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A Monte Carlo algorithm has been developed to calculate the instrumental

profile function of a powder diffraction synchrotron beamline. Realistic models

of all optical elements are implemented in a ray-tracing software. The proposed

approach and the emerging paradigm have been investigated and verified for

several existing X-ray powder diffraction beamlines. The results, which can be

extended to further facilities, show a new and general way of assessing the

contribution of instrumental broadening to synchrotron radiation data, based on

ab initio simulations.

1. Introduction

Most techniques in synchrotron radiation experiments, invol-

ving either soft or hard X-rays, extract the physical informa-

tion by measuring radiation scattering, in terms of an intensity

signal versus photon energy, detection position or angle, etc.

The measured signal contains information on the X-ray–

specimen interaction, but is also influenced by the character-

istics of the X-ray beam and by the instrumentation, which are

far from being ideal. The source characteristics (flux, size and

divergences) are fundamental for any optical system. For

instance, the best performing and expensive beamline in a low-

emittance storage ring would simply not work, or it would give

poor results, if installed in a conventional X-ray source or

older generation synchrotron. The optics used to prepare the

beam (for monochromatization, collimation, focusing) are

never perfect. For synchrotron radiation where reflection of

X-rays only occurs at low glancing angles (below a few mrad)

the quality of the mirrors in terms of figure shape and finish

is fundamental to obtaining the desired results. The mono-

chromator, usually the heart of a synchrotron beamline,

selects a narrow energy bandwidth required for the experi-

ment. Downstream of the sample, the detector characteristics

and performances must be considered when analysing the

results, as usually the experimental results must be corrected

for these. In between sample and detector there are usually

other elements, slits or analysers, also playing an important

role. Many experimental techniques base their success on a

data analysis where the experimental results are compared

with a model including the physics of the scattering

phenomenon (absorption, diffraction, etc.), as well as a model

of the broadening of instrument and detector caused by their

non-ideality. Most data analysis routines include an approx-

imate broadening, e.g. via convolution with Gaussians of

adjustable breadth, with the only constraint of keeping the

effect within a ‘reasonable’ range of values. In many cases, it is
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possible to measure this instrumental broadening using a

known, suitably characterized, reference sample.

Simulation tools in charge of modelling the beamline source

and optics usually stop at the sample, providing information

on beam size, divergence, energy spread and sometimes also

polarization or coherence. Data analysis often starts with a

good description of the sample, whereas the X-ray beam is less

characterized. In the present work we try to bridge these two

worlds, create a communication channel connecting an accu-

rate and detailed simulation of the beamline optics with the

sample’s features, and describe how all is affected by the beam

characteristics. The new approach is applied to a popular

technique, powder diffraction. The ultimate goal is to enable

virtual experiments, where the simulation includes all stages

from the production of the X-rays to the experimental results

for a particular sample. We show here that this is possible not

only for illustrating how a beamline works but also to obtain

quantitative information on the instrumental functions, which

could be used in data analysis.

2. The instrumental function in powder diffraction

X-ray powder diffraction (XRPD) is a technique commonly

used to characterize the spatial arrangement of atoms in

materials. It provides structural information that can be

correlated to functional characteristics, so that it is essential

for investigating materials properties.

XRPD line profile analysis (LPA) is the chief technique in

the study of materials microstructure (Mittemeijer & Scardi,

2004; Scardi et al., 2004). Peak profiles in the diffraction

pattern are modified in shape, intensity and position by

microstructural effects, like the shape and size distribution of

the crystalline domains (aka crystallites), lattice distortions

(microstrain) and, in general, disorder present in the system.

Together with these physical sources, the observed profile

contains the instrumental contribution, which is a combined

effect of photon source energy, spatial and angular divergence

distributions of the photon beam, modelled by the specific

optical setup and the quality of its elements, and radiation–

matter interaction (mostly for the absorption effect).

The diffraction line profile observed experimentally (h) can

be conceived as a convolution of the individual profiles of the

different sources of instrumental broadening (g) and struc-

tural line broadening ( f), such as crystallite size and micro-

strain (Klug & Alexander, 1974; Mittemeijer & Welzel, 2013),

h "ð Þ ¼

Zþ1
�1

g �ð Þ f "� �ð Þ d�: ð1Þ

When dealing with nanostructured material, crystalline

domain size produces significant effects on profiles. This can

be treated according to Scherrer’s formula (Scherrer, 1918;

Patterson, 1939), correlating the measured integral breath �
with the volume-weighted mean crystallite size Dh iV, incoming

photon beam wavelength � and diffraction angle �,

� 2�ð Þ ¼
K� �

Dh iV cos �
: ð2Þ

Just by considering the inverse proportionality relation

between the observed quantity and the mean crystallite size, it

is clear how the error on the crystalline domain size diverges

for small values of integral breadth, i.e. when instrumental

effects are the main feature. Therefore, the LPA capability

of determining the characteristics of materials, mostly with

‘large’ (several hundreds of nanometres) crystalline domains,

is strongly affected by the shape and by the stability of the

instrumental profile function (IPF). Studies based on such an

‘at-the-limits’ LPA are given by Malerba et al. (2014) and

Fandaruff et al. (2015).

Synchrotron radiation seems the most appropriate choice to

collect high-quality diffraction data, thanks to the high beam

brilliance, energy selectivity and focusing conditions. But even

a simple powder geometry can be affected by considerable

aberrations (Gozzo et al., 2010; Hinrichsen et al., 2008), and

the IPF needs to be ‘well behaved’, i.e. easily represented in

convenient form for data analysis. This is particularly signifi-

cant when dealing with the Debye scattering equation (DSE),

which provides an expression for the diffraction from a

randomly oriented powder of scatterers. Being based only on

correlations between atom pairs (Debye, 1915; Warren, 1990),

with no assumptions on crystalline structure and lattice

defects, the DSE result is quite rigorous and general.

Comparison with experimental data asks for diffraction

patterns with small instrumental effects, in particular in terms

of relative intensities and position of the peaks, i.e. small and

well parameterized optical aberrations and negligible

absorption effects.

Several mathematical descriptions of instrumental effects

are available in the literature, in particular describing the

optical origin of the diffracted beam divergence (Caglioti et al.,

1958; Sabine, 1987), and the optical aberration effects (Cheary

& Coelho, 1998; Cheary et al., 2004; Zuev, 2006, 2008).

Corresponding expressions are used in data analysis methods

like TOPAS (Cheary & Coelho, 1992) and whole powder

pattern modelling (WPPM) (Scardi & Leoni, 2002; Scardi et

al., 2010) to build a parametric representation of the IPF,

available for calibration and fitting procedures. In any case,

the instrumental contribution to the diffraction pattern arises

from the fact that neither the beam, nor the instrument, nor

the sample are ideal. An ideal experiment has a strictly

monochromatic and parallel X-ray beam delivered by an ideal

monochromator, and analyses a point-like homogeneous

specimen. The optical nature of the beamline elements natu-

rally lends itself to a ray-tracing simulation approach for its

description, prediction and analysis. Ray-tracing, in particular,

seems appropriate to study the effect of the optics and to

compute the IPF (Leoni et al., 2004; Lambert & Guillet, 2008).

In real XRPD experiments the calculation of the IPF is

typically obtained experimentally, by analysing the diffraction

pattern of a standard reference material (SRM) like LaB6

[NIST SRM 660 (Black et al., 2010; Cline et al., 2010)]. Since
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this material gives narrow intrinsic peaks, the experimentally

measured width is mainly due to instrumental effects.

In the WPPM approach (Scardi & Leoni, 2002; Scardi et al.,

2010), instrumental peak profiles are described by pseudo-

Voigt curves, adopting a standard parameterization for the

dependence of peak width and shape on the diffraction angle

�: Caglioti’s equation is used for the full width at half-

maximum (FWHM), whereas a parabolic function describes

peak shape, in this case the Lorentz profile fraction � (aka

pseudo-Voigt mixing parameter) (Caglioti et al., 1958; Scardi et

al., 1994; Scardi & Leoni, 1999),

FWHM �ð Þ ¼ W þ V tan � þ U tan2 �
� �1=2

; ð3Þ

� �ð Þ ¼ aþ b� þ c�2: ð4Þ

The apparent shift of the peak centroid �2� �ð Þ, caused by

aberrations along the beam path, is also parameterized using

a tan� polynomial which closely follows Wilson’s formulas

(Wilson, 1963),

�2� �ð Þ ¼ ax tan�1 � þ bxþ cx tan � þ dx tan2 � þ ex tan3 �:

ð5Þ

Parameters W, V, U, a, b, c, ax, bx, cx, dx, ex are adjusted to

best fit experimental data collected for a sufficiently large

number of peaks of the reference material across the whole

accessible 2� range. Additional aberrations, indirectly

affecting the IPF, include a 2� zero error and capillary align-

ment errors in horizontal and vertical directions (Cheary &

Coelho, 1998; Cheary et al., 2004). These parameters are used

for describing the peak width and position shift as 2� is

scanned. They are quantitative but there is no direct physical

meaning: one has to deduce them from fits and cannot

anticipate a priori values knowing only the parameters influ-

encing the photon beam characteristics.

3. Simulation of the scattering of rays by a powder
sample in a capillary

We study here the possibility of creating a simulated instru-

mental profile by a Monte Carlo routine, to model the inter-

action of individual photons with a powder diffraction sample.

We represent the X-ray beam as a finite collection of rays,

each one described by a starting position (sx, sy, sz), direction

(vx, vy, vz) usually expressed through director cosines, and

photon wavelength. Each ray has well defined parameters,

therefore rays having different directions form a divergent

beam, and rays with different photon wavelengths form a

white beam. The ray wavevector is

k ¼
2�

�
v: ð6Þ

The collection of rays describing the beam can be calculated

using ray-tracing, given the characteristics of the source and a

description of the optical elements. We adopted here the ray-

tracing simulation software SHADOW (Sanchez del Rio et al.,

2011), where at the source the x axis is horizontal, z is vertical

and y is directed along the main beam direction.

The powder diffraction sample is considered to fill a glass

capillary (see Fig. 1), as usual in synchrotron XRPD beam-

lines. The algorithm to model the sample should be able to

generate a diffracted photon beam to be sent to the beamline

simulator for further ray-tracing through the optical elements

downstream of the sample, until the detector is reached. The

final beam contains all the ingredients to display the XRPD

pattern, from which one can calculate parameters like those of

Caglioti’s and Wilson’s formulas [equations (3)–(5)].

3.1. Calculation of the diffraction direction

Ideally, for a given (h,k, l) reflection of an ideal sample

(infinite number of randomly oriented crystallites, no micro-

structural effects and zero angular width for the intrinsic

reflection), a ray-tracing algorithm for generating a diffracted

beam of rays could rotate the wavevector of each incident ray

by twice the angle obtained by using Bragg’s law and the ray

wavelength, around a rotation axis perpendicular to the inci-

dent ray direction. Such a model would create a Debye–

Scherrer ring when considering all possible rotation axes

perpendicular to the beam. In our case, we extended this idea

to write the diffraction angle of each incident ray as

� hkl
diffracted ¼ 2 � hkl

Bragg �ray

� �
þ ��Darwin þ ��Size

� �
; ð7Þ

where � hkl
Bragg verifies Bragg’s law for the (h,k, l) reflection

corresponding to the ray’s wavelength,

�ray ¼ 2dhkl sin � hkl
Bragg: ð8Þ

The two corrections to Bragg’s angle are:

(i) ��Darwin accounting for the angular dispersion caused

by the Darwin width ��Darwin of the sample material.

The correction is approximated by adding an angle that

follows a flat probability distribution in the range

½���Darwin=2;��Darwin=2�, according to a simplified diffraction
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Figure 1
Geometry of the sample in a capillary glass. An incident ray (yellow) is
diffracted by the powder sample inside the capillary. From all possible
directions of the diffracted rays (a cone), an output diffraction range is
chosen such that it will be accepted by detector or slit (area highlighted
in white). Then a single diffracted ray (red) is chosen by Monte Carlo
sampling.



profile of the sample material, i.e. with no absorption and no

tails (Zachariasen, 1945; Authier, 2001).

(ii) ��Size accounting for the angular dispersion caused by

the crystalline domain size distribution. It is assumed that size

effects produce a Lorentzian profile, which is usually convo-

luted with other effects to obtain the diffraction profile

(Mittemeijer & Welzel, 2008). The integral breadth

�ð2� hkl
BraggÞSize of the Lorentz distribution is calculated according

to Scherrer’s formula, as shown in equation (2), with K� = 4/3

under the assumption of spherical crystallites.

Such a Lorentzian distribution (centered at x = 0) is given

by

P xð Þ ¼
1

�� 1þ x=�ð Þ
2

� � ; ð9Þ

with

� ¼
FWHM

2
¼
� 2� hkl

Bragg

� �
Size

�
: ð10Þ

This approximation is realistic for XRPD, accurate enough to

take into account the small effects expected from a large-

grained material like NIST SRMs, where the mean crystalline

domain size is of the order of micrometers.

The scattering of each individual incident ray is thus

generated by a rotation of its wavevector. The coordinates

of the point where diffraction takes place are sitting along the

ray trajectory, and are limited by the capillary volume. The

particular position inside the capillary is randomly generated

and depends on the capillary size and sample absorption, as

will be discussed later. At this interaction point, the ray

wavevector is rotated by the scattering angle [equation (7)]

around a rotation axis versor Xrot
ray. This rotation axis indeed

depends on the particular ray as it must be perpendicular to its

direction. It is calculated as

Xrot
ray ¼

k

kj j
� Xm �

k

kj j

� �
; ð11Þ

where Xm is the versor representing the X axis of the capillary

system (which lies on the central symmetry axis of the capil-

lary, positioned horizontally).

In order to reproduce the diffraction rings from a powder,

the diffracted ray should be rotated around the wave versor

k= kj j by a random angle in [0,2�]. To prevent unnecessary loss

of X-rays and make the simulation more efficient, this rotation

angle is constrained to match the angular acceptance of the

next optical system (a variance reduction technique), as illu-

strated in Fig. 1.

3.2. Calculation of the interaction point and inclusion of
absorption effects

The simulation takes into account the absorption of the

material, reducing the initial intensity I0 of each incoming and

diffracted ray according to the Beer–Lambert law,

I �; xð Þ ¼ I0 exp �	 �ð Þ
effx
� �

; ð12Þ

where 	 �ð Þ is the linear absorption coefficient at the photon

wavelength �, 
eff is the material density multiplied by the

packing factor of the sample into the capillary (typically

around 0.6 for pure materials), and x is the path of the ray

inside the capillary. The absorption effect is taken into account

by calculating the starting point of the diffracted rays with

a random generator based on an exponential probability

distribution according to the transmitted intensity law [equa-

tion (12)].

This effect is important as the penetration of the rays inside

the capillary is far from being uniform, so that a simpler flat

distribution cannot correctly account for absorption in the ray-

tracing procedure.

An example of the generated source points including X-ray

absorption is shown in Fig. 2. Looking at the spatial distri-

bution of the interaction points it is easy to figure out that the

main effect of absorption is an apparent displacement of the

capillary.

The absorption from the capillary walls has been taken into

account and treated as well as the absorption of the sample

material, with the possibility of a selection of materials: quartz

glass, borosilicate glass and Kapton1. The attenuation coef-

ficient in equation (12) requires knowledge of the material

density, which is multiplied by the packing factor of the sample

into the capillary (typically around 0.6 for pure materials).

3.3. Detector schemes and construction of the diffraction
profile

Three experimental layouts have so far been implemented:

(i) one-dimensional detector with collimating slits system,

(ii) one-dimensional detector with an analyser crystal, (iii) two-

dimensional detector. The experimental diffraction pattern of

both one-dimensional detector systems is typically collected

by a stepped rotation of the detector around the central
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Figure 2
Cross section of a 0.1 mm-diameter capillary showing the points where
the rays are diffracted. The distribution of the rays is due to the
absorption of the material.



symmetry axis of the capillary, while collecting the diffracted

signal for a fixed amount of time at every step (2� angle scan):

this procedure is simulated by repeating a ray-tracing of the

capillary-to-detector optical system, incrementing a rotation

angle (again, 2�) of the system around the X axis of the

capillary system of reference (central symmetry axis), by the

same angular step. The experimental diffraction pattern of the

two-dimensional detector system is obtained by ray-tracing

the whole diffracted beam to a flat screen representing the

active area of the detector, and then azimuthally integrating

the obtained diffraction rings. Each diffraction peak height

is normalized to the most intense one, calculated from the

square modulus of the structure factor and the multiplicity of

the reflection.

The final pattern is then obtained by introducing the

Lorentz-polarization (LP) and thermal (T) factors, using the

following expressions (Azároff, 1955; Yinghua, 1987; Lipp-

mann & Schneider, 2000; Von Dreele & Rodriguez-Carvajal,

2008),

LP 2�ð Þ ¼

1

sin � sin �
bragg

ð1þQÞ þ ð1�QÞ cos2 2� cos2 2�mon

1þ cos2 2�mon

system of slits

=area detector;

1

sin � sin �
bragg

1þ cos2 2� cos2 2�mon

2
analyzer crystal;

8>>>>><
>>>>>:

ð13Þ

T 2�ð Þ ¼ exp �2B
sin �

�

� �2
" #

; ð14Þ

where �bragg is the nominal Bragg angle of the reflection, Q is

the degree of polarization (we used an approximate value of

0.95 for synchrotron radiation), �mon is the angle between the

incident beam and the first crystal of the monochromator, and

T is the temperature factor that depends on B, the Debye–

Waller coefficient (in the present work, for simplicity, we

consider an average scalar B value).

A complete ray-tracing simulation

representing a powder diffraction

experiment is shown in Fig. 3. The

experiment for characterizing the IPF

used a 0.8 mm Kapton1 capillary filled

with NIST 660b LaB6 (Cline et al.,

2010), and a photon beam energy of

30 keV. The software calculates the IPF

and also Caglioti’s and Wilson’s para-

meters by fitting a pseudo-Voigt to each

generated diffraction peak.

It is worth noting that, in addition to

any source of aberrations coming from

the layout, the setup and optical char-

acteristics of the beamline, the ray-

tracing model automatically takes into

account the diffractometer, the geome-

trical shape of the sample as well as

other sources of positional aberrations like:

(i) displacement of the capillary with respect to the gonio-

metric centre;

(ii) misalignments of the � and 2� goniometers axes:

different position of the goniometric centres and different axis

orientation;

(iii) displacement with respect to the ideal optical path of

the optical elements between sample and detector, and of the

detector screen in the two-dimensional case;

(iv) simple model of capillary wobbling, corresponding to a

percent increase in diameter.

Sample and/or detection system misalignments are impor-

tant issues in the XRPD practice. To cite just a few examples,

displacement of the sample with respect to the ideal position

shifts peak positions and makes peak shape asymmetric

(Gozzo et al., 2010); in two-dimensional detectors, tilt/tip of

the screen produces an elliptical conic section with asymmetric

thickness with respect to the tilt rotation axis; if not properly

accounted for by a calibration procedure and treated by data

reduction software, this aberration can generate artefacts in

the resulting one-dimensional diffraction pattern (Cervellino

et al., 2006; Hart et al., 2013).

The software also allows adding a background to the

generated diffraction pattern, selecting and/or combining

three different functions: constant value, Chebyshev poly-

nomial (of the first kind up to sixth degree) and exponential

decay. A random noise of adjustable intensity is added to the

selected background curve.

Fig. 4(a) illustrates how the absorption calculation affects

the peak intensities of the diffraction profile: by comparing the

patterns with and without absorption calculation, normalized

to the intensity of the most intense peak, the pattern with

absorption shows an apparently smaller Debye–Waller coef-

ficient with respect to the pattern without absorption. Another

important effect of the absorption can be noticed in the peak

shape, as visible in Fig. 4(b): with increasing values of 	R

(product of the linear absorption coefficient and the capillary

radius), a progressive asymmetric shape appears, reducing the
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Figure 3
LaB6 simulated diffraction pattern from a 0.8 mm capillary at 30 keV photon energy. Insets show
details of the simulated peaks.



peak broadening, and shifting the peak. Peak position is

crucial to accurately determine the cell parameters of the

material; whereas instrumental shape and broadening affect

the exact assessment of domain size and microstrain effects.

The importance of keeping absorption under control (at least

	R ’ 1, but possibly well below unity) can then be under-

stood, in order to maximize the precision and reliability of

the LPA.

4. Understanding the IPF

4.1. Integration in the ray-tracing environment

The ray-tracing engine chosen for our simulations is

SHADOW3 (Sanchez del Rio et al., 2011), embedded in its

recently released user interface ShadowOui (Rebuffi &

Sanchez del Rio, 2016). ShadowOui can selectively analyse the

instrumental profile, studying the isolated effect of individual

contributions (such as photon beam, or optical elements

properties), and identify the most critical features affecting the

final IPF.

A special ShadowOui element (called a widget, see Fig. 5)

representing XRPD specimens (in capillary holder) simulating

the interaction of the photons with matter was developed, with

the target of analysing and predicting instrumental effects on

experimental profiles (see Fig. 2). This widget drives the main

Python code implementing the algorithms described in the

previous section.

The main crystal parameters such as Bragg angle and

Darwin width, as well as photon–matter interaction cross

sections including Rayleigh elastic scattering, Compton

inelastic scattering and photoionization, are calculated by

using the xraylib (Schoonjans et al., 2011) routines.

The general principle is the simulation of the interaction

between the photon beam generated by SHADOW and a

capillary filled with a known crystal or standard, generating a

diffracted photon beam and continuing the ray-tracing along

the optical elements found in the beam path from specimen

to detector. The incident beam is obtained by a ray-tracing

simulation of the beamline with ShadowOui, using its

capability of adding realistic features to the optical elements,

like reflectivity (both for mirrors and crystals) and height error

profile.

It is worth noting that, since our software is substantially

a Monte Carlo ray-tracing procedure, it is not based on a

concept of ‘convergence’ (like, for example, finite element

analysis) but on the accumulation of a statistically significant

amount of ray-tracing results, the meaning of which depends

on the specific use. The computing time of a single bunch of

rays depends on several aspects, primarily on the geometry of

the sample (number of intercepted rays), and of the detection

system, both of them again strongly dependent on the user’s

choice and on how the system has been designed. In other

words, computation time is not directly predictable and is

undefined within our software: the user is free to complete the

simulation in less than one minute or to accumulate results

for days.

4.2. Parametric assessment of the IPF

To properly assess the parameters influencing beam prop-

erties, and to independently study single contributions to the

IPF, we separate the contribution of (i) photon source

dimension, (ii) beam angular divergence and (iii) beam energy

bandwidth. For this we simulated the photon source as purely

geometrical with the different parameters relative to the three

different studies reported in Table 1. We focused our attention
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Figure 4
Comparison between simulated diffraction profiles of LaB6 at 11 keV
photon energy, with and without the absorption calculation: the first three
peaks, normalized to the central one, are shown separately in (a). Effect
of increasing absorption on the LaB6 (110) peak at 11 keV: peak shape
and position (b).

Figure 5
XRD widget in the ShadowOui graphic environment.



on the instrumental peak broadening (FWHM), since it is the

most relevant feature in LPA.

The chosen beamline layout is that of MCX, the powder

diffraction beamline at Elettra-Sincrotrone Trieste (Rebuffi et

al., 2014), details of which are reported in Table 2.

This beamline focuses the beam in both horizontal and

vertical planes, approximately with one-to-one magnification.

In the vertical, the focusing is in two steps: (i) mirror 1 colli-

mates the beam to impinge on the monochromator with a

negligible divergence, while gaining in energy resolution and

flux, (ii) mirror 2 refocuses the beam on the sample. In the

horizontal, the focusing is made by sagittally bending the

second monochromator crystal.

In this study, double-crystal monochromator (DCM)

elements are simulated as perfect crystals, mirrors have no

slope errors and the uniform reflectivity is set to 1. The

experiments for characterizing the IPF were carried out using

a 0.1 mm capillary filled with NIST SRM 660a LaB6 (Cline et

al., 2000) and photon beam energy of 11 keV, 15 keV and

20 keV.

The results calculated at 11 keV are reported in Fig. 6,

showing that the most important feature in the IPF of a XRPD

beamline is the energy bandwidth of the incident beam hitting

the sample. In other words, the quality of the crystals and the

residual divergence of the beam hitting the DCM play a

crucial role. A weaker contribution comes from the angular

divergence of the source: its increasing values produce an

increasing collimating mirror residual divergence, leading to a

larger bandwidth coming out of the DCM. Even if the band-

width dependence on the energy distribution is stronger than

the spatial distribution, the two effects combine in a real

beamline and both contribute to the final IPF.
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Table 1
Parameters of the source relative to the three studies of single IPF components.

Source dimension study Angular divergence study Energy bandwidth study

(i) Strictly monochromatic source
(one emission line)

(ii) Gaussian vertical and spatial shape
parameterized by their vertical and horizontal
� (1, 10, 100 mm)

(iii) Strictly parallel beam (no vertical or
horizontal angular divergence)

(i) Strictly monochromatic source
(one emission line)

(ii) Point-like source (no spatial distribution)
(iii) Uniform angular divergence distribution

parameterized by their vertical and horizontal
limit values (0.02, 0.2, 2.0 mrad)

(i) Uniform energy emission into a specified
bandwidth (0.2, 0.8, 1.6, 3.2 eV)

(ii) Point-like source (no spatial distribution)
(iii) Strictly parallel beam (no vertical or

horizontal angular divergence)

Table 2
Optical layout of MCX beamline at Elettra synchrotron.

Element Description
Distance from
source (m)

Storage ring Energy = 2 GeV
Source Bending magnet (critical energy =

3.192 keV)
Mask Front-end angular acceptance:

2 mrad � 0.182 mrad
11.365

Mirror Vertically collimating, Pt-coated,
cylindrical mirror

15.400

Monochromator Si(111) DCM, with sagittally bendable
second crystal

18.000

Mirror Vertically focusing, Pt-coated,
cylindrical mirror

21.000

Sample position Spot size of 1.0 mm � 0.15 mm 36.000

Figure 6
Effect of the source vertical dimension on the instrumental broadening at
11 keV; the insets represent the XZ projection of the beam (spot) at the
quote of the origin of the capillary axis system. Similar results (not
shown) are obtained with the horizontal dimension of the source. (b)
Effect of the source vertical angular divergence on the instrumental
broadening at 11 keV. (c) Effect of energy bandwidth on the instrumental
broadening.



The source dimension plays practically no role for the

values considered, confirming that the main factor in produ-

cing a minimum spot size at the detector (i.e. the minimum

angular broadening, in the absence of any source of aberra-

tions) is the diameter of the capillary: what the detection

system actually sees is the source of the diffracted rays, the

intersection of the beam with the capillary, and, in particular,

the projection of this intersection on the horizontal plane

under the angle of observation of the detector. From a purely

geometrical optics point of view, diffraction from the capillary

acts as a mirror at every Bragg’s angle.

Without angular divergence and energy bandwidth, no

dependence is produced in the instrumental broadening as a

function of the 2� angle. The results of the calculations made

at 15 and 20 keV (not shown) are quite similar, confirming the

conclusions of the previous analysis.

5. Comparison between simulated and measured IPF of
existing beamlines

5.1. MCX at Elettra-Sincrotrone Trieste (1D detector with
collimating slits system)

The simulation of the MCX beamline within the Shadow-

Oui (Rebuffi & Sanchez del Rio, 2016) environment started

with a careful optimization of the optical setup, in order to

reproduce the experimental conditions as closely as possible:

(i) The source was simulated using the parameters of the

MCX bending magnet.

(ii) Both mirrors include a height error profile: the first

mirror is affected by the measured profile, available from the

DABAM metrology database (Sanchez del Rio et al., 2016),

that can be retrieved and manipulated by the DABAM widget

in ShadowOui; the second mirror uses a simulated height error

profile with an average slope error equal to the measured one

(�1.0 mrad).

(iii) Both mirrors include a platinum coating reflectivity.

The material file is generated by a dedicated tool (PreRefl

widget) in ShadowOui.

(iv) The diffraction profiles of the DCM crystals were

generated for perfect crystals, again with a ShadowOui tool

(Bragg widget). The second crystal of the DCM is cylindrically

curved in the sagittal plane.

(v) Several sets of slits distributed along the beamline to

properly shape the beam and limit the angular divergence

were implemented in the simulations.

The simulated capillary was filled with a packing factor of

0.55, calculated by direct measurement of the transmittance

at the beamline of the real capillary sample used for data

collection for the SRM profile. Fig. 7 shows the ShadowOui

representation of the whole beamline layout.

As discussed before, the energy bandwidth of the beam

hitting the sample significantly affects the IPF, so it is impor-

tant to analyse the DCM from a thermo-mechanical point of

view. The first crystal is an ultra-high-quality flat single-crystal,

with a measured Darwin width close to the theoretical value.

This crystal is hit by the white beam, just collimated and

filtered (to remove high energies) by the first mirror. The first

crystal in the DCM absorbs nearly the full power of the beam,

so its thermal load could be a possible source of deformation

of the crystal planes, leading to unwanted effects of angular

spreading of the beam, affecting the energy bandwidth, and
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Figure 7
The MCX beamline layout represented as widgets in the ShadowOui canvas.



reducing the transmitted flux (Rutishauser et al., 2013;

Chumakov et al., 2014). The case of MCX is not to be

considered critical because the total power incident on the

crystals, around 10 W in the worst situation (2 GeV storage

ring energy and 310 mA of electron current), is easily dissi-

pated by the water-cooling system.

The second crystal is mounted (soldered) on the ESRF

model sagittal bender (Krisch et al., 1991; Zhang et al., 1998),

a widely used stainless steel flexural hinge bender, shaping

a near-cylindrical surface. Two motors, acting in opposite

directions with identical force and pushing on the crystal

holders, constitute the bending mechanism. This system is

known to be a source of aberrations as it introduces anticlastic

curvature in the crystal (for this the crystal is shaped with ribs

in the back to minimize this effect) and twists the crystal as it

bends. This is due to imperfections in the bending mechanism,

and/or dimensional variations (Krisch et al., 1991; Bilsborrow

et al., 2006), both producing not only a distortion in the shape

of the beam but also a broadening of the bandwidth with

respect to the ideal one.

It is worth noting that, in addition to the divergence of the

beam coming out of the source, the collimating mirror

contributes the global residual divergence of the outcoming

beam for several reasons: (i) its height error profile, (ii) non-

ideal near-elliptical shape, the curvature of which is obtained

by a mechanical bending mechanism, (iii) thermal changes due

to the illumination by the beam and gravity (Howell et al.,

2000). This residual divergence of the collimated beam inci-

dent on the DCM is also a source of broadening of the

bandwidth.

In order to reproduce the experimental results from the real

beamline, we combined several bandwidth broadening effects

and optimized the simulation by: (i) broadening the Darwin

widths by a factor of 1.1 for the first crystal and 2.0 for the

second crystal, (ii) modifying the curvature of the first mirror

in order to broaden the residual divergence from 15 mrad

to 30 mrad.

The simulation was carried out at 15 keV, and results are

reported in Fig. 8. As can be seen, a good agreement is

obtained by introducing realistic features. The discrepancies

between the experimental instrumental broadenings and the

simulated ones, by using perfect crystal diffraction profiles and

an ideally collimating mirror, confirm how critical a parameter

is the bandwidth of the beam, as resulting from our IPF

decomposition and analysis.

In order to check the goodness of the

simulation from a purely optical point

of view, we also compared the simulated

spot at the sample with an image of the

beam in the same position, as shown in

Fig. 9: not only is the simulated beam

section (1.58 mm � 0.30 mm) in good

agreement with the real beam section

(1.76 mm � 0.28 mm), but the intro-

duction of a larger residual divergence

generates a similar halo around the

spot.

A further indirect verification of the goodness of the

simulation came from the calculation of the flux at the sample,

provided by the software SPECTRA (Tanaka, 2014, 2016).

Calculation of the flux emerging from the source and our

simulation to compute the beamline optical efficiency give

3.2 � 1010 photons s�1, while a measurement of flux at the

sample position with an ionization chamber gave a flux of

2.3 (1) � 1010 photons s�1; the layout adopted to model the

beamline and, in particular, the bandwidth seem therefore to

be correctly reproduced.
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Figure 9
MCX beamline: comparison between simulated beam cross section at the sample: ideally
collimating mirror (a), larger residual divergence (b), real spot image (c).

Figure 8
MCX beamline: comparison between experimental instrumental peak
broadening and the simulated one, with theoretical diffraction profiles for
the DCM crystals and perfect collimation (dotted blue line) and with
diffraction profiles with larger Darwin width and a residual divergence
on the collimating mirror (light blue full line) (a), together with a
comparison between the experimental LaB6 (110) peak and the simulated
one (b). Central photon energy at the sample: 15 keV.



5.2. BM at APS (1D detector with analyser crystal)

We proceeded to check the reliability of our simulation tool

by analysing a powder diffraction beamline with a detection

system equipped with analyser crystals: the 11-BM beamline

at APS (Wang et al., 2008); its technical data are reported in

Table 3.

The detector consists of 12 Si(111) analyser crystal/LaCl3

scintillator detector optical systems, covering a total angular

range of 24�. Each analyser crystal is mounted at a distance of

1 m, with entry slits of an adjustable aperture from 0.2 to

3 mm. The final signal emitted by the detector is actually

similar to a convolution of the 12 separate signals (Lee et al.,

2008).

The experiment for characterizing the IPF used a 0.8 mm

capillary filled with NIST SRM 660b LaB6 (Cline et al., 2010),

and photon beam energy of 29.958 keV. Fig. 10 shows a

comparison between experimental and simulated peak

broadening [FWHM, (a)] and peak profile [(b)].

A good agreement is obtained by using the same config-

uration used for MCX in the simulation of the diffraction

profile of the DCM crystals, which, as reported in the litera-

ture (Wang et al., 2008), has a regular-shaped rocking curve

under these operational conditions, but larger by a factor of

about two.

It is worth noting that the experimental diffraction profile

of LaB6, when fitted by a pseudo-Voigt function, shows a

predominant Lorentzian component (�56%), which is not

correctly reproduced by the simulation, having a predomi-

nantly Gaussian profile. This is clearly visible from a

comparison of the tails of the diffraction peak in Fig. 10(b). A

possible explanation considers that 11-BM is such a high-

performing beamline in terms of low background and noise

levels, high spatial resolution and narrow line profiles that we

can presume it is able to detect even small effects coming from

the SRM crystalline domains size distribution. In fact,

according to the NIST certificate (Cline et al., 2010), the

measured particle size distribution of the powder accumulates

90% of the total amount of particles between 1 and 24 mm.

By considering that every particle is typically polycrystalline

and thus composed of more than one crystalline domain, we

can assume a mean crystalline domain size of the order of a

few micrometers. In Fig. 11 it is possible to see a comparison

between the experimental diffraction profile of the LaB6 (110)

peak and the simulation, by specifying a progressively smaller

mean crystalline domains size, and observing how the simu-

lation is able to correctly reproduce the experimental profile

with an optimized value of Dh iV = 2.8 mm. By using this value

for the simulation of the IPF over the whole angular range, a

significant improvement of the agreement with the experi-

mental data is clearly visible in Fig. 12. By exporting this result
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Figure 10
Comparison between experimental and simulated instrumental peak
broadening (a), together with a comparison between the experimental
LaB6 (110) peak and simulated line profile (b). Central photon energy at
the sample: 29.958 keV.

Figure 11
Comparison between the experimental LaB6 (110) peak (red circles) and
the simulated one, with progressively smaller mean crystalline domains
size. The optimized value of Dh iV = 2.8 mm is represented by a full blue
line.

Table 3
Optical layout of 11-BM beamline at APS synchrotron.

Type Description
Distance from
source (m)

Storage ring Energy = 7 GeV
Source Bending magnet (critical energy =

19.5 keV)
Slits White-beam slits 23.400
Mirror Vertically collimating, Pt-coated,

cylindrical mirror
26.000

Monochromator Si(111) DCM, with sagittally bendable
second crystal

27.600

Mirror Vertically focusing, Pt-coated,
cylindrical mirror

29.900

Sample position Spot size of 1.5 mm � 0.5 mm 50.000



to the MCX beamline simulation, we can observe similar

remarkable effects on the profile, as visible in Fig. 13.

An important remark needs to be made with regard to the

correct reproduction of the absorption effects, shown by the

peak comparison in Fig. 13(b). The simulation, now improved

to include the residual size effect of the measured LaB6

powder, correctly reproduces the experimentally observed

peak asymmetry.

5.3. XRD1 at Elettra-Sincrotrone Trieste (2D detector)

Finally, to test the last available detector configuration, we

performed the simulation of a protein crystallography beam-

line equipped with an area detector, XRD1 at Elettra-

Sincrotrone Trieste (Polentarutti, 2016). Technical details are

reported in Table 4.

The XRD1 beamline is equipped with a Dectris Pilatus 2M

area detector (Kraft et al., 2009), which can be positioned at a

variable distance in the range 85–1000 mm. The Pilatus 2M

detector covers an active area of 254 mm � 289 mm, with a

pixel of size 172 mm � 172 mm.

The experiment for characterizing the IPF used a 0.3 mm

capillary filled with NIST SRM 660a LaB6 (Cline et al., 2000),

and photon beam energy of 15 keV. Fig. 14 shows a compar-

ison between experimental results and simulation, on the

instrumental peak broadening (a), peak profile (b) and a

comparison between the two-dimensional images from the

Pilatus detector (c) and the simulated one (d).

Again a global good agreement is obtained, and the typical

shape of the one-dimensional pattern coming from the inte-

gration of the rings of the two-dimensional image is correctly

replicated; discrepancies between the experimental and

simulated instrumental broadening appear for increasing scan

angle, where the differences of the simulated crystal diffrac-

tion profiles and the real ones are more significant.

6. Quality evaluation: LPA with real and simulated IPFs

In order to check the quality of the simulation, a LPA with real

samples was performed both with the measured IPF and with

the simulated one. We used an XRPD profile measured at

15 keV at the MCX beamline, of an iron–molybdenum alloy

powder (FeMo), that was extensively deformed by high-

energy milling, so to refine the b.c.c. iron domain size to the

nanometer scale (�10 nm) and introduce a strong inhomo-

geneous strain. This profile was used in a detailed study on

LPA reliability that can be found in the recent literature

(Rebuffi & Rı́o, 2016). FeMo data were analysed by WPPM,
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Table 4
Optical layout of XRD1 beamline at Elettra synchrotron.

Type Description
Distance from
source (m)

Storage ring Energy = 2 GeV
Source Hybrid multipole wiggler (Bernstorff et

al., 1995)
Mask Front-end angular acceptance: 1.5 mrad

� 0.182 mrad
10.000

Mirror Vertically collimating, Pt-coated, cylind-
rical (tangentially bendable) mirror

22.300

Monochromator Nitrogen-cooled Si(111) double-crystal
monochromator

24.500

Mirror Vertically and horizontally focusing,
Pt-coated, toroidal (tangentially
bendable) mirror

28.000

Slits 1 Vertical and horizontal slits 37.800
Slits 2 Vertical and horizontal slits 38.700
Sample position Spot size of 0.7 mm � 0.2 mm 41.000

Figure 12
Comparison between the experimental diffraction profile at 15 keV
central photon energy and the simulated one.

Figure 13
Comparison between the experimental instrumental peak broadening
and the simulated ones at MCX beamline (a), together with a comparison
between the experimental LaB6 (110) peak and the simulated ones (b).
Simulations were performed with mean crystalline domains size Dh iV =
2.8 mm (full blue line) and without size effects (dotted line). Central
photon energy: 15 keV.



using a well assessed procedure

(D’Incau et al., 2007): the equiaxed

crystalline domains were described as a

system of spheres with lognormally

distributed diameters, containing

straight dislocations of screw and edge

type. Diffraction line profile compo-

nents related to domain size/shape and

to dislocations were convolved with the

IPF to model the experimental data by

non-linear least-squares minimization

(Scardi, 2008; Scardi & Leoni, 2002). The free microstructural

parameters in the refinement procedure were: lognormal

mean (	) and variance (�) of the diameter distribution,

average dislocation density (
) and effective outer cut-off

radius (Re). The anisotropic broadening effect of dislocations,

according to the Krivoglaz–Wilkens theory (Krivoglaz

& Ryaboshapka, 1963; Wilkens, 1970a,b), was described by an

average contrast factor calculated for screw and edge dis-

locations in the primary slip system of b.c.c. iron 1/2(111){110}

(D’Incau et al., 2007). To account for the dislocation type, an

edge/screw fraction parameter ( fE) was also refined. The

comparison between results of WPPM is summarized in

Table 5.

One can notice that, while the realistically simulated IPF

produces no differences in the fit results, the ideally simulated

IPF produces a smaller average crystalline domain size and a

higher dislocation density. This can be explained by consid-

ering that the simulation underestimates instrumental broad-

ening. In particular, at higher scattering angle, as discussed by

Rebuffi & Rı́o (2016), while the size effects are constant

throughout the reciprocal space and calculation of the para-

meters is dominated by the main low Miller indices peaks
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Table 5
WPPM results with measured and simulated IPF.

s.d. = standard deviation.

Parameter
WPPM with
experimental IPF

WPPM with
simulated IPF (ideal)

WPPM with
simulated IPF (realistic)

Size hDi 9.3 (8) nm 8.5 (7) nm 9.3 (8) nm
s.d. 5.9 (9) nm 5.4 (9) nm 5.9 (9) nm

Strain 
 4.5 (4) � 1016 m�2 5.3 (4) � 1016 m�2 4.5 (3) � 1016 m�2

Re 4.3 (4) nm 3.8 (4) nm 4.3 (4) nm
fE 0.54 (3) 0.52 (3) 0.54 (3)

Figure 14
Comparison between experimental and simulated instrumental peak broadening (a) and LaB6 (110) peak profile (b); Pilatus 2M two-dimensional image
(c) and corresponding simulation (d). Central photon energy at the sample: 15 keV.



(where a better agreement between the experimental and

simulated IPFs occurs), the broadening caused by strain

increases with the angle, and the calculation of the fitted strain

parameters is more sensitive to the fluctuations of the eval-

uated IPF. In Fig. 15 it is possible to see the WPPM fit with

the simulated IPF in the ‘ideal’ configuration, observing the

general accuracy of the result.

While a very good agreement with experimental data has

been reached using deep knowledge of the beamline char-

acteristics and performances, a good general agreement

between the WPPM results with experimental and simulated

IPFs has been obtained, indicating that the simulator gives

reasonable data even if the real characteristics of the photon

beam are not known, and ‘tuning’ of the simulation is not

possible to the degree outlined in this work.

7. Summary and future work

A new algorithm for realistic ray-tracing of powder diffraction

has been introduced. Given the results, it is a promising tool

for simulating the instrumental effects in powder diffraction

profiles at synchrotron radiation beamlines, and is fully inte-

grated in the ShadowOui software environment.

As an off-line tool, it can be adopted by beamline users to

drive experiment design and sample preparation, according

to the beamline layout and beam energy. It also provides

beamline scientists with the opportunity to improve the

performance of existing beamlines. Finally, it can become a

valid tool to improve the quality of design of optical compo-

nents and beamline layouts, with a realistic experiment-

oriented approach.

By analysing the case of XRPD, a comparison with

experimental IPFs of three different beamlines, with different

detection systems and at different energies, has been

performed. Results show that the XRPD IPF is dominated by

the energy distribution profile of the photon beam at the

sample, which is principally determined by the crystals of

the DCM.

In order to quantitatively check the quality of the simulated

IPF, a comparison between LPA with WPPM on ball-milled

iron–molybdenum alloy powder patterns using the experi-

mentally measured instrumental broadening and the simu-

lated one has been performed, obtaining compatible results. In

a more general sense, the obtained results and the emerging

paradigm of this work invite working on new IPF simulation

widgets, dedicated to any other X-ray spectroscopy technique

employed at synchrotron beamlines.

Future developments of this tool could introduce the XRD

pattern dependence on sample pressure and temperature,

which affect the resulting IPF when obtained by calibration

with SRMs. Finally, the accurate calculation of the IPF could

be the first step to simulating the diffraction pattern of a

generic sample material, with its own (micro)structure and

(micro)stress.
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Figure 15
WPPM results with simulated IPF: MCX experimental data (circle), model (line) and residual (line below). Insets show details of the modelling of the
two most intense reflections.
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