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detector rotation, and are thus called one-, two-, three-, . . . ,
n-axis (or -circle) goniometers.
Because of practical reasons, most goniometers consist of two
distinct components, a goniometer base and a specimen stage,
with the specimen stage mounted on the goniometer base.
The goniometer base typically offers two axes, one axis to
rotate the X-ray source or the specimen stage, the other axis to
rotate the detector. In some designs goniometer bases are
omitted, speciﬁcally if there is no need to move the X-ray source
and the detector, such as in Debye–Scherrer-type diffractometers
with large detectors. Such machines are usually dedicated to a
particular application without the need for high ﬂexibility.
Depending on the requirements of the application, additional
rotational and translational degrees of freedom may be needed to
rotate and translate a specimen in space; these are usually
implemented in the specimen stage. More rotational degrees of
freedom may include the rotation of the X-ray source line focus
or a rotation of the detector out of the diffraction plane to
measure diffraction by lattice planes (nearly) perpendicular to
the specimen surface, so-called non-coplanar diffraction.

Table 2.1.2
X-ray applications for with modern X-ray diffractometers
X-ray scattering
Powder diffraction
Qualitative (phase identiﬁcation) and quantitative phase
analysis
Indexing, structure determination and structure reﬁnement
from powder data
Microstructure analysis (texture, size, strain, microstrain,
disorder and other defects)
Pair distribution function analysis (‘total scattering’)
Thin-ﬁlm analysis
Grazing incidence X-ray diffraction (GIXRD)
X-ray reﬂectometry
Stress and texture
High-resolution X-ray diffraction
Reciprocal-space mapping
In-plane GIXRD
Single-crystal diffraction
Chemical crystallography
Protein crystallography
Small-angle X-ray scattering
X-ray topography
X-ray absorption
X-ray radiography (X-ray-absorption-based imaging)

2.1.5.1. Geometrical conventions and scan modes

X-ray emission
X-ray ﬂuorescence

In the literature there is some inconsistency related to the
naming of axes and the choice of signs for angles (left- versus
right-handed). A comprehensive treatment of geometrical
conventions has recently been given by He (2009); in the
following these conventions will be adhered to.
In many texts the notations –2 and – rather than !–2 and
!– are used, mostly because of historical reasons. The ﬁrst
diffractometers operated in Bragg–Brentano geometry (see
Section 2.1.3.1.2) and were equipped with single-axis goniometers. In such a goniometer the single axis drives two shafts
which are mechanically coupled 1:2 or 1:1; thus the notations –2
and – were coined. Today, the majority of all goniometer bases
allow coupled as well as uncoupled rotation of the ! and  axes.
Therefore the !–2 and !– notations should be generally
preferred, as they represent the more general notations.

specimen. X-rays that pass through the specimen can be detected
to give a two-dimensional representation of the absorption
contrast within the specimen. For tomography, the X-ray source
and detector will be moved to blur out structures not in the
focal plane. Multiple images can be used to generate a threedimensional representation of the specimen by means of
computed tomography. Obvious disadvantages are the large
effective focal spot size of the X-ray sources and the relatively
low resolution of the detectors that are typically used for powder
diffraction, which, in combination with a limited adjustability of
both the X-ray-source-to-specimen and specimen-to-detector
distances, lead to substantial unsharpness issues and poor resolution. High-quality images can be achieved when using microfocus X-ray sources and charge-coupled device (CCD) detectors
with focus and pixel sizes smaller than 10 mm, respectively, but
such an instrument conﬁguration is not suitable for applications
requiring ideal powders (see also Sections 2.1.6 and 2.1.7).
Collecting X-ray ﬂuorescence data is comparatively straightforward. Data can be collected simultaneously to X-ray scattering
data when employing a suitable detector, such as an energydispersive detector (Section 2.1.7.2.3). There are a couple of
disadvantages to be considered, such as absorption issues (the
specimen will be normally measured in air rather than in vacuum,
hampering the analysis of light elements) and the inefﬁciency of
excitation by the characteristic line energies of the X-ray source
anode materials typically used for diffraction (hampering the
analysis of elements with higher atomic numbers than that of the
anode material).

2.1.5.1.1. Goniometer base
A typical goniometer base provides two coaxial and independently driven axes, ! and 2, mounted perpendicular to the
diffraction plane. These two axes are the main axes of a goniometer, since they have the most effect on the accuracy and
precision of measured Bragg angles. The diffraction plane and the
axes are generally described by a right-handed Cartesian coordinate system, as illustrated in Fig. 2.1.6, where the direct X-ray
beam propagates along the XL axis. ZL is up and coincident with
the ! and 2 axes, and XL–YL deﬁne the diffraction plane with
the detector circle coplanar to it. Since XL is coincident with the
incident X-ray beam, it is also the axis of the Debye cones. The
semi-apex angles of the cones are determined by the 2 values
given by the Bragg equation. The angles 2 and  describe the
direction of scattering vectors in space (compare Fig. 2.1.1),
where  is deﬁned as the azimuthal angle from the origin at ZL
with a right-hand rotation axis along the opposite direction of the
incident beam ( XL direction).
The ! and 2 axes are mechanically arranged as the inner circle
and outer circle, respectively. The inner circle usually carries
either the specimen stage or the X-ray source, while the detector
is mounted on the outer circle. As a consequence, there are two
common base goniometer conﬁgurations in use: In the !–2 (or
–2 with ! = ) conﬁguration, the incident-beam direction is

2.1.5. Goniometer designs
A goniometer, by deﬁnition, is an instrument that either
measures an angle or allows an object to be rotated to a precise
angular position. In an X-ray diffractometer the purpose of the
goniometer is to move the X-ray source, specimen and detector in
relation to each other. Goniometers are usually categorized by
the number of axes available for X-ray source, specimen and
Copyright © 2018 International Union of Crystallography
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2.1. LABORATORY X-RAY SCATTERING

Figure 2.1.8
Goniometer base conﬁgurations and scan modes suitable for the Debye–
Scherrer geometry only. Only the central beams are shown for clarity. (a)
Capillary specimen in transmission mode, (b) ﬂat specimen in
transmission mode, (c) ﬂat specimen in reﬂection mode, grazing
incidence with ﬁxed !. S: X-ray source, D: detector, SR: ﬂat specimen,
reﬂection mode; SC: capillary specimen, transmission mode; ST: ﬂat
specimen, transmission mode.

Figure 2.1.6
Laboratory coordinates and geometric deﬁnition of the coaxial
goniometer axes ! and 2. If the azimuthal angle  takes all values
from 0 to 360˚ at a given Bragg angle 2, the trace of the diffracted beams
forms a Debye cone (compare with Fig. 2.1.1).

mechanically ﬁxed. The ! axis rotates the specimen stage, while
the 2 axis rotates the detector. In the !– (or – with ! = )
conﬁguration, the ! axis deﬁnes the incident-beam angle by
rotating the X-ray source, while the other axis scans the detector.
In this conﬁguration the specimen stage is mechanically ﬁxed.
Both conﬁgurations allow identical positioning of the X-ray
source, specimen and detector relative to each other.
The goniometer base orientation is deﬁned by the diffraction
plane, which can be either horizontal or vertical. Vertical-base
goniometers in !– conﬁguration are particularly popular, as the
specimen is always kept horizontal, effectively preventing it from
falling off. However, heavy specimens and beam-path components require particular attention in both the goniometer base
design and choice of orientation, as they have a strong impact on
goniometer accuracy, precision and early wear and tear (see also
Section 2.1.5.2). Where loads exceed the maximum speciﬁcations
for a vertically mounted goniometer base, and whenever horizontal specimen positioning is not imperative, either a vertical
goniometer base in !–2 conﬁguration or a horizontal goniometer should be chosen.

In Figs. 2.1.7 and 2.1.8 a range of typical goniometer base
conﬁgurations and scan modes are illustrated.
A symmetric beam-path setup in reﬂection mode, where both
the incident and diffracted beam form an angle of  with respect
to the specimen surface, is mandatory for instruments operating
in Bragg–Brentano geometry to maintain the focusing condition
(see Section 2.1.4.1), but is also commonly used in Debye–
Scherrer geometry. Scanning involves coupling of the ! (with ! =
) and 2 axes in a ratio of 1:2 for the !–2 conﬁguration (Fig.
2.1.7a) and 1:1 for the !– conﬁguration (Fig. 2.1.7b), but only
allows probing of lattice planes essentially parallel to the
specimen surface. Where determination of a texture parameter
is sought, a so-called ‘rocking-curve’ measurement can be
performed by rocking either the specimen or the X-ray source
and detector around the position of a Bragg peak. Two scenarios
need to be considered and are illustrated in Fig. 2.1.7(c) and Fig.
2.1.7(d). In the !–2 conﬁguration with ﬁxed X-ray source (Fig.
2.1.7c), the detector will be ﬁxed at the 2 position of a selected
Bragg peak, while the specimen is rotated (‘rocked’) independently, to perform a so-called ‘!-scan’. To achieve the same in an
!– conﬁguration with ﬁxed specimen, the X-ray source and the
detector will be coupled 1: 1 or 1:1 to perform a clockwise or
anticlockwise scan while maintaining the selected 2 position,
respectively, as illustrated in Fig. 2.1.7(d).
In Debye–Scherrer geometry there is no geometrical restraint
requiring coupled scans to maintain 2-dependent focusing
conditions, as is the case in the Bragg–Brentano geometry,
providing high ﬂexibility. Specimens can be measured in both
reﬂection as well as transmission mode. In principle, the incidentbeam direction may be any relative to the specimen surface, and
can be ﬁxed or variable, while the detector performs a ‘detector
scan’. The ! and 2 axes may be coupled or not. Choices solely
depend on the specimen properties and the requirements of the
application. This is demonstrated in Fig. 2.1.8 for a few representative examples. The classic Debye–Scherrer geometry using
a capillary specimen is shown in Fig. 2.1.8(a). The capillary
specimen can be readily exchanged for a ﬂat-plate specimen as
shown in Fig. 2.1.8(b) and Fig. 2.1.8(c) for ﬂat-plate transmission
and reﬂection, respectively. ! can be set to different angles or
perform a coupled scan to allow access to higher 2 angles (Fig.
2.1.8b) or can be set to a different angle for grazing-incidence
measurements (Fig. 2.1.8c). In some applications it may be
beneﬁcial to perform a (usually coupled) scan of both ! and 2 to

Figure 2.1.7
Goniometer base conﬁgurations and scan modes suitable for both
Bragg–Brentano or Debye–Scherrer geometry. Symmetric beam path
setup in (a) !–2 and (b) !– conﬁguration. Rocking curve setup in (c)
!–2 and (d) !– conﬁguration. Only the central beams are shown for
clarity, rotations are indicated by arrows. S: X-ray source, D: detector,
SR: ﬂat specimen, reﬂection mode.
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parallel to the bisectrix between the incident and diffracted
beams. The ’ angle deﬁnes a left-handed rotation about an axis
on the specimen, typically the normal to a ﬂat specimen surface.
In some texts the angle  (chi) is used instead of , with the
relationship between the two angles deﬁned as
= 90
.
Eulerian cradles have the advantage of high mechanical stability
and are often integrated with XYZ stages to handle bulky
specimens. The geometrical deﬁnitions of specimen X, Y, Z
translations are also shown in Fig. 2.1.9(a).
The kappa () geometry shown in Fig. 2.1.9(b) represents an
alternative way to orient a specimen in space. The axis of the
Eulerian geometry is replaced by the  axis, which is tilted at 50˚
relative to the diffraction plane. It supports an arm carrying the
specimen, with the ’ axis tilted at 50˚ to . The role of the
Eulerian rotation is fulﬁlled by means of combined rotation
along  and ’, which allows Eulerian angles in the range 100
to +100˚ to be obtained. The absence of the (bulky) circle of
Eulerian cradles allows an unobstructed view of the specimen
and unhindered access from ‘above’, for example to mount a
cooling device without risk of collision. These two advantages
made the kappa geometry popular in single-crystal work. On the
other hand, it is not possible to move the specimen to an ‘upsidedown’ position, i.e. equivalent to Eulerian
angles less than
100˚ or greater than 100˚.
Most goniometers do not offer all six rotational and translational degrees of freedom. The majority of these are actually
three-axis goniometers, where the specimen stage offers one
additional axis for specimen rotation.
A comprehensive overview of commercially available
specimen stages is beyond the scope of this chapter owing to the
huge number of dedicated specimen stages available for different
kinds of specimen types, levels of automation and non-ambient
analyses. The most complete and most current information will
be found in manufacturers’ product information.

Figure 2.1.9
Geometric deﬁnition of the Eulerian and kappa geometries with
identical specimen orientation in space. (a) Specimen rotation and
translation in a Eulerian cradle equipped with an XYZ stage, (b)
specimen rotation on a kappa stage.

2.1.5.2. Accuracy and precision
improve particle statistics (‘wobbling’). Obviously, all the setups
shown in Fig. 2.1.8 will work for the full range of X-ray scattering
and absorption techniques as discussed in Section 2.1.4.3, leading
to the renaissance of the Debye–Scherrer geometry within the
past 20 years.

Particularly high demands are made on goniometer accuracy
and precision in Bragg-angle positioning (goniometer base) and
specimen orientation (specimen stage). These are usually
expressed by the angular accuracy and precision of the goniometer-base axes (!, 2) and the sphere of confusion of specimen
positioning in space. A detailed discussion is given by He (2009).
Depending on the application and the actual instrument
conﬁguration, additional requirements may be imposed on
goniometers, and may limit the maximum accuracy and precision
that are achievable. Typical requirements, often not compatible
with each other, are:
(a) mounting of heavy and bulky beam-path components and
specimens;
(b) variable goniometer radii, typically ranging from about 15 to
60 cm; and
(c) vertical goniometer operation to prevent specimens from
falling off the holder.
Each of these requirements may have an impact on goniometer
accuracy and precision, and potential early wear and tear. Typical
loads range from several kg for ﬁxed-target X-ray sources up to
50 kg and more for moving-target X-ray sources. Small detectors
such as point and one-dimensional detectors range from less than
1 kg up to a few kg, while large two-dimensional detectors may
weigh up to 50 kg and sometimes even more.
For vertical goniometers, the loads on the main axis bearings
can be effectively reduced by counterbalances, as shown in Fig.

2.1.5.1.2. Specimen stage
Depending on the requirements of the application, the
specimen stage may offer additional degrees of freedom for
specimen rotation as well as X, Y, Z translation. The goniometer
base may be conﬁgured as !–2 as well as !–, and may be
oriented vertically as well as horizontally.
To orient a specimen in all possible orientations in space, the
specimen stage will offer two more rotational degrees of freedom
in addition to the ! and 2 axes provided by the goniometer base.
Such goniometers are known as four-axis diffractometers, with
two basic geometries in common use for specimen orientation:
Eulerian geometry and kappa geometry.
In the Eulerian geometry the specimen is oriented through the
three Euler angles ! (deﬁned by the ! axis of the goniometer
base),
(psi), and ’ (phi). The relationship between the
laboratory and rotation axes is shown in Fig. 2.1.9(a) for a typical
Eulerian cradle. The ! angle is deﬁned as a right-handed rotation
about the ! (or ZL) axis. The angle is a right-hand rotation
about the
axis, which lies in the diffraction plane and runs
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