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4.1. Radiations used in crystallography
By V. Valvoda



4.1.1. Introduction
The radiations used in crystallography are either electromagnetic
waves or beams of particles. The choice of radiation depends on
the type of crystallographic information needed. The most
general tool for obtaining any crystallographic information is
diffraction but other types of scattering or re¯ection and
absorption phenomena are also used in general crystallography
(see Fig. 4.1.1.1).
4.1.2. Electromagnetic waves and particles
Both electromagnetic waves and particles can be described by the
wavefunction (r), as a complex function of spatial coordinates,
by the wavelength l, the wavevector k, which indicates the
direction of propagation and is of magnitude 2=l, the frequency
 or angular frequency ! in rad s 1, and the phase velocity v
(and the group velocity). Intensity in r is given by j rj2 . These
wavefunctions are solutions of the same type of differential
equation [see, for example, Cowley (1975)]:
r2  k2

 0:
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For electromagnetic waves,
k2  "!2  !2 =v2 ;
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where k is the wavenumber, " is the permittivity or dielectric
constant and  is the magnetic permeability of the medium;
  1 for most cases. The velocity of the waves in free space is
c  1= "0 0 1=2 ; otherwise v  c=n, where n  "="0 1=2 is the
refraction index.
For particles of mass m and charge q with kinetic energy Ek in
®eld-free space, the wave equation (4.1.2.1) is the timeindependent SchroÈdinger equation and
82 m
fEk  qS rg;
4:1:2:3
h2
where S (r) is the electrostatic potential function and the bracket
gives the sum of the kinetic and potential energies of the
particles.
Important nontrivial solutions of (4.1.2.1) are (after adding
the time dependence) the plane wavefunctions
k2 

0
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or the spherical wavefunctions
expfi !t krg
:
4:1:2:5
r
Thus, relatively simple semi-classical wave mechanics, rather
than full quantum mechanics, is needed for interactions with no
appreciable loss of energy. The interaction of the waves with
matter depends on the spatial variation of the refractive index
given by the spatial variations of the electron density or the
electrostatic potential functions.
Electromagnetic waves can also be described in terms of
energy quanta, photons, with energy given by Planck's law


0

E  h:

4:1:2:6

The values of E, , and l of the electromagnetic waves used in
general crystallography are scaled in Fig. 4.1.2.1. It should be
noted that there are several types of electromagnetic waves in the
Ê , which are called
most important wavelength range near 1 A
X-rays (when generated in X-ray tubes), -rays (when emitted
by radioactive isotopes) or synchrotron radiation (emitted by
electrons moving in a circular orbit).
On the other hand, the beam of particles of mass m, moving
with velocity v, behaves like waves with wavelength given by de
Broglie's law
h
4:1:2:7
mv
or using Ek  12 mv2 for the kinetic energy of particles
l

l

h
:
2mEk 1=2

When relativistic effects are taken into account,

 1=2
Ek
l  l0 1 
;
2m0 c2

4:1:2:8

4:1:2:9

where m0 is the rest mass and l0 the non-relativistic wavelength.
Ê and neutrons
High-energy electrons (Ek  105 eV; l  10 2 A)
Ê belong to the most prominent
(Ek  10 2 eV; l  100 A
particles used in diffraction crystallography (see Table
4.1.3.1). However, low-energy electrons (Ek  102 eV;

Fig. 4.1.1.1. Schematic diagram of the main types of radiation application in crystallography (dashed lines represent structure investigation on a
larger than atomic scale).
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Ê protons or ions of elements with quite high atomic
l  100 A,
number and energy (Ek  103 106 eV are also used in
scattering, channelling or shadowing experiments (see Section
4.1.5).

Table 4.1.3.1. Average diffraction properties of X-rays,
electrons, and neutrons
X-rays

Electrons

Neutrons

1e
0
(1) Charge
0
9:11  10 31 kg 1:67  10 27 kg
(2) Rest mass
0
100 keV
0.03 eV
(3) Energy
10 keV
Ê
Ê
Ê
0.04 A
1.2 A
(4) Wavelength
1.5 A
1
Large
(5) Bragg angles
Large
0.03 mm
100 mm
(6) Extinction
10 mm
length
1 mm
5 cm
(7) Absorption
100 mm
length
0.6
0.5"
(8) Width of
5"
rocking curve
<1
n>
n>1
(9) Refractive
n<1
index
n1
  1  10 5   1  10 4   1  10 6
Ê
Ê
Ê
10 3 A
10 A
10 4 A
(10) Atomic
scattering
amplitudes f
Z
 Z 2=3
Nonmonotonic
(11) Dependence
of f on the
atomic
number Z
±
Common
Rare
(12) Anomalous
dispersion
3 eV
1 eV
500 eV
(13) Spectral
l=l  10 5
l=l  10 4
l=l  2
breadth

4.1.3. Most frequently used radiations
Average diffraction properties of X-rays, high-energy electrons, and neutrons are listed in Table 4.1.3.1. They can be
varied with respect to the material analysed by changing the
incident-beam operating conditions and they also greatly
depend on the mutal interaction of radiation with the material.
The values presented are typical rather than extreme ones and
should be used as a guide for rough estimates and for general
orientation in the subject. Details are given in the following
sections. The properties of the radiations and the features of
their interaction with crystals also impose limitations on the
sample choice or preparation, on the recording of the
diffraction data, and on the theoretical interpretation of these
data. The different nature of the scattering of X-rays and
electrons (interacting with the electron-density distribution or
with the potential distribution) and neutrons (which are mainly
scattered by nuclei) may be used in combined experiments to
study details of thermal smearing of atomic positions and
bonding characteristics of the electron-density distribution.
Notes to Table 4.1.3.1
(1) Charge. Charged electrons interact strongly with matter
and must be used in vacuum whereas X-rays and neutrons can be
used in air.

Fig. 4.1.2.1. Comparison of the energy, frequency, and wavelength of
the electromagnetic waves used in crystallography (logarithmic
scale).

(2) Rest mass. The wavelength of moving particles with the
same energy is inversely proportional to the square root of their
mass.
(3) Energy: Energies of X-rays generated in commonly used
X-ray tubes range from 5 to 17 keV. High-energy electrons used
in electron microscopes have energies from 40 to 300 keV, but
energies of 1 MeV or more are achievable (for low-energy
electrons, see Subsection 4.1.4.2). The extremely low energy of
neutrons as compared with X-rays or electrons leads to their
strong inelastic interaction with phonons (see Subsection
4.1.4.3).
(4) Wavelength. The radius of the Ewald sphere for
electrons is much larger than that for X-rays or neutrons
and thus part of the reciprocal-lattice plane image can be seen
immediately if ®xed-crystal electron diffraction is used.
Wavelengths of electrons and neutrons are tunable by
changing instrumental conditions (high voltage in the microscope and the temperature inside the reactor, respectively)
whereas X-ray wavelengths are given by discrete lines of the
characteristic spectra of the X-ray tube targets (for other Xray sources, see Subsection 4.1.4.1).
(5) Bragg angles. The whole observable diffraction pattern
obtained by electrons is contracted into small angles not
exceeding 3±5 with the primary beam.
(6) Extinction length. The extinction length corresponds to
the thickness of the crystal required for the whole incident
beam to be scattered into the Bragg re¯ected beam and then to
be scattered back into the direction of the incident beam. If
the size of a nearly perfect crystal (or the size of the mosaic
blocks) is comparable to or exceeds the extinction length for
the given re¯ection then the dynamic diffraction theory (or the
primary-extinction correction of applied kinematic theory in
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the case of the mosaic crystal) must be used. The dynamical
effects thus decrease when passing from electrons to X-rays
and neutrons for a given crystal thickness.
(7) Absorption length. Absorption length is here estimated
by the reciprocal values of the linear absorption coef®cients.
The value of the absorption length determines the size of the
sample or the surface layer thickness accessible for diffraction
analysis. The penetration of the electron beam into the crystal
is severely limited by absorption or by diffraction when a
Ê surface
strong re¯ection is excited and thus only 10±1000 A
layers contribute to the electron diffraction. Owing to the
Borrmann effect, there occurs a substantial decrease of X-ray
absorption for nearly perfect crystals in diffraction position.
The relatively large crystals used for neutron diffraction in
order to obtain useful diffraction intensities have been found to
cause particularly important secondary-extinction effects due
to disorientation of the mosaic blocks.
(8) Width of rocking curve. The range of angles between a
crystal plane and the diffracted beam over which there is
signi®cant Bragg re¯ection is much larger for electrons than for
X-rays or neutrons.
(9) Refractive index. The refractive index deviates slightly
from unity for the radiations compared and the angle of
refraction thus makes only a few angular minutes and
increases with increasing wavelength. Negative values of 
for neutrons correspond to positive values of atomic scattering
amplitudes and vice versa. The refraction effects will be
considerable for the small angles of incidence of electrons
needed in the Bragg case of diffraction (see Bragg angles) and
the waves diffracted from planes parallel to the surface having
Ê may suffer total internal
spacings as small as 2 or 3 A
re¯ection and be unable to leave the crystal.
(10) Atomic scattering amplitudes. The example given
corresponds to the scattering of the atoms of lead at
Ê 1 . The absolute values of the atomic
(sin =l  0:4 A
scattering amplitudes for electrons are considerably greater

Fig. 4.1.3.1. Angular dependence of the atomic scattering amplitudes of
lead for (1) electron, (2) X-ray, and (3) neutron scattering (in absolute
values).

than for X-rays or neutrons; this is also re¯ected in the
structure-amplitude values and in the corresponding intensities
of the Bragg re¯ections. For the angular dependence of the
atomic scattering amplitudes, see Fig. 4.1.3.1. The constant
value of the atomic scattering amplitudes for neutrons (also
often called the scattering length) makes neutron diffraction
suitable for precise measurement of thermal parameters.
(11) Dependence of atomic scattering amplitudes on the
atomic number Z. This kind of dependence is illustrated for
neutral atoms in Fig. 4.1.3.2. Because of the relatively weaker
dependence on the atomic number, the peaks of light atoms in
the presence of heavy atoms are revealed more clearly in the
Fourier synthesis of electron-density maps obtained by the
electron-diffraction method than by X-ray diffraction. The
same is generally true for neutron diffraction, which also
enables atoms of elements with similar atomic numbers to be
distinguished in certain cases (based on the irregular change of
atomic scattering amplitudes with Z); different isotopes of the
same element may also be distinguished.
(12) Anomalous dispersion. This effect is utilized for the
solution of the phase problem in crystal structure analysis by
X-ray diffraction. In the case of neutron diffraction, there are
only a few stable isotopes convenient for this purpose (mainly
149
Sm, 157 Gd, and 113 Cd). The wavelength of the high-energy
electrons is too short compared with the K-absorption edges of
atoms and the resonance scattering of electrons is thus
negligible.
(13) Spectral breadth. The value for X-rays corresponds to
the characteristic lines of X-ray spectra. The spread of
energies or wavelengths in the beam of neutrons obtained
from a reactor is quite broad and for diffraction experiments a
narrow range of wavelengths is usually selected by the use of
a crystal monochromator or, especially for long wavelengths,
by a time-of-¯ight chopper device that selects a range of
neutron velocities.

Fig. 4.1.3.2. Relative dependence of the average atomic scattering
amplitudes on the atomic number Z for X-rays (Ð), electrons
(Ð Ð Ð), and neutrons (). The values plotted are averages over
sin =l.
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4.1.4. Special applications of X-rays, electrons, and neutrons
Special sources and/or special properties of these radiations are
used in general crystallography.
4.1.4.1. X-rays, synchrotron radiation, and -rays
X-ray beams from rotating-anode tubes are approximately one
hundred times more intensive than those from normal X-ray
tubes. Laser plasma X-ray sources yield intensive nanosecond
pulses of the line spectrum of nearly electron-free ions in the
X-ray region with a spectral breadth of l=l  10 3 : Several
such pulses may be repeated per hour (Frankel & Forsyth,
1979). Synchrotron radiation is characterized by a continuous
spectrum of wavelengths, high spectral ¯ux, high intensity, high
brightness, extreme collimation, sharp time structure (pulses
with 30±200 ps length emitted in ns intervals), and nearly 100%
polarization in the orbital plane (Kuntz, 1979; Bonse, 1980).
Some of these properties are utilized in ordinary structure
analysis: for example, ®ne tuning of the wavelength of
synchrotron radiation for the solution of the phase problem by
resonant scattering on chosen atomic species constituting the
material under study. But these radiations also offer new
advantages in other ®elds of crystallography, as, for example,
in X-ray topography (Tanner & Bowen, 1980), in time-resolving
studies (Bordas, 1980), in X-ray microscopy (Parsons, 1980), in
studies of local atomic arrangements by extended X-ray
absorption ®ne structure (XAFS) investigations (Lee, Citrin,
Eisenberger & Kincaid, 1981) or studies of surface structures by
X-ray photoemission spectroscopy (XPS) (Plummer & Eberhardt, 1982), etc. -rays emitted by radioactive sources such as
198
Au t1=2  2:7 d, 153 Sm t1=2  46:8 h, 192 Ir t1=2  74:2 d or
137
Cs t1=2  29:9 a are characterized by short wavelengths
Ê ), by narrow spectral breadth
(typically hundreds of A
E  10 8 eV; l=l  10 6  and by relatively low beam
intensity  108 109 m 2 s 1 . They are mainly used for
studies of the mosaic structure of single crystals (Schneider,
1983) or for the determination of charge density distribution
(Hansen & Schneider, 1984). The typical absorption length of
 1±4 cm and the increase of the extinction length by a factor of
about 50 compared with ordinary X-rays are advantages utilized
in these experiments. -rays also ®nd applications in magnetic
structure studies and in the determination of gradients of electric
®elds by MoÈssbauer diffraction and spectroscopy (Kuz'min,
Kolpakov & Zhdanov, 1966).
For Compton scattering, see Sections 6.1.1 and 7.4.3.
4.1.4.2. Electrons
Ê
Low-energy electrons (10±200 eV) have wavelengths near 1 A
Ê below the surface of a crystal. Lowand a penetration of a few A
energy electron diffraction (LEED) is thus used for the study of
surface-layer structures (Ertl & KuÈppers, 1974). High-energy
electrons are also currently used in electron microscopy in
materials science. Under certain conditions, images of lattice
Ê or better can be obtained.
planes with a resolution of 2 A
Transmission electron microscopy is also used for reconstruction
of the three-dimensional structure of biological objects (such as
viruses), alternatively in combination with X-ray diffraction (de
Rossier & Klug, 1968).
4.1.4.3. Neutrons
The most important application of neutron diffraction is found
in studies of magnetic structures (Marshall & Lovesey, 1971).
The magnetic moment of neutrons is equal to 1.913 N , where
N is the nuclear magneton, and neutrons have spin I  1=2.

They can thus interact with the magnetic moments of nuclei or
with the magnetic moments of the electron shells with
Ê
uncompensated spins. Changes in wavelength from 1 to 30 A
enable one to study non-uniformities of different sizes and
structures of polymers and biological objects by the small-angle
method. Inelastic scattering of neutrons is used for determining
phonon-dispersion curves. Neutron topography and neutron
texture diffraction can be utilized for the relatively large samples
used in technological applications. The pulsed spallation neutron
sources are used for high-resolution time-of-¯ight powder
diffraction (Windsor, 1981) or for time-resolved Laue
diffraction.
4.1.5. Other radiations
4.1.5.1. Atomic and molecular beams
Fast charged particles like protons, deuterons or He ions
show preferential penetration through crystals when the direction
of incidence is almost parallel to the prominent planes or axes of
the lattice. The reverse effect of this channelling is shadowing
when the centres of emission of the fast charged particles are the
atoms of the crystal themselves. These methods are, for
example, used in studies of surface structures, lattice defects,
orientation, thermal vibrations, atomic displacements, and
concentration pro®les (Feldman, Mayer & Picraux, 1982). Ion
beams are also applied in special analytical methods like
Rutherford backscattering (RBS), inelastic scattering, protoninduced X-ray analysis (PIX), etc.
4.1.5.2. Positrons and muons
These elementary particles are used in crystallography mainly
in studies of lattice defects (vacancies, interstitials, and impurity
atoms) for the determination of their concentration, location, and
diffusion by means of the techniques such as positron annihilation spectroscopy (PAS) and muon spin resonance (SR) ± see,
for example, Siegel (1980) and Gyax, KuÈndig & Meier (1979).
The positron implantation range in a solid is <
 100 mm from the
positron sources usually used (e.g. 22 Na, 64 Cu, 58 Co); these
sources yield positrons with end-point energies of <
1 MeV. The
PAS techniques are based on lifetime, Doppler broadening or
angular correlation measurements of -rays emitted by the
decaying nucleus of the radioactive source and those resulting
from the positron±electron annihilation process. Muon sources
require intense primary medium-energy proton beams. The
positive muon  has charge +e, spin 1=2, mass
105.659 MeV=c2 and a magnetic moment equal to 1.001 of the
muon±magneton units. With a mean lifetime of 2.197 ms, the
muon decays into a positron (e ) and two neutrinos  e and  ).
The correlation between the direction of the emitted positron and
the spin direction of the muon allows one to measure the spin
precession frequency and/or the decay of the muon polarization
of an ensemble of muons implanted in a solid.
4.1.5.3. Infrared, visible, and ultraviolet light
Visible light is one of the oldest tools used by crystallographers for macroscopic symmetry determination, for
orientation of crystals, and in metallographic microscopes
for phase analysis. Infrared and Raman spectroscopy are
highly complementary methods in the infrared and visible
range of wavelengths, respectively. The information content
available with the two techniques is determined by molecular
symmetry and polarity. This information is utilized for the
identi®cation of molecules or structural groups [symmetric
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vibrations and nonpolar groups are most easily studied by
Raman scattering, antisymmetric vibrations and polar groups
by infrared scattering (Grasselli, Snavely & Bulkin, 1980)].
The valence states or the bonds of surface atoms and the local
structure in the immediate neighbourhood of the chosen atoms
can be studied by ultraviolet radiation in the energy range 10±
50 eV by means of angle-resolved photoelectron emission
(Plummer & Eberhardt, 1982).

4.1.5.4. Radiofrequency and microwaves
Electromagnetic waves of frequencies 106 ±1010 Hz are used in
nuclear magnetic resonance (NMR) and electron paramagnetic
resonance (EPR) experiments for studies of interatomic bonds,
local atomic con®gurations, ordering, and relative population of
atomic sites as well as for the determination of orientational
features of magnetic structures (Kaufman & Shenoy, 1981).
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