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To ensure concentricity of the �–2� rotation stages, but with a very limited 2�
range of rotation, an alignment technique using two dial gauges mounted at right

angles to each other (X and Y axes) is described. The deflections of the

orthogonal dial gauges are measured as a function of 2�, with their probes

impinging on a cylindrical pin centred on the � axis. The X and Y corrections

required to bring the two rotation stages into concentricity can then be found

using a least-squares fitting via a freestanding program or via the ‘solver’

optimization within the Microsoft Excel spreadsheet software. The same dial

gauges provide guidance for applying the required positional corrections. An

Excel spreadsheet for determining the X and Y corrections via least squares has

been deposited.

1. Introduction

Aligning � and 2� rotation stages so that their axes coincide

with each other is generally straightforward if the rotation

range of the stages is not limited in any way, and where one of

the stages can be translated with respect to the other in a

precise manner. Using such tools as high-precision dial gauges,

an accuracy of �10 mm or better can be achieved. However,

the task is nontrivial if one or both of the stages allow only

limited rotation within the confines of a particular experi-

mental area. This situation is encountered more frequently

with modern neutron instrumentation, where the use of large

multi-element or area detectors is increasingly common.

While there are occasional papers in the literature

concerning reliable, easy-to-perform alignment for specialized

crystallographic equipment, the majority of reports are for

X-ray diffraction, where there is a larger accessible range of

angular freedom (Hoppe, 1969; Huffman, 1972; Hovmoller,

1980; Geremia et al., 1994). Some diffraction conferences offer

alignment workshops, but these are often aimed at a specific

style of commercial product, again, for X-ray diffraction. To

our knowledge, alignment procedures for neutron diffraction

have been archived rarely, one notable example being the

extensive paper by Brand & Prask (1994). Much expertise on

alignment of neutron diffraction apparatus is unwritten,

generally unavailable to the majority of the community and

lost upon retirement of expert practitioners.

The following elaborates on a convenient method of

checking concentricity of � and 2� rotations where the range of

the latter is severely limited. This is one crucial step that Brand

& Prask (1994) assumed to have been carried out prior to

aligning the other components of the diffractometer.

However, there is no guarantee that such an alignment of �
and 2� has been satisfactorily performed. As the following

method of aligning � and 2� does not use the radiation beam, it

can also be applied to a training environment without risk of

radiation exposure.

2. Two possible designs of h–2h concentric drives

There are two possible designs for �–2� concentric drives.

(1) The � and 2� rotation stages are separately attached to

the foundation of the diffractometer, usually a rigid metal

plate or the floor in the case of a neutron diffractometer. This

arrangement requires the 2� stage to be an arm supported by a

hollow drive shaft, i.e. a sleeve. The � stage is directly attached

to the floor through the hollow space of the sleeve. Hereafter

this arrangement will be referred to as ‘sleeve & shaft drives’.

(2) Two rotation stages, neither requiring a hollow drive

shaft, are used, one for 2� and the other for �. Only the 2�
stage is attached to the foundation, while the � stage rides on

2�. This arrangement of ‘stacked drives’ is mechanically

simpler than the sleeve & shaft design. It also allows conve-

nient incorporation of a direct drive 2� encoder, providing a

higher-accuracy angular readout. The drawback is that,

whenever 2� is driven, � also changes. This change can be

countered by driving � in the opposite direction by the same

amount as for the 2� angle.

Our method works for either of these designs. The proce-

dure is identical except in the way the special alignment tool

consisting of two orthogonal dial gauges (the ODG) is

mounted. For the sleeve & shaft drives design, the ODG must

be mounted rigidly to the 2� arm and will move in the

laboratory coordinate system when 2� is driven. For the



stacked drives design, the ODG must somehow be mounted

stationary with respect to the laboratory coordinate system.

The ODG is made of two machinists’ dial gauges, each

equipped with a 0.01 mm-precision LCD. If required, compact

digital dial gauges down to 0.001 mm precision are commer-

cially available. As shown schematically in Fig. 1, the tips of

the gauges have been modified so that they present a flat

surface (or a knife-edge) perpendicular to the movement of

the probe. The benefit of flat tips will become clear in the next

section.

3. Method

The method consists of two main procedures. First, a cylind-

rical pin is attached rigidly to the turntable of the � stage and

its position adjusted so that the centre of the pin marks the �
axis of rotation (referred to hereafter as the ‘� axis’). Second,

using the ODG, we determine how much and in which direc-

tion the 2� axis is misaligned. The basic principle here is that

the ODG readings should not change when 2� rotates if a pin,

marking the � axis, coincides with the 2� rotation centre or the

‘2� axis’. If the axes do not coincide, the pin traces an arc (part

of a circle) whose centre is on the 2� axis. The task is to find the

centre of the arc in a suitable coordinate system and shift the �
stage as needed.

3.1. Step 1: placement of a pin on the h stage

A cylindrical steel pin is attached to the � stage via a

manually adjustable X–Y stage. The pin is adjusted so that it is

parallel to the � axis. A fully adjustable commercial goni-

ometer head can be used as the X–Y stage, and arcs are used

for aligning the pin along the � axis. Only an approximate

alignment is needed at this stage: acceptable so long as the pin

does not visibly wobble as � rotates.

3.2. Step 2: placement of orthogonal dial gauges

The ODG is appropriately mounted, rigidly attached to the

2� arm for the sleeve & shaft drives or to a stable platform in

the laboratory system in the case of the stacked drives design.

The probes of the ODG are placed in contact with the pin at

the beam centre.

3.3. Step 3: centring the pin on the h stage

The X–Y stage mounted on the � stage is adjusted until the

ODG readings do not change when � rotates. Geometry shows

that the required X adjustment is one-half of the change of the

dial gauge readings at � = 0 and 180�. For the Y adjustment,

the readings needed are at � = 90 and 270� (these � settings

place the X, Y translations parallel to the ODG probes). This

step is essentially that of Brand & Prask’s (1994) Fig. 1.

However, the task is made easier by the flat tip of the dial

gauges.

3.4. Step 4: measuring ODG deflections as a function of
detector position

The detector setting is varied in appropriate increments and

the deflections of the ODG are recorded. The appropriate

steps depend on the degree of 2� angular freedom and are

aimed at acquiring more deflection observations than the two

parameters that are to be refined (e.g. 5� steps where there is

35� of angular freedom). For better precision, � can be rotated

so that the ODG probes are always contacting the same points

of the pin. This is not needed in principle, but minimizes errors

if the pin is not truly round.

3.5. Step 5: Least-squares fitting of an arc to a set of points

As stated previously, the ODG readings define an arc if the

� and 2� axes do not coincide. The centre of the arc can be

located using least-squares or any fitting algorithm. We

performed calculations in a two-dimensional Cartesian coor-

dinate system that lies in the scattering plane of the diffract-
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Figure 1
Schematic of the tool, consisting of two dial gauges mounted orthogonal
to each other on an L-shaped frame (labelled L). The gauges are standard
machinists’ tools except that the customary round tip is replaced by a flat
tip. The flat tips are tangents to the cylindrical pin marking the � axis,
shown as a circle in cross section (labelled P). The L-shaped frame is
attached either to the 2� arm or to a fixed platform in the laboratory as
explained in the text.

Figure 2
Cartesian coordinate system with the 2� axis as the origin. The point at
coordinate (X�, Y�) is the position of the (misaligned) � axis. Driving 2�
by an angle � moves this point to a new location that lies on an arc with
its centre at the origin.



ometer and the origin at the (yet to be determined) 2� axis

(see Fig. 2). The X and Y axes could point in any direction, but

the most convenient choice is parallel to the probes of the

ODG at the first detector setting (� = 0). This coordinate

system, attached to the ODG, proves to be convenient for

both the sleeve & shaft and the stacked drives designs of �–2�
stages.

In Fig. 2 the (misaligned) � axis, marked by the pin, is

originally at (X�, Y�). Driving the detector by an angle �
moves this point to a new location: (X�cos� + Y� sin�,

X� sin� + Y�cos�). The ODG is a means of tracking this

motion. One must bear in mind that the ODG readings give

the change in X� and Y�, not the absolute values, since the dial

gauges are zeroed while the pin is at an unknown position.

The least-squares minimization can be implemented in a

custom written program or easily performed in software

containing a minimizor or ‘solver’ function. Currently,

Microsoft Excel is an example of a popular commercial

spreadsheet program that incorporates a ‘solver’. Fig. 3 is a

screen image of the Microsoft Excel spreadsheet designed for

this least-squares fitting, which has been deposited with the

IUCr as supplementary material.1 The numerical values are

derived from an actual application of the alignment method to

the C2 neutron powder diffractometer at Chalk River, whose

800-wire detector spans 80� in 2� and is limited to 35� of

angular movement. At the top are the cells that hold the best

available estimate of (X�, Y�). We started with (0, 0). Entering

the first three columns of the table, the angle � and the ODG

readings gave a series of points (squares) that can clearly be

recognized as an arc. Squares represent the coordinates

(XODG + X�, YODG + Y�), but with (X�, Y�) initially being (0, 0)

we saw at this stage (XODG, YODG). Manually adjusting (X�,

Y�) moved the points so that the arc centre appeared

approximately at the origin of the plot. We then displayed the

second series of points (circles), calculated as (X�cos� +

Y� sin�, X� sin� + Y�cos�). The values in the last column are

(Xcorr � Xcalc)
2 + (Ycorr � Ycalc)

2. The sum of these variances,

at the bottom of the column, is minimized by varying (X�, Y�)

using the solver. The plot in Fig. 3 shows the ODG readings

corrected by the now known (X�, Y�) values (squares) and a

series of points on an arc (circles) whose centre is at the origin,

the best estimate of the position of the 2� axis.

3.6. Step 6: Physical adjustment to bring h concentric with
respect to 2h

Required adjustments to bring the � axis concentric with the

2� axis can be performed conveniently by using the ODG to

guide the movement. The aim is to move the pin to the origin

of the coordinate system of Fig. 2.

Steps 4, 5 and 6 should be repeated to verify that the

alignment has been successful. Being a purely mechanical

procedure, the alignment should lead to final ODG readings

that appear as a small cluster consistent with the reading

accuracy of the dial gauges, no longer recognizable as an arc.

A larger cluster size is a sign of mechanical instability some-

where in the system, for example a loose coupling or a sloppy

bearing. On a particular diffractometer system, uncharacter-

ized potential mechanical instabilities make it problematic to

determine the accuracy of alignment that can be achieved in

advance, as these instabilities might only be revealed during

the alignment procedure.

4. Required accuracy of alignment for the C2 powder
diffractometer

C2 is a double-axis neutron powder diffractometer whose

wavelength is adjustable by changing the monochromator

takeoff angle 2�m. This instrument has been fully described by

Potter et al. (2007), and our description here is limited only to

those features that make 2�–� alignment crucial for this

instrument. The argument presented is general and applicable

to any instrument with similar features.

The direction of the incident beam is defined by the distance

collimation between the monochromator and the powder

specimen, instead of a collimator. The sample itself acts as a

limiting slit, and if it shifts laterally in the monochromatic

beam the effective 2�m changes, causing a wavelength change.

The detector is a curved arrangement of 800 individually read

wires situated on an arc, in a single gas envelope. The wires

span 80� in 2� with 0.1� uniform spacing. Again, distance

collimation alone defines the 2� direction from the sample to

each wire, i.e. without the use of a system of diverging colli-

mators. The advantage is that there are no blind spots between

wires, and a complete diffraction pattern (with a span of 80�)
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Figure 3
Screen image showing part of the Excel spreadsheet for determining the
correction required for alignment of �–2�. The squares in the plot are
(Xcorr, Ycorr), the corrected coordinates of the � axis obtained by adding
(X�, Y�) to (XODG, YODG). The circles are the calculated coordinates of
points lying on an arc as described in Fig. 2.

1 The spreadsheet and data discussed in this paper are available from the IUCr
electronic archives (Reference: HE5388).



could be obtained with a single setting of the detector. In most

experiments the data are collected with two detector settings:

low- and high-angle settings covering 2� = 5–85 and 35–115�,

respectively.

The �–2� assembly is of a stacked drives design, with the 2�
stage coupled rigidly to the part of the monochromator

shielding that moves with 2�m. 2�m is set for the desired

wavelength prior to an experiment and is kept fixed for the

entire data collection. Mounting the powder specimen (in a

cylindrical can) at the � axis is usually straightforward as this

rotation is unhindered. Either by using a dial gauge or with the

help of a radiography imager, the sample can be positioned on

the � axis with submillimetre accuracy.

Provided the � and 2� axes coincide, the effective 2� for all

the wires will increase by 30� when the detector is moved from

a low- to a high-angle setting. This would not be the case if the

two axes do not coincide. The consequences are depicted in

Fig. 4. For the actual size of the C2 detector, a 1 mm

displacement in the direction CC0 (perpendicular to line AB)

results in an effective 2� change of 29.98�, an observable error

of 0.02�. In contrast, the effect of a 1 mm displacement in the

CC00 direction (parallel to line AB) is extremely small. Since

the detector spans almost 90� it is possible to have wires at one

end significantly affected while those at the other end are not

affected at all. This argument indicates that we should aim for

a concentricity alignment of significantly better than 1 mm.

5. Conclusion

We have described a convenient offline method for measuring

and correcting concentricity of the �–2� rotation stages. The

method has been applied successfully to the C2 neutron

powder diffractometer. A Microsoft Excel spreadsheet incor-

porating the least-squares fitting for determining the X and Y

corrections to achieve the required �–2� concentricity has

been deposited with the article.
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Figure 4
Schematic representation of errors in effective 2� caused by not
positioning the sample at the 2� rotation axis, point C. Point A is the
position of a detector wire while the entire multi-wire detector is at a low-
2� setting. Driving the detector to a high-2� setting moves the same wire
to B. For a 30� drive, /ACB is exactly 30�, /AC0B is slightly less than
30� and /AC0 0B is approximately 30�.
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