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INTRODUCTION

Effective techniques for conducting high-pressure and high-temperature single-crystal
X-ray diffraction experiments were developed in the 1970s. By the end of that decade a
number of papers had been published that defined optimal methods for operating
diffractometers, especially for high-pressure experiments. The following decade saw the
spread of the techniques from the institutions involved in the original developments into
many other, mostly mineralogical, crystallography laboratories around the world. The state
of the art of high-pressure diffractometry as it stood in the early 1980s was summarized in
Comparative Crystal Chemistry (Hazen and Finger 1982). Since that time, advances in
computing capacity and in the mechanical quality of diffractometers have been combined to
increase the precision of high-pressure measurements by an order of magnitude. This
chapter, while building on the work summarized in Hazen and Finger (1982), extends it on
the basis of the experience gained by the authors and others in the intervening years.

The aim of this chapter is to provide a crystallographer with no previous experience in
high-pressure or high-temperature crystallography with the information to set up, or to
convert, a diffractometer for such work as well as a detailed guide as to how such
experiments should be carried out. We hope thereby to answer the questions "How do I
modify my diffractometer for high-P,T experiments?" in the next section, and "How do I
do the experiment?" in the following one. The last section of this chapter describes the
modifications to data reduction procedures that must be made for handling data collected
from crystals in diamond-anvil cells (DAC). Issues relating to DAC design and furnace
design are addressed in Miletich et al. (this volume) and Yang and Peterson (this volume)
respectively. Some basic familiarity with the operation of single-crystal diffractometers for
conventional measurements at room conditions is assumed, although reference is made
throughout to what the authors consider to be the definitive texts and papers on the subject,
at least as far as inorganic crystallography is concerned. For those readers needing a
broader introduction, texts such as Giacovazzo et al. (1992) and Sands (1982) can be
consulted. For the most part this chapter specifically addresses issues in the context of
laboratory X-ray diffraction, although most of the principles apply equally to experiments
performed with synchrotron radiation sources,

X-ray diffraction experiments at high pressures and/or temperatures differ from
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conventional experiments with crystals held at ambient conditions because of absorption by
the device that is used to hold the crystal. If X-rays pass through the device then the
associated measured diffraction intensities are reduced, or even completely obscured. The
latter constrains the geometry of the diffraction experiment. There are two main ways in
which these problems can be ameliorated. Modifications to the diffractometer control
software and hardware can decrease absorption effects and background scattering, and
optimize the diffraction geometry. And data reduction software can be modified to apply
corrections to observed intensities that have been subjected to unavoidable hardware
effects. In addition, we present measurement procedures that improve the precision of
measured lattice parameters and thereby allow the small changes that occur with varying
temperature and pressure to be better defined.

DIFFRACTOMETER SYSTEMS

X-ray sources and optics

Two opposing effects have to be considered in choice of radiation wavelength. On the
one hand, longer wavelengths give rise to stronger diffracted beams because the scattering
power of crystals varies as j.}. The efficiency of most detector systems also increases with
increasing wavelength. On the other hand, longer wavelengths are more strongly absorbed
by both the sample and any surrounding device such as the diamonds and the beryllium
backing plates of a DAC. For diamond, the absorption coefficients for CuKa, MoKa and
AgKa are 15.9, 2.03 and 1.32 cm-l respectively (Creagh and Hubbell 1992). The
corresponding intensity transmission through a pair of anvils each 1.5 mID thick will
therefore be 0.9%, 54% and 67%. If, for example, 4 mID thick beryllium backing plates
are used to support the diamond anvils, then the total transmissions become 0.2%, 37%
and 49% for the three radiations. Thus Cu radiation is completely unsuitable for DAC
experiments, although it is probably the best for high-temperature studies at ambient
pressure. Ag radiation was often employed in early DAC studies (e.g. Finger and King
1978) because of its lower absorption and thus greater transmission through the DAC
components. However, the efficiency of many detectors is much lower at the shorter
wavelength, and Ag X-ray tubes cannot be run at the high power-densities of Mo or Cu
tubes. In addition, the shorter wavelength also results in more simultaneous diffraction
events from the anvils (Loveday et al. 1990) which degrade the quality of intensity data-
sets collected with Ag radiation. Also, the higher penetrating power of Ag radiation means
that gaskets absorb less of the radiation scattered from the incident-beam side of the DAC,
leading to higher backgrounds and lower signal-to-noise ratios. These factors mean that
refinements on data-sets collected with Ag radiation generally yield results inferior to those
collected with MoKa radiation (e.g. Levien and Prewitt 1981), and so the latter radiation is
employed for most DAC studies.

For experiments on monochromatic synchrotron beamlines the intensity of the incident
and diffracted beams are usually so high that the issue of scattering power and detector
efficiency is not a concern. The small divergence of synchrotron beams also means that the
anvil diffraction problem is not so severe as it is for a laboratory X-ray source of the same
wavelength. Together with the reduced absorption by the cell components, these factors
bias the choice of wavelength for high-pressure experiments with a synchrotron beamline
to shorter values than those used in laboratory. However, as the wavelength is reduced, the
background intensity from the cell is increased because of lower absorption by the gasket
and increased Compton scattering by the diamond anvils. Use of gaskets made of materials
such as W or Rh, which are much more absorbing than steel, together with additional
shielding and collimation, can help to attenuate these effects, so that the optimal wavelength
for synchrotron experiments seems to be 0.5-0.6 A..
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The changes in unit-cell parameters that occur with changing pressure or temperature
are relatively small, typically of the order of 0.05-0.5% for a 1 GPa change in pressure or a
100 K change in temperature. Therefore, in order to determine these changes precisely,
unit-cell parameters must be determined to a precision that is much better than this; a
precision in unit-cell edges of 1 part in 30,000 is probably sufficient for most high-pressure
studies of minerals (Angel, this volume). To obtain such precision the effective wavelength
of the radiation incident upon the crystal must be stable over the time period of the
experiment (weeks to months) to even higher precision (say 1 part in 105) and the angular
stability of the incident beam must be better than 0.0010. Such stabilities require that the
temperature in the X-ray enclosure remains constant and extra care should be taken in the
engineering of the tube shield and diffractometer so as to minimize the effects of
temperature fluctuations on the alignment. These requirements also apply to any device
used to condition the incident beam. Particular difficulties can arise from the use of a
monochromator, because a small change in the monochromator setting angle will change
both the direction of the incident beam as well as the intensity ratio of the al and az
components. Both variations will contribute significantly to uncertainties in the observed
angular positions of diffraction peaks, so for unit-cell parameter measurements it is often
best to dispense entirely with monochromators. In the event that the monochromator cannot
be eliminated an alternative approach is to measure the cell parameters of a standard crystal,
such as ruby, and adjust the value of the radiation wavelength used by the control software
so as to produces the correct cell dimensions. The cell parameters of the sample crystal are
then obtained using the modified wavelength (e.g. Jacobsen et al. 1998). Other beam
conditioning devices such as mirrors will suffer from the same problems, whereas "static"
devices such as total-reflection optics and simple collimators are to be preferred. By
contrast, intensity data collections do not require such angular precision, so the reduction in
background scattered intensity that is obtained by monochromating the incident beam more
than compensates for the loss of a-radiation intensity in the monochromator.

Detectors

Historically only traditional "point" detectors were used for high-pressure single-
crystal diffraction experiments, but recently area detectors (multi-wire, image plate and
CCD) have been tested for such measurements. The advantage of point detectors is that the
diffracted beam can be collimated so as to reduce the strong background intensity that
arises from the DAC and thus maximize the signal-to-noise ratio in intensity
measurements. Collimation also allows the positions of diffracted beams to be measured
very precisely for the purpose of determining unit-cell parameters. Area detectors,
however, cannot be collimated, and the "images" collected contain the highly structured
background. Special steps have to be taken to eliminate this background and to obtain
reliable intensity data-sets. The lack of collimation combined with the pixel resolution of
area detectors and the collection of data by moving-crystal methods also restricts the
accuracy with which the positions of diffracted beams can be determined. But the
advantage of area detectors is that intensity data-sets can be collected in less time than is
possible with point detectors, and their use for high-pressure studies will undoubtedly
become more widespread as the technical problems are solved. Whatever the detector
system it must be sufficiently robust not to be damaged by exposure to secondary
diffracted beams from the diamond anvils, which can be of an intensity approaching that of
the incident beam.

Safety

The use of diamond-anvil cells on diffractometers gives rise to strongly scattered
radiation when the direct beam is scattered by the steel and beryllium components of the
pressure cell or is diffracted by the diamond anvils. It is therefore essential before starting
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Figure 1. An Eulerian four-circle goniometer with all circles positioned at zero. The axes of the Cartesian
coordinate system of Busing and Levy (1967) are superimposed. The diffractometer circle motions for
positive parities are indicated.

high-pressure experiments to enclose the diffractometer in a fully-interlocked radiation
safety enclosure, all of whose components should be capable of completely absorbing the
direct X-ray beam from the source. Such a full enclosure also serves a useful purpose in
helping stabilize the temperature of the sample.

Eulerian cradles

For all diffractometers, whether of Eulerian geometry or otherwise, we first define the
diffraction plane to contain the X-ray source, the sample and the detector. In a perfectly
aligned system the diffraction plane then contains the incident and diffracted X-ray beams
and the normal to the diffracting plane otherwise known as the diffraction vector. The
detector arm moves in the diffraction plane and its angle of deviation from the line of the
direct beam is 28, or twice the Bragg angle. It is assumed that the reader is familiar with
the basic Eulerian geometry for four-circle diffractometers consisting of an co-circle which
rotates the x-circle on which is carried the <\I-axis,all capable of independent rotation (Fig.
1). The sense of rotation of the circles, along with the choice of Cartesian axial systems in
which to perform the necessary geometrical calculations for diffractometry are entirely
arbitrary. In this Chapter we follow the conventions laid down by Busing and Levy
(1967), as illustrated in Figure I and described as follows.

When all circles are at their zero positions:
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the 28-ann lies in the position of the undiffracted direct beam (28 = 0),
the plane of the X circle is perpendicular to the direct beam (00=0),

the <I>-axisis perpendicular to the diffraction plane (X =0),

the choice of <I>=0 is arbitrary.
These conventions also define the "nonnal-beam equatorial geometry" of Arndt and Willis

(1966) subsequently generalized by Dera and Katrusiak (1998). In these zero positions the
Cartesian basis of the "<I>-axis"coordinate system (Busing and Levy 1967) has its axes
defined as follows:

the origin is at the center of the diffractometer,

the positive y-axis extends from the crystal towards the detector (i.e. along the
undiffracted direct beam),

the positive z-axis is parallel to the <I>-axis,perpendicular to the diffraction plane,
and away from the <I>-axiscarrier,

the positive x-axis makes a right-handed set, and corresponds to an imaginary
diffraction vector at 28 =O.
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The sense of positive rotations of the four circles under the Busing and Levy (1967)
convention are left-handed for all axes except for the x-axis. To be explicit, when viewed
from the +z direction (looking down on the diffractometer from above), positive movement
of the 28, 00and <I>axes away from their zero positions is cl~ckwise. When viewed from
the +y direction (looking towards the crystal from the detector ann) positive movement of
the x-axis is counter-clockwise. These senses of rotations are hereinafter defined as having
positive parities. Circles on diffractometers that rotate in the opposite sense will be said to
possess negative parities. Unfortunately, many diffractometer operating systems and many
papers in the literature use different axial conventions and different sets of circle rotations
from those chosen by Busing and Levy (1967). A number are listed in Table 1, in tenns of
the Busing and Levy conventions.

Table 1. Diffractometer axial conventions and circle parities.

Axial conventions Circle parities

Busing and Levy (1967)
+x along diffn vector
+y to make rhs

+z up

Hamilton (197 4a)
+x towards source

+z up

+y to make rhs

Hazen & Finger (1982)
+x towards detector

+z up
+y to make rhs

Stoe AED (Stoe & CiE GmbH 1987)
+y towards X-ray tube

+z down

+x to make rhs

CAD4 (Schagen et al. 1988)

Helliwell (1992)

Dera & Katrusiak (1998)

as Hamilton (1974a)

as Hamilton (1974a)

as Hamilton (197 4a)

+1,+1,+1,+1

+ 1,-1,-1,-1

+1,+1,+1,+1

-1,-1,+ 1,-1

+1,+1,+1,+1

+1,-1,-1,-1

+1,+1,+1,+1

--...--------..--
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In the Busing and Levy definition of an Eulerian diffractometer, movement of the 28-
axis results in movement of the ffi-axis by half as much, but without a change in the vaJue
of ffi itself. The value of ffi thus remains zero so long as the plane of the x-circle remains
bisecting the incident and diffracted beams, and is defined on such a diffractometer as the
deviation of the m-axis from the bisecting position. This convention is followed throughout
this chapter. Such a simultaneous motion is said to be coupled, because the OJ-axis is
always moved when the 28-axis is moved. Coupled motions may be obtained in practice
by either mechanical coupling (e.g. on Picker goniometers) or electronically. In the latter
case the m-circle is driven simultaneously with the 28-circle, but with a separate motor, and
the position of the circle (as seen by the motor controller) is often referred to as "absolute
ffi," (O.bs= e+ (Obisec!'For diffractometers on which the coupling is achieved in software or
in the motor controller, care must be taken to ensure that the correct OJ position is
maintained by both software and hardware after circle drives are interrupted.

On some diffractometers (e.g. the Picker and the Stoe AED goniometers) the drive for
the <»-axisis made through gears on the x-circle. In these cases, rotation of the x-circle
results in mechanical rotation of the <»-axis, so a compensating movement of the <»-motor
has to be made for each drive of X to maintain the absolute position of <».Again, care must
be taken when writing new diffractometer control software to ensure that such motions are
handled correctly, especially when a drive of the X-circle is interrupted.

Precise measurements of lattice parameters require precise determination of the angular
positions of diffracted beams from the sample crystal. While some of this precision is
obtainable through experimental procedures discussed later in this chapter, components of
the diffractometer design that contribute are the physical size, the beam divergence, and the
precision and accuracy with which the diffractometer circles can be positioned. Positioning
accuracy is dependent in part upon the choice of step sizes for the motors that drive the
diffractometer circles. For most laboratory applications step sizes of 0.0010 are sufficient,
although this can be relaxed to O.OOlo/step for the <»-drive as this is only positioned and
never scanned during diffraction measurements.

In general, a larger goniometer will yield a greater angular resolution, but with a
concomitant reduction in intensities of the diffracted beams. For well-collimated sources,
the intensity fall-off with distance from the crystal is not as severe as the l/r2 expected for
divergent beams, but is closer to l/I. The background scattering from furnaces or DAC
components is effectively divergent however; so peak-to-background ratios are improved
with increasing diffractometer size. The combination of these two factors may lead to better
or worse precision in the determination of angular positions of diffracted beams. With
larger diffractometers, consideration must also be given to the physical divergence of the al
and a2 beams. For example, at a distance of 40 cm from a crystal scattering MoKa
radiation at a Bragg angle of 120, typical for monochromator crystals, the physical
separation of the centers of the al and a2 diffracted beams is 0.5 mm. Therefore if a
monochromator is used in the incident beam, this physical separation means that the
a2 beam will miss a sample crystal that is -100 f..Imacross. Even for sealed-tube X-ray
sources operated without a monochromator, the same divergence is imposed on the
diffracted beam by the sample crystal; at 28 =450 the physical divergence of the al and a2

beams will be 2 mm at 40 cm. When a parallel monochromator is used in the incident beam
the divergence from it must be added or subtracted from the divergence due to the crystal.
In all cases care must be taken to ensure that the receiving aperture of the detector is
sufficiently wide to collect all of the al and ~ intensity.

A number of other physical parameters have to be taken into consideration when
modifying or designing a diffractometer for either high-pressure or high-temperature
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diffraction. First, the goniometer must be capable of carrying the weight of the furnace or
DAC without damaging the motors or deforming the goniometer, and without loss of
positioning precision. In some cases the ramping and slewing speeds of stepper motors
may have to be modified in order to avoid mechanical resonances of the circles introduced
or changed by the addition of the weight of the sample assembly that, for DACs, can
exceed 500g. Second, on most Eulerian goniometers the detector arm is not capable of

Figure 2. A Kappa four-circle goniometer with all circles positioned at zero. Note that the axes of the
Cartesian coordinate system of Busing and Levy (1967) differ from the choice used in the CAD-4 operating
system (Schagen et al. 1988, and Table I). The diffractometer circle motions for positive parities are
indicated.

passing around the x-cradle. This restriction on movement can be expressed in terms of the
angle, Q, between the plane of the x-circle and the detector arm. Allowed positions are
defined by the condition 90 + (J).sine - e ~ 12. In order for this limit not to restrict access to
diffracted beams from crystals inside DACs or furnaces operated in fixed-<\>mode (see
below), 90-Q must be equal to, or greater than, the maximum access angle 'JImaxallowed by
the DAC or furnace (Miletich et aI., this volume). Third, many Eulerian goniometers carry
the <\>-axisoffset from the plane of the x-circle. Such a configuration is strongly
recommended if high-temperature diffraction is to be performed, because it minimizes the
chance of accidental heating of the x-circle by either radiation or convection. If the <\>-cradle
is offset towards the diffracted-beam side then collisions between it and the detector arm
may be possible. A better choice is therefore to have the <\>-cradleoffset towards the X-ray
source, because the limits on goniometer circle motions are easier to define.
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Kappa cradles

In the Kappa diffractometer design (Poot 1972) the x-circle of the Eulerian cradle is
replaced by a single axis, called the kappa-axis, inclined at a fixed angle a to the O)-axis.
On this K-axis is mounted the <I>-axis(Fig. 2) at the same angle a to the K-axis. When all of
the diffractometer angles are set to zero, the <I>-axisis parallel to the 0) and 28 a~es as for the
Eulerian cradle, and the parities of rotations can be defined directly in terms of the Busing
and Levy (1967) conventions. The zero of the 0) position is chosen as the position at which
the K-axis lies in the plane defined by the other axes and the incident beam, with the drive
block on the incident beam side of the crystal (e.g. Schagen et al. 1988, Dera and Katrusiak
1998, Fig. 2). Rotations of K are defined as being positive when they result in a positive
change for the equivalent Eulerian value of X (see Eqn. 1, below). The position of the 0)-
axis is usually treated as an absolute, rather than a relative, value. If, when the
diffractometer axes are at zero, the <I>-axisis tilted with respect to the 0) and 28 axes by
angle P*-O then the "generalized equatorial diffractometer" is obtained, for which the
geometrical operations are presented by Dera and Katrusiak (1998).

The Kappa geometry is difficult to visualize, so most software used to drive such
goniometers provides the user with the setting angles in an Eulerian as well as the Kappa
form. The relation between the setting angles in the Kappa geometry (with P = 0) and the

Eulerian geometry are (Schagen et al. 1988):

28E =28K XE =2arcsin(sina sin(K'/2»)

COE=coK-8K+o <h=<1>K+O (1)

where 0 = sign(sin(K/2))arccos( cos(K/2)/coS(XE )), coKis absolute and COEis bisecting.

The absence of ax-circle means that a Kappa geometry goniometer has much greater
freedom of movement than one built with the Eulerian geometry, for values of X less than
900. This also means that a Kappa goniometer can be built to a smaller size than an Eulerian
cradle, resulting in higher diffracted intensities. When mounted with the 8-axis horizontal
the geometry is ideal for those synchrotron beamlines on which access to one side of the
beam is very restricted. Similarly, access to the crystal position is also more open, allowing
much easier use of gas-blowers (for heating and cooling). And there is no danger of
heating and thereby deforming elements of the goniometer, to which the x-circles of
Eulerian cradles are especially sensitive.

However, consideration of Equation (1) shows that setting angles corresponding to XE
> 2a are not accessible. Since most Kappa goniometers are built with a ""

500, settings
corresponding to XE> 1000 are inaccessible, thereby restricting the reflections which can be
centered in eight positions to those with XE between 800 and 900. Another consideration
when using Kappa goniometers with DACs is that the weight of cells is offset from the K-
axis. A considerable torque can therefore be exerted on the drive of the K-axis which can
lead to rapid wear, and a need for regular replacement, of the K-axis motor.

Control systems

Diffraction geometry. Most diffractometer control systems are designed for the
collection of data from crystals in air and therefore operate in bisecting mode without any
restrictions on the setting angles for reflections except those imposed to avoid physical
collisions of the goniometer circles. By contrast, many DACs and heating stages for single-
crystal diffraction require the diffractometer to be operated in non-bisecting geometry in
order to obtain access to diffracted beams. They may also require additional restrictions on
diffractometer motions to avoid collisions with, or damage to, the sample stage.
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The equations necessary to calculate the diffractometer setting angles for a given
reflection were presented by Busing and Levy (1967), whose angular and axial
conventions we follow here (see above). Angular calculations on a diffractometer use the
UB or "orientation matrix", which is a 3x3 square matrix product of two matrices U and B.
The B matrix is calculated from the unit-cell parameters of the crystal:

[

a * b * cos y * C* cos ~*

]
B = 0 b *sin y * -c *sin ~*cos a

o 0 Vc
(2)

in which the asterisked parameters are reciprocal-space quantities. Note that other choices
of a Cartesian reference system for the unit-cell result in different expressions for the
elements of B and the choice is arbitrary. The U matrix defines the orientation of the crystal
axes with respect to the "<I>-axis"Cartesian coordinate system (Busing and Levy 1967). The
product of these two, the UB matrix, therefore transforms a set of reflection indices h =
(hkl) to a set of diffractometer coordinates denoted as the vector h.. The vectors themselves
are unchanged, only the triples of numbers that describe the vector with respect to a given
coordinate system are different. The components of the vector h. contain the positions of
the diffractometer axes by which the plane normal h is brought into coincidence with the
diffraction vector:

[

h.]

]

.

[

COSOOCOS'XCOS<I>- sin 00 sin <1>

]
h. = UB.h= ~ h.2 =

2sm8
cos 00cos 'Xsin <I>+ sin 00cos <I> .

dlli 1 .
h.3 cos 00sm 'X

(3)

Equation (3) therefore defines the possible diffractometer setting angles at which diffraction
can be obtained from a reflection h. The 28 value is obtained directly from the length of the
vector h., using Bragg's equation. There are an infinite number of choices for ro, X, and <I>
that can be used to satisfy Equation (3) for a given h., because one of these three angles
can be assigned an arbitrary value. The choice of which angle to fix is the source of the
different modes of operation of a four-circle goniometer. For bisecting mode the (J}-angle is
set to zero, and the other setting angles are obtained from the components of h. as:

X = Px arctan( h.3/ ~h~1 +h~2)

(4)

Note that the more obvious expression X = arcsin(h.3) is not used because round-off
causes excessive errors in X when h.3

'"
I. In Equation (4) we have added the

diffractometer circle parities, Pi' to the expressions given by Busing and Levy (1967). Use
of these parities ensures that orientation matrices are transferable between diffractometers
with different parities, provided that the Cartesian reference for the <I>-axissystem is the
same. For different orientations of the <I>-axissystem, the UB matrix must also be
transformed. This transformation is equivalent to a new choice of U matrix. For example,
the matrix to transform a UB matrix from the Enraf-Nonius control software for the CAD4
diffractometer (Table I) to the Busing-Levy system is:

[

0 1 0

]
UBB_L = -1 0 0 UBCAD4

o 0 1
(5)

Possible diffractometer setting angles must be tested against limits imposed by the
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construction of the goniometer as well as by the heating device or high-pressure device
mounted on the goniometer. With these devices it is often more convenient to define limits
to accessible diffraction positions in terms of the angles between the incident and diffracted
beams and, for example, the symmetry axis of the DAC. These angles are those between
the vectors of the incident and diffracted beams and the axes of the <»-axissystem because
this coordinate system can be thought as moving with the crystal (and hence also with
enclosing device). Following Equation (58) of Busing and Levy (1967) the cosines of
these angles are:

to x: sin(Pe9:t prom )cos X cos<jJ:t P~ cos(Pe9:t prom )sin <jJ

to y: sin(Pa9:tp",m)cosXP.sin<jJ=Fcos(Pa9:tp",m)cos<jJ (6)

to z: Pxsin(Pe9:tProm)sinx

The upper signs in Equation (6) apply to the reverse direction of the incident beam,
and the lower signs to the forward direction of the diffracted beam. Note that regardless of
choice of co,X, or <»these two vectors are at an angle 1800-28 from each other because the
angle between the forward incident beam and the diffracted beam is always 28 by Bragg's
law.

In transmission DACs the angles that the incident and diffracted beams make to the
axis of the cell are denoted as 'PI and 'P Drespectively (Hazen 1976). If we start with a DAC
aligned perpendicular to the incident beam when all diffractometer angles are zero, then the
axis of the cell is parallel to the y-axis of the <»-axis reference system and remains so
irrespective of the goniometer motions. Therefore the cosines of the two angles 'PI and 'PD
are always given by the direction cosines to the y-axis defined in Equation (6). For large
values of 'P[ and/or 'PD the X-ray beam is obstructed by the body of the cell. Since most
transmission DACs are cylindrically symmetrical the limit for accessibility of reflections is
usually independent of X and equal for the incident and diffracted beams, and can be
expressed as the two conditions:

and (7)

Maximum access to reflections is obtained when the sum of these two angles, 'P[+'P D
'

is
minimized. Inspection of Equation (6) shows that this occurs when <»is set to zero, and
thus:

and (8)

Therefore, to maximize the number of accessible reflections, transmission DACs should be
operated in this "fixed-<»" mode (Finger and King 1978), for which the setting angles from
Equation (3) become:

m=Pro arcsin(Ah~z/2sin9)

X=Pxarctan(h~3/h~I) (9)

<jJ=0

The number of reflections observable in the fixed-<»mode of operation can be as much
as 40% greater than the number that can be measured in the bisecting position (Finger and
King 1978). Because the path length of the X-ray beams through the backing plates and
diamond-anvils of the cell varies as 1/cos\jl , absorption by the cell components is also a
minimum for the <»=0 position.

It is often necessary to know which reciprocal lattice vector of the crystal is parallel to
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the load axis of the DAC, especially as resolution is restricted in this direction (Miletich et
aI., this volume). Because the load axis is parallel to the y-axis of the "<»-axis" Cartesian
coordinate system, the corresponding reciprocal lattice vector is:

(10)

A number of DACs have been developed in which the incident and diffracted beams
enter the cell almost perpendicular to its load-axis (e.g. Ashbahs 1984, Koepke et al. 1985,
Reichmann et al. 1999, Miletich et aI., this volume). Maximum access to reflections is
obtained by operating the diffractometer in bisecting mode (Eqn. 4). The major restriction
on access to reflections is by the body of the two halves of the cell which extend along the
z-axis of the <»-axissystem. This limit is therefore easily encoded in terms of the angles of
the X-ray beams to the z-axis (Eqn. 6). Note that the term SsinX used in the calculations of
angular limits by Ashbahs (1984) is not strictly correct, but nearly equivalent to Equation
(6) for S < 45° (Ashbahs 1987). In some positions the pillars that connect the two halves
of the cell will obscure reflections and for these a small rotation of the cell about the
diffraction vector (i.e. a \{I-rotation) will normally bring the reflection into a measurable
position (Koepke et al. 1985). This procedure allows up to 95% of the reflections in one
hemisphere of reciprocal space to be measured. Such obscured regions need careful coding
of the diffractometer control software to describe them. Details of the operation of a three-
pillar transverse cell with an X-ray transparent gasket were given by Ashbahs (1984), and
revised by Koepke et al. (1985). Reichmann et al. (1998) developed a combined X-ray and
ultrasonic two-pillar DAC that was also operated in bisecting mode, but with an X-ray
opaque gasket. Such a gasket imposes an added restriction on accessible reflections such
that the angles between the incident and diffracted beams and the z-axis of the <»-axis
system must lie between an upper limit imposed by the gasket thickness and a lower limit
imposed by the body of the cell. If crystals oriented with a zone axis parallel to the load-
axis of the cell are measured in these transverse cells, then there will be sets of reflections
that have setting angles at X = 90°. At such a position in bisecting mode h<l>l= h<l>2 = 0 (Eqn.
3) and the value of <»cannot be calculated through Equation (4). It is therefore important to
have the diffractometer control software explicitly define the value of <»close to X = 90°so
as to avoid shadowing by the support pillars of the cell.

The choice of bisecting mode or fixed-<»mode for operation of furnaces depends upon
the design. In general terms, heating and cooling devices that allow free rotation of the
crystal about the <»-axis in a fixed device (e.g. chimney furnaces or gas-blowers) are
usually best operated in bisecting mode to maximize reciprocal space access. Those that
restrict the <»-rotationof the crystal are usually best operated in fixed-<»mode, although it is
possible that small \{I-rotations away from these two positions may also allow access to
certain reflections, as is the case for transverse geometry DACs. With furnaces that are
carried on the <»or X axes of the goniometer further restrictions must be placed on the
movement of <»and/or X in order to prevent the electrical wires to the furnace becoming
entangled or twisted. Such restrictions normally require X and <»to be defined as "non-
circular", that is the diffractometer is prevented by software from driving through <»= 180°
or X = 180°. The power calibration of some furnaces (e.g. Finger et al. 1973) can also be
especially sensitive to X rotations and feedback then has to be provided from the
diffractometer control software to the furnace controller in order for the latter to maintain a
constant temperature during changes in goniometer positions.

Reflection centering. Busing and Levy (1967) set out the various methods by
which the Bragg angle of a reflection can be measured on a diffractometer. In essence they
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can be reduced to setting the goniometer circles such that the intensity from a reflection is
maximized in the detector. Then either the 28 angle is determined by slewing the detector
while holding 0) stationary, or the optimum value of 0) is determined by slewing it while
holding the detector stationary. There are a number of ways in which the Bragg angle can
then be determined from the final scan (Galdecka 1992, p. 446). A useful diagnostic tool
for evaluating all reflection centering procedures is the "Mid plot" (Fig. 3). The 28 value
measured for each centered reflection is converted into a spacing, dobs' The fractional
deviation from the theoretical value, deale'obtained from the known lattice parameters of the
substance is then Mid = (dobs- deale)1deale' and this is plotted against 28. If the centering
algorithm yields the correct dobsfor all reflections, then all of the data will lie on a horizontal
line at Mid =O.If there is a strong 28 dependence in the centering algorithm, then the data
will fall on an inclined line. The data scatter of the individual points about the line reflects
the reproducibility of the centering algorithm. The total spread in !1dld values arising from
both the 28 variation and the data scatter gives an indication of the uncertainty in unit-cell
parameters that will be obtained by refinement to the data.

0.0 0.1 0.2
OJ:degrees

Figure 3 (left). Diagnostic L\dId plots showing the results of two different reflection centering algorithms
applied to reflections from a ruby sphere. (a) Strong 26 variation arising from the use of inclined slits to
center reflections. (b) Step in MJd arising from fitting the al-a2 doublet as a single peale Results similar
to (b) are obtained from determining the peak maximum.

Figure 4 (right). Steps scans in co of diffraction peaks from a ruby sphere. The lines are the peak profiles
of the individual al and a2 components of the doublet obtained from the constrained fit of Equations (II)
and (12) to the data. The values of the parameters Irario and Tl used to fit the low-angle profiles such as (a)
and (b) are obtained by fitting profiles such as (c).

Commercial diffractometer software packages often employ either half-slits or inclined
slits (e.g. Schagen et al. 1988) to determine the centroid of the combined a,-az reflection
profile (Galdecka 1992), and uses this value together with some appropriate average value
of the al and az wavelengths to determine the 28 value. Although this procedure can be
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precise and give small data scatter in the I1dld plot, it results in a strong and continuous
variation in Mid with 28 (Fig. 3a) that limits the precision in the refined lattice parameters
in the case illustrated to about 1 part in 4,000. An alternative is to find the maximum of the
profile either by an iterative search or by fitting a parabolic curve to the center portion of the
peak (e.g. Finger and Hadidiacos 1982, Stoe and CiE 1987). Figure 3b shows the typical
step in Mid that arises from using such a method; cell parameters obtained from refinement
to the complete data-set have a precision of only 1 part in -6,000. The reason for the failure
of all of these common centering algorithms is that the methods are fundamentally flawed,
because at low Bragg angles the <Xl-<XZ doublet is scanned and centered, whereas at higher
Bragg angles dispersion means that only the <XIpeak is centered (Fig. 4, above).

We have therefore developed a peak centering algorithm that overcomes these
difficulties, and is implemented in the diffractometer control program SINGLE (see
Appendix). The first stage consists of a set of iterative step scans to maximize the reflection
intensity in the detector. After each individual scan of an axis the central part of the step
scan is fitted with a parabolic function and the diffractometer is positioned at the calculated
peak maximum. A number of software traps (e.g. see SINGLE code) must be included to
ensure that a genuine diffraction peak is centered, and that the maximum is in the center
portion of the scan. If the maximum lies near one end of the scan, the axis is repositioned
to the end of the scan and the scan repeated. Slightly different and more efficient
implementation of these iterations is possible on diffractometers where the detector output
and motor positions can be read continuously and simultaneously, but the principles remain
the same. Following Finger and Hadidiacos (1982), the scan sequence is 0), 0)-28, 0), X
and lastly 0), each scan consisting of 9 steps. The first 0) scan must be of a width sufficient
to find the peak maximum from the initial position. The width of the 0)-28 scan is set to
twice this value. The second scan of 0) is then performed with half the width of the first 0)
scan, and thus with twice the resolution. The width of the X profiles is dependent on both
the vertical width of the receiving aperture in front of the detector, Lx

'
and on the 28 value,

so the width of the X scan is set to wlLx Ilsin81)JI2.The parameter Wx is dependent upon
both the crystal and the diffractometer, and must be determined at the start of each new
experiment. The third 0) scan is again half of the width of the second.

This sequence of relatively coarse scans is then followed by a finer step scan (typically
25-31 steps) in X. The position of the peak maximum, to which the x-axis is subsequently
driven, is obtained by fitting a Gaussian peak function to the step-scan data. Although the
peak shape in X is not strictly Gaussian, use of a sufficiently narrow slit width Lxmakes it
effectively so. The alternative method of defining the peak maximum in X as the average of
the half-height positions on the two sides (e.g. Finger and Hadidiacos 1982) is generally
found to be less reliable.

The final scan to determine 0) is typically 51 steps across a total width 6-8 times the
full width at half maximum (FWHM) of a single peak plus the dispersion term for the <Xl-
<Xzsplit, '"

M/t... tan 9] for an unmonochromated incident beam. The step scan is fitted by
the method of least-squares to a pair of pseudo-Voigt functions to describe the <Xland <Xz
contributions, plus a constant background (e.g. Pavese and Artioli 1996):

I( co) = PV1 (co) + PV2 (co) + constant

A single Pseudo-Voigt is written as:

PV(co)=
11lr

2 +
2I(I-1l)..Jh12

exp
[
- (

2( co - COo)..Jh12

J

2

]211:(co- coo) + r2 r..fit r

(11)

(12)
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with refineable parameters of position (00'total integrated intensity I, full width of the peak
at half-maximum 1, and a mixing parameter T]which is zero for a pure Gaussian peak and
1 for a pure Lorentzian. The numerical constants 1t and .Jfi12 serve to normalize the
profile. The T] and r parameters of the pseudo-Voigt for the az contribution are assumed
equal to those of the al peak, while the position is calculated from that of the at peak plus
an offset. For an unmonochromated source, and also for one with a monochromator whose
diffracting plane is 90° from that of the diffractometer, the offset is arcsin(Az sin8j /At) -8j.
The frequently used approximation I'1A/Atan 81 for this offset is in error by - I 0-4 degrees at
28 = 40° and by -10- degrees for 28 > 80°. For a monochromator in parallel geometry it
may be necessary to add the al-aZ dispersion due to the monochromator to this term when
the detector lies on one side of the direct beam, and to subtract it on the other side. The
relative intensity of the az peak is expressed in terms of a refineable parameter Imtio=
I(aj)/I(az). The peak function defined by Equations (II) and (12) provides a reasonable
representation of the peak shape over a wide range of Bragg angles (Fig. 4).

In practice, the peak-shape parameter 11and the intensity ratio Imtiocannot be reliably
determined from low-angle reflections because of the overlap of the al and az components
(Fig. 4) which leads to strong correlations between these parameters and the peak width
and intensity of the al peak. The parameters T] and Iratioare therefore determined for a
sample crystal by fitting scans of higher-angle peaks in which the doublet is well resolved
(Fig. 4) and subsequently fixed at these values in the normal centering procedure (see also
Pavese and Artioli 1996). The refineable parameters for the fitting of the doublet in the final
(O-scan are therefore the intensity, width and position of the at peak (Eqn. 12) and a
background term, usually assumed constant for each reflection (Eqn. 11). For
diffractometers on truly monochromatic sources a single pseudo-Voigt function can be used
and the value of T]can be refined directly. In principal, the intensity values in the step scans
should be corrected for absorption by the DAC as this will vary as the cell is rotated during
the scan. In practice such corrections have not been found to be necessary.

Eight-position centering. The setting angles of a single reflection always deviate
from the "true" angles as a result of a number of experimental aberrations. These
aberrations may include offsets of the crystal from the center of the goniometer, absorption
by the crystal, and a number of diffractometer aberrations. The diffractometer aberrations
may include incorrect zero positions of the 28, (0 and X circles, non-parallelism of the (0

and <I>axes at the zero positions (non-zero P angle in terms of the GED described by Dera
and Katrusiak 1998), and offset of the X-ray source from the plane defined by the sweep
of the detector arm (so-called "tube height error"). All of these errors can result in large
scatter in the individual 28 values of reflections, which will significantly limit the precision
of the lattice parameters attainable from the data.

Hamilton (l974a) outlined a procedure to determine experimentally all of these
potential diffractometer aberrations except the non-zero P error, and to correct the setting
angles of reflections to eliminate the effect of these errors. The derivation is strictly valid
only for a perfectly-aligned diffractometer with a point X-ray source, and an infinitely small
non-absorbing crystal with no mosaic spread displaced by a small amount from the
diffractometer center. Hamilton's method does not correct for the effect of absorption by
the crystal, which will normally result in the measured 28 values being greater than the
correct values. King and Finger (1979) transformed Hamilton's equations into the
coordinate system and the circle parities of Busing and Levy (1967), and extended the
equations to the non-bisecting case, while Hazen and Finger (1982) rewrote the equations
for another choice of laboratory axial system (Table 1).
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The procedure consists of centering a single
reflection at the 8 equivalent positions on the
diffractometer listed in Table 2, hence the phrase
"8-position centering method". Note that the order
of these, and therefore the signs of terms in the
following equations, has been changed from King
and Finger (1979) to the more efficient sequence
(Finger and Hadidiacos 1982) used in the
SINGLE software. The setting angles of the
reflection corrected for the diffractometer
aberrations and crystal offsets are then:

26, = (0, -02 -OJ +04 +Os -06 -07 +Og)/ 4

(0, =(OJ+ 02 -03 -04 - Os -06 +07 +Og)/8

X, =(AJ +A2 +AJ +A4 -As-A6 -ArAgM;44)/8
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Table 2. Reflection positions for
Hamilton's method.

1

2

3

4

5

6

7

8

(13 )

Angles

28

-28

-28
28

28

-28
-28
28

00

00

-00

-00

-00

-00

00

00

x <I>

X <I>

7t+X <I>

7t+X <I>

7t-X 7t+<I>

7t-X 7t+<I>

-X 7t+<I>

-X 7t+<I>

where Dj =00 +8 is the observed absolute rovalue and Ai is the observed X value of the ith
equivalent position. Note that the expression used for 28, depends on the method to
determine the 28 angle. That of King and Finger (1979) is appropriate when 28 is the last
circle scanned in the centering algorithm, whereas that given in Equation (13) is appropriate
when ro is scanned last, as implemented in the SINGLE code. The circle zero errors are
then:

280 = (T, + T2 +T3 +T6 +Ts +T6 +T7 +Tg)/8

000=(DJ +D2 +D3 +D4 +Ds +D6 +D7 +Dg)/8
(\-

Xo = (AI + A2 + A3 + A4 + As + A6 + A7 + Ag) /8'

(14)

where the Tj are the observed 28 values. The sense of these zero errors is that the
diffractometer is at the true zero position defined by diffraction when the circles are at 280,

roo' and Xo' If the diffractometer is driven to this position, and the axes are then re-
initialized as zero, further measurements should yield zero circle errors.

The offsets of the crystal from the center of the diffractometer, in terms of the 8-
coordinate system (Busing and Levy 1967) are given by;

A _ SxRs SyRS 2.:l(xx,)Pesin8xe-- .:lYe=- .:lze=

( )
1?t1~iR9- ~ 1 1

fj:::::::i:::::'" 1"i - + - cos 00
.\,.) e t:;T' Rs Rc

in which:

.:l(Xc) = (-AJ + A2 +A3 - A4 -As + A6 + A7 -Ag)/8

.:l(XXI)= (AJ -A2 +A3 - A4 -As + A6 - A7 + Ag)/8

Sx = (DJ +D2 -D3 -D4 +Ds +D6 -D7 -Dg)/8

Sy = (DJ -D2 -D3 +D4 -Ds +D6 +D7 -Dg)/8

Cx +Sx = (TJ+T2 -T3 -T4 +Ts +T6 -T7 -Tg)/8

(15)

(16)

The inclusion of the circle parities in these expressions ensures that the sense of these
offsets remains correct in the Busing and Levy (1967) coordinate systems. The quantity Rc
is the crystal-to-detector distance and Rs is the effective crystal-to-source distance. While



~--

574 Angel, Downs and Finger

Rc can be measured directly, the term Rs is dependent upon the beam divergence and
therefore especially upon the collimation and the properties of the monochromator,
if present. King and Finger (1979) therefore recommended determining Rs = Rc( Cx ISx)
experimentally by displacing an optically centered crystal along the x-axis by a known
amount so as to obtain Cx and Sxfrom the values of the setting angles of a reflection.

The crystal offsets given in Equation (15) must then be transformed into the <j>-axis
system by multiplication by R1 where R is the matrix given in Equation (47) of Busing and
Levy (1967). Thus the apparent displacements of the crystal from the center of the
diffractometer are:

[

eosro eosx eos<l>- ProP<I> sin rosin <I> -Pro sin ro eosxeos <I>
- P<I>

sin <l>eos ro

!>x<I> = P<I>
eosroeosxsin<l>jpro sin ro eos <I> -ProP<I> sin roeos xsin <I>\' eos<l>eosro

Px CDSOJsm X -ProPX sm OJsm X

-PXsinxeos<l>

]
-PXP<I>sinxsin<l> l1xa'

cosx

(17)

Finally, the tube height error, !lh, is given by:

Llh =
-2RcLl(Xc)Pe sin e .

COSffi
(18)

In principle the aberrations could be eliminated by alignment of the crystal and
diffractometer by applying the 8-position method to one or a few reflections, prior to the
centering of the reflections to determine the lattice parameters. This method is used in many
commercial diffractometer systems, in which the eight-position centering method is only
provided as an "alignment tool," and normal reflection centering is restricted to either 2 or 4
equivalent positions. But even if a crystal is well-centered on the goniometer and the
diffractometer is well-aligned, the individual 28 values of reflections may display large
scatter as a result of imperfections in the goniometer. This scatter severely limits the
precision with which unit-cell parameters can be determined, as illustrated in Figure 5. The
data that form the basis of this plot were collected from one of the ruby spheres originally
distributed by the mCr in 1981. Individual reflection positions were determined by the
reflection centering method described in the previous sections. The crystal has a diameter of
-150 microns, a small absorption coefficient (Ill - 12.8cm,l) and small mosaic spread
(FWHM - 0.05°in 0)), and was carefully centered optically on the goniometer, which itself
was well-aligned. The !ldJd values from the 8-position algorithm show a maximum scatter
of 0.0001, much of which is due to the poor fitting of the slightly asymmetric low-angle
peaks at 28 = 110. If these peaks are excluded, the total scatter is -0.00006, and the
resulting precision in lattice parameter values obtained from the data-set is 1 part in 80,000.
This represents about 1.5 orders of magnitude improvement over the scatter from single-
reflection centering, and an order of magnitude improvement over 2-position (:t28)
centering, both of which would yield cell parameters less precise by approximately these
factors.

For Kappa geometry diffractometers it is only possible to perform 8-position centering
on those reflections lying at 90 < XE< 2ex (Eqn. 1). The normal procedure is therefore to
use these reflections to calculate the aberrations and offsets and adjust the crystal and
diffractometer until they are eliminated. Unit-cell parameters are then determined from the
positions of the remainder of the reflections centered at the four accessible positions. Figure
5 shows that this method, if performed correctly with the same algorithms as used for the
centering of individual peaks, yields a data scatter (and thus esd's in lattice parameters)
approximately twice that of the 8-position measurement.
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Alternatively, since the aberrations
are, in principle, the same for all
reflections they could be determined by
refinement from the setting angles of
many individual reflections. This
method has been described by Dera and
Katrusiak (1999) for the general
equatorial diffractometer. For highly-
collimated, non-divergent X-ray beams,
as obtained from synchrotrons, the
sharpness of the reflections may
necessitate the diffractometer aber-
rations including the ~-angle aberration,
being included in the calculation of the
reflection setting angles from the VB
matrix (Katrusiak, pers. comm.). In
practice, most experimental situations
violate the assumptions of the
derivation of both the eight-position
centering technique and the global

approach to the elimination of aberrations. Thus, the X-ray source is not a point source,
while the sample crystal is of finite size, its mosaic spread may be anisotropic and it is
absorbing. Therefore, the effective diffraction center, and thus the apparent offsets of the
crystal, change from reflection to reflection. In DAC's and furnaces the peak positions can
also be shifted by uneven background intensity, and the intensities or shapes of the
diffraction maxima may be modified by absorption and shadowing from the device.
Because many of these effects vary from reflection to reflection, the use of the 8-position
technique will normally provide more precise results.

Unit-cell refinement. There are two ways in which the lattice parameters of a
crystal can be obtained from the setting angles of reflections that have been centered on a
four-circle diffractometer. One is to use the 28 values alone to perform a least-squares fit of
the lattice parameters (with or without applying symmetry constraints) in the same manner
in which lattice parameters can be obtained from powder diffraction data. Such an approach
does not require the use of the VB matrix. But it is clearly unsatisfactory as it does not
employ the additional information about the angles between the plane normals of the
diffracting planes that is available from the values of the other setting angles (ro, X and <p)of
the reflections. As an alternative, two methods of obtaining the VB matrix and the cell
parameters from refinement to a set of setting angles of several reflections were presented
in the late 1960s. The method of Busing and Levy (1967) minimizes the sums of the
squares of the angular residuals between the observed and calculated positions of
reflections, and has the advantage that the constraints imposed by the lattice symmetry may
be imposed in a straightforward manner. The method of Shoemaker and Bassi (1970) and
Tichy (1970) minimizes the sum of the squares of the residuals in the diffractometer-system
vector components, and is therefore termed the "vector-least-squares" method. It has the
advantage that the components of the VB matrix are refined directly, making the
calculations computation ally more efficient. Although the incorporation of symmetry
constraints into the vector-least-squares method is more complex (Shoemaker and Bassi
1970) a computer program to perform the calculations was presented by Ralph and Finger
(1982) and is incorporated into SINGLE. Details of the computations can be followed in
this code, or in the original paper by Ralph and Finger (1982). The big advantage of the
vector-least squares method is apparent in DAC work, when a reciprocal-lattice axis of the
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crystal is aligned along the axis of the DAC (see Eqn. 10). As a result, only low-index
reflections will be accessible for this axis, and the esd's obtained from the 28 refinement
for this axial length may exceed the other axes by a factor of 10 or more. By contrast, the
use of 3-dimensional vector information in the vector-least-squares method means that the
esd's of such axial lengths are typically only a factor of 1-2 worse than the others in the
crystal.

Two points, raised by Ralph and Finger (1982), should be born in mind about the
results of such refinements. It does not matter whether the symmetry-constrained or the
unconstrained DB matrix is used to position a crystal for the collection of intensity data.
But cell parameters extracted from the unconstrained matrix cannot be transformed by any
subsequent manipulation into quantities that have both the assumed lattice symmetry and
the best agreement with the observed data (in the sense of least-squares).

Software solutions. There are a number of practical solutions that can be used to
introduce to a diffractometer control system the restrictions imposed on the diffractometer
geometry by DACs and furnaces. A simple solution can be implemented for the collection
of intensity data. Once the DB matrix has been determined, the peak positions in the
appropriate mode and subject to the appropriate restrictions can be calculated in a separate
off-line program. The resulting list of explicit setting angles can then be loaded into the
existing diffractometer control software. The positions of peaks for centering in fixed-</>
mode can often be obtained manually by setting an appropriate rotation in 'P from the
bisecting position. However, for precise unit-cell parameter determination it is often
necessary to modify the peak centering algorithms in existing code in addition to imposing
the fixed-</>mode of operation. Both of these changes usually require direct modification of
the existing control software. A third altemative is provided by the SINGLE software,
which is a diffractometer control software package written by the authors of this chapter. It
incorporates all of the conventions for geometry, the requirements for DACs and furnaces,
and the algorithms for peak centering described above. Further details are provided in the
Appendix.

DIFFRACTOMETER EXPERIMENTS

The loading and general operation of diamond-anvil cells for single-crystal X-ray
diffraction is described in detail by Miletich et al. (this volume), and similar details for
furnaces are to be found in Yang and Peterson (this volume). In this section we describe
the procedures for making diffraction measurements from the point at which the crystal is
securely mounted on the diffractometer in its heating or pressure device. Our experience is
that insecure mounting of such devices is often a major source of uncertainty in lattice
parameter measurements by single-crystal X-ray diffraction.

Alignment of the DAC

Transmission DACs must be first aligned so that the axis of the cell is parallel to the
X-ray beam when the diffractometer circles are at their zero positions. This alignment
process is important for the success of both the subsequent optical centering, as well as
for the absorption corrections. This alignment may be achieved on an Eulerian cradle
diffractometer by using ajig that spans the x-circle and can be held against one face of the
DAC. The cell is then rotated in </>until the face of the DAC is exactly parallel to the edge of
the jig, at which point </>is redefined as zero. This technique allows alignment to better than
0.5° in </>.A similar procedure can be employed on CAD-4 Kappa geometry diffractometers
by using a jig that is temporarily fixed to the mount on the goniometer normally used for
the Polaroid film cassette. As an alternative, the Munich group has developed a system
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using a laser (pre-aligned by reflection off the end of a solid rod mounted in the collimator
bracket) whose reflection off the surface of the DAC can be used to set the cell
perpendicular to the beam (Werner, pers. comm.). This last method can be made arbitrarily
accurate by increasing the path length of the laser beam.

Once <I>-zerohas been defined for transmission DACs the crystal must be optically
centered. The crystal cannot be viewed from the side of the cell because of the gasket.
Optical alignment of the cell along the beam must therefore be performed by adjusting the
telescope focus and the goniometer head translation until the crystal remains in sharp focus
when viewed from both sides of the DAC (assuming that the two diamond anvils are of
equal thickness). Alternatively, the primary beam transmitted through the DAC can be
scanned at different settings in <1>,and the cell centered on the basis of the positions of the
peak maxima (e.g. Sowa 1994). Centering of the crystal in the two directions perpendicular
to the beam can be performed by viewing the crystal through one of the anvils. But the
accuracy of this centering is dependent upon the accurate alignment of the cell perpendicular
to the axis of the viewing telescope. Because diamond has a very high optical refractive
index (>2.4), even a small misalignment of 2° results in a transverse displacement of the
image of the crystal by 30 microns (Fig. 6).
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Figure 6. The transverse displacement of the
apparent position of a crystal as a function of the
tilt of the diamond anvil, calculated for an anvil
1.6 mm thick. This displacement of the optical
image of a crystal from its true position occurs as
a result of refraction of light by the diamond
anvils, as shown in the inset.

For transverse geometry DACs the
definition of <I>= 0 is not so critical, as it is
only involved in the definition of the
diffractometer setting angles at which
diffraction is prevented by the support
pillars of the cell. Accurate alignment of the
cell axis parallel to the <I>-axisis provided by
the engineering of the DAC and its
goniometer head. Some transverse-geometry
DAC's (e.g. Koepke et al. 1985) are
designed to provide optical access to the
sample crystal, and can therefore be aligned
optically. For other cells in which optical
access to the crystal is restricted or absent
(e.g. that of Reichmann et aI. 1998), it is
possible to center the cell approximately by
viewing the gasket from the side. More
accurate positioning is then achieved by
performing the 8-position centering
measurement on one or a few reflections,
and adjusting the position of the cell until the
crystal offsets from the center of the
diffractometer approach zero.

Experiment strategy

We cannot emphasize enough that all
environmental devices including DACs and

furnaces degrade the quality of data compared to that collected from the same sample crystal
in air. Many of the effects can be corrected or avoided by the experimental and data-
reduction procedures described here. But, however well the corrections are made, they are
never perfect and, together with the restricted access to reciprocal space in many devices,
there are systematic errors in either the unit-cell parameters or the structural parameters
determined for crystals held in furnaces or DACs. These systematic errors can be identified
by making measurements of the crystal at room conditions in the device both before and
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after the high-P or high-T experiment, and comparing the results to those obtained from
measurements made from the same crystal in air. For DACs this means making the
measurement of the crystal in the DAC without pressure fluid. The alternative of making a
measurement with a bubble in the pressure fluid has been employed, but this involves the
risk of the bubble displacing the crystal during the measurement. There is also the
possibility that small changes in temperature together with mechanical relaxation of the
gasket may eliminate the bubble during the course of an experiment. Measurements on very
compressible materials suggest that when the bubble is just eliminated the pressure in the
cell is in the 0.01-0.02 GPa range. With a bubble present, the pressure is not atmospheric
pressure, but is determined by the equilibrium between the fluid pressure medium and the
vapor in the bubble.

Initial determination of VB

Searches. The process of orienting a crystal in a furnace or a DAC on a
diffractometer is, in principle, no different from orienting a crystal in air. The
diffractometer setting angles of a small number of reflections must be determined and the
reflections indexed in order to determine the VB matrix. This initial DB matrix can then be
used to find and center further reflections, from whose setting angles a better DB matrix
and more precise cell parameters can be determined. In a series of experiments with a DAC
or a furnace, the orientation of the crystal normally changes very little from one temperature
or pressure to the next. Thus two reflections can normally be found immediately by using
the DB matrix from the previous experiment, and a small amount of scanning (normally
:t50) in 0). From the positions of two reflections and an estimate of the new unit-cell
parameters a new DB matrix can be calculated (see below). Sometimes crystals in DACs
rotate on the surface of the anvil, so setting angles for reflections change by a few degrees
in X. It is very unusual (and a sign of either a phase transition, a moving crystal, or an
error) if crystal reflections cannot be found in this way. Therefore searches for reflections
are normally only required for the very first loading of the crystal into a DAC or a furnace.
This first measurement is usually performed at ambient conditions (in a DAC without fluid
or an unheated furnace assembly), so the unit-cell parameters of the crystal are known.

An automated search for reflections consists of scanning the <I>and X goniometer
circles while monitoring the diffracted intensity in the detector set at a 28 value at which
strong reflections from the crystal are expected. With the detector slits open it is usual to
find that profiles of reflections are much sharper in <I>and 0) than in X, for Ixl< 70' .
Therefore, for a crystal mounted in air, the usual procedure on an Eulerian goniometer is to
set the X angle and scan the <I>-axis.On a Kappa goniometer K is set and <I>is scanned, the
increments in K usually being set to correspond to equal increments in Eulerian X. At the
end of each <I>rotation, X (or K) is incremented and the <I>rotation repeated. The optimal size
for the increments in X (or K) are determined by the detector aperture, the 28 value and the
crystal-to-detector distance and should be set by the control software (e.g. see SINGLE
code). This procedure can also be used for those furnaces and other devices which are
operated in bisecting mode, but it fails for devices such as transmission DACs because
diffraction from the crystal is obstructed by the device for much of the <I>rotation. The
search in such devices should therefore be performed by setting <I>= 0, and scanning 0)
between the access limits for each value of X (or K). Automatic algorithms for detecting
reflections also often fail during searches for reflections from crystals in DACs because the
background intensity is highly structured due to both the shadowing effect of the gasket
and the diffraction and scattering from the components of the DAC (Fig. 7a). These
problems can be reduced by ensuring that searches are performed at 28 values well away
from the values of diamond and Be diffraction (i.e. at 28 < 18° for MoKa radiation). Even
so, much time will be wasted by the software chasing false peaks unless a rolling update is
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performed on the estimated background intensity, as implemented in the search routine in
SINGLE (see Appendix).

In many DAC studies the crystal of known unit-cell parameters is prepared as a plate
in a known orientation. Then reflections from planes that lie in the zone of the plate normal
will have (ideally) setting angles with ro =0 on the diffractometer. In such cases it is often
faster to perform either a restricted automatic search (say :1:5°on ro) or even a manually-
driven search to find the first such reflection. After centering, a second reflection in the
zone can be found by the appropriate rotation in X (calculated from the unit-cell parameters)
and a single +/- scan on roo The only ambiguity is the sense of the X rotation, but both
possibilities can be rapidly tested. As an example of the efficiency of this method, the
orientation of quartz standard crystals in a DAC normally takes less than 30 minutes with
SINGLE, including the -15 minutes for the actual centering of the two diffraction peaks,
each at :1:28.

In some circumstances an alternative search path based on a "spiral" search about a
first "best-guess" position for the setting angles for a reflection may be more efficient
(Schagen et al. 1988, Zhao et al. 1996); this is especially appropriate for heated DAC's in
which the crystal may move as the temperature is changed (Zhao et al. 1996). If one
reflection from a crystal of (approximately) known unit-cell parameters has been located
and indexed, then a second reflection can sometimes be most quickly found by a "cone
search". This consists of calculating from the cell parameters the expected angle (say v)
between the observed reflection and that to be sought. The plane normal of this second
reflection must lie on a cone of semi-angle v whose axis is the plane normal of the first
reflection. The search is therefore performed by setting the detector at the correct 28 value
for the second reflection and driving the goniometer so that the plane normal of the first
reflection precesses at an angle V around the bisector of the incident and diffracted beam
directions, while the diffracted intensity is monitored.

Photography. An alternative method for locating reflections is to take a rotation
photograph, either on a diffractometer equipped with a special film holder or on a separate
oscillation, rotation or Weissenberg camera. Alternatively, a precession photograph can be
taken on a precession camera. On the diffractometer the rotation is performed at ro = 0°,
and usually X = 0°, by spinning the <I>-axis.For DACs the exposure can be made more
quickly by limiting the scan to those values of <I>at which diffraction is possible. Exposure
times of about I hour for a Polaroid film backed by a fluorescent screen are sufficient to
produce enough low-angle reflections to orient a crystal (Fig. 7a). Each diffracting plane
gives rise to four spots on the film arranged on the comers of a rectangle (Fig. 7b). One
spot corresponds to diffraction at +28, one to -28, and the other two spots correspond to
the Friedel mates of the first pair. The length of the diagonal of the rectangle, together with
the crystal-to-film distance, yields the 28 value of the reflection and its angle of inclination
yields the X value:

29
(

.v f:.x2 + f:.z2

)= arctan
21f

(19)

where if is the crystal-to-film distance, and Llx and .f:.z are the edge-lengths of the rectangle
formed by four diffraction spots on the film (Fig. 7b). The setting angles for the reflection
are then found by positioning the goniometer to the X and 28 values from Equation (19)
and scanning <I>until the reflection maximum is found in the detector. Some diffractometer
control systems will also perform this search automatically but experience suggests that it is
again more efficient to do this search under manual control.
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Figure 7. (a) Polaroid rotation photo-
graph of a crystal held in a DAC.
Exposure time I hour, MoKa radiation,
SOKV, SOmA. A set of four spots
corresponding to diffraction from a
single reflection and its Friedel mate are
indicated. (b) The geometry of a rotation
photograph.

Two-reflection orientation. Once two reflections have been located by one of the
search methods, their precise setting angles should be determined by performing a 2-
position centering procedure at +28 and -28. This procedure provides a much better
estimate of the true 28 value than a single centering procedure at +28 alone. Provided that
the unit-cell parameters are known (even if only as estimates obtained by extrapolation from
other pressures or temperatures) and the two reflections can be assigned indices, the VB
matrix can be calculated as follows (Busing and Levy, 1967). First, two unit length vectors
hllp and h2lpin the q>-axissystem are calculated with Equation (3) from the measured setting
angles of the two reflections. From these, a third unit vector is calculated as h31p =
hllp x h2 and a fourth as h41p = h31p x hllp thereby creating a set of Cartesian basis
vectors, (hllp' h4~, h31p}' A 3x3 .matrix is created from these three column vectors:
Tip= [hI'!', h41p' hjlp]' Another matnx, Tc = [tIc' t4c' t3d, where tIc = B.hl/IB.hll,
t2c = B.h2/IB.h21, and t3c and t4c are computed as above, is constructed from the
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assigned indices of the two reflections and the B matrix formed from the cell parameters.
The DB matrix is then the product T,le.IB = T,le'B.

In this construction of DB, the final results are dependent upon the order in which hI
and h2 are chosen, since t1 is chosen parallel to hI and t4 is constrained only to lie in the
plane of hI and h2. If, on the one hand, the calculated angle between hI and h2 is
different from the measured angle, then the DB matrix will transform hI exactly to the
angular settings that were measured for it, but h2 will be off by some error, O. If, on the
other hand, t1 is constructed as the sum of the normalized hI and h2,

(20)

then the sum-of-squares error is reduced to 2(0/2)2 = 02/2 and the orientation matrix is
independent of the order in which hi and h2 are chosen. In either case, if 0 is of the order of
0.1-0.2° then the DB matrix should be good enough to find subsequent reflections and to
allow centering to proceed. If 0 is larger than 0.2°, then the possibilities are that the
estimates of the unit-cell parameters are incorrect, that the reflections are mis-indexed or
improperly centered, or that the crystal is moving on its mount. These possibilities may be
tested by finding and centering further reflections and calculating a DB matrix by least-
squares fit of at least three non-co-planar reflections.

This "two-reflection" calculation of the DB matrix also contains an ambiguity with
respect to the sign of the constructed vector triples. This must be tested by calculating the
position of a third reflection which is not co-planar with the initial pair (i.e. its indices are
not a linear combination of those of the pair). If there is no reflection at or near (within :t20
in 00) the calculated position, the signs of all the indices in the calculation should be
reversed and the procedure repeated. Further ambiguities arise when a pair of
symmetrically-equivalent reflections are used, or when one reflection lies on a symmetry
axis of the crystal. In these cases tests of further combinations of indices may be necessary
before a valid DB is found; all possibilities are tested by keeping the indices of one
reflection fixed and transforming the indices of the other reflection by the symmetry
elements of the crystal.

Determining unit-cell parameters

Set-up. Once a valid and approximate DB matrix has been determined, a list of
reflections should be centered in order to obtain precise unit-cell parameters. As described
above, automated reflection centering proceeds in two stages. First, a series of relatively
coarse scans of the goniometer axes are performed around the position of the reflection
calculated from the DB matrix, and the goniometer is repositioned after each scan at the
point where the diffracted intensity is at a maximum. The process is most efficient if the
width of the initial scans is chosen so that the maximum intensity lies within the first scan
about the calculated position; the optimal scan width (plus a dispersion term determined by
the wavelength) therefore depends partly on the value of 0 from the DB calculation. But, if
the scan is too wide, then a single step may be greater than the full width of reflections
from crystals with small mosaic spread, and the algorithm will fail (at random) to find
reflections. The parameters for determining whether a genuine reflection has been found
must also be set carefully after some preliminary manual scans of reflections-the tests
performed on each scan should include thresholds for minimum count rate and the ratio of
the maximum to minimum count rate. Count times at each step are usually adjusted by the
diffractometer control software in order to achieve a minimum total count subject to a limit
of a maximum time; default values of these parameters may also require adjustment,
especially if very small or weakly diffracting crystals are being measured.
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The last stage of reflection centering (in SINGLE) consists of two finer step-scans.
The first is of the x-circle, which is then fitted by a Gaussian function. For this method to
work, the width of the X-scan must be set to 4-6 times the FWHM of the peak, and the slits
defining the vertical aperture of the detector must be set sufficiently narrow to ensure that
the peak shape can be approximated by a symmetric Gaussian function. If the slits are too
wide the peak shape becomes asymmetric and flat-topped. The second fine scan is of the ffi-
axis, whose width should also be set to 4-6 times the FWHM of the peak, plus the a,-a2
dispersion term (the peak widths do not normally change significantly with increasing
Bragg angle). Prior to starting the automatic centering procedure the peak-shape parameters
11and Irationeed to be determined by fitting (J}-scans of high-angle reflections which display
well-resolved al-~ doublets. The value of Iratioshould remain constant for all crystals, but
is dependent upon a number of instrumental parameters including the monochromator
alignment and the electronic alignment of the counting chain. The latter may drift with time
and should therefore be checked on a regular basis. If the diffracted intensity is so strong
that there is significant dead-time in the detector, then the appropriate value of Irallowill also
change. The experimental Iratiocan also be affected by the width of the slits defining the
horizontal counter aperture of the detector; if the slits are too narrow then the az peak can
be reduced in intensity. Again, preliminary scans are recommended to check that the chosen
settings are suitable. The positions of low-angle peaks are strongly correlated with Iratio'so
an incorrect value for this parameter can lead to large errors in the position of peaks
returned by the fitting procedure (Fig. 8).

If these procedures are followed and tested carefully, then there should be no variation
of the apparent lattice parameters with the 28 value of the reflections used to obtain them.
(e.g. Fig. 8). Although for a given precision in 28 determination Bragg's law ensures that
more precise lattice parameters will be obtained from reflections at higher 28 values, the
decrease of X-ray scattering factors with increasing Bragg angle and the thermal motion of
the atoms reduces the intensities of the higher angle peaks, making their precise positions
more difficult to determine. And devices such as DACs and furnaces restrict access to high-
angle reflections as well as reducing the intensities of all reflections, so it is usual (for work
in DACs) to use any sufficiently strong available (usually low-angle) reflections to
determine lattice parameters. Even if it is believed that the centering procedure yields no
systematic deviations with Bragg angle or other parameter it remains advisable to use
exactly the same set of reflections to determine unit -cell parameters at each pressure point in
a series of high-pressure measurements in order to avoid unsuspected systematic errors.
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Figure 8. Mid plots of the results of 8-
positioning centering of reflections from a
ruby sphere. The open data points show a
strong dependence on 28 for low Bragg angles
at which the (X

t and (X2 components of the
doublet are not fully resolved because an
incorrect value of Iralin was used in fitting the
final OJ step scans. The solid symbols, with
the correct profile parameters show almost no
dependence on 28.

Elimination of offsets. As described above, it is very difficult to optically center
crystals in DAC's because of the high refractive index of diamond. Similar problems of
optical access may exist for certain furnaces. It is therefore strongly recommended that all
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lattice parameter measurements employ the 8-position centering method (Hamilton 1974a)
for eliminating residual crystal offsets and diffractometer aberrations. In using this method,
it must be remembered that its derivation assumes that the aberrations and the crystal offsets
are small. Therefore, if large crystal offsets result from the procedure it is advisable to
adjust the crystal position accordingly and repeat the measurement. Similarly, goniometer
zero errors should be corrected before they become significant. In practice, it is often found
that the centering algorithm fails to find the diffraction peaks as a result of misalignments
before they become so large as to invalidate Hamilton's derivation. The pattern of failures
often indicates the source of the problem. Thus, if failure always occurs on the second
individual reflection of a set of 8 (Table 2), then the zero position of either the 28 or the w
circle is probably significantly mis-set. Failure on the third position usually indicates a mis-
set Cl}-zeroposition. Failure on the fifth equivalent is often an indication of a mis-set x-zero,
inappropriate widths of the vertical slits on the detector, or a goniometer head moving
under the load of a DAC. Random failures usually indicate either inappropriate scan
parameters for the centering algorithm or, more frequently, a moving crystal.

Least-squares refinement. Once the setting angles of reflections have been
determined precisely, the lattice parameters can be obtained by least-squares refinement.
The first refinement should always be made unconstrained by symmetry; if the resulting
cell edges and angles do not deviate significantly from the constraints required by the
known symmetry then a subsequent constrained fit is justified. Whether the esd's obtained
from such least-squares fits are realistic measures of the true precision of the measurement
can only be determined through repeated measurements over time. Note that if only the 28
values of the reflections are used for lattice-parameter refinement, the esd's for the unit-cell
parameters and the volume so obtained for uniaxial and cubic crystals are generally smaller
by a factor of 2-3 than those obtained by the vector-least-squares method. The reverse is
true for biaxial crystals, and can be attributed to the ratio of observations to refineable
parameters in the 28 method being one-third of that in the vector least-squares method.

Data collection

The principles of intensity data collection from single-crystals in DAC's or furnaces
are essentially the same as for conventional diffractometry experiments. Thus care must be
taken to ensure that the correct choice of detector aperture is made, and that the data
collection control parameters are optimized so as to produce the maximum number of
reliable intensities within the constraints of data collection time. Given that transmission
DACs, for example, reduce by absorption the diffracted intensities to -30% of those
measured in air (for MoKa radiation), data collection times must be increased by at least a
factor of 3 to approach the same level of precision in intensity measurement. If fumace
calibrations are sensitive to changes in specific diffractometer angles, it may be wise to
change the order in which the data are collected from that normally used. This can be
readily achieved through off-line calculation of a reflection list.

Non-ambient data collection differs from that in air in three important respects. First,
in most devices a part of reciprocal space is inaccessible because it is obscured by the X-ray
opaque components of the device. Maximum access to reflections is achieved by operating
the goniometer in the appropriate mode, either bisecting or fixed-Ij>(Eqn. 9), during the data
collection.

Secondly, there are a number of possible interactions between the cell components and
the X-ray beams. The beryllium platens that are used to support the diamond anvils of
transmission DACs are polycrystalline and give rise to powder diffraction rings from the
direct beam. The use of a gasket made of a highly-absorbing material such as rhenium or
tungsten essentially eliminates such background arising from the incident-beam side of the

---------.--
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cell, and the resulting background is -50% of that when a steel gasket is used. But the un-
diffracted direct beam will also pass through the gasket hole and impinge on the beryllium
platen on the down-stream side of the cell. Measurements suggest that this background
intensity scales approximately with the diameter of the gasket hole, when a normal
collimator is used. But the background can be further reduced by a factor of between 2 and
4 (e.g. Li and Ashbahs 1998) by introducing a "one-sided" collimator consisting of a knife
edge which can be adjusted to shade the detector from the diffracting volume of beryllium
(Ashbahs 1987). This is a much simpler device to use than the alternative of using a fine
cylindrical collimator close to the cell (e.g. d' Amour et al. 1978, Wittlinger 1997,
Wittlinger et al. 1998) which requires precise alignment in two dimensions and two angles.
Small mis-alignments of such fine collimators can easily change the measured diffraction
intensities in an undetectable manner (e.g. Ashbahs 1987). Even with one of these forms of
shielding against the beryllium powder rings, there is still some background intensity from
both this source and from the inner edge of the gasket; for steel gaskets the optimum
diffraction length, -211l1'is -60 microns, a typical gasket thickness at 10 GPa. The effects
on the final integrated intensities of the residual background intensity from these sources
can be further reduced by performing data collections with co-scans rather than the more
conventional co-28 or co-8 scans, as the background is essentially constant in co but
structured in 28 (Fig. 7a). Although theoretical considerations suggest that an co-scan
requires that the detector aperture is set wider than for an co-28 or co-8 scan (e.g. Werner
1972, Einstein 1974), which would lead to higher backgrounds, practical studies (e.g.
Davoli 1989) indicate that this is often not the case. Careful preliminary scans of reflections
to determine the best scan mode and the optimum aperture settings are therefore
recommended for each new high-pressure or high-temperature study. Further improvement
in the signal-to-noise ratio of the intensity data can be achieved by varying both the
horizontal (28) and vertical (X) counter apertures as a function of the Bragg angle (e.g.
Boldyreva et al. 1998).

The use of an incident-beam monochromator or a ~-filter on the detector also reduces
the background intensities by eliminating the white-beam diffraction from the diamond-
anvils. Scattering of the characteristic X-rays by the diamond anvils gives rise to extremely
strong diffracted beams that may be included in the data collection scan, although these are
readily recognized by their intensity and shape. For this reason, all of the scans should be
stored as step-scans so that they can be integrated and examined visually.

Lastly, the diffraction of X-rays by the diamond-anvils can reduce the intensity of the
beam diffracted by the sample crystal in two ways (Denner et al. 1978, Loveday et al.
1990). If the anvil on the incident-beam side of the DAC is in diffracting condition with
respect to the incident beam, then the diffraction from the anvil significantly reduces the
intensity of the X-rays incident upon the crystal. And reflection intensities will also be
reduced if the anvil on the diffracted beam side is set so as to be in diffracting condition
with respect to the X-ray beam diffracted from the sample crystal. Loveday et al. (1990)
found that about 20% of sample reflections had their integrated intensities reduced by >2crl
as a result of these multiple diffraction events, while Rossmanith et al. (1990) showed that
they become more frequent with decreasing wavelength. Simultaneous diffraction events
cannot be easily avoided except through elaborate calculations based upon the known
orientation of the diamond anvils, their offset from the center of the diffractometer, and the
DB matrix of the sample crystal (Denner et al. 1977). Loveday et al. (1990) therefore
proposed a practical solution which is based upon the observation that these events are
extremely sharp in 'V. Thus they recommend that each reflection is scanned in the normal
manner, but at 3 closely spaced increments (-0.5°) in 'V. The three measured intensities for
each reflection are then compared, and individual measurements that have significantly
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reduced intensities are discarded. The negative side of this approach is that data collection
times are increased by a factor of three. The alternative of performing each individual
reflection scan for one-third of the time that would normally be used yields significantly
reduced data quality because of the reduced counting time per individual reflection. For
high-symmetry crystals there is the alternative of collecting all accessible reflections and
eliminating aberrant intensities when the symmetrically-equivalent data are averaged. But
data-sets from low-symmetry crystals often contain Friedel pairs as the only equivalent
reflections, and these can easily be both equally affected by diffraction by the DAC
components. Data collection in multiple-\jI positions is probably the only possible approach
in these cases.

DATA REDUCTION AND REFINEMENT

Data reduction

We address here only those issues that have to be considered as modifications to the
normal data reduction process followed for conventional data-sets collected at ambient
conditions. Once the intensity data scans have been integrated, the remaining corrections
should be performed at the same time as the normal correction for absorption by the crystal.
Apart from the integration step, most high-temperature data require no further special
treatment unless X-ray absorbing windows have been used on the furnace. Most of this
section is thus devoted to the correction of data collected from crystals in DACs.

Integration. Even if all of the precautions for intensity data collection outlined in the
previous section are followed, the highly-structured background from the DAC makes
visual inspection of reflection scans an essential step in data reduction in order to limit the
number of aberrant intensities in the final data-set. If an interactive integration program is
employed it will be found that many reflection scans that would otherwise be rejected (e.g.
because of diamond reflections at one end of the scan) can be recovered through suitable
setting of limits for the integration. Similarly, for all devices, it is possible that the setting
angles for some reflections are calculated as allowed by the diffractometer control software,
but are in fact partially or completely obscured by some component of the device. It is
important that such intensity data are removed from the data-set, otherwise they may
bias the averaging process and the R-values given in the structure refinement for the
"unobserved" reflections. An alternative to manual integration is to fit automatically all of
the collected diffraction profiles-a procedure that seems to result in better estimates of the
integrated intensities and better quality structure refinements (Pavese and Artioli 1996). To
the authors knowledge this technique has yet to be applied to data collected with a DAC.

Absorption corrections. In addition to absorption by the crystal, the incident and
diffracted X-ray beams suffer absorption by the components of the DAC through which
they pass. The expression for the transmission factor, T, of the beam then becomes
(Santoro et al. 1968):

T = V-I[exp( -Pl; t}V (21)

where the integration is over the crystal volume V and exp( - ~IL,t,) is the transmission

factor associated with a volume element dVof the crystal. In the summation, the Ili are the
linear absorption coefficients, and the ti are the path lengths for the X-ray beam in each
different material i traversed by the beam.

If the absorption by acomponent of the DAC is the same for each point of the crystal,
the term exp(-lLt) for that component can be removed as a constant of multiplication from
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inside the integral in Equation (21) and applied as a multiplier to the separately calculated
absorption correction due to the crystal (Santoro et al. 1968). This is the case for DACs in
which the optical access hole in the beryllium plates is filled with a Be plug during data
collections (e.g. Allan et al. 1997). The contribution of the DAC to the absorption
correction for each beam then becomes simply that for two infinite flat plates, one made of
diamond, one of Be;

1= 10exp(-(IlOi.tOi.+ IlB,tBJ/cos 'If) (22)

where the t values are the thicknesses of the components, and IlDia= 2.025 cm'I and IlBe=
0.473 cm,I (assuming that the Be is 100% dense) for MoKa radiation (Creagh and Hubbell
1992). However, it is recommended that the absorption of the Be plates be measured
experimentally, because the material may include alloying elements, and because
transmitted intensities are also reduced by diffraction. Thus the measured absorption
coefficient can be 10-20% higher than that calculated for pure Be. The angle If! is the
inclination of the beam, defined in Equation (8) for the fixed-<I>mode and, in the general
case, by the angles of the beams to the y-axis of the <I>-axiscoordinate system (Eqn. 6).
Two of these terms in Equation (22), one for the incident beam and one for the diffracted
beam, are multiplied with the absorption correction due to the crystal to obtain the total
absorption correction. If X-ray opaque seats are used to support the diamond anvils, then
only correction for absorption by the anvil is necessary.

That is the most simple case. In the original design of Merrill-Bassett DAC and its
derivatives (see Miletich et al. this volume for a review), the Be backing plates were drilled
with cylindrical optical access holes that were left unfilled for data collection. At high
inclination angles, when the beam does not pass through the access hole, the absorption
correction reduces to that given in Equation (22). But at smaller values of 'If the beam
passes partly or completely through the hole, producing a sharp step in the absorption as a
function of 'If. Figure lOa shows that the angle at which this step occurs is dependent upon
both the position of the crystal and the effective size of the X-ray beam (= size of the
crystal; Fig. 9). While Figure lOa demonstrates that the absorption correction can be made
by finite element calculation and applied to experimental intensity data, the fact that the
correction can vary across the width of the X-ray beam means that the correction must
calculated for each point on the crystal used in the calculation of the shadowing and the
crystal absorption.

The calculation was too computationally expensive to be of practical use in the late
1970s. Therefore the approach of measuring the transmission of the direct beam through
the cell (e.g. Hazen 1976) was widely employed. If performed with a gasket and a regular
collimator, this method measures the absorption of a direct beam whose diameter is that of
the gasket hole, and it also includes the cut -off of the beam by the decreasing apparent area
of the gasket hole itself (Finger and King 1978, Malinowski 1987). It therefore becomes a
combined absorption plus shadowing correction, which may not be appropriate for
intensities from a crystal smaller than the gasket hole (Finger and King 1978). A better
procedure is to measure the transmission of a very-finely collimated direct beam through
one-half of the cell without a gasket. Sufficiently fine collimation can be obtained through
use of the needle from a hypodermic syringe (e.g. Wittlinger 1997, Boldyreva et al. 1998)
or a purpose-built collimator; IOOllm diameter is suitable. This method produces curves
very similar to those calculated (e.g. Fig. lOb), except for two points. First, the
transmission through the diamond appears to be greater than that expected for the measured
thickness and the published absorption coefficients; the best match to the experimental data
in Figure lOb was obtained with IlDia= 1.72 cm,I. Secondly, the shape of both the "step" in

the absorption curve and the variation at higher angles is best fit by assuming the literature
value for IlBe together with a constant loss of 2.5% of intensity to diffraction from the
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Figure 9 (left). (a) Path of X-rays through a diamond-anvil cell showing the components involved in
absorption of the X-ray beams. Part (b) is an enlargement of the gasket chamber and defines various
dimensions used in the text to define the shadowing effect of the gasket.

Figure 10 (right). (a) Calculated X-ray transmission ratios through one Be platten (with a cylindrical
hole) and one diamond as a function of inclination angle. The sharp change in transmission for IJ1< 15° is
due to part of the beam passing through the access hole. The position of this step is critically dependent
upon the radius of the X-ray beam, and the transverse displacement of the crystal. For IJ1> 20° the entire
beam passes through the beryllium, and the transmission becomes that of a pair of infinite flat plates (Eqn.
22). (b) Measured (open symbols) and calculated transmission through one Be platten and one diamond
anvil. In order to match the measured transmission through the diamond, Ild;' had to be set equal to
1.72 em". The shape of the transmission curve is then best matched with IlBe = 0.472 em", and assuming
a 2.5% loss in transmitted intensity due to diffraction.

beryllium. Some measured curves also exhibit a dip in the middle, at \jI< 2° , which can be
attributed to intensity being diffracted away by the diamond.

These direct measurements of DAC absorption must be made with a monochromated
incident beam, otherwise the transmission of the Bremstrahlung component of the incident
beam reduces the apparent absorption coefficient. A second experimental approach is to
calculate correction factors based upon a comparison of intensities collected from a crystal
in the DAC without pressure fluid with those collected from the same crystal mounted in air
(e.g. d' Amour et aI. 1978). In principle, this provides a correction term for both the
absorption by the cell and the appropriate shadowing by the gasket, but the latter in
particular will change at higher pressures as the gasket is thinned.
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In view of these considerations, our strong recommendation is that intensity data
collections with transmission geometry DACs data should be performed with either X-ray
opaque platens (with large opening angle), or with X-ray transparent platens whose optical
access hole is filled by a plug of the same material. This not only simplifies the calculations
of absorption by the cell components (Eqn. 22), but means that the correction can be
calculated and applied separately from the corrections for shadowing by the gasket and
absorption by the crystal. For DACs operated in transverse mode, the beams pass through
only one of the diamond anvils, in which the path length is a simple function of the shape
of the diamond and the direction cosines of the beams with respect to the z-axis of the
<j>-axiscoordinate system (Eqn. 6; see also Koepke et al. 1985).

Gasket shadowing corrections. When X-ray beams enter or leave the
transmission DAC at high angles of 1/1,part of the beams may pass through the gasket,
further reducing the measured diffracted intensity. This effect has become known as
"shadowing by the gasket". For transverse geometry DACs both the incident and diffracted
beams from the crystal (e.g. Koepke et al. 1985, Ashbahs 1987) are affected. But in
transmission geometry DACs only one of the incident or diffracted beams will be affected
for reasonably thin crystals because the other beam will pass directly from the crystal into
the underlying diamond anvil (e.g. Fig. 9). Furthermore, the shadowing only becomes
significant if the crystal occupies a significant portion of the cross-sectional area of the
gasket hole, or if it is significantly displaced from the center of the hole. In the case of a
centered crystal of radius rx the X-ray beam only intersects the gasket if tan 'V 2 ~rg- r,)/t,
(Fig. 9). For most transmission DACs

'V < 45°. Shadowing, therefore, only becomes
significant if the space between the crystal and the edge of the gasket becomes less than the
thickness of the gasket between the anvils (perhaps 50-60 ~m at 10 GPa for steel gaskets).

Nonetheless, there are experimental configurations, even with transmission DACs,
when a shadowing correction must be applied to data. Unfortunately, the absorption by the
gasket is very difficult to calculate accurately because it requires knowledge of the exact
path length of the beams in the gasket material. This calculation, in turn, requires an
accurate measurement of the gasket thickness, as well as the cross-sectional shape of the
hole at all depths through the gasket. The latter, of course, cannot be measured and
calculations are forced to assume that "gasket barreling," in which the radius of the gasket
hole is greater towards the center of its thickness than at the surfaces in contact with the
diamonds, does not occur. Santoro et al. (1968) developed the general equations for the
case of an absorbing crystal that completely fills a right-cylindrical hole made in partially-
absorbing gasket material, a situation applicable to crystals formed by condensing gases or
fluids in-situ in the DAC (e.g. Miletich et al. this volume). Kuhs et al. (1996) implemented
the methodology required to address the more common situation of normal crystals that do
not fill the gasket hole of a partially-absorbing gasket. Starting from the physical
measurements of the cell and gasket they adjust these with a Monte-Carlo process until the
corrections produce a minimum in the value of R(merge) of 'V-scan data of -20 reflections.
This final model is then applied to the full intensity data-set. Kuhs et al. (1996) specifically
note that the Monte-Carlo adjustment is critical for the successful correction of intensities
by the final model, which suggests that these adjustments in part accommodate the
deviations from the ideal geometry assumed for the gasket. A further test of the absorption
model can be obtained by collecting and analyzing two data-sets from the crystal, one
collected in fixed-<j>mode and one in the bisecting position, for which the X-ray paths in the
cell for a given reflection are completely different (Kuhs et al. 1996).

A great simplification can be achieved if it is assumed that the gasket is totally opaque
to X-rays. At any depth ~y in the gasket hole (Fig. 9), the area of the crystal illuminated by
the incident X-ray beam is simply that part that lies within a circle that is the projection of



Iron Tungsten Rhenium

MoKa

11m: cm'g-I 37.6 93.8 97.4

Ill: cm-! 300 1810 2050

t(90% absn): 11m 77 13 II

AgKa

11m: cm'g-1 21.2 50.5 52.5

Il,: em-I 165 975 1100

t(90% absn): 11m 140 24 21

Note: Mass attenuation coefficients 11mare from Creagh and Hubbell
(1992)_Values for iron can be taken as indicative of the values for steel.
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the gasket hole displaced along -x (of the <j>-axissystem) by Llytaml'I . Similarly, the area of
the crystal "seen" by the detector is the circle formed by the projection of the rear surface of
the gasket, displaced by (tg-.1y)tan'l'D' where tg is the thickness of the gasket. For the
volume element around a point within the crystal to contribute to the diffracted intensity
measured by the detector it must lie within both of these two circles. The correction for
gasket shadowing is then easily incorporated into any computer code that calculates
absorption corrections by numerical integration (e.g. ABSORB by Burnham 1966). For
each grid point within the crystal used in calculating the crystal absorption (Eqn. 21) a test
is made to determine whether the point lies within the defined region. If it does, then the
contribution from this point (and associated path lengths) is included in the total absorption.
If not, then the contribution is not calculated. The incorporation of the shadowing
correction in this way also necessitates the replacement of the crystal volume V used in
Equation (21) to normalize the integral by the actively diffracting volume of the crystal for
each reflection.

Yet a further simplification is possible when the crystal is non-absorbing and
completely fills the gasket hole. Then the diffracting volume is simply the integral over the
depth in the gasket hole of the common area of the two gasket hole projections and the
circle defining the gasket itself (Von-Dreele and Hanson 1984). In this case, each reflection
intensity is corrected by dividing it by the illuminated volume; application of this approach
to data collected from a single-crystal of hydrogen by conventional single-crystal diffraction
resulted in a significant improvement in the match between observed and calculated
structure factors (Hazen et al. 1987). It should be noted that the assumption of an X-ray
opaque gasket is reasonable for tungsten or rhenium gaskets which absorb -90% of MoKa
radiation within a distance of -13 Ilm (Table 3) and 99% within twice this distance, but it is
not justified for steel gaskets. Nor is it true for shorter wavelengths (e.g. AgKa; Table 3).

Averaging. If intensity data have been collected in multiple
'I'

positions, in order to
detect the effects of diffraction by the diamond anvils, then the first step of averaging
should be to average these duplicate measurements, discarding individuals which have
significantly reduced intensities (say >20", ). The second step is to perform a normal
averaging of symmetry-equivalent reflections. In both cases, the procedures described by
Blessing (1987) can be used to exclude, on a sound statistical basis, any aberrant intensities
from the averaged data.

Table 3. Absorption coefficients and transmission lengths
for gasket materials.

---~-



----

590 Angel, Downs and Finger

Structure refinement

In principle, structure refinement to diffraction data collected at high temperature or at
high pressure should proceed exactly as a refinement to data collected at room conditions.
In reality, however, there are two classes of problems that degrade the quality of the final
refinement.

Data quality. Not all of the instrumental effects on intensity data can be avoided; for
example, it is not always possible to detect and exclude all intensity data affected by
simultaneous diffraction events in the diamond anvils. Similarly, corrections for absorption
by both the containment device and crystal and the shadowing by the gasket are, by their
nature, approximate. In addition, the absorption of X-rays by the device results in reduced
intensities, and thus greater uncertainty in the value of the integrated intensity, compared to
those collected in air. High backgrounds in the diffraction pattern also mean that
systematically weak reflections are often absent from high-pressure data-sets, unless
special precautions are taken while performing the data collection (e.g. Sowa et aI. 1990a).
As a result, many intensity data-sets collected from DACs are of lower quality than that
which would be collected from the same crystal at ambient conditions in air. This situation
is first reflected in the internal R-values obtained from the averaging process, which are
frequently 2-3 times that expected from an equivalent data-set collected in air. Nonetheless,
if there are no restrictions on resolution, carefully processed data-sets collected in DACs
can yield uncertainties in positional parameters that are less than twice those obtained from
a data-set collected in air, as well as accurate values for the components of anisotropic
displacement parameters (e.g. Sowa et aI. 1990a, Kuhs et aI. 1996).

Resolution. Restrictions by the furnace or DAC on the reflections that can be
collected, especially at high Bragg angles, will reduce the precision with which positional
and displacement parameters can be determined. In transverse-geometry DACs the
intensities of approximately 95% of the reflections in one half of reciprocal space can be
measured (Koepke et aI. 1985), so there are no significant restrictions on the resolution of
the data-set or the subsequent structure refinement. By contrast, in transmission-geometry
DACs only some 30-40% of reflections with e < 'JImaxare accessible (Miletich et aI., this
volume). The inaccessible reflections are those whose reciprocal lattice vectors lie close to
the load-axis of the cell (Eqn. 10). The effect of this restriction is to reduce the precision
with which positional and displacement parameters along this axis can be refined. A good
example is provided by the study of Miletich et aI. (1999), in which data were collected
from an orthorhombic crystal which lay with (010) parallel to the anvil face. As a result,
only reflections with -3 < k < 3 could be collected from the crystal in the DAC. The
uncertainties in the one refineable fractional y-coordinate in the structure were then five
times that obtained from the data collected in air and, in addition, the value was shifted by
more than 1.5 of these larger esd's from the value obtained from the data collection in air.
Similarly, it was found that none of the anisotropic displacement parameters ~22 could be
reliably refined and that the esd's of ~12 and ~23were increased by a factor of 3-6. These
results contrast with the parameters associated with the orthogonal directions in the crystal,
for which esd's only a factor of 2 greater than those obtained from the crystal in air. This
example serves to emphasize that care must be taken, whenever possible, to choose a
suitable orientation of the crystal (Miletich et aI., this volume) for loading into a
transmission DAC. Alternative approaches include combining data from either two crystals
in different orientations loaded together in the DAC, or a single crystal loaded twice in two
different orientations (e.g. Angel 1988).

Robust-resistant refinement. An alternative approach to improving the quality of
a structure refinement is to use the intensities calculated from the refined structure to
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eliminate aberrant intensity data that has not already been identified as such in the data
reduction procedures. This can be done manually with high-quality data-sets by inspecting
the differences IFob'- F""I, and investigating (and subsequently eliminating) those outliers
with the largest values. Because of the small total number of reflections present in many
DAC data-sets, the removal of just a few outliers can result in significant improvements to
both the refined structural parameters and the agreement indices. For lower-quality data-
sets the process of robust -resistant refinement (Prince and Collins 1992) achieves the same
aim automatically by reducing the weights of each intensity datum in each cycle of the least-
squares procedure by a factor that depends upon the magnitude of the difference
UFob,- F,,,,II"')

, where ~ is the mean of the quantities IFob'- F,,,,I/crF for the complete data-
set. The effect of this re-weighting of the data is to reduce the influence on the refinement
of those outlying data with large IFob'- F""

I; some implementations exclude data with values
over a certain threshold. It is important to note that this modification of the weights causes
the least-squares procedure to yield incorrect estimates of the uncertainties of the refined
parameters. Prince and Collins (1992) discuss the possible procedures to obtain correct
estimates of the parameter uncertainties.

Leverage. The different reflections in a data-set each have a different amount of
influence on the refined value of each of the parameters in a structure refinement. This
influence can be calculated (Prince and Nicholson 1985, Prince and Spiegelman 1992a)
from the theory of least squares, and is properly termed the leverage of the individual
intensity datum on the refined parameter. Provided that the structure is known, a calculation
of the leverage of each accessible reflection can be made prior to the data collection, and
only the intensities of those reflections with highest leverage are then collected. This allows
more data collection time to be spent on the most influential reflections, which may not be
the strong reflections, while less important reflections are not collected. The result of this
approach is that a smaller data-set with a higher proportion of observed reflections and
more precise intensity values is obtained compared to a conventional data collection using
the same or less total data collection time. The more precise data should yield more precise
estimates of the structural parameters; for example, Hazen and Finger (1989) demonstrated
that a "leveraged" data collection reduced the esd's in the bond lengths of a garnet
refinement by more than 20% compared to data collected in the conventional manner. This
methodology is particularly applicable to simple structures such as garnets in which only a
few structural parameters need to be determined, but its extension to much more complex
structures has yet to be tested. Great care must however be taken in using data-sets
collected in this way, because the greater leverage and smaller number of the reflections
compared to a normal data-set will make the refined parameters much more liable to bias
from incorrect values of the intensities. The robustness of the values of the refined
parameters should be tested by the removal of individual reflections and repeat refinements
(Prince and Spiegelman 1992b).

Probability plot analysis. One of the problems encountered with diffraction data
collected from a crystal held in a diamond-anvil cell is the assignment of a meaningful
weight to each observed intensity datum, because the weights are normally derived from
counting and averaging statistics and do not account for potential systematic errors
introduced into the data, for example by gasket shadowing. A simple measure of the
correctness of the refinement model and of the weighting scheme is provided, at
convergence of the refinement, by the value of

X~ = I wlFob'- F,,,J jCn - m),

sometimes also referred to as "goodness of fit". If X~> 1, then the weights may have been
overestimated, equivalent to an underestimation of the uncertainties in the intensity data. If
the refinement model is believed to be correct, then the weights can be adjusted by a
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constant factor to obtain X~=1 (Prince and Spiegelman 1992b) or, if regression weights
are computed from 0"2=0"/ + p2F2then p is a variable that can be used to alter the weights
until X~ = 1.

A more complete view of the residuals and the weighting scheme can be obtained from
examining their distribution, rather than just their root-mean-square value X~. This can be
achieved with a "normal probability plot" (Abrahams and Keve 1971, Hamilton 1974b) in
which the observed distribution of residuals is plotted against that expected for a
normalized Gaussian distribution. If all of the weights have been correctly assigned, and
the distribution of errors is Gaussian, then the plot will be a straight line of slope unity that
passes through the origin. If the slope is greater than unity, then the weights have been
overestimated and can be adjusted as described above, until the plot has a slope of unity at
convergence of the refinement. The plot can also be used to identify outliers in the data as
well as the presence of systematic error (Abrahams and Keve 1971).

Again, because data-sets collected from crystals in DACs are typically small in
number, incorrect weighting schemes can bias the values of the refined parameters.
Experience suggests that series of data-sets reweighted to produce unit slopes in the
probability plot result in crystallographic parameters that vary more smoothly with pressure
than refinements done otherwise. In some cases refinements done without the probability
plot analysis produced negative isotropic temperature factors, whereas following
adjustment of the weights the temperature factors refined to reasonable values.

CONCLUSIONS

It will be apparent from this chapter that the instrumental requirements for the
measurement of unit-cell parameters and the measurement of diffracted intensities are often
in direct conflict. For the former, we have argued that non-monochromated sources provide
a more stable source in the laboratory, whereas a monochromator is to be preferred for
intensity measurements in order to reduce backgrounds. Similarly, the angular resolution
required for lattice parameter measurements argues for a large diffractometer whereas a
small diffractometer will yield more intense diffracted beams and is to be preferred for
intensity data collections in which angular resolution is not usually a significant issue.
These considerations suggest that the optimal establishment of a high-pressure laboratory
for single-crystal diffraction should include two diffractometers - one optimized for unit-
cell parameter measurements and one for intensity data collections.

These differences are also apparent in the progress seen in both types of measurement
over the past two decades. There have been significant advances in the precision of unit-cell
parameter measurements at high pressures. Much of this improvement has arisen from the
availability of fast computing capabilities that, unlike those available in the 1970s, allow
much more elaborate algorithms to be used in the real-time control of the diffractometer.
Further contributions have arisen from the general development through experiment by the
high-pressure diffraction community of an understanding of the processes that are involved
in a high-pressure diffraction experiment. The level of precision of high-pressure lattice
parameter measurements is now such that further improvements, even by an order of
magnitude, will yield very little improvement in the constraints which can be placed on
Equation of State parameters such as bulk moduli and its pressure derivatives (Angel this
volume). There is, however, still a need for improvement in precision for studying those
displacive phase transitions at high-pressures whose spontaneous strain components are
<10-4 (e.g. McConnell et al. 2000). These measurement techniques have not yet been
widely applied to either high-temperature diffractometry, nor to simultaneous high-P,T
single-crystal diffraction, although they should be directly transferable.
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By contrast, less improvement has been made in the average quality of structures
refined from high-pressure data, although there are some notable exceptions (e.g. Sowa et
al. 1990a,b; Kuhs et al. 1996). The result is that the subtle variations in the behavior of
unit-cell parameters that can be measured at high-pressures (e.g. Miletich et aI. 1999)
cannot be generally interpreted in terms of structural changes. Clearly, an improvement in
the manner in which X-ray intensity data is corrected merely requires the wider application
of the understanding, already developed, of the processes that are involved in affecting
diffracted intensities from crystals held in DACs. An improvement in the precision of
refined structures, similar in magnitude to that already achieved for lattice parameters, will
undoubtedly emerge over the next few years.

Lastly, we have discussed little specifically about single-crystal diffractometry with
synchrotron radiation sources. Traditionally, synchrotron diffraction measurements at
extremes of temperature and/or pressure have been made by powder diffraction (e.g. Fei et
aI., this volume), while single-crystal diffraction under the same conditions is in its
infancy. But, as for experiments at ambient conditions, single-crystal diffraction holds
significant potential advantages over powder diffraction for the precise measurement of
lattice parameters and the measurement of subtle changes in either atomic structure or the
thermal motion of atoms. Significant challenges will have to be addressed before such
experiments become routine. They include stabilizing incident beam wavelengths to the
levels attainable from laboratory sources, reducing the much higher background levels that
result from the more intense incident beams, and the avoidance of the multiple diffraction
events that become more numerous with decreasing wavelength.
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APPENDIX

SINGLE is a diffractometer control program originally written by L. W. Finger and
R. J. Angel to carry out the calculations neces sary for controlling a four- circle
diffractometer. Much of the code is derived from software written earlier by L.W.
Finger. At the time of writing the code is maintained and developed by R.J. Angel and
R. T. Downs. The software is currently supplied on a non-commercial basis.

Systems

The software is written to be mainly diffractometer-independent. It can also be run
without a diffractometer attached to perform diffractometer calculations "off-line". The
physical parameters (circle limits and parities, diffractometer sizes, motor parameters,
wavelengths and default scan parameters) of the diffractometer are defined in an editable
ASCII file. All communications with the diffractometer are restricted to a small sub-set of
the subroutines collected together in one file; installation on a new type of diffractometer
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therefore requires the minimum of programming effort to write new interface routines.

Similarly, the software is written in Fortran to be as compiler- and platform-
independent as possible, at least in its command-line version. Modifications needed to run
on various operating systems are restricted to time-and-date calls and carriage-control
characters, and the changes need only be made in a single file. SINGLE currently runs
under VAX-VMS, MS-DOS and Windows systems.

Because each new installation requires some modification of the code, it is necessary
to download the original code and compile it locally. A suitable Fortran compiler is
therefore required. Compilers known to be compatible with the code are listed in the
documentation provided with the code.

Software

Once started, the user interface is a command line interpreter. At the time of writing,
the software implements all of the recommendations for reflection centering and data
collection given in this chapter. The user interface of the code operates in Eulerian geometry
with the Busing and Levy conventions, but it could be used to drive Kappa-geometry
goniometers by modification of the interface routines. The code is suitable for operating a
number of different types of DAC, furnaces and coolers (6 diffraction geometries are
currently supported) as well as performing conventional experiments on crystals in air, and
can be easily modified to support further device types should there be a need. A
Windows95/98/NT version, with menu and dialogue support, as well as a graphical
interface to show all scans in real time, is currently being developed.

Availability

The SINGLE software is available in Fortran code, along with files describing the
installation and operation of the software, bye-mail from the authors.
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