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Abstract: Electronic autocollimators are utilised versa-
tilely for non-contact angle measurements in applications 
like straightness measurements and profilometry. Yet, no 
calibration of the angle measurement of an autocollima-
tor has been available when both its measurement axes 
are engaged. Additionally, autocollimators have been 
calibrated at fixed distances to the reflector, although its 
distance may vary during the use of an autocollimator. 
To extend the calibration capabilities of the Physikalisch-
Technische Bundesanstalt (PTB) regarding spatial angles 
and variable distances, a novel calibration device has been 
set up: the spatial angle autocollimator calibrator (SAAC). 
In this paper, its concept and its mechanical realisation 
will be presented. The focus will be on the system’s math-
ematical modelling and its application in spatial angle 
calibrations. The model considers the misalignments of 
the SAAC’s components, including the non-orthogonali-
ties of the measurement axes of the autocollimators and 
of the rotational axes of the tilting unit. It allows us to 
derive specific measurement procedures to determine the 
misalignments in situ and, in turn, to correct the measure-
ments of the autocollimators. Finally, the realisation and 
the results of a traceable spatial angle calibration of an 
autocollimator will be presented. This is the first calibra-
tion of this type worldwide.
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1  Introduction

For angle measurements with autocollimators, the most 
demanding challenges are imposed by their use in deflec-
tometric profilometers [1–3]. These instruments are used 
for high precision form measurements of optical surfaces 
where interferometric measurements appear impractical 
because, e.g., of the size (up to 1.5 m) of the investigated 
object or its high dynamic topography range. Deflectomet-
ric profilometres are used in metrology laboratories of syn-
chrotrons and free electron lasers (FEL) [4, 5] and in national 
metrology institutes [6]. To determine the surface form, the 
autocollimator measures the local slope of the surface via 
a pentaprism or optical square. By moving the pentaprism 
along the autocollimator’s optical axis, the surface is 
scanned, and its form is reconstructed by an integration of 
the measured angles. Two important challenges to autocol-
limator calibrations originate from this working principle: 
variable distances due to the movement of the pentaprism 
and the simultaneous engagement of both measurement 
axes of the autocollimator due to the deflection direction 
of the reflected beam which is, in a general case, not in the 
direction of only one of the measurement axes.

High demands are put on the accuracy of those form 
measurements (2 nm p-v in form, 50 nrad rms in slope [7]) 
and, therefore, on the characterisation and calibration of 
the utilised autocollimators. To date, autocollimator calibra-
tions at Physikalisch-Technische Bundesanstalt (PTB) have 
been performed for plane angles at fixed distances (permis-
sible range: 250–500 mm [8, 9]). A commercial, piezo-driven 
system for the actuation of a mirror’s pitch and yaw angle 
had been built up at PTB [10]. However, this measurement 
setup aimed at testing error separation techniques rather 
than performing calibrations of autocollimators.

To achieve fundamental limits in the autocollimator-
based deflectometric form measurement, the calibrations 
need to be adapted to the prevalent measurement con-
ditions: spatial angles of the mirror, which engage both 
measurement axes of the autocollimator simultaneously 
and varying distances between the autocollimator and 
the mirror. PTB’s new calibration device, the spatial angle www.degruyter.com/aot
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autocollimator calibrator (SAAC), offers both. It relies on 
a Cartesian arrangement of three autocollimators (two 
calibrated reference autocollimators, one autocollimator 
to be calibrated), which face a reflector cube. The cube’s 
tilting angles are measured by the reference autocollima-
tors to calculate its angular orientation. These values are 
compared to the measurements of the autocollimator to 
be calibrated.

In this paper, the concept and the realisation of the 
SAAC in PTB’s clean-room facility will be outlined. The 
mathematical model of the SAAC and the derivation of 
appropriate alignment measurements will be explained 
in detail. The determination of non-orthogonalities of the 
optical faces of the reflector cube, of the tilting unit’s rota-
tional axes and of the autocollimator’s measurement axes 
will be presented. The last part of this paper will illustrate 
the spatial angle calibration of an autocollimator, which 
makes use of the derived alignment parameters. The 
measurement values of the reference autocollimators are 
corrected by plane angle calibrations of their respective 
main measurement axis. We explain how the traceability 
of the spatial angle calibration to the national standard for 
the plane angle, the WMT 220 [11], is achieved by means 
of the Cartesian arrangement. Finally, the experimental 
result of a spatial calibration of an autocollimator will be 
presented.

2   Concept and realisation of the 
SAAC

2.1   Cartesian arrangement of the auto­
collimators and the cube

The SAAC relies on a novel concept, a Cartesian arrange-
ment of three autocollimators which face a reflector cube, 
which has been developed by PTB [12]. The cube is located 
on a two-axis tilting unit. Two of the autocollimators 
serve as reference measurement systems, while the third 
autocollimator is the autocollimator to be calibrated. See 
Figure 1 for the basic components and their arrangement 
in the SAAC.

The Cartesian arrangement of the three autocollima-
tors and the reflector cube is the key concept of the SAAC. 
As seen from the autocollimator to be calibrated, the 
tilting unit rotates the cube in pitch and yaw directions 
to fully cover the autocollimator’s horizontal and verti-
cal measurement range. Each reference autocollimator 
is primarily sensitive to only one of the tilting angles of 

Figure 1: Key components of the SAAC. 1: horizontal reference auto-
collimator, 2: vertical reference autocollimator, 3: autocollimator to 
be calibrated, 4: reflector cube, 5: two-axis tilting unit.

the cube (horizontal reference autocollimator: yaw angle, 
vertical reference autocollimator: pitch angle). The advan-
tage of this arrangement will be emphasised in Section 6.

2.2   Mechanical realisation and  specifications 
of the system and its components

A massive granite plate (weight: 3 t, dimensions L × W × H: 
2950 × 850 × 400  mm3) and a bridge are the base of the 
whole SAAC on which all other components are mounted. 
It is supported by three pairs of vibration isolator legs, 
which effectively form a three-point carriage. Therefore, 
the whole structure is unsusceptible to external tremors 
and, due to the solid granite, to vibrations and resonances. 
A linear stage (area: 500 × 500 mm2) is integrated in the 
base plate. It bears the autocollimator to be calibrated and 
allows the variation of the distance to the reflector cube 
from 200 mm to 1500 mm.

The tilting unit consists of two rotational air bear-
ings (one per axis). Each rotational axis is realised by a 
closed-loop system of two voice-coil actuators combined 
with a measurement system, which consists of a radial 
grating and two reading heads. The pairs of actuators are 
diametrically opposed to minimise non-radial moments. 
Both rotational axes have an angular movement range 
of 6000 arcsec. The two-axis tilting unit and the granite 
base plate with the bridge and the vibration isolation were 
 custom-made by Q-Sys (Helmond, The Netherlands).
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Two autocollimators of the type Elcomat 3000 (by 
Möller-Wedel Optical, Wedel, Germany, [13]) are used 
as  reference measurement devices. They have been 
chosen with respect to the provided measurement 
range in connection with their measurement accuracy 
 (measurement resolution: 0.001 arcsec, calibration uncer-
tainty:  < 0.005 arcsec [3, 14]). Additionally, PTB has ample 
expertise regarding this type of autocollimator. The refer-
ence autocollimators are mounted on the granite bridge 
and can be adjusted. They measure the angular orienta-
tion of the cube, while the measurement systems of the 
rotational axes of the tilting unit are used for positioning 
purposes only.

Two variants of reflector cubes (material: quartz, 
dimensions: 65 × 65 × 65 mm3) have been manufactured by 
Carl Zeiss (Jena, Germany). Variant one features two reflec-
tive sides and one non-reflective plain side, while variant 
two has three reflective faces. For both variants, the sides 
whose angles are measured by the reference autocol-
limators are reflective. For the autocollimator to be cali-
brated, high reflectivity or low reflectivity can be chosen 
as demanded by the customer. The non-orthogonalities of 
the relevant faces are below 5 arcsec, while their planarity 
deviations are below 15 nm p-v. The cubes are fastened by 
adapter plates, which are mounted on the tilting unit. The 
adapter plates allow a fine adjustment of the alignment of 
the cube. The pivot point of the cube with respect to the 
tilting unit is located in its centre, i.e., the unit’s rotational 

axes cross at this point. Figure 2 shows photographs of the 
SAAC in PTB’s clean-room facility. See [12] for an extensive 
description and technical details of the system.

3  Modelling

3.1   Alignment parameters, vector 
 representation and goal of the modelling

The goal of the mathematical modelling of the SAAC is 
to enable the calculation of the angle values, which are 
measured by the autocollimators as a function of all influ-
encing parameters. The mathematical model incorporates 
the tilting angles of the cube as well as the characteris-
tics of the particular components (non-orthogonalities of 
the faces of the reflector cube, non-orthogonality of the 
rotational axes of the tilting unit, non-orthogonality of the 
measurement axes of the autocollimators) and the relative 
angular orientations of all components. All these vari-
ables are called alignment parameters in this document.

The autocollimators’ beams and measurement axes, 
the cube’s surfaces’ normals and the rotational axes of the 
tilting unit are represented as vectors given in a global ref-
erence coordinate system. Figure 3 shows the ideal (error-
free) orientation of the components where all vectors are 
parallel to one of the coordinate axes.

A B

Figure 2: The SAAC in PTB’s clean-room facility. Side-view of the SAAC (A). 1: granite base plate, 2: granite bridge, 3: linear stage, 4: hori-
zontal reference autocollimator, 5: vertical reference autocollimator, 6: autocollimator to be calibrated, 7: two-axis tilting unit. Front-view of 
the SAAC showing details of the tilting unit (B). 8: cube, 9: air bearing for horizontal tilting, 10: air bearing for vertical tilting.
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The SAAC ray-tracing model comprises the following 
alignment parameters:

 – angular orientations of the autocollimators (three per 
autocollimator ACi: ACiα, ACiβ, ACiγ, i = {0, 1, 2} in total 
nine)

 – non-orthogonalities of the autocollimators’ measure-
ment axes (1 per ACi: Viv, in total three)

 – initial angular orientation of the cube relative to the 
tilting unit (three: W

α
, W

β
, W

γ
)

 – orthogonality deviations of the cube’s optical sur-
faces (three: n0β

, n0γ
, n2α

)
 – orthogonality deviation of the tilting unit’s rotational 

axes (ryα
)

 – tilting angles of the cube with respect to the tilting 
unit’s rotational axes (two: ϕy, ϕz).

The parameters indicate, in which way the correspond-
ing components are misaligned. They are defined as rota-
tional angles acting on vectors in the ideal (un-rotated) 
alignment state presented in Figure 3. They are given as 
angular values for the rotations around the reference 
coordinate system’s axes. α denotes a rotation around 
the x-axis, β denotes a rotation around the y-axis and γ 
denotes a rotation around the z-axis. The non-orthogo-
nalities of the autocollimators’ measurement axes (V0v, 
V1v, V2v) are measured as clockwise rotations around the 
optical axes of the autocollimators.
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Figure 3: Initial orientation of the SAAC components, represented 
as vectors. The reference coordinate system is shown in the upper 
left corner. AC0, AC1, AC2: autocollimator to be calibrated, horizontal 
reference autocollimator, and vertical reference autocollimator. 

  
� � �
H V A, , : horizontal measurement axis, vertical measurement axis 
and optical axis of each autocollimator.   � � �

0 1 2, , :n n n  surfaces of the 
reflector cube.  � �y zr r, : rotational axes of the tilting unit. ϕy, ϕz: tilting 
angles of the cube with respect to the rotational axes.

In this consideration, the orientation of the refer-
ence coordinate system is defined by the rotational axes 

 and y zr r� �  of the tilting unit (for the unit’s ‘zero’ position, 
ϕy = ϕz = 0) as follows:

 ˆ||zr z�  (1a)

 ˆ|| 0y z yr r x r
α

× ⇒ ≠
� �  (1b)

where ryα
 is the non-orthogonality of  and .y zr r� �

The vertical rotational axis, ,zr
�  is parallel to the z-axis 

of the global coordinate system, while the horizontal rota-
tional axis, ,yr

�  lies in the y-z plane. The resulting vector, 
which is formed by the cross product of  and ,y zr r� �  is par-
allel to the x-axis of the global coordinate system (see 
Figure 3).

For the tilting unit’s ‘zero’ position (ϕy = ϕz = 0) and an 
ideal alignment of the cube with respect to the tilting unit, 
W

α
 = W

β
 = W

γ
 = 0, the angular orientation of the cube with 

respect to the global coordinate system can be defined by 
the surface normals 1 2 and n n� �  with

 
1

ˆ||n y�  (2a)

 
1 2 2ˆ|| 0n n x n

α
× ⇒ ≠
� �  (2b)

The surface normal 1n�  is parallel to the y-axis of the 
global coordinate system. 2n�  lies in the y-z plane. The 
vector, which is formed by the cross product of 1 2 and ,n n� �  
is parallel to the x-axis of the global coordinate system. 
The remaining alignment parameters, n0β

, n0γ
 and n2α

, are 
derived from the orthogonality deviations between two 
of the three relevant surface normals, respectively (see 
Section 5.1). Owing to the choice of the cube’s reference 
alignment (2a,b), 1n�  has no orthogonality deviation, and 

2n�  only has one. Still, the surface normals’ orthogonality 
deviations cover all dimensions of the global coordinate 
system.

The model fulfils two purposes. First, the autocollima-
tors’ measurement values are influenced by the alignment 
parameters. With the help of the model, the alignment 
parameters can be determined by appropriate measure-
ment procedures, which are derived from the model equa-
tions (see Section 4.3). Additionally, these measurements 
can be used to improve the adjustment of the system’s 
components after assembly.

Second, for the spatial angle calibration of the auto-
collimator to be calibrated, the tilting angles of the 
cube need to be determined. As the alignment param-
eters affect the autocollimators’ measurement values, the 
angles of the cube are not directly accessible. Therefore, 
they are calculated by an optimisation algorithm, which 
makes use of the measurement values of the reference 
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autocollimators in addition to the predetermined align-
ment parameters (see Section 6). With the alignment 
parameters of the autocollimator to be calibrated and the 
tilting angles of the cube, the angle deviations (difference 
between measurement value and geometric angle) of this 
autocollimator can be determined.

Both applications of the mathematical model of the 
SAAC, the determination of alignment parameters and the 
calculation of the cube’s tilting angles, will be explained 
in detail.

3.2   Autocollimator beam ray tracing and 
polynomial approximations

To obtain the measurement values of the autocollima-
tors, their beams are emitted along their optical axes and 
reflected at the respective surfaces of the reflector cube. 
Then, the reflected beams’ orientations in the autocolli-
mators’ local coordinate systems are regarded. The result-
ing measurement values are determined by calculating 
the deflection angles of the reflected beam in the direc-
tions of the measurement axes of the autocollimators. It 
should be noted that the autocollimators do not measure 
polar coordinates of the reflecting surfaces, but rather two 
independent deflection angles in the directions of their 
measurement axes. Therefore, both measurement axes are 
treated separately for each autocollimator. For a detailed 
review of the characteristics of spatial angle deflections, 
the ray tracing of the autocollimator beams, the calcula-
tion of the autocollimators’ measurement values and their 
relation to the polar coordinates of the reflecting surface, 
see [12] and [15].

Owing to an initial alignment, all components’ angular 
alignment deviations from the ideal alignment are sup-
posed to be  < 100 arcsec. The surfaces’ non- orthogonalities 
are of the order of a few arcseconds. The non-orthogonal-
ities of the tilting unit’s rotational axes and of the auto-
collimators’ measurement axes are, furthermore, of the 
order of a few 10 arcsec. Therefore, the exact but complex 
model can be simplified by approximating the multiply 
nested trigonometric functions with polynomial expres-
sions. The absolute angle difference between the exact 
model and the approximated model is  < 10-3 arcsec.

Two sets of polynomial formulas have been created:
 – A set of equations, which covers all terms that con-

tribute to the measurement values at excess of  
10-4 arcsec for the tilting angles of the cube (ϕy, ϕz) 
being in a range of ±2000 arcsec. Therefore, first-, 
second- and third-order terms occur. Note that 
the calibration range of the SAAC is limited by the 

measurement range of the utilised reference autocol-
limators to ±1500 arcsec per measurement axis.

 – A simplified set of equations, which identifies the 
alignment parameters of the SAAC that introduce 
first- and second-order terms to the measurements 
of the autocollimators. These equations will be used 
to derive and evaluate alignment measurements for 
the determination of the adjustment of the SAAC’s 
components.

With the definitions of the global coordinate system 
[equations (1)] and the orientation of the cube for an ideal 
alignment with respect to the tilting unit [equations (2)], 
the polynomial functions for the measurement values of 
the autocollimators are given by:
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(3f)

For an error-free alignment of the components (all 
alignment parameters are zero), the measurement values 
of the three autocollimators appear as shown in Figure 4 
for a 1800 × 1800 arcsec2 calibration grid of 19 × 19 meas-
urement positions.

3.3  Derivation of alignment measurements

In this section, we derive measurement strategies, which 
enable us to determine the alignment parameters of the 
cube (W

α
, W

β
, W

γ
) and of the autocollimators (AC0α

, AC0β
, 

AC0γ
, AC1α

, AC1β
, AC1γ

, AC2α
, AC2β

, AC2γ
) by the use of the pol-

ynomial equations (3). For clarity, in this document, the 
expressions for the horizontal and vertical measurement 
values of the autocollimators are represented by Hi(ϕy, ϕz) 
and Vi(ϕy, ϕz), i∈{0, 1, 2}. The non-orthogonalities of the 
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measurement axes of the autocollimators, V0v, V1v and V2v, 
the non-orthogonality of the rotational axes of the tilting 
unit, ryα

, and the non-orthogonalities of the optical faces 
of the cube, n0β

, noγ
, and n2α

, will be identified by supple-
mentary measurements, which are illustrated in the fol-
lowing section.

Practically, two measurements need to be performed: 
a yaw test (ϕz-tilting of the cube with respect to the ver-
tical rotational axis of the tilting unit, ,zr

�  while ϕy = 0) 
and a pitch test (ϕy-tilting with respect to the horizontal 
 rotational axis, ,yr

�  while ϕz = 0). Additionally, the ‘zero’ 
angular orientation of the cube is defined by ϕy = ϕz = 0 
with the respective measurement values of the autocol-
limators H0(0,0), V0(0,0), H1(0,0), V1(0,0), H2(0,0), V2(0,0).

3.3.1  Yaw test

For the yaw test, the cube is tilted with respect to the 
tilting unit’s vertical rotational axis, ,zr

�  while ϕy = 0. For the 
evaluation of the tests, not ϕy and ϕz, but the horizontal 
and vertical measurement values of the autocollimators 
are utilised. The measurement values of the autocolli-
mators are expressed as functions of other autocollima-
tor measurement values, e.g., V2(H1). The slopes of these 
linear functions are calculated and yield the alignment 
parameters. The approach of relying on the autocollima-
tors’ measurement values for the determination of the 
alignment parameters is a great advantage as the tilting 
angles of the cube, ϕy and ϕz, are not easily accessible. It is 
similar to the method presented in [16, 17] for determining 
the alignment of a pentaprism used in an autocollimator-
based deflectometric profilometre.
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Figure 4: Angular response of AC0, the autocollimator to be calibrated (A), AC1, the horizontal (B) and AC2, the vertical reference auto-
collimator (C) for a calibration grid of 1800 × 1800 arcsec2. Notice the different scaling of the axes in the case of (B) and (C); the two reference 
autocollimators are primarily sensitive to only one of the cube’s tilting angles, while the autocollimator to be calibrated is sensitive to both.

Making use of the yaw test in the SAAC, we obtain the 
following relations:
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3.3.2  Pitch test

For the pitch test, the cube is tilted with respect to the 
 horizontal rotational axis of the tilting unit, ,yr

�  while ϕz = 0. 
We obtain the relations

 

-1

1 1 2

2

-
y y

V V V
W

V γϕ ϕ

 ∂ ∂ ∂
= = ∂ ∂ ∂   
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-1
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2

2 y y

H H V
AC

V γϕ ϕ

 ∂ ∂ ∂
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(5b)

The pitch angles, AC0β
, AC1α

, AC2β
, and yaw angles, 

AC0γ
, AC1γ

, AC2α
, of the autocollimators can be calculated 

from equations (3) as follows:
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 0 0 00,( )0AC H W n
γ γ γ
= + +  (6a)

 1 1( 0,0)AC H W
γ γ
= +  (6b)

 2 2 20,( )0AC H W n
α α α
= + +  (6c)

For the cube’s ‘zero’ angular orientation, ϕy = ϕz = 0, we 
obtain the additional relations

 0 0 00,( )0AC V W n
β β β
= + +  (6d)

 1 1(- 0,0)AC V W
α α
= +  (6e)

 2 2 ( 0,0)AC V W
β β
= +  (6f)

The equations have been simplified as the mixed 
terms (second-order effects) can be neglected regarding 
the measurement and correction of the system’s align-
ment errors due to the small angles, which are involved. 
Monte Carlo simulations showed that the determination 
of the parameters is limited by the autocollimators’ meas-
urement uncertainties.

4   Determination of 
non­orthogonalities

The non-orthogonalities of the cube’s surfaces (n0β
, n0γ

, 
n1γ

, n1α
, n2α

, n1β
), of the measurement axes of the autocolli-

mators (V0v, V1v, V2v), and of the axes of the two-axis tilting 
unit (ryα

) affect the autocollimators’ measurements [see 
equation (3)]. Their values are required for the evaluation 
of the alignment measurements, to correct the calculation 
of the tilting angles of the cube, and thus, for the calibra-
tion of the autocollimator.

4.1  Non­orthogonality of the cube’s surfaces

Each of the reflector cube’s surfaces is represented by 
its normal, 0 1 2,  and n n n� � �  (see Figure 3). The relative ori-
entation of the surfaces’ normals is defined by the three 
angles between each pair of normals (see [18] for a general 
description of the measurement principle). By measur-
ing these angles, the orientation of the normals can be 
determined and enables the calculation of the three 
non-orthogonalities n0β

, n0γ
 and n2α

. The derivation of the 
required formulas is straightforward and omitted in this 
document. For the cube that was used during the meas-
urements presented in this document, the following 
non-orthogonalities have been derived: n0β

 = 2.42 arcsec, 
n0γ

 = 2.98 arcsec and n2α
 = 3.42 arcsec.

4.2   Non­orthogonalities of the measurement 
axes of the autocollimators and the 
 rotational axes of the tilting unit

The characterisation of the non-orthogonalities of the 
measurement axes of the autocollimators and the rota-
tional axes of the tilting unit can be performed by meas-
urements, which solely rely on the use of the tilting unit 
and the autocollimator. No external measurement system 
is required. For these measurements, the horizontal (yaw) 
and the vertical tilting angles (pitch) of the mirror as seen 
from the autocollimator are regarded.

The method is based on two different roll angle 
adjustments of the autocollimator with respect to the 
tilting unit, which differ by approximately 90°, while two 
measurements need to be performed per adjustment. The 
angle between the mirror’s horizontal tilting direction 
and its vertical tilting direction as measured by the auto-
collimator is given by the sum of the non-orthogonalities 
for one roll angle adjustment and by the difference of the 
non-orthogonalities for the other roll angle adjustment. 
This allows the separation of the non-orthogonalities. The 
alignment of the CCD lines is regarded to be exact, as their 
non-orthogonality only introduces a second-order effect to 
all measurements, which is neglected here. The measure-
ment strategy is thoroughly elucidated in the Appendix.

The measurements were repeatedly performed with 
four different autocollimators and the tilting unit with 
additional roll angle adjustments of the autocollimators 
of 180° and 270° to reduce the error in the determination 
of the non-orthogonalities.

The non-orthogonalities that were measured for all 
autocollimators are within the range of -4 to 55 arcsec with 
standard deviations of the mean values of 0.5...1.3 arcsec. 
The mean value of the non-orthogonality of the tilting 
unit’s rotational axes is ryα

 = 41 arcsec (standard deviation 
of the mean: 1.1 arcsec).

5   Spatial angle calibration of an 
autocollimator – experimental 
data

5.1  Calibration grid

For the extension of the plane angle autocollimator cali-
brations – where only one of the measurement axes is 
engaged at a time – to a spatial angle characterisation, 
the selected measurement positions are extended from a 
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straight line along one of the autocollimator’s measure-
ment axes to a grid. Thereby, both measurement axes of 
the autocollimator are engaged simultaneously, and their 
crosstalk can be calibrated.

Spatial angle calibrations of an autocollimator were 
performed during the commissioning phase of the whole 
system. A grid of 19 × 19 measurement positions with 
a step size of 100 arcsec and a grid of 37 × 37 measure-
ment positions with a step size of 10 arcsec was used. 
The analysis of the 19 × 19 pattern is presented in detail, 
whereas for the 37 × 37 pattern, only the resulting angle 
deviations are presented. The measurements cover ranges 
of 1800 × 1800 arcsec2 and 360 × 360 arcsec2, respectively, 
for the autocollimator to be calibrated (-900 to 900 arcsec 
and -180 to 180 arcsec for both measurement axes). One 
complete measurement cycle (which includes moving the 
cube to all measurement positions and acquiring meas-
urement data for 5 s at each position) takes about 35 min 
for the 19 × 19 pattern and 140 min for the 37 × 37 pattern.

Figure 5 shows the measurement values of the auto-
collimator to be calibrated (A) and the two reference auto-
collimators, the horizontal (B) and vertical (C). Regarding 
the measurement values of the reference autocollimators, 
only one of their respective measurement axes is engaged 
primarily, while the measurement values of the ortho-
gonal axes are limited to a small range (AC1: 0.7 arcsec p-v, 
AC2: 8.4 arcsec p-v). Therefore, the measurement values 
of the reference autocollimators can be corrected with 
the calibration data obtained from the plane-angle cali-
brations of their measurement axes. In [8], an extensive 
description of the calibration of autocollimators at PTB 
can be found.

By determining the cube’s spatial angle with two 
plane-angle measurements, which are performed by the 
calibrated reference autocollimators, the whole calibration 
is traced back to PTB’s primary angle standard WMT 220, 
which is the national standard for the plane angle. In this 
context, ‘traceability of measurands’ refers to the metro-
logical concept, which is defined by the International 
 Vocabulary of Metrology as the ‘property of a measurement 
result whereby the result can be related to a reference 
through a documented unbroken chain of calibrations, 
each contributing to the measurement uncertainty’ [19].

5.2  Obtaining the alignment parameters

The derivatives of the autocollimators’ measurement 
values [equations (4) and (5)] have been introduced, and 
two procedures, called pitch test and yaw test, were pre-
sented. These tests are now used to identify six alignment 
parameters of the cube and the autocollimators: W

α
, W

β
, 

W
γ
, which are the orientations of the cube relative to the 

tilting unit, and AC0α
, AC1β

, AC2γ
, which are the roll angles 

of the autocollimators.
For this purpose, the measurement values of the 

autocollimators, which are related to the pitch and yaw 
tests (ϕy = 0 for the pitch test, ϕz = 0 for the yaw test), are 
extracted from the calibration grid. Selected pairs of these 
measurement values are assigned to each other (Figure 6). 
The derivatives were calculated by fitting the pairs of 
measurement values with linear equations, which are 
depicted by the straight lines in the figure. The slopes of 
the straight lines correspond to the derivatives.

Figure 5: Measurement values of AC0, the autocollimator to be calibrated (A), AC1, the horizontal (B) and AC2, the vertical reference auto-
collimator (C) in a grid of 19 × 19 angular positions. The measurement values of the reference autocollimators have been corrected by the 
respective plane angle calibration data. Note the scaling of the axes; both measurement axes of the autocollimator to be calibrated are 
engaged, while the reference autocollimators are primarily sensitive to only one of the cube’s tilting angles (horizontal reference auto-
collimator: yaw angle, vertical reference autocollimator: pitch angle).
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For the calibration grid regarded, the following 
 alignment parameters have been determined with the rela-
tions given by equations (4) and (5) (all values in arcsec):

Cube   Autocollimator 
to be calibrated, 
AC0

  Horizontal 
reference 
autocollimator, AC1

  Vertical reference 
autocollimator, 
AC2

W
α
 = 3.7   AC0α

 = -53.0   AC1α
 = -1.0   AC2α

 = 3.4
W

β
 = 25.3   AC0β

 = 24.7   AC1β
 = 23.2   AC2β

 = 24.8
W

γ
 = 46.1   AC0γ

 = 45.9   AC1γ
 = 30.9   AC2γ

 = -76.2

5.3  Obtaining the tilting angles of the cube

All autocollimator measurement values are functions of 
the alignment parameters and the tilting angles of the 
cube (ϕy, ϕz). After the determination of the alignment 
parameters, their impact on the measurement values of 
the autocollimators can be taken into account and the 
cube’s rotational angles determined. This is realised by an 
optimisation procedure.

As an illustration, a single measurement position 
with ϕy and ϕz, the tilting angles of the tilting unit, is 
considered. The actual measurement values of the refer-
ence autocollimators are denoted by 1 1 2 2, ,  and .H V H V� � � �  
By using the polynomial equations (3), four functions are 
defined: H1(ϕy, ϕz), V1(ϕy, ϕz), H2(ϕy, ϕz) and V2(ϕy, ϕz) with 
ϕy and ϕz as variables, and the predetermined alignment 
parameters are inserted as constant parameters.

Figure 6: The measurement values of selected pairs of the autocollimators’ measurement axes have been evaluated to determine the align-
ment parameters of the cube and the autocollimators. For this purpose, the slopes of the linear fits (straight lines) were calculated.

For the optimisation procedure, a quality measure is 
defined by

 
2 2 2

1
, (| , - | | , - | )( ) ( ) ( )QM y z i y z i i y z ii

H H V V∆ ϕ ϕ ϕ ϕ ϕ ϕ
=

= +∑ � �

  (7)

It is minimised to obtain the best-fit estimates of the 
angles ϕy and ϕz:

The uncertainties of the best-fit angles are influenced 
by the measurement uncertainties of the autocollimators, 
including the limited repeatability of the measurements, 
and the uncertainties of the determination of the align-
ment parameters. The optimisation process is performed 
for all measurement positions of the calibration grid to 
obtain the respective tilting angles of the cube.

To visualise the effect of the alignment parameters 
on the best-fit tilting angles, their determination was per-
formed twice. Once, without regarding the component 
alignment and, the other time, by considering the prede-
termined alignment parameters. The difference between 
both approaches is shown in Figure 7. The arrows express 
the differences between the corrected and uncorrected 
best-fit angles.

5.4   Spatial angle calibration results and 
comparison of plane angle calibrations

The last step in the spatial angle calibration process is the 
calculation of the expected measurement values of the 
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autocollimator to be calibrated by using the polynomial 
equations with the alignment parameters of the autocol-
limator and the best-fit tilting angles of the cube, ϕy and 
ϕz, which have been determined by the optimisation algo-
rithm. The actual values, 0 0 and ,H V� �  are compared with 

Figure 7: Vector representation of the differences between the 
corrected and the uncorrected best-fit tilting angles of the cube. The 
origins of the arrows correspond to the corrected angular values. 
The angle differences are given by the lengths of the arrows, scaled 
by a factor of 1500. The angle difference at the tilting unit’s ‘zero’ 
position (ϕy = ϕz = 0) has been subtracted from all differences. The 
maximum of the magnitude of the differences is 0.17 arcsec.

Figure 8: Results of the spatial angle calibration of an autocollimator with a grid of 19 × 19 measurement positions. The arrows represent 
the measurement deviations of the autocollimator, scaled by a factor of 1000. Their origins correspond to the measurement values of the 
autocollimator � �

0 0(  and ).H V  In the figure, (A) shows the calculated angle deviations of the autocollimator when no corrections regarding the 
component alignment and the non-orthogonalities have been applied, (B) shows the angle deviations with all corrections considered.

the calculated measurement values of the autocollima-
tor, H0 and V0, for each measurement position. The angle 
deviations are given by δH0(ϕy, ϕz) and δV0(ϕy, ϕz), where 
δH0(0, 0) = δV0(0, 0) = 0 is valid, all angle deviations are 
regarded with respect to this definition.

5.4.1  19 × 19 calibration grid

Figure 8 shows the results of the spatial angle autocollima-
tor calibration with 19 × 19 data points. Figure 8A presents 
calibration results without considering the alignment of 
the components. Figure 8B presents the calibration results 
with all corrections applied.

5.4.2  37 × 37 calibration grid

In Figure 9, the results of the spatial angle autocollima-
tor calibration with 37 × 37 data points are shown. Notice 
the periodic angle deviations, which are specific for the 
examined autocollimator to be calibrated. They appear on 
smaller angular scales and, therefore, cannot be identi-
fied in the 19 × 19 pattern with its 150 arcsec step size.

5.5   Comparison with plane angle 
calibrations

The angular positions of the spatial angle calibration of 
the autocollimator, which correspond to the positions of 
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the conventional (plane angle) calibration of its measure-
ment axes ( 0 0H ≈�  for the calibration of the autocollima-
tor’s vertical measurement axis, 0 0V ≈�  for the calibration 
of the horizontal measurement axis) have been extracted 
from the 37 × 37 calibration grid. They have been compared 
with the results of calibrations of the same autocollima-
tor, which have been performed with the WMT 220, the 
primary angle standard of PTB. The results are shown in 
Figure 10.

The standard deviation of the differences between the 
conventional plane angle calibrations with the WMT 220 
and the plane angle calibrations obtained with the SAAC, 
which have been extracted from the spatial angle calibra-
tion grid is 0.012 arcsec for the horizontal measurement 
axis and 0.007 arcsec for the vertical measurement axis of 

the autocollimator. The results of this comparison demon-
strate the fundamental functionality of the SAAC regard-
ing the stability, the positioning, the data acquisition, 
the implemented algorithms, and the evaluation of the 
measurements.

6  Conclusion and outlook
The test measurements with the SAAC prove the proper 
functioning of the system, including the measurement 
strategies and the alignment evaluation and correc-
tion methods, which we developed. The measurements 
include the first traceable calibration of an autocollimator 

Figure 9: Results of the spatial angle calibration of an autocollimator for a 37 × 37 calibration grid. (A) Vector representation of the angle 
deviations (scaling factor: 175) of the autocollimator. (B) Heat map representation of the magnitude of the angle deviations. Owing to the 
small step size (10 arcsec) of the calibration grid compared to the 37 × 37 grid, the angle deviations with a period of approximately 70 arcsec 
are clearly resolved for both measurement axes of the autocollimator.

Figure 10: Comparison between the results of a conventional plane angle calibration of the autocollimator to be calibrated with the 
WMT 220 (black) and calibration data, which has been extracted from the 37 × 37 calibration grid obtained with the SAAC (blue, dashed). 
The selected measurement positions correspond to plane-angle measurements in the direction of the autocollimator’s horizontal 
 measurement axis (A) and vertical measurement axis (B). The step size of the spatial angle calibration grid is 10 arcsec.
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with both of its axes engaged simultaneously, which has 
been performed worldwide.

On the basis of the knowledge gained during the 
testing phase, the SAAC will be commissioned for regular 
operation. Our next steps will include evaluating the cali-
bration uncertainty of the system and finding suitable sets 
of calibration parameters, regarding the calibration grid, 
step sizes and the number of repeat measurements. With 
the current setup, autocollimator calibrations at distances 
up to 1.5 m are feasible but are limited to static measure-
ments. As the relative angular motion between the reflector 
cube and the linear stage during its movement is unknown, 
the calibrations at different distances are independent from 
each other. An interferometer will be integrated to measure 
those angles and, therefore, to enable the autocollima-
tor calibrations at various distances to be connected. This 
allows the convenient characterising of distance-depend-
ent effects on the autocollimator’s angle measurements.

The provision of spatial angle calibrations of autocol-
limators at distances of up to 1.5 m by PTB’s SAAC will be 
important in several ways. Autocollimator manufacturers 
will be able to improve their products by minimising cross-
talk between the measuring axes and distance-depend-
ent influences. Autocollimator users, especially users of 
deflectometric profilometers at synchrotrons, XFEL and 
NMI, will be able to benefit from the new calibration capa-
bilities. Through these users, the traceable calibration of 
interferometers by the use of optical flatness standards (at 
NMI) and the manufacturing of beam-shaping optics for 
synchrotrons and XFEL applications can be improved.
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Appendix
Method for the determination of the non-orthogonal-
ities of the rotational axes of the tilting unit and the 
measurement axes of the autocollimator
The non-orthogonalities in this illustration are strongly 
exaggerated. The autocollimator’s horizontal and verti-
cal measurement directions are regarded as seen from the 
autocollimator standing upright (roll angle adjustment: 
0°). They are co-rotated with the autocollimator. For the 
presentation of this method, the roll angle adjustments of 
the autocollimator are assumed to be ideal. See the note 
below regarding this constraint.

First roll angle adjustment: 0°
The autocollimator is adjusted as depicted in Figure  11: 
The reticle of the vertical measurement axis (V-Rtc, red 
line) is aligned parallel to the horizontal deflection direc-
tion of the reflected beam (H-Dfl, dashed line). For a hori-
zontal tilting of the mirror, the autocollimator measures 
the deflection angle of the beam (along the H-Dfl line) 
with its horizontal CCD (H-CCD, thin black line), while the 

Figure 11: (A) shows the first autocollimator adjustment (roll angle 0°). Dfl: deflection directions of the reflected beam; Rtc: reticles; CCD: 
CCD lines; α: non-orthogonality of the rotational axes of the tilting unit; n: non-orthogonality of the reticles; θ1 = α+n. (B) shows the effect of 
the vertical tilting of the mirror. Horizontal (H) and vertical (V) angles are measured.
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vertical measurement value is constantly zero. When the 
mirror is tilted vertically, not only the vertical deflection 
angle (along the V-Dfl line) is measured by the autocolli-
mator’s vertical CCD (V-CCD) but also the horizontal meas-
urement value is  = 0 due to the non-orthogonalities of the 
reticles (v) and the rotational axes of the tilting unit (α).

For this roll angle adjustment, the angle θ1 is calcu-
lated by evaluating the measurement values of the auto-
collimator (using the approximation tan θ1≈sin θ1≈θ1 for 
small angles θ1):

 
1

H
V

θ ν α
∂ ≈ = +
∂  

(A.1)

where H is the horizontal, and V is the vertical measure-
ment value of the autocollimator.

A note on the experimental application of the method: 
A residual misalignment (non-parallelism) between the 
reticle of the autocollimator’s vertical measurement axis 
(V-Rtc) and the horizontal deflection direction of the 
tilting system (H-Dfl) can be evaluated by the use of auto-
collimator measurements performed during the horizon-
tal deflection of the tilting system. The resulting angle 
between V-Rtc and H-Dfl can then be used for correcting 
the angle θ1 by adding or subtracting it.

Second roll angle adjustment: 90°
For the second roll angle adjustment of the autocollimator, 
it is rotated by approximately 90° (Figure 12) with respect 
to its optical axis to align the reticle of its horizontal 

measurement axis (H-Rtc) parallel to the horizontal 
deflection direction of the reflected beam (H-Dfl). For a 
horizontal tilting of the mirror, the autocollimator meas-
ures the deflection angle of the beam (along the H-Dfl 
line) with its vertical CCD (V-CCD), while the horizontal 
measurement value is constantly zero. The mirror is tilted 
vertically again. The horizontal CCD (H-CCD) measures 
the vertical deflection (along the V-Dfl line). The vertical 
measurement value is ≠0, due to the non-orthogonalities.

For the second roll angle adjustment, the angle θ2 is 
given by:

 
2 -V

H
θ ν α

∂ ≈ =
∂  

(A.2)

With equation (A.1) and (A.2) one obtains

 
1 2

2
θ θ

ν
+

=
 

(A.3)

 
1 2-
2

θ θ
α=

 
(A.4)

To be compliant with the parameter definitions of the 
SAAC, α = ryα

 and v = V0v are valid.
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