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2. INSTRUMENTATION AND SAMPLE PREPARATION
noise levels result in very high dynamic ranges. Notably, in
contrast to wire detectors, micro-gap detectors are not likely to
be damaged by accidental exposure to a high-intensity direct
beam, as a patterned anode plane is used rather than wires.
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2.1.7.2.3. Semiconductor detectors
Semiconductor (or solid-state) detectors are solid-state ionization devices in which electron–hole pairs instead of electron–
ion pairs are generated by incoming photons, and they are
sensitive to the entire electromagnetic spectrum from visible light
to X-rays. The energy required for production of an electron–
hole pair is very low compared to the energy required for
production of paired ions in a noble-gas-ﬁlled detector. As a
consequence, a larger number of charge pairs with a smaller
statistical variation are generated in semiconductor detectors,
resulting in intrinsically higher energy-resolution capabilities.
The efﬁciency of semiconductor detectors is very high due to the
high absorption of the semiconductor materials, usually reaching
100%, but may decline at higher photon energies if the photons
are not fully absorbed in the semiconductor e.g. because of
insufﬁcient thickness.
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2.1.7.2.3.3. CCD and CMOS detectors
Charge-coupled device (CCD) detectors are represented by
one- or two-dimensional arrays of square or rectangular pixels
consisting of metal–oxide–semiconductor (MOS) capacitors, and
can detect X-ray photons directly or indirectly. The pixel size may
be less than 10 mm. The majority of detectors use indirect
detection, where the incoming X-ray photons are ﬁrst converted
to visible-light photons by a phosphor layer. CCD detectors
employ the ‘bucket brigade’ readout method, in which charge is
shifted one pixel at a time by phasing the bias on the gate electrodes that overlay each pixel until it reaches the output, resulting
in relatively large readout times ranging from a few tenths of a
second up to several seconds per frame. Cooling (Peltier-type) is
required to reduce the dark-current noise representing the
dominant noise source for long exposures. In some detector
designs ﬁbre-optic demagniﬁcation is used to increase the effective active detector area, resulting in an imaging area larger than
the active area of the CCD chip at the cost of detector sensitivity
and spatial resolution.
CCD detectors are usually operated as integrating detectors.
As such, they have no dead time and therefore provide
excellent linearity over a moderate dynamic range, but cannot
have energy resolution. CCD detectors are the detectors of
choice for single-crystal diffraction and imaging, but are not
favourable for applications with weak diffraction signals, such as
powder X-ray diffraction, owing to the relatively large darkcurrent noise.
CCD detectors may also function as counting detectors by
making the exposure time sufﬁciently short. In single-event mode
the energy of each photon can be determined, providing an
energy resolution down to about 300 eV at 8 keV (Cu radiation)
and allowing a spectrum at each pixel of the CCD array to be
built up by a series of consecutive measurements. Such a detector
can record energy-dispersive X-ray powder diffraction
(EDXRD) as well as – to some extent – XRF (see Section
2.1.4.3); however, owing to the readout time, count rates are
extremely low with high statistical noise.
Unlike the bucket-brigade readout of a CCD, the complementary metal–oxide–semiconductor (CMOS) active-pixel
sensor (He et al., 2011) uses a completely different architecture in
which each pixel incorporates a readout preampliﬁer and is then
read out through a bus, as in random-access memory (He et al.,
2011). Cooling is not required. CMOS detectors are immune to
the blooming effect (in which a light source overloads the
sensitivity of the sensor, causing the signal to bleed vertically into
surrounding pixels forming vertical streaks). Additionally, they
offer the very signiﬁcant advantage of shutter-free operation, that
is dead-time-free continuous scans which improve the efﬁciency
of data collection and also improve data quality by eliminating
shutter-timing jitter.
As a consequence of these characteristics, CMOS-detector
active-pixel sensors are now replacing CCD chips in a number of
high-end applications (e.g. professional digital photography and
high-deﬁnition television), and have reached a level of performance where they are also starting to displace CCD chips in the
most demanding scientiﬁc applications.

2.1.7.2.3.1. The Si(Li) detector
The Si(Li) detector sensor consists of a lithium-drifted silicon
crystal which must be cooled to prevent lithium diffusion and to
reduce dark noise. An important advantage of this detector is its
excellent energy resolution of even better than 200 eV (4%) at
8 keV (Cu radiation), allowing very effective ﬁltering of K and
ﬂuorescence radiation and thus operation without a metal ﬁlter
or a diffracted-beam monochromator. As Peltier cooling is
sufﬁcient, the Si(Li) detector type has found wide interest for
applications beneﬁtting from high energy resolution, unlike
energy-dispersive detectors requiring operation under cryogenic
conditions [e.g. Ge(Li)]. In particular, the Si(Li) detector significantly extends the application range of today’s X-ray diffractometers by allowing energy-dispersive X-ray powder diffraction
(EDXRD) as well as – to some extent – XRF (see Section
2.1.4.3).
An important disadvantage of Si(Li) detectors is their large
dead time, which prohibits the handling of higher count rates.
Moderate noise levels result in low-to-moderate dynamic ranges.
An additional important disadvantage is the limitation to 0D
detection.
2.1.7.2.3.2. Silicon micro-strip and silicon pixel detectors
Silicon micro-strip and silicon pixel detectors employ silicon
sensors, which are one- or two-dimensional arrays of p–n diodes
in the form of strips or pixels, respectively, individually connected
to an array of readout channels. The development of this type of
detector technology has obviously been driven by the idea of
massive parallelism: each strip or pixel actually represents an
individual detector. Accordingly, the silicon micro-strip and
silicon pixel detectors are therefore of the 1D and 2D detection
type, respectively.
Count rates recorded by silicon micro-strip and silicon pixel
detectors are very high with very low noise levels, resulting in
very large dynamic ranges. The energy resolution of most
silicon micro-strip and silicon pixel detectors is of the order of
1600 eV (20%) at 8 keV (Cu radiation). Recently, a silicon
micro-strip detector with an energy resolution of better than
380 eV at 8 keV has been introduced (Wiacek et al., 2015). At
Copyright © 2018 International Union of Crystallography
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2.1. LABORATORY X-RAY SCATTERING
2.1.7.3. Position sensitivity and associated scanning modes

2.1.7.3.3. Size and shape
PSDs are available in different sizes with ﬂat (1D, 2D), curved
(1D), cylindrical (2D) and spherical (2D) detection surfaces.
Curved, cylindrical and spherical detectors are designed for
focusing or parallel-beam geometries with a ﬁxed specimen-todetector distance, and cannot normally be used with the Bragg–
Brentano geometry because of its 2-dependent focusing circle
(Section 2.1.4.1). Flat detectors can be used at different
specimen-to-detector distances, with either high angular resolution at a large distance or large angular coverage at a short
distance. For large ﬂat detectors, parallax errors must be
addressed. Small ﬂat detectors are perfectly suited for operation
in Bragg–Brentano geometry but the angular coverage should
not exceed about 10˚ 2 (Section 2.1.4.1) to minimize defocusing,
particularly at small 2 angles.

2.1.7.3.1. Pixel size, spatial resolution and angular resolution
Detectors of the line (1D) or area (2D) type have the important property of position sensitivity, which is characterized by the
two parameters pixel size and spatial resolution.
The pixel size of a position-sensitive detector (PSD) can be
represented either by the intrinsic size of the smallest addressable
sensitive component of a detector (e.g. the actual size of the
diodes), which can be binned to form larger pixels, or is set by the
readout electronics (e.g. for wire-based detectors such as
proportional counters). The spatial resolution is determined by
the actual pixel size, the point-spread function (PSF) and
parallax. The PSF represents the spread of a signal produced
by a single photon over several pixels by mapping the
probability density that a photon is recorded by a pixel in the
vicinity of the point that the photon hit. Parallax will lead to an
additional smearing if the photon travels at an angle to the
detector normal. The ﬁnal angular resolution of a detector system
is given by the spatial detector resolution and the specimen-todetector distance.
Point (0D) detectors do not provide position sensitivity,
regardless of the actual size of the active window (representing a
single pixel). Simply speaking, in analogy to PSDs, the spatial
resolution of a point detector is determined by the goniometer
step size representing the actual pixel size, and the size of the
detector slit representing the PSF. As for PSDs, the angular
resolution is given by the spatial resolution and the specimen-todetector distance.
Detectors can be operated in ﬁxed as well as in (2) scanning
mode, where the step size is usually determined by the detector
pixel size. Subsampling, that is scanning using an angular step size
smaller than the angular pixel resolution, may be used to improve
observed line proﬁle shapes if the pixel resolution is too small. As
a rule of thumb some 5–8 data points need be collected over the
FWHM of a diffraction peak to allow for an appropriate
description of the line-proﬁle shape.
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2.1.7.3.2. Dimensionality
Area detectors can be operated as line or point detectors.
Electronic binning of the pixels into columns will form a line
detector, while binning all pixels together will form a point
detector, each associated with improvements of count rates and
thus dynamic ranges. Alternatively, 1D or 0D ‘regions of interest’
can be deﬁned electronically and/or by mounting suitable
diffracted-beam-path X-ray optics. Area detectors – when operated as such – require point-focus operation.
Line detectors can be used as point detectors, which may be
formed in several ways. One way is to only use one or more
central pixels by either electronically switching off outer pixels
and/or by mounting suitable X-ray optics. Another way is to turn
the detector by 90˚ and to bin all pixels, leading to an improved
count rate and thus dynamic range.
Obviously, when turning a line detector by 90˚, it will function
as an area detector if it is scanned over an angular range; the
trace of the scan will form a cylindrical surface that is a twodimensional diffraction image (He, 2009). This scan mode
may be associated with a few advantages, in addition to lower
costs. For example, the elimination of parallax and the
possibility of using diffracted-beam-path optics improve the
angular resolution in the 2 direction and allow air scattering to
be reduced.
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