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11.3. Integration, scaling, space-group assignment and post refinement
BY W. KABSCH
11.3.1. Introduction
Key steps in the processing of diffraction data from single crystals
involve: (a) accurate modelling of the positions of all the reﬂections
recorded in the images; (b) integration of diffraction intensities; (c)
data correction, scaling and post reﬁnement; and (d) space-group
assignment. Much of the theory and many of the methods for
carrying out these steps were developed about two decades ago for
processing rotation data recorded on ﬁlm and were later extended to
exploit fully the capabilities of a variety of electronic area detectors;
some CCD (charge-coupled device) and multiwire detectors allow
the recording of ﬁnely sliced rotation data because of their fast data
read-out. In this chapter, the principles of the methods are described
as they are employed by the program XDS (Section 25.2.9). These
apply equally well to rotation images covering small or large
oscillation ranges. A large number of other systems have been
developed which differ in the details of the implementations. Some
of these packages are described in Chapter 25.2. The theory and
practice of processing ﬁne-sliced data have recently been discussed
by Pﬂugrath (1997).
11.3.2. Modelling rotation images
The observed diffraction pattern, i.e., the positions of the reﬂections
recorded in the rotation-data images, is controlled by a small set of
parameters which must be accurately determined before integration
can start. Approximate values for some of these parameters are
given by the experimental setup, whereas others may be completely
unknown and must be obtained from the rotation images. This is
achieved by automatic location of strong diffraction spots,
extraction of a primitive lattice basis that yields integer indices
for the observed reﬂections, and subsequent reﬁnement of all
parameters to minimize the discrepancies between observed and
calculated spot positions in the data images.

Finally, a right-handed crystal coordinate system fb1 , b2 , b3 g and
its reciprocal basis fb1 , b2 , b3 g are deﬁned to represent the
unrotated crystal, i.e., at rotation angle '  0 , such that any
reciprocal-lattice vector can be expressed as p0  hb1  kb2  lb3
where h, k, l are integers.
Using a Gaussian model, the shape of the diffraction spots is
speciﬁed by two parameters: the standard deviations of the
reﬂecting range M and the beam divergence D (see Section
11.3.2.3). This leads to an integration region around the spot deﬁned
by the parameters M and D , which are typically chosen to be 6–10
times larger than M and D , respectively.
Knowledge of the parameters S0 , m2 , b1 , b2 , b3 , X0 , Y0 , F, d1 , d2 ,
d3 , '0 and ' is sufﬁcient to compute the location of all diffraction
peaks recorded in the data images. Determination and reﬁnement of
these parameters are described in the following sections.
11.3.2.2. Spot prediction
It is assumed here that accurate values of all parameters
describing the diffraction experiment are available, permitting
prediction of the positions of all diffraction peaks recorded in the
data images. Let p0 denote any arbitrary reciprocal-lattice vector if
the crystal has not been rotated, i.e., at rotation angle '  0 . p0 can
be expressed by its components with respect to the orthonormal
goniostat system as
p0  m1 m1  p0   m2 m2  p0   m3 m3  p0 :
Depending on the diffraction geometry, p0 may be rotated into a
position fulﬁlling the reﬂecting condition. The required rotation
angle ' and the coordinates X, Y of the diffracted beam at its
intersection with the detector plane can be found from p0 as follows.
Rotation by ' around axis m2 changes p0 into p .
p  D m2 , 'p0  m2 m2  p0   p0
 m2  p0 sin '

m2 m2  p0  cos '

 m1 m1  p0 cos '  m3  p0 sin '  m2 m2  p0

11.3.2.1. Coordinate systems and parameters
In the rotation method, the incident beam wave vector S0 of
length 1= ( is the wavelength) is ﬁxed while the crystal is rotated
around a ﬁxed axis described by a unit vector m2 . S0 points from the
X-ray source towards the crystal. It is assumed that the incident
beam and the rotation axis intersect at one point at which the crystal
must be located. This point is deﬁned as the origin of a right-handed
orthonormal laboratory coordinate system fl1 , l2 , l3 g. This ﬁxed but
otherwise arbitrary system is used as a reference frame to specify
the setup of the diffraction experiment.
Diffraction data are assumed to be recorded on a ﬁxed planar
detector. A right-handed orthonormal detector coordinate system
fd1 , d2 , d3 g is deﬁned such that a point with coordinates X, Y in the
detector plane is represented by the vector X X0 d1 
Y Y0 d2  Fd3 with respect to the laboratory coordinate system.
The origin X0 , Y0 of the detector plane is found at a distance jFj
from the crystal position. It is assumed that the diffraction data are
recorded on adjacent non-overlapping rotation images, each
covering a constant oscillation range ' with image No. 1 starting
at spindle angle '0 .
Diffraction geometry is conveniently expressed with respect to a
right-handed orthonormal goniostat system fm1 , m2 , m3 g. It is
constructed from the rotation axis and the incident beam direction
such that m1  m2  S0 =jm2  S0 j and m3  m1  m2 . The
origin of the goniostat system is deﬁned to coincide with the origin
of the laboratory system.

 m3 m3  p0 cos '

m1  p0 sin '

 m1 m1  p   m2 m2  p   m3 m3  p :
The incident and diffracted beam wave vectors, S0 and S, have their
termini on the Ewald sphere and satisfy the Laue equations
S  S0  p ,

S2  S20 ) p2  2S0  p  p2
0 :

p0  m2 2 1=2 denotes the distance of p0 from the
If   p2
0
rotation axis, solutions for p and ' can be obtained in terms of p0
as
p  m3   p2
0 =2

p  m2  p0  m2
p  m1  2

p0  m2  S0  m2 =S0  m3
p  m3 2 1=2

cos '   p  m1  p0  m1   p  m3  p0  m3 =2
sin '   p  m1  p0  m3 

p  m3  p0  m1 =2 :

In general, there are two solutions according to the sign of p  m1 .
2
If 2 < p  m3 2 or p2
0 > 4S0 , the Laue equations have no
solution and the reciprocal-lattice point p0 is in the ‘blind’ region.
If FS  d3 > 0, the diffracted beam intersects the detector plane at
the point
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