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  A novel approach for extending autocollimator 
calibration from plane to spatial angles  
   Abstract:   Autocollimators are versatile devices for the 

contactless measurement of the tilt angles of reflecting 

surfaces. In their practical application, e.g., in deflecto-

metric profilometers for the precision form measurement 

of optical surfaces, the autocollimator beam is deflected 

in two orthogonal angular directions simultaneously. 

The concurrent engagement of both measuring axes 

results in errors in their angle response due to the cross-

talk between them, which need to be calibrated. In this 

contribution, the capabilities of autocollimator calibra-

tion at the Physikalisch-Technische Bundesanstalt (PTB) 

are presented. The measurement of spatial angles is dis-

cussed in detail with a focus on achieving traceability 

of this measurand and reaching lowest uncertainties. 

A novel concept is introduced, which makes use of an 

innovative Cartesian arrangement of three autocollima-

tors (two reference autocollimators and the autocollima-

tor to be calibrated) facing a reflector cube. Each of the 

two reference autocollimators, which are used for the 

precise measurement of the cube ’ s angular orientation, 

is primarily sensitive to rotations of the cube around 

one of the two relevant axes and can, thus, be calibrated 

and traced back to PTB ’ s national primary standard for 

the plane angle in a conventional manner. In this way, 

the measurement of spatial angles is effectively divided 

into two separate measurements of plane angles. The 

mechanical realisation of the setup at PTB is described.  
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1         Introduction 

 During the last decade, important advances in the pre-

cision form measurement of optical surfaces have been 

achieved by a new generation of angle-based (deflecto-

metric) surface profilometers (e.g.,  [1 – 7] ). For the contact-

less measurement of the local surface slope (tilt angle), 

commercial high-resolution autocollimators are used, 

which are capable of providing precise and traceable angle 

metrology for this purpose. When compared to classical 

interferometry, deflectometric profilometry is of advan-

tage for measuring optical surfaces that are demanding 

due to their extent, their high dynamic topography range 

and gradients, and when the need for absolute topogra-

phy measurement arises (i.e., without recourse to external 

standards, such as calibrated reference surfaces). 

 Because of these advantages, deflectometric profilo-

metry has turned out to be especially capable of accurately 

measuring beam-shaping optical surfaces for applications 

in the next generation synchrotron beamlines and free 

electron lasers (FEL). Owing to their large size (up to 1.5 m), 

aspherical, rotationally asymmetric shape and extremely 

stringent demands on their form accuracy (2 nm peak-to-

valley in form, 50 nrad root-mean-squared in slope  [8, 9] ), 

they pose equally stringent demands on the characterisation 

and calibration of the autocollimators, which are used for 

their measurement. Autocollimator calibration under well-

defined, stable and reproducible measurement conditions 

is central to making full use of their potential by correcting 

their angle measurement errors and, therefore, is essential 

for approaching fundamental metrological limits in deflecto-

metric form measurement. For a comprehensive overview 

of their use in deflectometric profilometers and the specific 

challenges associated with this application (see  [10 – 12] ). 

 Two challenges, which are of special importance to the 

measurement of synchrotron and FEL optics, are the exten-

sion of traceable angle calibration from the plane angle to 

spatial angles and the characterisation of the effects of the 

optical path length changes of the autocolli mator beam on 

its angle measurement (the path length variability of the 

autocollimator beam is a result of the scanning of extended 
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optical surfaces). Beam-shaping optics in synchrotrons 

and FEL often feature rotationally asymmetric, aspherical 

surfaces, which, when their form is measured in deflecto-

metric profilometers, may deflect the surface-probing 

autocollimator beam perpendicular to the main profiling 

direction. Therefore, in the practical application of an 

autocollimator, both of its measurement axes are engaged 

simultaneously, i.e., the autocollimator beam is reflected 

in two orthogonal angular directions by the surface. For 

such an advanced autocollimator calibration, innovative 

strategies and novel equipment needed to be developed. 

 In this paper, we focus on the challenges to traceable 

angle metrology with autocollimators, which are posed 

by spatial angles. In Section 2, we provide a report on the 

current status of traceable autocollimator calibration with 

high angular resolution and lowest uncertainty at PTB by 

means of its ultraprecision primary angle standard WMT 

220. We also provide information on factors influencing the 

angle response of autocollimators. In Section 3, we discuss 

traceability issues of plane and spatial angles in detail, 

including a discussion on the SI definition of the derived 

angle unit  ‘ radian ’  and the alternative realisations by circle 

division methods. In Section 4, a novel concept for the 

reali sation of spatial angle calibration is presented, which 

has been developed at PTB and which makes use of an 

innovative Cartesian arrangement of three autocolli mators 

facing a reflector cube. In Section 5, we analyse the geo-

metrical aspects of spatial angle measurement, in general, 

with a focus on the derivation of analytical expressions for 

the angle measurements by the autocollimators in our Car-

tesian configuration. In Section 6, we briefly discuss align-

ment errors, their influence on spatial angle measurement, 

their evaluation and their compensation. In Section 7, the 

technical realisation of our spatial angle autocollimator 

calibrator (SAAC) is described in detail, and information 

on the status of the setup is provided.  

2     Current status of autocollimator 
calibration at PTB 

 The WMT 220 angle comparator (Figure 1) of PTB serves 

as the primary national standard for the plane angle in 

Germany and is used for the most accurate calibrations 

of angle artefacts or angle-measuring instruments. It 

was custom-made by Dr. Johannes Heidenhain GmbH, 

 Traunreut, Germany. The WMT 220 consists of a preci-

sion air-bearing rotary table equipped with a radial phase 

grating (400 mm in diameter, 2 17  grating lines) and an 

interferential measuring system with eight photoelectric 

scanning heads, which are distributed at regular 45 °  

 intervals. Additionally, eight auxiliary scanning heads are 

arranged in pairs  –  diametrically opposed to each other  –  

to form angle intervals of 360 ° /2  n   with 1   ≥    n    ≥   7, with the 

smallest being 2.81 °  (see  [13]  for further technical details).  

   The systematic graduation errors of the grating can 

be determined by two independent methods: classical 

cross-calibration (against a built-in or external second-

ary angle encoder  [14 – 17] ) and self-calibration. At PTB, 

extensive research on the fast and precise  in situ  self- 

calibration of angle encoders has been carried out  [18, 19] . 

This method relies on a suitable geometric arrangement of 

multiple reading heads, which read out the radial grating 

of the angle encoder at different angular positions. The 

self-calibration analysis is performed most naturally in 

the frequency domain, as all reading heads are assumed 

to measure the same  –  albeit phase-shifted  –  graduation 

errors of the grating. Using the Fourier shift theorem to 

account for the phase shift, the graduation errors can be 

reconstructed by analysing the measurement differences 

between pairs of reading heads by the use of variance-

optimal weights to achieve a more uniform error propa-

gation (see  [18]  for further details). Self-calibration offers 

a number of advantages, foremost that it is independ-

ent of auxiliary devices (such as, e.g., a secondary angle 

encoder or a polygon). As part of the family of circle divi-

sion methods, it utilises the full circle as a natural, error-

free angular standard, which provides independence from 

external reference standards (see Section 2). Furthermore, 

in contrast to cross-calibration, self-calibration is fast 

and, therefore, ideally suited for industrial applications. 

 The standard uncertainty of the calibration of the 

WMT 220 is of the order of  u   =  0.001 arcsec (5 nrad) and 

has been verified by various internal comparisons (of 

 Figure 1    The WMT 220 angle comparator of PTB is the primary 

national standard of plane angle in Germany. Its calibration 

uncertainty is  u   =  0.001 arcsec (5 nrad). It is installed in a clean-room 

facility and, thus, operates under favourable environmental 

conditions, such as a highly stable ambient temperature ( Δ  T   <  0.05 K). 

A measurement setup for the calibration of an electronic 

autocollimator is shown.    
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cross- and self-calibrations) and comparisons with encod-

ers of external partners, which all demonstrate consist-

ency at the level of several nrad rms (see, e.g.,  [20] ). 

 By comparison with the WMT 220, autocolli mators can 

be calibrated down to a standard uncertainty of approxi-

mately  u   =  0.004 arcsec (19 nrad)  [11, 12, 21] . Figure  2   shows 

an example of a high-resolution auto collimator calibration 

at a small aperture (2.5 mm), which is typical for autocolli-

mator applications in deflectometric profilometers. The 

uncertainty budget for an autocollimator calibration is 

dominated by contributions by the autocollimator itself, 

which depend on the calibration parameters influenc-

ing its angle response. Therefore, calibrations at PTB are 

usually performed flexibly according to user specifications 

of these influencing parameters, such as the reflectivity 

of the surface under test, the aperture stop ’ s diameter, 

shape, as well as its position both along the autocolli-

mator ’ s optical axis and perpendicular to it  [12] , and the 

optical path length of the autocollimator beam  [11] . First, 

the experimental results on the influences of the surface 

under test curvature have also been obtained  [10]  and 

are currently investigated by ray tracing modelling of 

autocollimators. 

 Autocollimator calibrations depend sensitively on 

the calibration parameters, and they are valid for a spe-

cific parameter set only. Most deflectometric profilometers 

use a movable pentaprism to scan the surface under test, 

which induces large (in the range of 1 – 2 m) and unavoid-

able changes in the optical path length of the autocolli-

mator beam, which in turn cause the returning beam to 

follow different geometric paths through the autocolli-

mator ’ s optics. Owing to the interaction with aberrations 

and alignment errors of the autocollimator ’ s optical com-

ponents, path-dependent angle measurement deviations 

are induced (see  [10, 11]  for further details). At PTB, we 

are currently able to accurately calibrate autocollima-

tors at discrete distances (250 – 550 mm) from the reflect-

ing surface only. Therefore, the capability of large (up to 

1.5 m) and automatic changes in the path length between 

the autocolli mator and the reflector cube has been imple-

mented in our new calibration device (see Section 7). We are 

also collaborating  –  together with the Helmholtz-Zentrum 

Berlin (HZB), Germany  –  with the Advanced Light Source 

(ALS), Berkeley, USA, in the development of the Universal 

Test Mirror (UTM) to address this crucial issue  [22] . 

 Recently, advanced error-separating shearing tech-

niques for the cross-calibration of angle measuring devices 

(which have originally been developed for application to 

shearing interferometry  [23 – 25] ) have been adapted to auto-

collimator calibration and tested at PTB. Autocollimator cali-

bration usually relies on the comparison with a calibrated 

angle reference standard. Shearing techniques, by apply-

ing defined angular offsets between both systems, offer a 

unique opportunity to separate the errors of the autocolli-

mator and of the second system and, therefore, to calibrate 

both systems without recourse to any external standard; 

instead, they are self-reliant. The results of the first experi-

mental tests at PTB with an autocollimator and our primary 

standard WMT 220 were promising, with an error separation 

at a level of approximately 0.001 arcsec (5 nrad) rms.  

 Figure 2    High-resolution calibration data of a commercial electronic autocollimator over a limited measurement range of 10 and 1 arcsec. 

At a small aperture (2.5 mm), angle deviations on a scale of 2.8 arcsec are present, which corresponds to the pixel size of the autocollimator ’ s 

CCD detector. (A) Calibration range of 10 arcsec, sampling 0.1 arcsec. (B) Calibration range of 1 arcsec, sampling 0.02 arcsec.    
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3     Extension of autocollimator 
calibration to spatial angles 

 In the practical application of autocollimators, e.g., in 

deflectometric profilometers, both of the autocollimator ’ s 

measuring axes are engaged simultaneously, i.e., the auto-

collimator beam is deflected in two orthogonal angular 

directions by the surface under test. The same holds true 

for most applications in precision engineering, e.g., the 

measurement of machine geometries (straightness, flat-

ness and parallelism), where both autocollimator axes are 

also utilised concurrently. The simultaneous engagement 

of both measuring axes results in additional errors in their 

angle response due to the crosstalk between the axes, i.e., 

the angle measurements of the axes are interdependent to 

a certain degree. This crosstalk is caused by, e.g., alignment 

errors of the autocollimator ’ s internal optomechanical com-

ponents (which, effectively, result in the non-orthogonality 

of the measuring axes), optical aberrations of its optical 

components and geometrical imperfections of the reticles, 

which are imaged onto the autocollimator ’ s detector(s). 

Additionally, spatial angles may be calculated incorrectly 

by the autocollimator ’ s software when both axes are incor-

rectly treated, as if their measurements were totally inde-

pendent of each other (see Section 5). 

 The crosstalk between the measuring axes is a general 

problem of spatial angle measurement by all methods, 

including, e.g., angle interferometers. Therefore, to 

provide full traceability of spatial angles to primary angle 

standards (which is currently available for the plane angle 

only) is a nontrivial problem. Here,  ‘ traceability of meas-

urands ’  is a metrological concept with the aim to provide a 

stringent control of measurements performed by a device. 

It is the  ‘ property of the result of a measurement or the 

value of a standard, whereby it can be related to stated 

references, usually national or international standards, 

through an unbroken chain of comparisons all having 

stated uncertainties ’  ( [26] , see also  [27] ). 

 According to the Syst è me International d ’ Unit é s  [28] , 

the unit  ‘ radian ’  of the plane angle is formally derived from 

the SI base unit  ‘ metre ’  as the ratio of the length of the arc of 

a circle ’ s segment to its radius according to 1 rad  =  1 m/1 m. 

Such angle realisations by means of dimensional quanti-

ties are provided, e.g., by sine bars based on length inter-

ferometers or displacement sensors. However, this angle 

realisation poses two problems: First, that light does not 

follow an arc, but a straight line, and second, that it is 

exceedingly difficult or impossible to measure the effec-

tive radius, e.g., the distance between the centres-of-light 

of the interferometer beams or that between mechanical 

displacement sensors. Let us ignore the latter caveat and 

assume the use of straight lines of precisely known length. 

Attempts to define an angle using two straight lines neces-

sitate additional knowledge on the angle between the 

lines (usually they are arranged perpendicular to each 

other). Therefore, they are not adequate for providing a 

consistent angle realisation, based on length measure-

ment, which is suitable for a primary standard. Only three 

straight lines define an angle in an unequivocal manner, 

which allows deriving the unit  ‘ radian ’  of the plane angle 

consistently from the SI base unit  ‘ metre ’ . 

 However, alternative methods are available, which cir-

cumvent these problems: the circle subdivision methods 

for circular angle encoders. The techniques are generally 

based on the subdivision of the full circle and make use 

of circle closure, expressing the fact that the sum of the 

angles of a divided full circle in a plane equals 2 π . The 

full circle, therefore, represents a natural and error-free 

angular standard of 2 π  rad, and its graduation has always 

been a fundamental method of representing the angular 

scale. To this purpose, different cross- and self-calibration 

methods can be applied  [14 – 19] . 

 In the practical implementation of circle divi-

sion methods, angle encoders with circular scales are 

used so that only plane angles can be realised by these 

methods, not spatial angles (see Section 2). In the follow-

ing section, we demonstrate our concept of separating 

the measurement of the spatial angle of a reflector cube 

into separate measurements of plane angles by a Carte-

sian arrangement of angle measuring devices. Note that 

the use of spherical gratings would allow extending the 

circle division method to spatial angles by using the full 

closure across the sphere. However, no technical realisa-

tions of such encoders exist. In an analogous way, when 

stellar astrometry is performed across the entire sky, the 

closure condition can be applied to reduce errors in angle 

measurements.  

4     Concept of the spatial angle 
autocollimator calibrator 

 To extend the traceable autocollimator calibration to 

spatial angles, innovative strategies and novel equipment 

needed to be developed. At PTB, work had been done on 

a two-axis piezoelectric device for autocollimator calibra-

tion  [29] . However, due to its limited stability, the achieved 

level of uncertainty was not sufficient to satisfy the strin-

gent demands on autocollimator calibrations posed by 

deflectometric profilometers (see Section 1). Therefore, we 
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developed a novel system for the calibration of autocollima-

tors, which makes use of an innovative Cartesian configura-

tion of three autocollimators (two reference autocollimators 

and the autocollimator to be calibrated) in space, which are 

facing a reflector cube, the SAAC (see Figure  3  ). 

 To circumvent problems with the traceability of spatial 

angle measurement (see Section 3 for details), each refer-

ence autocollimator is sensitive primarily to rotations of 

the cube around one of the two relevant axes (the y and 

z axes, with corresponding yaw and pitch angles, respec-

tively, as seen from the autocollimator to be calibrated). In 

this way, the measurement of the angular orientation of 

the reflector cube is effectively divided into two separate 

measurements of plane angles by the reference autocolli-

mators. Therefore, each reference autocollimator can be 

calibrated in a conventional manner, i.e., its measure-

ments can be traced back to our national primary stand-

ard WMT 220 for the plane angle. In contrast, the auto-

collimator to be calibrated is sensitive to rotations of the 

cube around both relevant axes. In Section 5, we provide 

more information on the angle response of each autocol-

limator by deriving analytical expressions for the angle 

measurements by the autocollimators in our Cartesian 

configuration. In Section 7, the SAAC ’ s technical realisa-

tion is described in detail.  

5     Angle responses of the SAAC ’ s 
autocollimators 

 Autocollimators perform contact-free measurements of 

the angle of a reflecting surface relative to the optical 

axis of the device. Thereby, a light beam coming from the 

autocollimator along its optical axis is reflected by the 

surface, and the deflection angle of the returning beam 

is measured. In this section and the appendix, the deflec-

tion angles of the autocollimator beams are derived for 

the Cartesian autocollimator configuration of the SAAC 

for an arbitrary angular orientation of the reflector cube 

in space. 

 Figure  4   shows the definition of the polar coordi-

nates   λ   and   δ   of the normal vector n̂ of the reflector cube ’ s 

frontal surface (see also the geometrical setup of the 

SAAC, Figure 3). The coordinate system is defined by the 

autocollimator ’ s optical axis and its horizontal and verti-

cal measuring axes (they correspond to the x, y and z axes, 

respectively). Note that, due to the specific stacking of the 

different rotational axes in the mechanical realisation of 

our device, these polar coordinates correspond directly to 

the angles, which are measured by the axes ’  angle encod-

ers (as the cube is first rotated around the z axis and then 

rotated around the y ′  axis, which results from the y axis by 

the first rotation). 

 In the Appendix, the polar coordinates   λ  ͂ and   δ  ͂ of the 

reflected beam of the autocollimator to be calibrated are 

derived. For a better intuitive understanding of the results, 

we consider their approximations up to the third order 

(which are applicable for small angles   α    <    <    π  ): 

      δ  ͂≈2δ−  λ2    δ    and  (1) 

        λ     ͂≈ 2 λ+2   λ    δ  2. (2) 

 Therefore, in the case of an arbitrary angular orienta-

tion of a reflecting surface in space, each component of 

the polar coordinates of the reflected autocollimator beam 

is not exactly equal to twice the corresponding compo-

nent of the surface normal. Instead, there is an angular 

crosstalk between the components, which is of purely 

 Figure 3    Cartesian arrangement of three autocollimators facing a 

reflector cube for spatial angle calibration. Its main components are 

two reference autocollimators, a horizontal (1) and a vertical one 

(2), the autocollimator to be calibrated (3), and a reflector cube (4). 

The cube ’ s angular orientation with respect to the y and z axes (the 

pitch and yaw angles as seen from the autocollimator to be 

calibrated) are manipulated by a two-axis tilting system (5).    

Y

n›

Z

X

λ
δ

 Figure 4    Inscribed x-y-z coordinate system and polar coordinates 

  λ   and   δ   of the normal vector n̂ of the reflector cube ’ s frontal surface 

(see also Figure 3).    
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geometrical origin and not connected to the crosstalk due 

to imperfections of the autocollimator ’ s optomechanical 

components and their alignment. Figure  5  A shows the 

deviation λ͂-2 λ of the angle λ͂ of the reflected beam from 

twice the surface inclination angle   λ   for values of   λ   and 

  δ   in the range   ±  2000 arcsec. Figure 5B shows the respec-

tive deviation δ͂-2δ  . Usually, the autocollimator software 

does not account for this geometrical effect, but treats 

both axes incorrectly as if their measurements were totally 

independent of each other. 

 In the case of the horizontal reference autocollimator, 

its optical axis and its horizontal and vertical measuring 

axes correspond to the y, (-x) and z axes, respectively. For 

a better intuitive understanding of the results, we define a 

new polar coordinate system with angles λ͂′ and δ͂′, which 

are connected to the horizontal reference autocollimator, 

i.e., the new polar coordinates represent a local view of 

the beam deflection by this autocollimator (i.e., the x-y-z 

coordinates from Figure 4 are replaced by the y-(-x)-z coor-

dinates). In the Appendix, the polar coordinates λ͂′ and δ͂′ 
of the reflected beam of the horizontal reference autocolli-

mator are derived as 

  δ͂′ ≡ 0  and  (3) 

    λ͂′ ≡ 2 λ. (4) 

 These relations are exact; they are not approxima-

tions. In the same way, the angle of the reflected meas-

uring beam of the vertical reference autocollimator can 

be derived. Its optical axis and its horizontal and verti-

cal measuring axes correspond to the z, y and (-x) axes, 

respectively. In the Appendix, the polar coordinates λ͂″ 
and δ͂″ of the reflected beam of the vertical reference auto-

collimator are derived (we use a polar coordinate system 

that represents a local view of the beam deflection by this 

autocollimator again). Their approximations up to the 

third order are given by: 

  δ͂″ = δ͂≈ 2δ-λ2δ  and   (5) 

    λ͂″ = -2 λδ. (6) 

 Figure  6   shows the polar coordinates of the 

deflected autocollimator beams in the SAAC setup [as 

detected locally by each autocollimator; see equations 

(1) – (6)] when the reflector cube scans a regular grid of 

spatial angles for the autocollimator to be calibrated. 

As the readout of an autocollimator is not defined as 

the deflection angle of the returning beam itself, but 

as the equivalent tilting angle of a surface resulting in 

the same deflection (i.e., 1/2 of the deflection angle), the 

angles have been divided by a factor of 2. In the case 

of the horizontal reference autocollimator, only its main 

measurement axis is engaged (the horizontal measuring 

axis in Figure 6B). In the case of the vertical reference 

autocollimator, however, not only is its main measure-

ment axis engaged (the vertical axis in Figure 6C) but 

also  –  to a much smaller degree  –  the orthogonal axis 

(the horizontal axis; notice the highly different scaling 

of the axes). 

 This behaviour results from the sequential perfor-

mance of two rotations (around two axes) of the reflector 

cube, i.e., it is connected to the specific mechanical cou-

pling of the two stacked rotational axes of the tilting unit. 

To account for the possible influences of this minimal (5 % ) 

engagement of the secondary axis of the affected refer-

ence autocollimator on its angle measurement, it needs to 

be calibrated more extensively. This can be achieved, e.g., 

by performing several calibrations of the autocollimator ’ s 

main axis along parallel lines at different angle values of 

its secondary axis and by repeating the calibrations of the 

utilised angular field at different rotational angles of the 

autocollimator around its optical axis with respect to the 

primary angle standard WMT 220.  
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 Figure 5    For a reflecting surface with an arbitrary angular 

orientation, each component of the polar coordinate of the reflected 

beam is not exactly equal to twice the corresponding component of 

the surface normal. (A) Angle difference λ͂-2λ for values of   λ   and   δ   in 

the range   ±  2000 arcsec, (B) corresponding deviation δ͂-2δ.    
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6     Alignment and error 
compensation strategies 

 Careful alignment of the optomechanical components is 

essential for achieving minimal errors in the spatial angle 

measurement with our SAAC. This topic has proven to 

be of crucial importance to the performance of deflecto-

metric profilometers, too. In the profilometers, movable 

pentaprisms or optical squares are used for deflecting the 

autocollimator beam by 90 °  towards the surface under 

test and for scanning the surface. This deflection angle 

is highly stable in the presence of angular errors in the 

orientation of the prism due to its mechanical shifting by 

a linear stage. A reduction of the influence of the angular 

errors (due to the shifting of the pentaprism) on the angle 

measurement with the autocollimator by a factor of at least 

1000 is achievable, however, only if all the components 

of the deflectometric setup have been properly aligned. 

In  [30] , we provided an in-depth analysis of profilometer 

alignment (and of the pentaprism ’ s optical properties) 

and derived easy-to-use procedures for the  in situ  align-

ment of the pentaprism/optical square and the surface 

under test relative to the autocollimator ’ s measuring axes 

and its optical axis, which make use of the autocollima-

tor ’ s angle readings only. 

 In the deflectometric profilometers, optical squares, 

which consist of two reflecting surfaces, are preferred over 

solid pentaprisms, which are made out of bulk glass, as 

the measuring beam is not affected by, e.g., the inhomo-

geneities in the glass. The reflective surfaces of the optical 

square need to be aligned with respect to each other. 

Together with Advanced Light Source (ALS), Berkeley, 

USA, and the Helmholtz-Zentrum Berlin (HZB), Germany, 

we developed  in situ  alignment procedures, which provide 

a definitive solution to this problem and the alignment 

of deflectometric profilometers with optical squares, in 

general  [31, 32] . 

 In the case of our SAAC, even after careful manu-

facturing and alignment during assembly, a number of 

errors will affect its operation, e.g., the remaining align-

ment errors of its optomechanical components (auto-

collimators, reflector cube, two-axis tilting stage), the 

non-orthogonality of the surfaces of the reflector cube, 

the non-orthogonality of the rotational axes of the tilting 

unit and the non-orthogonalities of each autocollimator ’ s 

measuring axes and its optical axis. Some errors, such 

as the relative angular orientations of the cube ’ s faces, 

can be characterised in advance by means of our primary 

angle standard WMT 220. The remaining ones, however, 

need to be characterised  in situ  by appropriate calibration 

procedures. 

 To this end, we derived complete analytical deriva-

tions of the angle measurements by the measuring axes of 

the autocollimators in the SAAC setup in the presence of 

all alignment errors. For the brevity of this paper, we are 

not providing them. This model will be used to analyse 

SAAC data from a suitable set of calibration measure-

ments, e.g., by scanning a regular grid of angles of the 

reflector cube in pitch and yaw as shown in Figure 6, to 

retrieve all relevant alignment errors by an optimisation 

algorithm, which fits the model to the data. Afterwards, 

the alignment parameter set from the calibration run can 

be used during the operation of the SAAC for an online 
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 Figure 6    Polar coordinates of the deflected autocollimator beams 

in the SAAC setup (as detected locally by each autocollimator) when 

the reflector cube scans a regular grid of spatial angles for the 

autocollimator to be calibrated. Angles have been divided by a 

factor of 2 so that they correspond to the angles measured by the 

autocollimator to be calibrated (A), the horizontal reference 

autocollimator (B), and the vertical reference autocollimator 

(C). Note the different scaling of the axes in the case of (C).    
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correction of the error influences, which allows deriving 

the true spatial angular orientation of the reflector cube 

from the angle measurements by the SAAC ’ s reference 

autocollimators with lowest uncertainty. In addition, 

autocollimator calibrations with the SAAC, in which the 

autocollimator is rotated around its optical axis, allow 

evaluating the limits of the  in situ  calibration proce-

dure. This approach of utilising redundant data to derive 

errors also includes advanced error-separating shearing 

techniques for the cross-calibration of angle measuring 

devices (see Section 2 for details). 

 Note that in the derivations in Section 5, we have 

neglected parasitic rotations of the reflector cube around 

the x axis (roll angle) due to, e.g., the non-orthogonality 

of the rotational axes of the tilting unit. This and other 

effects have been fully included in our extended model. 

The angle measurements of the cube ’ s faces by the SAAC ’ s 

reference autocollimators allow evaluating the cube ’ s 

spatial angular orientation completely. The measuring 

axes of the horizontal reference autocollimator are sensi-

tive to the cube ’ s rotations with respect to the x and z axes 

of the coordinate system in Figure 3 (roll and yaw angles), 

whereas the vertical reference autocollimator ’ s axes are 

sensitive to x and y rotations (roll and pitch angles). The 

autocollimator to be calibrated is sensitive to the cube ’ s 

rotations with respect to the y and z axes (pitch and yaw 

angles).  

7    Description of the SAAC setup 
 Figures  7   and  8   show the centrepiece of the SAAC, the 

precision two-axis tilting unit, which has been custom 

built to PTB ’ s demanding specifications by the Q-Sys BV 

Company, Helmond, Netherlands. It rotates the reflector 

cube around two orthogonal axes (the z axis and, due to 

the specific mechanical stacking of the axes, the coro-

tated y axis in Figure 3; the angles correspond to the rota-

tion angles   λ   and   δ   in Figure 4) within an angular range 

of   ±  2000 arcsec. The repeatability of the cube ’ s position-

ing has been specified as   ±  0.02 arcsec, which is sufficient 

for the sampling angle deviations of autocollimators 

densely enough to resolve the deviations on the angular 

scales, which correspond to the pixel sizes of the typical 

autocollimator CCDs (see Figure 2). Precise and fast posi-

tioning is required; therefore, angular positioning needs 

to be finished within 1 s, including settling time. 

 For both rotational axes, the same air-bearing spindles 

are utilised (see Figure 7). They were manufactured by Pro-

fessional Instruments Company, Hopkins, MN, USA, and 

 Figure 7    The centrepiece of the SAAC, the precision two-axis tilting 

unit for rotating the reflector cube (1) around two orthogonal axes. 

The centre of the rotation is located at the centre of the cube, which 

is important for minimising error influences. Counterweights (2, 3) 

locate the centre of the mass close to this point, too, for achieving 

a well-balanced design. The stacking of two air-bearing rotational 

axes (4, 5) is apparent. Two of four voice coil actuators (two per axis) 

are visible (6).    

 Figure 8    Backside view of the two-axis tilting unit. The circular 

angle encoder (1) of one of the stacked rotational axes is exposed. 

Each encoder is read out by a pair of diametrically opposed reading 

heads, which are hidden behind a supporting bar (2). Two of four 

voice coils (two per axis) are visible (3), which drive the rotations of 

the axes and which are placed symmetrically pairwise with respect 

to each rotational axis to minimise parasitic forces (their 

counterparts are hidden).    
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provide excellent positional stability with a radial stiffness 

of 60 N/ μ m, axial stiffness of 175 N/ μ m and tilting stiffness 

of 0.225 Nm/ μ rad. The nonreproducible nutation is below 

0.01  μ rad, and the concentricity deviation does not exceed 

25 nm for a full rotation of the bearing. Stop collars restrict 

the movement range of each axis to 6000 arcsec pv; they 

are also used for the initialisation of the system. Owing 

to the specific stacking of two rotational axes, which are 

connected at their contact point by a flexure hinge for 

improved stability, the centre of rotation is placed at the 

centre of the reflector cube. This is important for minimis-

ing error influences due to the lateral shifting of the cube ’ s 

reflecting surfaces with respect to the autocolli mator 

beams when the cube is rotated. 

 Two voice-coil actuators combined with two measure-

ment systems are applied per axis for the angular posi-

tioning of the reflector cube. The voice-coil actuators by 

Moticont, Van Nuys, CA, USA, are regulated by the control 

system at a frequency of 100 Hz. The pairs of sensing 

heads and actuators used for each axis are attached dia-

metrically opposed to compensate for the eccentricities of 

the axes and to minimise nonradial moments. Owing to 

the well-balanced design with respect to each rotational 

axis, which is achieved by several counterweights, the 

power dissipation is below 135 mW per actuator for the 

requested positioning time scale. Integrated encoders 

are used for closed-loop control of the positioning. Sony 

BH20 (Magnescale, Kanagawa, Japan) sensing heads read 

out a radial grating (82 mm in diameter) with a gradua-

tion period of 250 nm, achieving a resolution of 6  μ rad 

(per head). An interpolation with a factor of 1000 is per-

formed by the Magnescale BD96 interpolation electronics 

with an  in situ  correction of the interpolation errors (with 

a remaining typical interpolation error of approximately 

5 nrad). The connection between the sensors and actua-

tors is established by a UMAC system of Delta Tau Ltd, 

Clacton-on-Sea, UK. The UMAC system will be linked to a 

laboratory PC, from which the calibration procedures are 

controlled. 

 Two reflector cubes with different reflectivities of the 

cube ’ s optical surfaces were manufactured by Carl Zeiss 

Jena GmbH, Jena, Germany. High demands are placed 

on the optical and geometrical qualities of the reflector 

cubes due to the small lateral shifts of each cube ’ s optical 

surfaces with respect to the autocollimator beams, when 

it is rotated around its centre, and due to achieving a 

precise Cartesian arrangement of the autocollimators in 

our SAAC setup. The cubes are made of quartz, which pro-

vides a better long-term stability compared to materials 

like Zerodur. Their dimensions are 65  ×  65  ×  65 mm 3 . For a 

strainless mounting, quartz cylinders were attached to the 

bottom surfaces. One cube features a special aluminium 

coating, which provides a reflectivity of   >  90 %  for wave-

lengths of 400 – 700 nm, while the second cube was left 

uncoated for a low reflectivity (approximately 4 % ). In this 

way, consistent calibration conditions to accommodate 

various surfaces under test in optics and synchrotron 

metrology can be provided. The deviations from orthogo-

nality of the optically utilised surface areas with respect to 

each other are   <  1.17 arcsec, which is important to our Car-

tesian autocollimator arrangement with the SAAC setup. 

The measured planarity of these surfaces is better than 

 λ /50 pv (or 13 nm pv at  λ   =  633 nm). 

 Figure  9   shows the final design of the complete SAAC 

calibration setup, which will be finished at the end of 

2012. It integrates all components (two-axis tilting unit 

plus reflector cube, horizontal and vertical reference auto-

collimators, the autocollimator to be calibrated) to realise 

the Cartesian arrangement described in Sections 4 and 5. 

It will be installed in PTB ’ s clean-room facility and, thus, 

will operate under favourable environmental conditions, 

such as a highly stable ambient temperature ( Δ  T   <  0.05 K), 

a constant laminar air flow ( v   =  20 cm/s) and vibration iso-

lation (by mounting the system on a concrete basement, 

which is separated from the walkable floor and, addition-

ally, by means of passive vibration dampening). As most 

deflectometric profilometers use a movable pentaprism to 

scan the surface under test, which induces large changes 

in the optical path length of the autocollimator beam in 

the range of 1 – 2 m, the capability for an automatic adjust-

ment of the path length between the autocollimator and 

the reflector cube has been implemented in the design. 

 Figure 9    Final design of the complete SAAC setup. Its key component 

is the precision two-axis tilting unit (1); it rotates the reflector cube 

(2), which all autocollimators are facing in a Cartesian arrangement. 

The two reference autocollimators, a horizontal (3) and a vertical (4) 

one, are mounted on a granite bridge. The autocollimator to be 

calibrated (5) is located on a linear stage (6) for the automatic 

adjustment of different beam path lengths, i.e., distances between 

the autocollimator and the reflector cube.    
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To this end, the autocollimator to be calibrated is placed 

on a linear stage (travel range 1.5 m) with a 500  ×  500 mm 2  

movable table top. Initially, calibrations will be performed 

at discrete distances between the autocollimator and the 

reflector cube. However, in the near future, we plan to 

incorporate a two-axis angle interferometer for the meas-

urement of the relative angular orientation of the SAAC ’ s 

movable linear stage (and the comoving autocollimator 

on it) with respect to the reflector cube to enable dynamic 

changes in the autocollimator ’ s distance from the cube 

(see Figure  10  ).  

8    Conclusions 
 The form measurement of optics for synchrotron beam-

lines and FEL has been greatly advanced by the develop-

ment of highly accurate, autocollimator-based surface 

profilometers. The size (up to 1.5 m) and extremely strin-

gent shape tolerances (2 nm pv in form, 50 nrad rms in 

slope) of the beam-shaping optical surfaces for EUV- and 

X-ray light sources have led to equally stringent demands 

on the characterisation and traceable calibration of 

autocollimators, which far surpasses the demands of 

industrial autocollimator applications in precision engi-

neering. In the case of deflectometric profilometers, the 

limits of the angle measurement with the autocollimator 

define the limits of the form measurement. Ultimately, 

these limits define the manufacturing limits of beam-

shaping optics by advanced surface modification tech-

nologies. In recent years, great progress has been made 

at PTB and at synchrotron metrology laboratories in this 

field. However, important challenges remain, such as the 

extension of traceable angle calibration from the plane to 

spatial angles, which require innovative strategies and 

novel equipment for advanced autocollimator characteri-

sation and calibration with lowest uncertainties. In this 

contribution, we presented our efforts at PTB to develop 

and set up a novel system, which makes use of an innova-

tive Cartesian arrangement of three autocollimators and 

which provides traceability of spatial angle measurement 

to a conventional plane angle standard.   
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 Figure 10    Concept of a two-axis angle interferometer for the 

additional measurement of the relative angular orientation of the 

SAAC ’ s movable linear stage with respect to the reflector cube (1) to 

enable dynamic changes in the autocollimator ’ s distance from the 

cube. For the measurement of the horizontal and vertical angles, 

an L-shaped assembly of retroreflectors (2) is mounted to the cube, 

and a similar assembly of beam splitters, plane mirrors and phase 

plates (3) is mounted to the movable linear stage, which shifts the 

autocollimator. The laser (4) is located in the lower right corner in 

the picture.    
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    Appendix  
 If a measurement beam from an autocollimator with a 

normalised direction vector û  is reflected at the surface of 

a reflector with normal vector n̂, the normalised direction 

vector û r of the reflected beam is obtained as

     û r = û -2 〈û n̂〉⋅n̂, (A1) 

 with 〈û n ̂〉 symbolizing the vector product and 

|n̂| = |û | = |û̂r| =1  . 
 In the x-y-z coordinate system from Figure 4, the 

normal vector n̂ of the cube ’ s reflecting frontal surface is 

given by 

    

cos cos

ˆ sin cos .

sin

n
λ δ

λ δ

δ

⎛ ⎞
⎜ ⎟=⎜ ⎟
⎜ ⎟⎝ ⎠  

(A2) 

 For the autocollimator to be calibrated, let its meas-

uring beam be incident in the direction of the negative 

x axis, i.e., 
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 The vector of the reflected beam û r then results from 

(A1) and (A2) as 
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 The polar coordinates λ͂ and δ͂ of the reflected beam 

can be defined from (A2) and (A4) via 
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(A5) 

 so that by comparing the components of (A5), we obtain 

    sinδ͂ = cos λsin(2δ) and (A6) 
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 In the case of the horizontal reference autocolli mator, 

its optical axis and its horizontal and vertical measur-

ing axes correspond to the y, (-x) and z axes, respectively 

(see Figure 4). In the x-y-z coordinate system, the normal 

vector n̂′ of the cube ’ s surface, which faces the horizontal 

reference autocollimator, is given by 
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 and its measuring beam is incident in direction of the neg-

ative y axis. With this and (A8), the vector of the reflected 

beam û r′ results from (A1) as 
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 For a better intuitive understanding of the results, 

we define a new polar coordinate system with angles λ ͂′ 
and δ ͂′, which are connected to the horizontal reference 

autocollimator, i.e., the new polar coordinates represent 

a local view of the beam deflection by this autocollima-

tor. The x-y-z coordinates are then replaced by the y-(-x)-z 

coordinates. Therefore, the polar coordinates λ ͂′ and δ ͂′, 
of the reflected beam can be defined from (A2) and (A9) 

via 
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 By comparing the components of (A10). We obtain 

    δ͂′≡0 and (A11) 

    λ͂′=2λ. (A12) 

 In the case of the vertical reference autocollimator, 

its optical axis and its horizontal and vertical measur-

ing axes correspond to the z, y and (-x) axes, respectively 

(see Figure 4). In the x-y-z coordinate system, the normal 

vector n̂″ of the cube ’ s surface, which faces the vertical 

reference autocollimator is given by 
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 and its measuring beam is incident in direction of the neg-

ative z axis. With this and (A13), the vector of the reflected 

beam û r″ results from (A1) as 
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 We again define a new polar coordinate system with 

angles λ͂″ and δ͂″, which represent a local view of the beam 

deflection by the vertical reference autocollimator. The 

x-y-z coordinates are then replaced by the z-y-(-x) coor-

dinates. Therefore, the polar coordinates λ͂″ and δ͂″ of the 

reflected beam can be defined from (A2) and (A14) via 

    

( )
( )

( )

cos cos -cos sin 2

sin cos -sin sin 2 .

cos 2sin

λ δ λ δ

λ δ λ δ

δδ

⎛ ⎞′′ ′′ ⎛ ⎞
⎜ ⎟ ⎜ ⎟

=′′ ′′⎜ ⎟ ⎜ ⎟
⎜ ⎟ ⎜ ⎟⎜ ⎟′′ ⎝ ⎠⎝ ⎠

� �

� �

�
 

(A15) 

 By comparing the components of (A15), we obtain 

    sinδ͂″ =sinδ͂ = cos λsin(2δ) and (A16)   
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