beams with the

interface normal. The total reflection can occur when light passes into a medium with a smaller

refractive index. The angle, a ic, above which total reflection occurs is given by sinar=l or

aic=nB/nA. The critical angle 0c=9O-aic, is defined as the angle below which total reflection is

obtained.

Since the refractive index, n, of the mirror material is less than unity in the x-ray region,

this means that x-rays are totally reflected for grazing angles 0 less than a critical value 0C. For

0<0C the electromagnetic wave cannot propagate in the mirror so an high reflectivity can be

obtained.

The reflectivity of all materials reaches 100% for glancing angles 0=0. For materials with

P « n (non-absorbing materials) and for photon energies higher than any transition in the

material so 8 can be approximated by :
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6=(Nee
2X2)/(27cmc2)

where Ne is the effective electron density, X is the radiation wavelength and re=e2/mc2 is a

constant known as classical electron radius (re=2.82xl0"13cm), it is possible to obtain high

reflectivities below the critical value:

sin6c=(25)1/2= X(

this means that, for a given wavelength, 6C is roughly proportional to the square root of the

density of the material. For this reason mirrors are often coated with gold or platinum, so as to

maximize the grazing angle and minimize the total length needed to intercept a given beam.

As 6C is proportional to X, a mirror set at a glancing angle 9 does not reflect wavelengths

shorter than:

*.c=e(7t/(reNe))
1/2 .

The cut-off wavelength can be adjusted with the grazing angle. Band- pass filters can be

realized by combining a grazing incidence reflection with an absorption filter and utilizing the

strong increase in the absorption coefficient toward longer wavelengths to define the long

wavelength cut-off.

Appendix B

Double crystal monochromators

The reflectivity of an optical element can be increased if many reflections are made to add in

phase. This can be achieved by using crystals [22] or multilayer mirrors [21]. In each of these

cases the reflectivity is enhanced at a glancing angle 8 for a wavelength X satisfying the

Bragg's law:

2dsin9=nk (IB)

where n is the reflection order (n=l,2,3...) and thus wavelengths X, X/2, X/3,..., X/n are

reflected simultaneously as far as the reflections are not forbidden by the crystal structure;

2dsin9 is the path difference between waves of the reflected beam and in particular d is the

crystal planes spacing.
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In crystals the repeat period d is defined by the structure of the material, whilst for

multilayer mirrors d can, in principle, take on any desired value.

For a crystal, d, is the perpendicular distance between the successive planes of atoms that

contribute to the reflection. The planes are described by the Miller indices, hkL Perfect crystals

(Si, Ge) have a very narrow diffraction profile and a very high reflectivity. The energy

resolution of a crystal, used as monochromator, is a function of the width of the reflection

(intrinsic Darwin-width for a perfect crystal), and the divergence of the incident beam

(yo=2.35cr' ), which depends on the storage ring parameters.

For a divergence A9, expressed in radians, differentiation of the Bragg equation (IB) leads

to:

AE/E=AM=(\|/0
2 +A92)1/2cot8.

Since little intensity is lost by reflection of the beam by crystals, this allows the use of

multicrystal monochromators, which have found widespread application providing fixed-exit

beams at heights which do not vary when the wavelength is changed. In order to redirect the x-

ray beam into the horizontal plane after vertical reflection, a second crystal must be used in the

parallel configuration. Rotation of the crystals around their horizontal axis, required for energy

scans, causes a variation in the vertical offset h between the incident and exit beam, given by

the expression h=2Lcos9, where L is the separation of the diffracting surfaces. Since large

variations in wavelength are necessary, the height change of the diffracted beam is commonly

eliminated by coupling the crystal rotation with a translation of the second crystal.

With source to monochromatic distances of (10-20)m, beam cross-sections are (10-20)mm

per milliradian beam divergence. The beam can therefore not be effectively used with the small

samples commonly employed, in particular in the horizontal direction. As a result, horizontal

focusing with crystals has found widespread use. It was previously shown that the efficiency

of mirrors is based on total reflection of x-rays below the critical angle. Since the critical angle

is generally small, mirrors have to be long to intercept a significant fraction of the beam; on the

other hand bent crystals have the advantage of a much larger angle of reflection so crystals can

be smaller and the mechanical specifications of the surface are less crucial. Crystals are also

very useful at short wavelengths, at which the critical angle of mirrors becomes prohibitively

small.
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