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Instrumental function
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Each tool or instrument is designed to fulfill a task

According to its characteristics, it will be used in a defined range é

Or

A tool or an instrument can be designed according to the definition of 

a need é

In the case of spectroscopy or diffraction, an instrument can be designed 

depending on the requirements 



Instrumental function
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Each tool or instrument is designed to fulfill a task

According to its characteristics, it will be used in a defined range é

Or

A tool or an instrument can be designed according to the definition of 

a need é

In the case of spectroscopy or diffraction, an instrument can be designed 

depending on the requirements 

Correct instrument is the one 

which fit to the task we want to 

perform



Matter
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Matter is constituted by the assembling of atoms belonging to appropriate rules 



Function matter, a travel in entropy
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(P,T)

whatever the state,
XRD allows to evidence and measure 

structural parameters in matter



Wave - matter interaction
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When a photon does encounter an atomic particle, it 

transfers energy to the particle. The energy may be 

reemitted back the way it came (reflected), 

scattered in a different direction or transmitted 

forward into the material.



Wave - matter interaction
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The energy of photons used for optical 

spectroscopic measurements of various quanta

E=h.c/l= h.n



Wave - matter interaction
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Reflection

Transmission Refraction
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Function matter , a travel in the spectroscopy!
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(P,T)

whatever the state,
XRD allows to evidence and measure 

structural parameters in matter

XRF

XRD

IRS, RamS

EM

Neutron scattering



Wave - matter interaction with light
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For a given source (sun), and a sample (Alpes)

Instrumentations using radiation for 

material analysis need to be 

optimized :

- source characteristics

- detection characteristics

- sample environment

- mechanical design

é and eye detector

Sun

Difficult to get a unique signal!



Wave - matter interaction with X - ray
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X-rays Production : classically by excitation of 

external electronic level with electron beam

Bragg's law

d

qq

d= ɚ
2sinɗ

Fe-Co particles ï7 nm

Steel plate

Reflectogram on multilayer 128 W/Si



X-Ray Diffraction basics (1/3)
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ÅPlanes of atoms act like a diffraction grating

ÅConstructive & destructive interference lead to peaks 
in scattered intensity

ÅValues ofl& d determines 2q

Braggôslaw : nl= 2d sinq
ÅWhere

Ån = order of radiation

Ål= wavelength of radiation

Å2d = latice spacing of crystallites in the powder
sample for XRD

Åq= Bragg angle



X-Ray Diffraction basics (2/3)
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Peak positionĄd-spacings

Peak intensityĄnature and atomic positions in planes
With XRD we 

measure 

distances...

é nothing more

Č structure

Chemical composition

Phases

Structure

é..



X-Ray Diffraction basics (3/3)

14 Proprietary & Confidential | henry.pilliere @thermofisher.com 

DATABASE

Pattern

Halite (NaCl)...

... should give this pattern

Source : wikimedia

DATABASE
Without a Database we can

not do much...



One important issue with XRD : isomorphism
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This is one real issue with XRD

Pattern

AgS2Sb has the same structure as NaCl !!!

A complementary technique sensitive 

to  chemistry is helpful (XRFé)



Example XRD - XRF
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ARL Equinox 100

ARL Quant X

Å Elastic interaction

Å Angular scanning or coding (PSD)

Å Sensible to structure and crystallinity

Č Determination on phases content

Å Inelastic interaction

Å Energy scanning

Å Sensible to elemental composition

Č Determination of elemental analysis



Wave - matter interaction
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Which material is able to diffract ?

Anything which has a structure at the nanometric scale, with enough 

contrast.

Structure : ordering at the atomic scale

Then, mostly crystallized material in bulk or powder  but even in liquid cristals

or in smoke

Contrast : X-ray interacts with electronic level

Then, heavy atoms => high contrast



Instrument
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Instrument is designed for the need we are 

looking for. It allows to measure and 

quantify physical parameters (length, 

weight, power, energy, timeé)



X-ray diffraction setup
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Instrument using a wave for probing matter is defined by several functions :

f
operator

Most instruments using radiation corresponds to this scheme :
XRD ïXRF - FTIR - Raman - UV ...

A light emission characterized by :

- a spectral range

- a solid angle

- intensity

- dimension and shape of the source

Molybdenumspectrumvs the 

appliedvoltage

Detection

Source
Sample

Sample holder
f
sampleholder

f
sample

Enclosure A detector is characterized by :

- spacial resolution

- dynamic range

- energy resolution

- dimension



Instrumental function for XRD
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ĀGoniometer
ĀSample orientation is defined by 3 Eulerian angles : 
- ñWòangle is the incident angle on the sample surface
- ñjñangle is the rotation belongs the normal axis to the sample surface
- ñcñangle allows to tilt sample belongs the axis intercept of the diffraction
plane and sample surface

Remark :
- ñ2qñangle belongs to the detection part

SOURCE

DETECTOR

XRD instrument
Dx : Diffraction plane
F : focus of the source
M: Optical position (monochromator, mirror), involving a primary 
beam deviation
G : Goniometer center where is localized the sample
S : Sample position
D : Diffraction device



Instrumental function for XRD
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Environment

=> instrumental configuration  adapted according to:

- type of measurement

- type of sample

- accuracy of the result

X-ray

Source 
optic sample Detection

Instrument

Diffraction

Small angle measurements

Grazing 

measurements

Performances depends on the instrumental function

Powder, 

fibres, bulk 

2D or 3D

bulk 2D

Powder, 

fibres, bulk 

2D 

Elastic coherent interaction : 

reflectometrie : investigation on thin film for measuring thickness, roughness and density

diffraction : investigation on phases

absorption : imaging and radiography.

Incoherent elastic interaction : 

diffusion by a rough surface or cristalline defects.



Function X - ray source

22 Proprietary & Confidential | henry.pilliere @thermofisher.com 

A light emission characterized by :

- a spectral range

- a solid angle

- intensity

- dimension and shape of the source

Optimizing the characteristics of a source allows to focus on a given interaction

fluorescence imaging diffraction reflection diffusion

Spectral 
range

large large Monochromatic
(excepted Laue) 

monochromatic monochromatic

Solid angle Few degrees Large (60°) Small to parallel 
or focusing

Very small Very small or 
focusing

Source size Small or large Small for resolution 
improvment

small small small

Source shape point/linear point Point or linear linear Point or linear

Molybdenum spectrum vs the 

applied

voltage

This is achieved by using appropriate optics (1D, 2D, monochromator, mirror, collimator, slits ...)



Instrumental function for XRD ïbeam characteristics
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Flat graphite

ka1+ka2
Flat Ge or flat Si

Channel-cut

Kirkpatrick Baez

Convergent

beam

Divergent beam

Single collimation

pin-hole
An optic is characterized by :

- mosaicity Ÿ spectral range

- a capture angle Ÿ beam size

- divergence Ÿ resolution

Monochromaticity

F
o
c
u
s
in

g

D
iv

e
rg

e
n
c
e

filter



Function X-ray detection
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0D Detection :

Acquisition is done Stepwise

2ɗ and statistics are time dependent

1D Detection :

Acquisition is done in snapshots

Statistics is time dependent

2D Detection :

Acquisition is done in snapshots

Statistics is time dependent

Texture information but point beam required

Bragg-Brentano 

geometry

asymetric 

geometry



X- ray diffraction
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Considering a monochromatic and (quasi) parallel X-ray beam hitting a crystallized

material. X-rays are able to diffract on the sample. Diffraction is represented by

concentric cones (Debye cones), where the center is the sample. The axis of cones is

the direction of the primary beam. The solid angle is called (4.theta). There is a

relationship between theta and the periodicity of the material, the Bragg law :

l= 2dhkl sin(qhkl)

l= X-ray wavelength

dhkl , the periodicity of atomic planes in the (hkl) direction,

qhkl, the deviation angle

In other words, X-ray diffraction allows to identify the phase of a 

given material, when it is crystallized.

atomic plane of

a crystallized 

materials
Diffracted X-rays : 

Debye cones.

X-Ray 

source

X-ray detector is able to 

intercept these cones.

ñPhenomenonin which the atoms of a crystal, by virtue of their uniform spacing, cause an interference pattern of the waves in an incident beam

of X-rays. The crystal's atomic planes act on the X-rays in the same way a uniformly ruled grating acts on a beam of light (see polarization). The

interference pattern is specific to each substance and gives information on the structure of the atoms or molecules in the crystal. ñ



Function X-ray detection
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Curved detectors principle

The EQUINOX diffractometers use the curved detectors principle, namely real time acquisition across a wide acquisition range.

ÅNo motorization required during the acquisition (no wear, accuracy)

ÅAsymmetric acquisition mode: for a single ɗsample incidence you can see all diffraction peaks on the detector

We are the only ones to offer this kind of detector 

It is a real time XRD system based on a curved detector



Function sample
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What is the composition? Phase identification
and how much? Phases quantification
what is the crystallite size and morphology? Particles size,
Is - there any constrains inside crystallite? micro strains
Or in the overall sample? Stress analysis
Is there an organization at the crystallite scale? Preferred oritentation (powder) or texture (bulk)
And can we quantify a distribution? Pole figures, ODF
Structure, organization of electronic density levels : cell parameters, valence, atomic occupation, ...
What is the structural modification of my sample vs physical parameters (P, T...)? dilatation, phase transition
Structural anisotropy : stress, texture, thin film characterization ...

l= 2dhkl sin(qhkl)
I = I 0.P .L .F 2.m.A.eī2M .1

V 2

Overall analysis of peaks shape, 

position and intensity and 

background function

Diffractogram

Peak positionPeak intensity/shape



Powder vs crystal
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Diffraction 

circles

Powder sample :

ÅLarge number of grains probed by X-rays

ÅGrains are small according to beam size (20µm)

ÅEach grain is able to diffract according to its orientation 

=> several diffracted beam for a fixed sample orientation

Diffraction plane intercepts all diffraction cones

Diffraction 

dots

Single cristal :

Å1 unique grain probed by X-rays

Å1 unique diffacted signal for a given orientation of cristal

=> only possibilities to record several diffracted beam

ÅMoving cristal by using a goniometer and monochromatic beam

ÅNot moving cristal, but using a polychromatic beam 

Ÿ Laue method (consult us to define the instrument)
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Instrumental function for XRD
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-Instrumental function is governed by all components of the XRD instrument :
-- source characteristics
-- optics and collimation
-- detection device 
-- sample environment

-XRD components should be compatible to each other
Ȩxample : 1D optic is not recommended with a 2D detector (equatorial aberration)

-The good knowledge of the instrumental function allows to estimate as well the quality of the result
-Example : absorption correction or LP correction are not the same in Bragg Brentano or in Debye 
Scherrer

- The instrument must be adapted to the requested measurement
-Example : performing transmission measurement with Bragg -Brentano XRD is not appropriate

- Instrumental conditions must be correctly chosen (reproducibility of results)
-Example : choose of the appropriate wavelength or XRD setup vs sample characteristics

- Use of appropriate standards
Example : in reflection, eccentricity is influenced by transparency. Using standard with same 
absorption can correct this



Examples
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Too many ways to characterize structure



Instrumental function for XRD ïeffect of sample holder
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Paracetamol

Transmission

Reflexion

Na-gluten

Better resolution in transmission

Transmission vs reflection



Instrumental function for XRD ïeffect of wavelength

32 Proprietary & Confidential | henry.pilliere @thermofisher.com 

Mixture of 

minerals

CukŬ

CokŬ

Copper vs cobalt



Instrumental function for XRD ïeffect of optic
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Inel

file name : C:\a_client\alcobe\ALC4_B.DAT

2theta
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0

Graphite

monochromator

Ge111 monochromator ïbetter resolution but low counting rate

pozzolana

Ge111 vs Graphite 002



Instrumental function for XRD ïeffect of optic
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Glass crystallization at high temperature
CONDITIONS :

power : 38kV ï38mA, 

Furnace : FUR1200

acquisition: 3min

High flux by using elliptical mirrorDynamic studies



XRD instrumentsExisting 
instruments
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Existing instruments and applications



X-ray diffraction setup
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Understanding how to get the result

- appropriate instrumental configuration

- appropriate sample conditioning

- appropriate calibrations / corrections

Type of solid

Single crystal polycrystalline

Type of 
radiation

monochromatic
Rotating crystal

Method Powder XRD

polychromatic
Laue

Method ED-XRD

Polycristalline 

material

Single crystal



XRD for polycrystal with monochromatic beam ïfocusing geometry
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Bragg Brentano geometry

Sample is an optical component!!
Debye Scherrer geometry

q/2q setup q/q setup

without optic

without monochromator

From Guinebretière



XRD for polycrystal with monochromatic beam ïparallel beam geometry
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Parallel beam geometry
With parabolic (or elliptic) mirror

Parallel beam geometry
With flat cristals (1, 2 or 4 bounds)

Case of Equinox; sample can be set at a fixed incidence (asymetric mode)



XRD for polycrystal with polychromatic beam ïparallel beam geometry
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1- Structural information are diffracted by all the wavelength

2- Elements are emitting fluorecence signal

Need to have a detector with a spacial detection, able to dissociate energy

XRD-XRF angle-energy map

(raw data)

Angle-energy map measured for a BaSO4 

rich sample using Mo radiation not 

monochromatised and scanning the SDD 

detector from 5 to 47. in 2ɗ.

Ref. L. Lutterotti, U. Trento



XRD for single crystal with monochromatic beam ïparallel beam geometry
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Sample hold by appropriate goniometer
Different type of configuration

Parallel beam geometry
With flat cristals (1, 2 or 4 bounds)



XRD for single cristal with polychromatic beam ïparallel beam geometry
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Case of PairedX detector

The Laue method is mainly used to determine the orientation of large single crystals. White radiation is reflected from,
or transmitted through, a fixed crystal.
The diffracted beams form arrays of spots, that lie on curves on the film. The Bragg angle is fixed for every set of planes
in the crystal. Each set of planes picks out and diffracts the particular wavelength from the white radiation that satisfies

the Bragg law for the values of d andqinvolved.

Experimental
There are two practical variants of the Laue method, the back-reflection and the transmission Laue method:

Back-reflection Laue

In the back-reflection method, the film is 

placed between the x-ray source and the 

crystal. The beams which are diffracted in a 

backward direction are recorded. 

One side of the cone of Laue reflections is 

defined by the transmitted beam. The film 

intersects the cone, with the diffraction 

spots generally lying on an hyperbola.

Transmission Laue

In the transmission Laue method, the film is 

placed behind the crystal to record beams which 

are transmitted through the crystal. 

One side of the cone of Laue reflections is 

defined by the transmitted beam. The film 

intersects the cone, with the diffraction spots 

generally lying on an ellipse.
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Applications

ARL EQUINOX INSTRUMENTS



Applications Equinox 100 Equinox 1000 Equinox 3000/3500

Phase Id and QPA OK OK Ideal

Quality Control Ideal
OK (Ge)

Ideal (Graphite)
OK

Teaching Ideal Ideal OK

High / low 
Temperature

Possible * Possible* Ideal

GIXRD / XRR Possible Possible OK

High resolution No No Yes

Stress 
measurements

No No Possible

Texture No No Possible

Low angle (~0,8° 2ɗ) No (~1,5° 2ɗ) No (~1 / 1,5° 2ɗ) Possible

ARL Equinox new design
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ARL Equinox 100 

Å ARL Equinox 1000

Å ARL Equinox 3000



ARL Equinox : Powder sample holders
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Sample changer : 

6 Positions

SSRT : spinning sample holder

Controlled atmosphere sample 

spinner (SSCA)
The « must be èé excepted if 

other spinner is provided

Air sensitive samples

Slightly radioactive (alpha particles)

Gas reaction at room temperature

Capillaries

Organic samples

Claysé.. Slow, adapted to labs

Museums

Forensic

For extremely low 

quantities.

Gandolfi Mount



Powder sample preparation for SSRT sample holder, in reflection
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If the powder is coarse, it is necessary to grind it.

A small mortar is normally sufficient.

By using a spatula, take a small 

amount of powder and put it on the 

cavity of the circular crucible.

Make the surface flat and 

homogeneous, by using a glass 

slide.The surface of the powder must not exceed the 

level of the crucible, in order to avoid height 

displacement.

Keep Clean

Crucible is set on the sample holder by pushing on 

the piston, and sliding the little cut, bellow the 

reference surface.

Run the spinner by pushing the button on the 

bottom front panel of the diffractometer.

Care on the surface preparation, proper stackingc



Powder sample preparation for SSRT sample holder, in transmission
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Set the cup on 

the table

Insert a new window Put few grams of 

powder

Set another 

window on powder Engage locking 

part

Tighten using 

dedicated tool

Care on the homogeneity of thickness



Powder sample preparation for capillary sample holder, in transmission
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Capillary as to be filled with powder

Capillary has to be aligned using a microscope

This is the best technique for organic products, but somehow long 

and difficult to prepare sample
Care in the correct filling



ARL Equinox 100: Performance (Sensitivity and Resolution)
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Equinox 100 resolution comparable 

to any standard XRD 

Peak/Background equivalent to high power XRD 

ZnO

10sec acquisition

LaB
6

Equinox 100ô sensitivity

enables fast measurement

times even with its low X-ray 

power



ARL Equinox 100: powder application
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Retained austenite

quantification

Acquisition time = 30min
Co radiation

Wgt'd ssq = 3039.3079
sig= 1.0868446
Rwp (%) = 4.2338915
Rwpnb (%, no bkg) = 24.431747
Rwpnb1 (%, no bkg rescaled) = 7.6726084
Rwpnb2 (%, no bkg rescaled^2) = 3.4805384
Rb (%) = 3.3136709
Rexp (%) = 3.8955812
# iterations = 8
martensite , weight %: 97.1
Austenite , weight %: 2.9

Wgt'd ssq = 3310.294
sig= 1.1340417
Rwp (%) = 4.4877687
Rwpnb (%, no bkg) = 29.348228
Rwpnb1 (%, no bkg rescaled) = 10.592583
Rwpnb2 (%, no bkg rescaled^2) = 5.7557955
Rb (%) = 3.5701945
Rexp (%) = 3.9573226
# iterations = 3
martensite , weight %: 36.4
Austenite , weight %: 63.6



ARL Equinox 100: powder application
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Rietveld refinement on cement

Here is an example of Rietveld refinement : in blue the data points, in black the calculated pattern. As can be
seen some peak intensities are poorly matched : this is a known issue with cement. The major components,
alite (C3S) is known to have many structure variation, due to some impurities present in the raw material that
changes his structure. We entered the structure of a theoretically pure alite phase and simply refined a little bit
this structure to get a better match; This can of course influence in some extent the quantitative analysis
results, but getting the exact structure of the alite used in this sample is out of the scope of this work.



ARL Equinox 100: powder application
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Forensic

Identification of drugs and explosives

several narcotic patterns, 
recorded on Equinox 100 in 5 min.some chemicals used in explosives 

fabrication, recorded in 5 min each.



ARL Equinox 100 
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Clay samples: different illite/smectite samples

Illite (10A)
Smectite/chlorite (14A)

Asymetric mode, well adapted to low angle detection



ARL Equinox 100 Mo
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Ceriatite (CeO2) 3600 sec acquisition in transmission using scotch tape

Å Transmission mode allows to obtain higher resolution

diffraction than in reflection mode, as seen with this

sample of ceriatite.

Mo, getting advantage of high resolution in transmission



ARL Equinox 100 Mo
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sample: Nokia battery in reflection

Mo, getting advantage of high penetration

The cell is protected by a rigid Aluminum envelope

Commercial battery directly set on XRD instrument



And for bulk samples é
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Grazing sample 

holder, for thin film

Phases transition

New Anton Paar

furnace 

-10ÁC to +150ÁC 

Ambient to 500ÁC

Gandolphi chamber

Transmission

Powder XRD on a 

little crystal 

SH_FIBER

To measure orientation on fiber, plasticsé

High and low temperature chambers

Mapping sample holder
4-circle extension

Texture & Stress attachment

Or for phases transition
(P, T, ?)

Phases transition 

under  humidity



ARL Equinox 100: transmission
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Na-gluten

Reflection

Transmission

Fiber

Capillaries

Unique feature for a desktop 

instrument

PP sample in normal light 

(above) and polarized light 

(below). We clearly see the 

strains fringes.

PHI


