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Non-conventional sources I: X-ray Powder
Diffraction using Synchrotron Radiation
Fabia Gozzo
The lecture starts with a brief historical introduction to synchrotron
radiation (SR) followed by a discussion of the properties of SR and the main
parameters governing its production. The Materials Science beamline at the
Swiss Light Source is, then, described with particular attention to its optical
elements and the role that the optics plays on the performances of the
Powder Diffraction station served by this beamline. Important concepts
such as angular resolution, energy resolution, angular selection in the
secondary beam are also extensively discussed before describing the Powder
Diffraction station itself with its two detection systems. The attention is,
also pointed to all those parameters which the experimenter should carefully
consider when planning a powder diffraction experiment using synchrotron
radiation. Finally, the important concepts of Peak Shape Function and
Instrumental Resolution Function will be introduced.

Synchrotron Radiation
When charged particles (electrons or positrons) move along curved
trajectories, they emit electromagnetic radiation, called cyclotron radiation.
When the charged particles are moving at relativistic speeds, the cyclotron
radiation is known as synchrotron radiation (SR) from the specific type of
particle accelerator (the electron synchrotron) in which it was observed for
the first time in 1947.
Before discussing the unique characteristics of SR, which have made the use
of SR in physics, chemistry, technology, biology and medical science so vast
and fruitful, a brief hystorical introduction will be drawn.

SR Milestones
1944: D. Ivanenko and I. Pomeranchuk predicted significant radiation losses
in higher energy betatrons [1]. This was fairly new since previous studies of
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energy losses by radiation in nuclear accelerators had concluded that
radiation loss was not a significant factor in the design of accelerators [2].
1946: John Blewett at General Electrics Research Laboratory after
carefully studying Ivanenko and Pomeranchuk’s theory, concluded that they
were right and suggested the experimental search of such radiation [3]. He
was, unfortunately, not believed and a combination of experimental
difficulties and closed mind attitude of his co-workers made the attempt to
detect synchrotron radiation to fail.
April 24, 1947: Herbert Pollock and co-workers [4] observed (literally,
since it was radiation in the visible range) the emission of synchrotron
radiation (Fig.1) during the commissioning of the new 70 MeV synchrotron
accelerator at GE built up to test the phase-stability principle (McMillan and
Veksler, 1945, [5]). Bob Langmuir was the first to suggest that the observed
radiation must have been “Blewett radiation” and the same Blewett, no
longer at GE, suggested to look at the polarization of the emitted radiation
to exclude all other interpretation of its origin.

Figure 1. Synchrotron radiation from the 70MeV machine at
General Electric Research Laboratory where it was first discovered
on April 24, 1947.
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1946-1949: Spectroscopic detailed experimental studies (Pollock’s group)
and analysis (Schwinger) of the observed synchrotron radiation [6]. These
studies were, however, still primarely motivated by the SR negative role in
electron acceleration technology.
1956: Tomboulian and Hartmann performed the first synchrotron
experiments at the 320 MeV electron synchrotron at Cornell [7]. They
confirmed the SR spectral and angular distribution and reported the first
synchrotron radiation spectroscopic experiment using synchrotron radiation
(transmission of Be and Al foils near the K and L edges). SR was finally
looked as a potential useful research tool. Soon after, the usefulness of SR
in the hard X-ray range was recognized by Paratt [8].
In the early years, however, synchrotron radiation was not considered
important enough to justify electron accelerators entirely dedicated to its
production. The so-called first generation synchrotrons were, therefore,
electron accelerators where synchrotron radiation was obtained as a byproduct of the accelerators otherwise built and operated for elementary
particle physics. In the choice of the operation parameters, the priority was,
then, always given to the high-energy physics experiments and they were not
ideal for synchrotron radiation use. In spite of the non-optimal working
conditions, first generation synchrotrons were active and productive:
•
•
•
•

National Bureau of Standards (today NIST) facility (Synchrotron
Ultraviolet Radiation Facility or SURF, 180-MeV machine)
Frascati laboratory near Rome (1.15 GeV machine)
Institute for Nuclear Studies-Synchrotron Orbital Radiation (INSSOR) in Tokyo (750-MeV machine)
Deutsches Elektronen-Synchrotron (DESY) in Hamburg (6 GeV
machine)

All these machine operated or began operating in parasitic mode, but often
their operation as synchrotron radiation facilities survived the high-energy
physics operation (SURF is an example).
In 1966, the University of Wisconsin began to operate the first electron
storage ring, Tantalus, a 240-MeV machine. Initially financed as a test bed
for advanced accelerator concepts, the storage ring Tantalus ended up being
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the first storage ring dedicated to synchrotron radiation. With Tantalus,
the superiority of electron storage rings as dedicated sources of SR became
quickly evident. Not only the parameters were optimized for synchrotron
radiation operation, but storage rings behave better than synchrotron
accelerators as SR sources. In fact, in a storage ring, the electron beam is
stored and continuosly circulates in a closed orbit for several hours,
producing a more stable and intense photon beam.
Tantalus opened the gate towards the so-called second generation
synchrotron facilities: these are storage rings fully optimized and dedicated
to synchrotron radiation science. Second generation facilities only employed
bending magnets to bend the electron beam trajectory and, hence, produce,
synchrotron radiation. Third generation synchrotron facilities are, instead,
those which employ the so-called insertion devices (discussed later).
Citing and describing all second and third generation facility is beyond the
scope of this scripts. Instead, Fig. 2 shows a map of the world indicating
the name and location of the presently existing synchrotron facilities.

Figure 2. Operational synchrotron radiation facilities around the
world
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Decommissioned old facilities (like Tantalus) do no longer appear in such
maps. The interested reader may find an extensive reference list in [9] and
references therein. We recommend, in particular, the reading of the
hystorical overviews on synchrotron radiation by John Blewett (1997),
George Baldwin (1975), Arthur Robinson (X-Ray Data Booklet) and John
Helliwell (1998). For a general overview on synchrotron radiation the reading,
for example, of the book “Introduction to Synchrotron Radiation” by Giorgio
Margaritondo is also recommended [10]. Many concepts of SR explained in
these scripts have been extracted from this book.

Properties of Synchrotron Radiation
The peculiar properties of synchrotron radiation derive from the relativistic
movement of the charged particles along curved trajectories with a large
radius of curvature.
Figure 3 shows an oversimplified cartoon of a synchrotron storage ring, with
the numbers referring to the SLS. The electrons are produced in the LINAC
(linear accelerator), accelerated to a final energy of 100 MeV and injected
into the Booster (generally much smaller than the storage ring, but 270 m in
circumference at the SLS) where they are further accelerated to a final
energy of 2.4 GeV and injected into the storage ring (288 m circumference).
Here the beam reaches the optimum operational conditions (400 mA
electron current, 2.4 GeV storage ring electron energy, emittance <5 nm
rad).
The array of bending magnets that bend the trajectory of the electrons
and force them to circulate in close orbit (green rectangles in the cartoon),
quadrupole focusing magnets that focus the electron beam and sextupole
magnets that correct the electron optics aberrations, all together constitue
the so-called storage ring lattice. A radio-frequency cavity (500MHz at
SLS) periodically acts on the circulating electrons, restoring the energy lost
by synchrotron radiation emission. Quadrupole, sextupole and RF cavity are
not shown in the cartoon.
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Figure 3. Cartoon showing the scheme of a SR facility. Nondipole magnets and RF cavity are not shown.

The main characteristics of synchrotron radiation are:
1. Tunable photon energy (or wavelength) over a wide spectral range
2. Spectral Brightness (or Brilliance) defined as the flux per unit area of
the radiation source per unit solid angle of the radiation cone per unit
spectral bandwidt:
[Brightness]=[photons/s/0.1% BW/mm²/mrad²]
This important source parameter tells how collimated and intense the
emitted photon beam is per unit spectral bandwidth.
3. The radiation emitted in the orbital plane of the electron accelerator
is linearly polarized with the electric vector parallel to the plane of
the orbit. For other directions, it becomes elliptically polarized.
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4. Pulsed time structure of the source, defined by the duration and the
separation between pulses (order of ns). The source time structure
depends on the size of the ring and the number of circulating bunches.
5. Coherence
The characteristics of the synchrotron radiation emitted by bending
magnets discussed above depend on the parameters characterizing the
storage ring. The most relevant are:
1. The stored beam current, usually expressed in mA (the SLS typically
works at 400 mA ring current).
2. The energy of each circulating electron E, which is expressed in MeV
or GeV depending on the ring (the SLS is a 2.4 GeV source). The
electron energy is also frequently defined by means of the γ
parameter (=E/m0c2, with m0 electron rest energy): γ ~ 1957 E(GeV).
3. The number of circulating electron bunches, influencing the time
structure.
4. The emittance (vertical and horizontal) of the electron beam, defined
as the size of the electron beam times its angular divergence. The
storage ring lattice (dipole, quadrupole and sextupole magnets) define
the emittance of the ring. The SLS employes 330 magnets (39
bending magnets, 174 quadrupoles and 120 sextupoles) to achieve its
spectacular low emittance (< 5 nm rad).
5. The radius of curvature ρ of the electron trajectory:
Ee [GeV ]
meters
B[T ]
This does not correpond to the actual radius of the ring, but it is the
radius of curvature that the ring would have without straight sections
(see later). At the SLS, ρ is 5.73 meters, whereas the storage ring
circumference is 288 meters.

ρ = cte ⋅
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6. The beam life time. This parameter is less relevant at the SLS which
operates in top-up injection mode. Small amount of charge are
injected from the booster into the storage ring at ca. 3min intervals
to keep the storage ring current constant over days within 1%.
7. The critical photon energy hω c and the total emitted power:

hω c = 0.665E e2 [GeV ]B[T ]keV
The critical photon energy divides the spectral distribution of the
radiation emitted by a storage ring into two parts with equal total
power. Figure 4 shows an example of spectral distribution of the
radiation emitted by a storage ring. The spectral distribution (N(hν)
in Fig.4) are shown for different energies of the stored electron
beam. For higher electron energies (and, therefore, higher critical
energies), the spectral distribution of the radiation shifts towards
higher energy values. This explains why a storage ring like the ESRF
(6 GeV facility) produces higher photon energies than the SLS (2.4
GeV facility).

Figure 4. Spectral distribution of the synchrotron radiation
emitted at different energies of the stored electron beam.
The vertical line identify the critical photon energy, as
discussed in the text (from Ref. 10: “Introduction to
Synchrotron Radiation”, by G. Margaritondo, Fig. 2.14,
p.31)
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The characteristics of the synchrotron radiation extracted by a storage
ring can be further improved if the radiation is extracted from the socalled insertion devices instead of the bending magnets.

Insertion devices
The synchrotron radiation emission spectrum can be changed by inserting
multiple magnets devices (so called insertion devices) in the straight
sections of the ring (those free of bending magnets). The arrangement of
the magnets in the insertion devices must be such that they produce only a
local perturbation of the electron orbit.
In these devices, the electrons run a “slalom course” along a linear array of
oppositely-poled magnets (see Fig. 5). The multiple oscillations inside the
device produce, then, an enhancement of the emitted intensity that is
concentrated along the axis of the insertion device. There are essentially
two types of insertion devices: multiple wigglers and undulators.

Figure 5. Schematic representation of the electron beam
behavior inside a wiggler or an undulator (courtesy of Phil
Willmott).
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In the case of a multiple wiggler with N magnets, an incohent superposition
of radiation from the 2N wiggler poles occur. The emission spectrum is,
therefore, similar to the spectrum of a bending magnet (i.e. continuous) with
an intensity 2N times larger. Wigglers are also said “wavelength shifter”,
because their higher magnetic field shifts to higher values the critical
energy. The Materials Science beamline is the only wiggler-based beamline
at the SLS and the choice was done to allow reaching higher photon energies
(up to 40 keV).
If the radiation emitted by the different poles produces interfence, then
the emission spectrum is no longer continuous but characterized by very
intense peaks at specific photon energies. This is the case of an undulator.
An example of the emission spectrum of an undulator is given in Fig. 6.

Figure 6. Spectral distribution
radiation emitted by an undulator.

of

the

synchrotron

The main difference between a wiggler and an undulator is, therefore, in the
size of the excursion from a straight path that they force the electrons to
execute, large in the case of a wiggler and small in the case of an undulator.
How to make the excursion large or small and how strong the interference
effects are depends on the strength of the magnetic field B (larger in the
case of a wiggler) and the spatial period of the device (smaller in the case of
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an undulator). Figure 5 shows a schematic representation of the electron
beam behavior in a wiggler and in an undulator. The parameter which
characterizes the insertion device is the so-called K parameter:

K = 0.934 λ w [cm]B[T ]
For undulators K ~ 1 and for wigglers K>>1.

The Materials Science Beamline at the Swiss Light
Source
The Swiss Light Source (SLS) at the Paul Scherrer Institute is a third
generation synchrotron facility (2.4 GeV, 400 mA). It began commissioning in
2001 with four X-ray beamlines: two for soft X-Ray photoemission
spectroscopy and spectromicroscopy and two for hard X-Rays diffraction
and imaging [11].
The Materials Science (MS) beamline is one of the first 4 SLS operative
beamlines and the one delivering the hardest X-Rays (5-40keV). Initially
three experimental stations were served by the same optics: X-Ray
Tomography (XTM), Powder Diffraction (PD) and Surface Diffraction (SD).
Since April 2008, XTM has moved to a fully dedicated beamline (TOMCAT)
and the available beamtime at the MS beamline is now divided between PD
and SD only.
Figure 7 shows the layout of the MS beamline.

Optics is the beamline optics hutch, EH1 is the first experimental hutch
housing the XTM and the PD stations (since April 08 only PD), EH2 is the
second experimental hutch housing the SD station, control 1 is the first (PD)
experimental control hutch, control 2 is the second experimental control
hutch and, finally, lab is the beamline preparation laboratory.
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Figure 7. Layout of the Materials Science beamline

Figure 8 shows a schematic view of the MS beamline optics.

Figure 8. Schematic view of the beamline optics

The source is a wiggler and the beamline optical system consists of (from
left to right):

•
•

A cylindrical vertically collimating mirror (First Mirror)
A flat first monochromator crystal (First Mono Crystal)
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•
•

A sagittally focusing second monochromator crystal (Second Mono
Crystal)
A cylindrical vertically focusing mirror (Second Mirror).

The synchrotron white beam is collimated by the first mirror in the vertical
plane (the diffraction plane) and reflected onto the double crystal
monochromator (DCM). The DCM main axis angle defines the beam energy
(or wavelength) value. It should be clear that in a DCM, the energy
resolution achieved totally relies on the degree of collimation of the
incoming photon beam (see Fig. 9). The second mono crystal is bendable and
can, therefore, either collimate or focus the beam in the horizontal
(sagittal) plane. Furthermore, the second mono crystal guarantees a beam
fixed exit for all selected photon energies with two orthogonal translation
movements. Without this condition, the diffractometer height would need to
be adjusted as a function of the working photon energy. Finally, the beam is
reflected onto the second mirror, which can either be bent and deliver a
focused beam or kept flat and deliver a parallel beam (high-angular
resolution setting).

Figure 9. Schematic view of a DCM: λ1 and λ2 are two discrete
wavelenghts belonging to the polychromatic divengent incident
beam satisfying Bragg law for the same interplanar distance d of
the DCM crystal (Si 111, for example as at the MS beamline)
and a combination (λi,θi) of photon wavelength and Bragg angles.
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High angular (or FWHM) resolution powder diffraction
Photon beam energy resolution
Angular (or FWHM) resolution and photon beam energy resolution are
related to each other. In order to understand this relation, let us consider a
perfect powder sample i . Figure 10 shows what happens to one of the millions
of crystallites of the perfect powder when it is invested by a photon beam.
Let λ be a perfectly monochromatic and collimated beam, d the interplanar
distance of one family of crystallographic planes and θ the angle satisfying
Bragg law: 2dsinθ=λ. A diffracted beam at 2θ from the incident beam
direction will, then, be detected.

Figure 10. The effect of energy resolution on angular (FWHM)
resolution

i
A perfect powder can be defined as composed by millions of crystallites, randomly oriented in all crystallographic
directions (no texture), whose size is large enough to produce negligible size effects in the diffraction pattern but
small enough to remain within the kinematical diffraction approximation (negligible multiple scattering effects).
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Let us now suppose that the incident photon beam is no longer perfectly
monochromatic: λ’=λ ± Δλ. The beam is still perfectly collimated and Fig.10 b
and c show what, now, could also happen. In the powder, there could be
present one or more families of crystallographic planes with interplanar
distance d’ very close to d but different from it (accidental overlapping). If
this is the case, Bragg law could, then, be satisfied by the combination (d’, λ’)
corresponding to the same θ angle (case b). Or, corresponding to exactly the
same family of crystallographic planes with interplanar distance d, Bragg law
could be satisfied with one of the possible (θ’, λ’) combinations (case c). In
case (b) the same diffracted angle 2θ would, then, correspond to two or
more distinguished families of crystallographic planes, whereas in the case
(c) the same family of crystallographic planes would correspond to two or
more different diffracted angles. In both cases, we would loose the ability
to distinguish in the diffraction pattern between the reflections generated
by two (or more) families of crystallographic planes of close d spacings.
Differently stated, the angular (or FWHM) resolution relaxes due to the
relaxation of the energy resolution.

Incident collimated photon beam
A similar relation exists between the incident photon beam divergence
(equivalently its degree of collimation) and the angular (FWHM) resolution of
the resultant diffraction pattern. Let us supposed to invest our perfect
powder sample with a perfectly monochromatic but focused photon beam. Be
λ its wavelength and Δ2θ its angular divengence (see Fig. 11).
Be d the interplanar distance of one family of crystallographic planes
satisfying Bragg law for: 2dsinθi=λ, where θi is the central angle of the fanshaped incoming incident beam of divergence Δ2θ. While spinning around the
diffractometer axis, the millions of crystallites belonging to the perfect
powder will satisfy Bragg law corresponding to θi and all other angles in the
fan (θi ±Δθ), resulting in a diffracted beam for that given d spacing
distributed over this angular divergence. Similarly, Bragg law could be
equally satisfied along the same diffracted direction but correspondingly to
a different family of crystallographic planes d’ (with d’ close but different
from d) through a proper combination of the grain orientation with respect
to the direction of the incoming beam fan.
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Figure 11. The effect of beam divergence on angular (FWHM)
resolution

Obviously, we never deal with a perfectly monochromatic and/or a perfectly
collimated beam. Therefore, these two effects that we have separately
analyzed only for simplicity occur simultaneusly and when we claim working
with nominally monochromatic and collimated beams, in reality we always
have a finite energy resolution and a residual beam divergence. At the MS
beamline, we have an energy resolution of Δλ/λ=1.4x10-5 and a residual
divergence lower than 23 μrad (ca. 6 arcsec) out of the second flat mirror.
If we were to give the recepe to collect diffraction patterns with high
angular (or FWHM) resolution, the first two ingredients that we would, then,
list are:
1. High energy resolution
2. High degree of collimation of the incoming photon beam
These ingredients are INDEPENDENT on the detection system that we
have.
Obviously, it would not make a lot of sense to push very far the incident
beam energy resolution and its degree of collimation if the detector would
be a medium or low resolution detector. In this respect, the above
mentioned parameters are related to the detection system in the secondary
beam.
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Equivalently, it would also not make a lot of sense to push the overall angular
(or FWHM) resolution very far if the intrinsic (sample related) diffraction
peak FWHM would be sensibly larger than the instrumental resolution.
Remember: high resolution set ups cost a lot of photons and they should
always be well justified, in particular in expensive laboratories like a
synchrotron facility. The flexibility of the beamline optics, the beam
conditioning elements (e.g. horizontal and vertical slits), the choice of the
detector, sample size, mounting and environment makes it possible to decide
on the best conditions under which executing the experiments.

Angular selectivity of the diffracted beam
The sequence of pictures in Figure 12 (a to d) show the role of the angular
selection in the secondary (or diffracted) beam. Let us consider a
monochromatic and parallel incident photon beam and a perfect powder
mounted in a capillary of diameter D.
Figure 12a: The diffracted rays a, b and c (in black) are diffracted from
three different crystallites that happen to be oriented at the same time at
the right Bragg angle with respect to the incident beam for a given family of
crystallographic planes of interplanar spacing d. Being the three different
crystallites located at three different positions in the capillary of diameter
D, the parallel diffracted rays fall at three different detector positions:
2θ1, 2θ and 2θ2. Equivalently, diffracted rays coming from different families
of crystallographic planes (blue rays d and e) or from anelastic scattering
(e.g. fluorescence or Compton) will fall on or very close to the a, b and c. The
result is a diffraction peak with a relaxed full width at half maximum
(FWHM) and a lower signal/background.
Figure 12b and c: A slit in the secondary (or diffracted) beam can improve
the angular resolution of the detector, but sensibly suppress the diffracted
intensity. The use of a so-called Soller slit, that is an arrangement of
parallel slits, improves the S/B but does not influence the enlargement of
peak FWHM coming from the macroscopic dimension of the sample.
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Figure 12. The role of the angular selection of the diffractd beam
on the angular (FWHM) resolution
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Figure 12d: A crystal analyzer in the secondary beam would perform an
angular selection of the diffracted beam and let only the diffracted rays
which satisfy Bragg law at the crystal analyzer reaching the detector. We
could say that a crystal analyzer on the secondary beam is equivalent of
having a Soller slit arrangement with a width equal to the crystal analyzer
Darwin width. At the SLS powder station we have Si 111 crystal analyzers,
whose Darwin width ranges from 11.48 arcsec (ca. 0.0032 deg) at 5keV and
1.31 arcsec (ca. 0.00036 deg) at 40 keV ii . The crystal analyzer Darwin width
defines the angular acceptance of the crystal and the given numbers should
convince you how efficient in terms of angular resolution is to have a crystal
analyzer in the secondary beam.
Angular resolution is not the only advantage of having a crystal analyzer in
the secondary beam. Other advantages are:
1. Independence of the angular resolution on the sample size
2. Independence of the angular resolution on sample positioning
3. High signal-to-noise
4. High signal-to-background
The crystal analyzer, in fact, lets a diffracted beam reaching the detector
only if the incident angle satisfies Bragg law for the given crystal analyzer
at the working photon wavelength, independently on where the diffracting
crystallite is precisely located, making the sample size and its exact position
at the center of the diffractometer less stringent. Similarly, the crystal
analyzer suppresses the background coming from inelastic scattering, like
fluorescence emission, incoherent (Compton) scattering or scattering with
air.
The suppression of the fluorescence emission makes it possible to work very
close to the absorption edge of the atomic species, which constitute the
powder under investigation (anomalous dispersion powder diffraction,
ADPD). The tunability of the photon beam energy in a fairly wide energy
ii

On http://www.chess.cornell.edu/oldchess/operatns/xrclcdwn.htm, you can calculate the Darwin width of silicon
and germanium crystals as a function of the energy.
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range available at synchrotron radiation facilities makes ADPD particularly
suitable for SR-XRPD.

Setting up an experiment
When preparing an experiment, it is always important to carefully think
about what should be the best experimental conditions under which
executing the experiment. This is always very important, but in particular in
a synchrotron where the access is very limited in time, the operation very
expensive resulting in experimental sessions that are stressful as much as
they are exciting. We will mostly consider the Debye-Scherrer
(transmission) geometry that is more often used when dealing with powders,
but reference to reflection geometries will also be done.
It is not always possible to define in advance how far we should push the
angular (or FWHM) resolution even when good laboratory diffraction
patterns have already been collected, because the laboratory instrumental
resolution often obscure the intrinsic FWHMs of the powder diffraction
peaks. The choice of the detector is often clear since the beginning of the
experiment, but not always. At the SLS powder diffraction station we try,
therefore, to keep as flexible as possible the use of the two detectors and
use them in conjunction or even simultaneusly, when possible. Further details
concerning the choice of the detector will be discussed when describing the
SLS powder diffractometer and its detection systems. A new degree of
freedom in the powder diffraction experiments will also be introduced: the
time resolution.
There are several details that can, and should, be sorted out prior to the
experiment:

•
•
•

the optimum photon energy
the optimum sample thickness in transmission XRPD
the minimum and maximum Q values (or the maximum and minimum d
spacings) that need to be accessed.

The first factor to be taken into account in choosing the photon energy is
the absorption. Matter absorbes X-rays through several mechanisms each
dependent on the energy of the photon beam: photoelectric effect, incohent
Non-conventional sources I: X-ray powder diffraction using Synchrotron Radiation
Fabia Gozzo (fabia.gozzo@psi.ch)

Summer School on Structure Determination from Powder Diffraction Data
Paul Scherrer Institute, June 18th-22nd, 2008

(Compton) inelastic scattering, coherent (Rayleigh) elastic scattering
electron-positron production and photonuclear processes. For an isolated
atom at photon energies of less than 100 keV, contribution to the total cross
section come mostly from the first three mechanisms. When performing a
diffraction experiment we aim at maximizing the elastic scattering and
minimizing the other phenomena.
The working photon energy and the sample thickness (in transmission)
should, in fact, be chosen so to optimize the diffracted intensity. This
means that for the given working photon energy the sample should neither
be too thin (insufficient volume of diffracting material) nor too thick
(excessive true absorption). It can be demonstrated that, to a good level of
approximation, the optimum condition corresponds to:

μt=1
with t=sample thickness (capillary diameter 2R) iii and μ the linear absorption
coefficient of the sample. The linear absorption coefficient μ depends on
the substance considered, its density and the working photon energy and is
the quantity that defines how much of the incident beam intensity I0 is
transmitted by the sample:

I = I 0e −μ t
The condition for optimum diffraction intensity (μt=1) stated above says,
therefore, that a transmission specimen is of optimum thickness when the

intensity of the beam transmitted through the specimen is 1/e, or about 1/3,
of the intensity of the incident beam iv .

If the quantity μt<1, the diffracted intensity is not optimal but absorption
corrections which are a function of 2θ are negligible. If μt>1, a dependence
of the intensity on 2θ occurs, which produces the high 2θ intensities to
appear more intense than expected. When this working condition cannot be
avoided, data can be corrected but it is recommended, in this case, to
experimentally estimate the μt factor. The true sample thickness t of the
iii

This statement can be easily demonstrated. See for example: “Elements of X-Ray Diffraction” by B.D. Cullity
(Ref. 12) at pages: 288-289. More on the subject at pages: 164, 424-427.
iv
Directly cited from D. B. Cullity: page 164.
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capillary is always difficult to estimate due to the usually unknown degree of
packing and this can be a large source of error.
An alternative, often more convenient, way to express the decrease of the
intensity involve the measurement of the mass per unit area

⎡ g
⎤
⎡ g ⎤
m A = ρ t ⎢ 3 cm⎥ = ρ t ⎢ 2 ⎥ of the speciment, rather than the speciment
⎣ cm
⎦
⎣ cm ⎦
thickness. In this case, we write:

I = I 0e

−μ t

= I 0e

μ
ρ

− ⋅ρ t

= I 0e

μ
ρ

− ⋅m A

The quantity μ/ρ [cm2/g] is called the mass absortion coefficient, where ρ is
the density of the material in gr/cm3. Being μ proportional to ρ [g/cm3], μ/ρ
is a constant of the material and independent of its physical state (solid,
liquid, gas). μ/ρ is the quantity that we often find tabulated. v
What we have said concerning the maximization of the scattered diffraction
intensity (μt=1 rule for the maximum diffracted intensity) assumes that μ
refers to the total linear absorption coefficient, which takes all absorption
(photoelectric as well as elastic and inelastic scattering) components into
account.
We recommend visiting the following NIST (National Institute of Standards
& Technology) web page (XCOM: Photon Cross Sections Database),
http://physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html Here a web

database is provided which can be used to calculate photon cross sections
for scattering, photoelectric absorption and pair production, as well as total
attenuation coefficients, for any element, compound or mixture (Z 100), at
energies from 1 keV to 100 GeV vi .
The relation between the linear absorption coefficient μ (or the linear mass
coefficient μ/ρ) and the total absorption cross section σtot is:
v

If the sample under investigation contains more than one element (e.g. a compound), its mass mass absorption
coefficient will be the weighted average of the mass absorption coefficients of its constituents elements:
(μ/ρ)m=ω1(μ/ρ)1+ω2(μ/ρ)2+…with ωι the weight fractions of the components. We, then, have:

⎛ μ⎞
I = I 0 exp⎜⎜ − ⎟⎟ ρ m t
⎝ ρ ⎠m

with ρm the average density of the compound. The beam wavelength is assumed to be far from the absorption edges
of all elements in the compound.
vi
Directly cited from the NIST web page.
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σ tot N A σ tot [cm 2 / atom] N A × 10 −24 σ tot [barns / atom]
μ
2
=
=
cm / g =
ρ
u⋅A
A
A

[

]

where u =

1
[ g ] = 1.660538782 × 10 − 24 [ g ] is the unified atomic mass unit (or
NA

Dalton (Da)) and A is the relative atomic mass. The barn is commonly used as
a cross section unit: 1barn=10-24 cm2. The following figures have been
generated using the XCOM database for carbon and platinum, as simple
examples. It is often helpful plotting the individual contributions to the
atomic cross section because, although the photoabsorption usually
dominates, corresponding to relatively flat regions of the elastic scattering
cross sections, the individual cross sections help selecting the energy value
corresponding to the lowest photoabsorption that is still in the region of
higher elastic scattering.

Simple calculations shows that the at 10keV, the μt=1 rule would require a
sample thickness of ca. 1mm in the case of C and ca. 5μm in the case of Pt.
In the case of C, therefore, a fairly large sample of 1mm should, then be
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preferable to a smaller one, unless the dimension of the sample needs to be
smaller to improve the FWHM resolution, as seen before. When dealing with
light organic compounds, in fact, absorption is never a problem and one
usually works in the μt<1 regime because the sample thickness requested by
the μt=1 rule is, often, not convenient for other reasons (e.g. availability of
enough sample, angular resolution if working w/o angular selectivity in the
secondary beam). For heavier absorber, on the other hand, the aim is simply
the minimization of μ and the μt=1 rule is fairly difficult to meet with
reasonable sample sizes. In this case, absorption corrections are often
necessary.
At the following NIST page you also find useful literature, definitions and
discussions on this subject:
http://physics.nist.gov/PhysRefData/XrayMassCoef/chap2.html
From Bragg law 2dsinθ=λ we see that the shorter the wavelength λ, the
smaller the Bragg angle for planes of a given spacing. Decreasing the
wavelength (equivalently increasing the photon energy) will, therefore,
squeeze all diffraction lines closer to each other. This is another factor to
be considered when choosing the working photon energy.
Unless performing anomalous scattering powder diffraction experiments,
one should also avoid working close to the absorption edges of the elements
in the compound under investigation to avoid strong absorption. Particularly
important if there is no angular selection in the secondary beam, because
the fluorescence produced will produce unacceptable background levels.

Finally, the choice of the energy directly influences the accessible minimum
and maximum Q values:
2d sin θ = λ ⇒

1 def
sin θ
= q [Å -1 ] = 2
d
λ

It is often used the quantity Q instead of q vii :

vii

Be aware that you might find in literature other definitions of Q.
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def

Q [Å -1 ] = 2π q [Å -1 ] = 2π

1
sin θ
= 4π
d
λ

Larger Q values give the access to smaller d-spacing and correspond to high
d-spacing resolutions because the maximum Q value define where the
Fourier transform is truncated. We see that the smaller the wavelength, the
larger the maximum accessible Q value and viceversa.

The Swiss Light Source Powder Diffraction Station

Figure 13 shows a schematic view of the powder diffractometer at the SLSMS beamline, where we will collect diffraction patterns on selected samples
during the hands-on session.
The instrument is mounted on a lifting table, which allows a vertical motion
of 1000mm in 2μm steps. A similar table provides support for arbitrary
sample environments. The two tables are mounted on a common rail system,
enabling a motion perpendicular to the synchrotron beam.
The diffractometer viii consists of three coaxial heavy-duty rotary tables.
The central table (ω-axis) hosts the sample or sample environment. In Fig.13
an Eulerian cradle is shown which adds two angular degrees of freedom to
the diffractometer (for single crystal and texture measurements).
Alternatively a spinner for capillaries or flat plate can be mounted (see Fig.
14) or several other sample environments (see PD station handbook at
http://sls.web.psi.ch/view.php/beamlines/ms/pd/manuals/index.html.

The other two tables host the detection systems that at the Materials
Science beamline powder diffractometer are two and independent on each
other:
A multicrystal analyzer detector for angular (FWHM) resolution better
than 0.005° in 2θ.

viii

Joint project of the Rotary Precision Instruments UK- Ltd (former Eimeldingen UK- Ltd) and the Paul Scherrer
Institute.
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A wide-angle (120° in 2θ) silicon μstrip detector (MYTHEN II) for highspeed (submsec) data acquisition at angular (FWHM) resolution better than
0.02°.

Figure 13. Schematic view of the powder diffractometer at the
Swiss Light Source Materials Science Beamline.
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Figure 14. Spinner for capillaries (left) and for flat plates
(right). Both can be spun up to 8-10 Hz.

Multicrystal analyzer detector
We have already discussed the role of a crystal analyzer on the secondary
(or diffracted) beam and already observed how expensive is in terms of
photons. A smart solution to recover some of the lost intensity was found by
Hodeau et al. in 1998 [13]. Their idea consisted in placing several
independent analyzer crystals at a fixed offset one with respect to the
other and simultaneusly collecting the diffracted signal with one detector
following each crystal. The crystal analyzers are all mounted on a θA-2θA
double goniometer as shown in Fig. 15. The θA-axis goniometer plate positions
the n-crystals (5 Si 111 crystals at the SLS PD, 9 at the ESRF ID31 and the
Swiss Norwegian beamline and 45 (5 banks of 9-crystals) at Diamond, the
latter not yet in operation ) at the correct Bragg angle for every working
photon energy, while the 2θA-axis goniometer plate positions, as a unit, the
corresponding n-detectors (5 NaI(Tl) scintillators ix -photomultipliers at the
SLS PD station) at the correct 2θA value for every working photon energy.
Mounting the crystals at an angular offset (nominal 2° at the SLS PD) allows
us to satisfy the Bragg condition for the 5 (or more) crystals all together,
by simply rotating the double goniometer in a 2:1 ratio. During the acquisition
of the 2θ scan, the 5 analyzer/detectors intercept the diffracted peaks one
after the other (4° earlier the 1st crystal, 2° earlier the 2nd crystal, at the
calibrated 2θ angle the central crystal, 2° later the 4th crystal and 4° later
the 5th crystal), yielding to independent 2θ scans. The counting statistics is,
then, increased by a factor of n with the only requirement to merge the n
signals after carefully correcting the offset.

ix

thallium doped sodium iodide
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Figure 15. Multicrystal analyzer detector set up at the SLS PD
station.

Figure 16. Diffraction patterns collected in porallel with the
5 analyzer crystals. Only the central crystal (middle pattern
on the left) has the correct 2θ scale, the others need to be
corrected for the offset and, then, merged all together to
produce a 2θ pattern with higher statistics.
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The MYTHEN Microstrip detector
With the multicrystal analyzer detector, as well as any other so-called pointdetectors, 2θ full diffraction patterns are obtained by scanning in 2θ the
detector. Data acquisition statistics and time considerably improves at
little-to-negligible expenses of the angular (FWHM) resolution when we scan
5 (or more) crystal analyzer-detectors in parallel and we execute the 2θ
scan continuosly instead of performing step sizes (operation that we call onthe-fly mode), but the acquisition times still remain of the order of minutes
and/or hours. For time resolution powder experiments or for powder
diffraction pattern collection on compounds that heavily suffer under the Xray synchrotron beam (organic compounds, for example), this acquisition
time scale is prohibitive.
A drastic improvement can be achieved by using the combination of a parallel
(in 2θ) X-ray detection and a fast read out, where the number of parallel
detectors is now more than 6’000 times larger.
The SLS MYTHEN microstrip detector is a 1-D (2θ dimension) detector
designed by Bernd Schmitt of the PSI detector group [14]. In its upgraded
version (developped by B. Schmitt and A. Bergamaschi) installed at the SLS
PD station in July 2007, MYTHEN II consists of 24 modules each containing
1280 independent channels and covering approximately 5 degrees in 2θ,
which correspond to 30’720 independent channels and a total 2θ angular
coverage of 120°. Figure 17 shows MYTHEN II and the SLS PD station (left)
and the MYTHEN II Module Circuit Board (MCB). From right to left you see
the silicon sensor followed by 10 readout chips connected to the Si sensor
by wire bonding. The Si sensor is 300 μm thick and consists of 1280 strips
8mm long with a pitch of 50 μm, whereas each readout chip has 128
independent channels for a total of 1280 independent channels one for each
strip.

Detector Principle
Figure 18 schematically shows the MYTHEN detector principle. X-ray
photons arrive onto the silicon sensor consisting of 1280 Si p-n junctions.
Electron-hole pairs are created by the X-ray photons and separated by a
voltage Vbias applied to the junction. On average, 3.62 eV are needed to
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create one electron-hole pair. Therefore, if the detector efficiency were
constant with the energy, in the 5-40 keV energy range of the MS beamline,
E (eV ) − ⎞
⎛
⋅ e ⎟ of approximately 1400 to 11000 electrons is
a charge ⎜ Q =
3.62
⎝
⎠
generated by the absorbed photon. The detector efficiency depends,
however, on the energy and is 100% up to 7keV but already 15% at 25 keV.
In spite of what predicted at the beginning of MYTHEN operation, we have
been able to successfully operate the detector up to 40 keV.

Figure 17. MYTHEN II at the SLS PD station (left) and its
Module Control Board (right).

The Readout Chip
The readout chip consists of a chip control block and 128 identical channels.
Ten readout chips sit on each detector module providing 1280 independent
channels, one for each sensor strip.
The detector is operated in single photon counting mode. This means that
each X-ray generating a charge above a certain threshold is counted. The
threshold is preferably set at half the X-ray photon energy to avoid dead
regions between strips. The noise of the chip should be several times lower
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than the thershold to avoid noise counts. The main requirements of the
readout chip are low noise and low threshold fluctuations.
MYTHEN II can be operated up to 3MHz count rates. Up to 1MHz intensity
corrections are of second order, above 3MHz more significant and can be
applied during the on-line data acquisition.

Figure 18. Schematic representation of a sequence of two
detector strips each consisting of a Si p-n junction with Al
contacts. The center-to-center distance between two successive
Al contacts is 50 μm (detector strip pitch), which defines the
size of the strip. Together with the sample-to-detector
distance, the strip pitch defines the intrinsic detector resolution
of ca. 0.004°.

Figure 19 schematically shows the principle of single photon counting mode
(implemented in MYTHEN) versus the integration mode. In the single photon
counting mode, the charge Q produced by the interaction of the X-ray
photon with the Si sensor enters a charge sensitive preamplifier. The
preamplifier keeps the input at ground.
The output voltage, then,
compensates the increase of the charge accumulated in the preamplifier
capacitor C and is, therefore, directly proportional to the charge produced
by the given X-ray. For every X-ray photon on the Si sensor producing a
charge Q, a resistor R discharges the capacitor C (RC circuit), producing a
pulse and, therefore, allowing a single photon counting. A comparator
discriminates the signal to be counted. As already said, the threshold is
preferably set at half the photon energy to avoid dead regions between
strips (see Fig. 20). In fact, if an X-ray photon arrives on the Si sensor at
half way between two strips (more exactly within 7μm midway between two
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strips), the charge produced can only be equally divided between the two
strips, producing a pulse of magnitude equal to half what it would be if the
photon would have fallen entirely on one single strip. In order to avoid double
counting and dead regions, one sets the threshold at half way the photon
energy. In this way, the signal from a photon falling at exactly half way
between two strips is thrown away. As you can see in Fig. 16, the electric
field lines inside the Si sensor correctly direct electrons produced by
photons arriving in any other region of the Si sensor.

Figure 19. Single photon counting mode (a) versus integration
mode (b).
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In the integration mode (Fig.19 b), the preamplifier resistor is replaced by a
switch. The switch keeps open while the charge is accumulated in the
preamplifier capacitor for a certain time t*. During this time, the
preamplifier output proportionally increases. After this time interval t*, the
charge is read out and the switch closes to discharge the capacitor.
During the accumulation time t*, the charge sensitive preamplifier
accumulate ANY charge coming from the sensor. Therefore, it cannot
distinguish between the charge produced by the interaction with the X-ray
photon with the sensor and the dark current. The integration is done on all
the charge entering the preamplifier during t*. Of course, in the single
photon counting mode also, dark current enters the charge sensitive
preamplifier, but since its entity is much lower than the charge produced by
a single X-ray photon, this charge simply dissipates into the resistor R
without producing a pulse. Single photon counting mode detectors are,
therefore, characterized by a signal-to-noise which is considerably higher
than the intergration mode detectors.

Figure 20. Section of a Si sensor with strips, explaining the
reason for setting the discriminator threshold at half of the
X-ray photon energy.

MYTHEN angular resolution
The intrinsic or ultimate MYTHEN angular resolution is determined by:
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•
•

sample-to-detector distance L
microstrip pitch p

For MYTHEN II, L=760 mm and p=50μm and are fixed.
Referring to Fig. 1821, we can write:

Δ 2θ int rinsic ≈ arctan

50
p
= arctan
≈ 0.003769° ≈ 0.004°
760000
L

Figure 21. MYTHEN intrinsic angular (FWHM) resolution (a) and
resolution relaxed by the sample dimension (b). Additional
contributions to the angular resolution comes from the finite
monochromaticity and finite collimation of the incident beam, as
discussed in the text.

MYTHEN II is, however, a position sensitive detector with no angular
selection on the secondary beam. We have seen that for such detectors, the
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sample dimension influences the angular resolution and, in fact, in the case
of MYTHEN which is characterized by an excellent intrinsic resolution
(0.004 deg in 2θ), the sample dimension is the major source of angular
resolution reduction:

Δ 2θ finite dinmension sample ≈ 2 arctan

For example:

d+p
2L

x

d = 300 μm ⇒≈ Δ 2θ ≈ 0.026 o
d = 100 μm ⇒≈ Δ 2θ ≈ 0.011o

Peak Shape Function (PSF) and Instrumental Resolution Function
(IRF)
We would like to conclude this discussion, detailed although not
comprehensive, on the experimental aspects of synchrotron radiation powder
diffraction with the definition of two very important parameters
characterizing the experimental powder diffraction pattern:

•

Instrumental Peak Shape Function (PSF)

•

Instrumental Resolution Function (IRF)

These concepts will be deeper discussed by A. Guagliardi in her lecture
(Powder Diffraction Pattern: Origin of Line Broadening and Peak Profile
Functions). Here we will only define and discuss them in relation with what
we have discussed so far.
The instrumental Peak Shape Function (PSF) is the analytical function, which
better describes the diffraction peak shape as a function of the 2θ angle,
whereas the Instrumental Resolution Function describes the diffracted peak
FWHM as a function of the 2θ angle for different photon energies. Both
functions are meant to be independent on the sample related peak

x

p
d
Δ 2θ
d p
Δ 2θ
Δ 2θ
d+p
2
tan
=
= 2 ⇒ + = ( h + k ) tan
= L tan
⇒ Δ 2θ = 2 arctan
2
h
k
2 2
2
2
2L
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broadening and only related to the operational instrumental set up. The
optics set up, the sample dimension, the slits in the primary and secondary
beam, the kind of detector employed all contribute to the instrumental peak
shape and resolution function. Although the diffraction peak line shape plays
an important role predominanlty when microstructural analysis is performed
since it is from the diffracted peak shape and FWHM that we extract
microstrucural information on the sample under investigation, the capability
of keeping instrumental peak shape and FWHM under control is certainly
relevant also in realtion with structural solution. In fact, the integrated
intensity extraction proper to structural solution requires a precise
background subtraction, which is hard for peaks with long tails unless the
curve fitting is based on appropriate profile functions [15]. Furthermore,
exotic line shapes which typically result from optics aberrations are often
very difficult to model and most of the powder diffraction programs would
not be able to handle them. An important phase in the optics set up at the
MS beamline consists of studying and shaping the direct beam profile
(independent of 2θ peak profile) and trying to keep the lineshape as Gaussian
as possible.
Modeling the instrumental contribution allows one to well and quickly
defining the optimum optical parameters for a given experiment or
immediately detecting irregularities in the instrument performances.
For these reasons, in 2005 at the MS beamline and in collaboration with the
Institute of Crystallography in Bari-Italy (De Caro, Giannini, Guagliardi), we
performed a detailed study of the instrumental Peak Shape Function and
Instrumental Resolution Function for different optics settings using the
multicrystal analyzer detector [16]. The function which better described
the instrumental peak shape function was a modified-pseudo Voigt with axial
divergence asymmetry modelled with the Finger-Cox-Jeaphcoat algorithm
[17]. We were able to find a simple analytical expression describing the
FWHM vs 2θ as a function of the photon energy with only two fitting
parameters (the beam divergence after reflection by the collimating and the
refocusing mirrors, see Fig.22). We found (Equation 5 in Ref.16) :
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where Δm is the double crystal monochromator rocking curve width, Δa is
crystal analyzer rocking curve width, θm and θa the analyzer crystal and
monochromator Bragg angles at the working photon energy and Δτp
Δτf,effective are the beam divergences after reflection on the collimating
refocusing mirrors.

the
the
and
and

Figure 22. High-resolution optical set up at the SLS-MS PD
station.

As an example, Figure 23 shows an IRF relative to 3 photon energies and
corresponding to both collimating and refocusing mirrors bent (optimum
energy resolution and focused beam in the vertical (diffraction) plane)

Figure 23. Experimental (circles) IRFs and their fit to the
analytical expression discussed in Ref. 16.
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