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A rotational stage is a key component of every X-ray instrument capable of

providing tomographic or diffraction measurements. To perform accurate three-

dimensional reconstructions, runout errors due to imperfect rotation (e.g. circle

of confusion) must be quantified and corrected. A dedicated instrument capable

of full characterization and circle of confusion mapping in rotary stages down to

the sub-10 nm level has been developed. A high-stability design, with an array of

five capacitive sensors, allows simultaneous measurements of wobble, radial and

axial displacements. The developed instrument has been used for characteriza-

tion of two mechanical stages which are part of an X-ray microscope.
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1. Introduction

X-ray microscopy is a powerful tool suitable for studies of the

internal structure and composition of various material systems (Ice et

al., 2011; Kaulich et al., 2011; Kang et al., 2013). Recent developments

of ultra-brilliant synchrotron facilities stimulated development of

X-ray imaging techniques and pushed the imaging resolution down to

the nanometer level (Yan et al., 2014). In the soft X-ray regime, two-

dimensional full-field imaging with better than 10 nm spatial resolu-

tion has been demonstrated using a Fresnel zone plate as the focusing

optics (Chao et al., 2012). In the hard X-ray regime, Huang et al.

(2013) reported one-dimensional focusing down to 11 nm using

multilayer Laue lenses. By taking a series of two-dimensional X-ray

projections at different angles, a three-dimensional image of a sample

can be reconstructed revealing its internal structure and composition

(Kaulich et al., 2011; Holt et al., 2013; Wu et al., 2012). For ptycho-

graphy imaging, 16 nm spatial resolution has been reported in three

dimensions (Holler et al., 2012, 2014). For all tomographic measure-

ments, particularly via scanning X-ray microscopy, rotational errors

play a critical role in defining scientific throughput of a microscope

unless actively corrected (Holler et al., 2012, 2014). Therefore, char-

acterization of displacements due to wobble, axial and radial runouts

in rotary stages prior to the measurements is necessary during

development of microscopy systems for three-dimensional nano-

tomography.

A typical method of characterizing rotary stages includes the

attachment of a ball gauge to the center of a stage and monitoring its

displacement when rotating by sensors (Noire et al., 2010). Non-

contact displacement sensors (capacitive, optical etc.) are usually

employed for high-precision characterization (Marco, 2010; Kim et

al., 2013). Unfortunately, such ball gauge systems do not provide

simultaneous measurements of displacement errors due to wobble,

radial and axial runout errors. In this work, we present a system

capable of comprehensive characterization of all rotational errors

during the same measurement. By incorporating five capacitive

sensors and a diamond-turned reference cylinder, nanometer-scale

rotational errors can be measured. A mechanically stiff yet instru-

mentally flexible design allows the mapping of rotational errors in

stages with different form factors and footprints.

2. Instrument design

A computer-aided design drawing and a photograph of the instru-

ment are shown in Figs. 1(a) and 1(b). The instrument has a robust yet

flexible frame structure to provide stability while allowing char-

acterization of rotary stages with different footprints and form

factors. Five Lion Precision CPL 190 capacitive displacement sensors

with C5S-2.0 probes were arranged in the middle of the beam as

shown in Fig. 1(b). Sensors S1 and S2 measure the displacement of

the cylinder in the X direction, S3 and S4 in the Y direction and S5 in

the Z direction. The rotary stage under investigation is placed on top

of a high-precision Kohzu YM16A-S1 X–Y manual linear stage. The

linear stage provides 25 mm travel in both X and Y directions and

yields 0.5 mm resolution. The manual stage is used to position the

rotary stage to be characterized within the working ranges of the

capacitive sensors. On top of the rotary stage, there is an assembly of

X and Y linear piezo stages (Attocube ECS3030/NUM) with the

diamond-turned reference cylinder finally on top of that. Piezo stages

are used for the alignment of the cylinder axis and the rotary stage

center of rotation. The reference cylinder is 40 mm tall and 25 mm in

diameter. It also has a diamond-turned top surface with a machined

pin in the center and is used for the initial optical alignment with a

CCD camera (BASLER Ace acA1300-30gc). The surface roughness

of the reference cylinder was measured with a Zygo optical surface

profiler and yielded peak-to-valley values of �11 nm [see Figs. 1(c)

and 1(d)]. Since the diameter of the capacitive C5S-2.0 probe is about

2 mm, the localized roughness is averaged and it provides an RMS

noise of approximately �2 nm. The system is largely controlled

through a LabVIEW interface. The interface communicates with

some hardware directly, and indirectly interfaces with the remainder

through the Experimental Physics and Industrial Control System

(EPICS) channel access protocol.
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3. Testing procedures and experimental result

When rotational motion is performed, lateral displacement of a

cylinder D can be expressed as follows,

D ¼ Drunout þDwobble þDoff-center; ð1Þ

where Drunout and Dwobble are the displacements caused by radial

runout and wobble, respectively. Some of the errors are synchronous

(repeatable) and some of the errors are asynchronous (random).

Doff-center is the displacement caused by misalignment between the

axis of a cylinder and the rotational axis of the rotary stage. Displa-

cements measured by sensors S1–S4 can be written as

D1 ¼ A cos�þ L sin � cos �þ R13 cos!t; ð2Þ

D2 ¼ A cos�þ ðL� d12Þ sin � cos�þ R24 cos!t; ð3Þ

D3 ¼ A sin �þ L sin � sin�þ R13 sin!t; ð4Þ

D4 ¼ A sin�þ ðL� d12Þ sin � sin �þ R24 sin!t; ð5Þ

where A and � are the magnitude and phase of the runout, � and �
are the magnitude and phase of the wobble. L is the measured

distance from S1 to the top surface of the rotary stage, d12 is the

distance between S1 and S2, and R13 and R24 are the distances

between the cylinder’s center of rotation in the planes S1–S3 and S2–

S4, respectively. By fitting the measured values of D1–4 to sin!t and

cos!t, values of R13 and R24 can be calculated and subsequently

subtracted from D1–4. Finally, since values of L and d12 are directly

measured, values of � and � can be calculated yielding A and �.

Displacements measured by S5 can be written as follows,

D5 ¼ Dwobble þDtilt þDvertical displacement

¼ R5 sin � cos �þ R5 sin � cos!t þDvertical displacement;
ð6Þ

where Dtilt is the displacement caused by tilting of the cylinder.

Dvertical displacement is the displacement caused by the vertical motion

(axial runout). R5 is the distance from the measurement point of

sensor S5 to the rotation center. � is the tilting angle of the cylinder.

By fitting the measured values of D5 to cos!t, values of R5 can be

calculated. Since the values of � and � at each rotational angle have

been measured, Dvertical displacement can then be calculated.

To verify the performance of the developed system, we fully

characterized rotational errors of two mechanical rotary stages,

referred to here as stage 1 and stage 2. Stage 1 is an Attocube

ANR240/RES. It has a small footprint, uses a stick-slip piezoelectric

actuator and is encoded from 0 to 320� [shown in Figs. 1(a) and 1(b)].

Stage 2 is a KOHZU RA10A-W. It has a larger form factor and has

a rotation range between 0 and 280�. Measurements for each stage

were repeated six times and the results are depicted in Fig. 2. For

stage 1, radial runout, wobble and axial runout were measured to

be 6 � 5 mm, 200 � 150 mrad and �0.6 mm, respectively. For stage 2,

the measured values were 0.4 � 0.4 mm, 6 � 6 mrad and �0.08 mm,

respectively. Based on the measurements shown in Fig. 2, one can

determine that runout and wobble for both stages are highly repea-

table. The most prominent example is the 2� periodic error measured

for stage 2. Because the majority of rotational errors are repro-

ducible, synchronous deviations from a perfect trajectory can be

programmed into tomographic data acquisition software, and the
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Figure 1
(a) Schematic view of the instrument. Major components are enumerated: (1) capacitive sensors; (2) high-precision diamond-turned aluminium reference cylinder; (3) X–Y
piezo positioner; (4) rotary stage under testing. (b) Arrangement of five Lion Precision CPL 190 capacitive displacement sensors (S1–S5) used to map rotational errors.
Surface roughness (c) and line profile (d) of the aluminium reference cylinder acquired with a Zygo white beam interferometer.



field of view can be adjusted accordingly during measurements of

each individual projection. In doing so, the data acquisition time can

be reduced yielding a higher throughput for the tomographic system.

4. Conclusion

In this work, we have developed a high-precision instrument suitable

for the characterization of rotational stages used in three-dimensional

tomographic measurements. The instrument provides simultaneous

measurements of both radial and axial runouts and wobble in a rotary

stage. Stable structural design, application of five capacitor sensors

and a diamond-turned reference cylinder ensure nanometer-level

mapping of rotational errors. The developed system was used to

characterize two mechanical rotary stages and revealed both

synchronous and asynchronous errors.

We acknowledge B. Mullany (BNL) for help with three-dimen-
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supported by the US Department of Energy under contract No.
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Figure 2
(a1–a2) Radial runout error of stage 1 and stage 2, (b1–b2) wobble of stage 1 and stage 2, (c1–c2) axial runout error of stage 1 and stage 2.
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