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Deflectometric Acquisition of 
Large Optical Surfaces DaOS
Using a new physical measurement principle: vignetting field stop procedure
Engelbert Hofbauer and Rolf Rascher

The vignetting field stop procedure 
uses a deflectometric approach to ac-
quire big optical surfaces (DaOS) and it 
offers the possibility to measure nearly 
any shape or form by using a scanning 
routine. The basic physical measure-
ment principle in DaOS is the vignetta-
tion of a quasi-parallel light beam 
emitted by an expanded light source 
in auto-collimation arrangement with 
a reflecting element. Thereby, nearly 
any curvature of the specimen is mea-
surable. Due to the fact that even sign 
changes in the curvature can be de-
tected, aspheres and freeform surfaces 
of any size can be evaluated. Actual re-
sults of test measurements with calcu-
lated absolute deviation with larger lat-
eral dimensions on flat and spherical 
specimen with diameter of 300 mm are 
examined. These measurements are 
compared critically to reference results 
which are recorded by interferometry 
and the DFR method.

In the field of precision optics, inter-
ferometry is mostly used to determine 
shape errors of spherical or flat surfaces. 
However, especially for large convex 
optics or aspheres, its functionality is 
strongly limited. Very large collimator 

optics and also large reference surfaces 
are necessary so the costs are growing 
dramatically. The principle of deflec-
tometric flatness reference DFR is well 
known by using a scanning pentaprism 
[1] or pentamirror. This works very well 
at flat surfaces down to the sub-nano-
meter scale [2, 3]. However, the problem 
is the measurement on strongly curved 
optical surfaces like spheres, aspheres 
or freeforms with slope changes larger 
than for example ± 1,000 arcsec. The 
additional effect of vignetting by classi-
cal autocollimator with crosshair in the 
object field as a point (e.g. on the optical 
axis) is not successful for such measure-

ment because reflected beams do not fit 
the aperture of the optic of the autocol-
limator. 

DaOS for large curved surfaces
Combining the deflectometric flatness 
reference with vignetting field stop pro-
cedure VFS [4] leads to the deflectomet-
ric acquisition of optical surface DaOS. 
Therefore, another data acquisition 
system is necessary. The vignetting field 
stop or so called V-SPOT procedure 
[4 – 6] is able to solve the problems of the 
classical autocollimator and gives fur-
ther innovative solutions and options. 
Instead of a sharp picture, a mathemat-
ically clearly describable and defocused 
light spot is determined. The following 
image processing method calculates the 
value of the lateral offset corresponding 
to the angle of reflected beams.

Vignetting field stop procedure VFS
The vignetting field stop VFS is a special 
autocollimation principle developed by 
Dr. Hofbauer, using vignetting of the 
small aperture of the collimating optics. 
Instead of a fixed crosshair in the object 
field of the optical axis at the classical 
autocollimator, the larger emitting area 
allows varying the path of light, corre-
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Fig. 1  Image and intensity distribution on an image sensor with 1/2“ CCD-camera and 
focal length f ‘ = 140 mm F / 5
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sponding to perpendicularity of surface 
at specimen under test and illuminating 
of full entrance pupil. 

Fig. 1 shows the image on a ½" CCD 
sensor using a focal length of 140 mm 
with F / 5 at mirror distance of 500 (left) 
and 2000 mm (right). The lateral shift 
of V-SPOT (image height y’) is propor-
tional linearly to the mirror tilt α by 

tan α = y’V–SPOT / f ’                                    (1)

This also means that the measure-
ment range of equivalent sensors (same 
camera format and focal length) is two 
times larger than at the classical auto-
collimator. In practice, a focal length 
of 46 mm at F / 5 with 1,2 MP camera 
format of about ½" is used. The physical 
resolution for the movement detection 
in lateral displacement for the single bi-
nary V-SPOT detection is given by [7] 

 Δα, Δβ = 1/π · √ rV–SPOT                      (2)

with rV-SPOT as radius of the binarized 
V-SPOT (= BLOB) in range of several 

pixels to several hundred pixels. 
Even for a non-binarised V-SPOT, 

the resolution will increase. The accu-
racy (linearity) over the range of ± 2,8° 
is smaller than 0,001° (3,6 arcsec) with 
an average rms-value of < 0,00045° (1,6 
arcsec) over a mirror distance range 
from 300 to 2,400 mm. 

Deflectometric acquisition of DaOS with VFS 
In order to detect also reflected light 
from the edge of specimen under test, 
the VFS sensor has to have an angular 
measurement range up to a maximum 
slope on the edge. Then measurements 
can be done as seen in Fig. 2. 

Reconstruction of optical surface by line scan 
methods

In order to reconstruct the surface of a 
substrate, several radial sections will be 
measured, using scans at azimuthal di-
rections (e.g. 0°, 45°, 90° and 135°, Fig. 3). 
More scans allow better reconstruction. 
In addition to these radial sections, 
measurements in one or more circular 
sections are necessary to get correct re-

construction including all information 
about aberrations of third and higher 
order like Coma, Trefoil, and others. 

To reconstruct the complete surface 
out of the small amount of data points 
of the measured traces along the sur-
face, several approaches were created 
and due to a program routine in our 
laboratory, the measured traces along 
the surface were converted into mod- 
format. The results were saved as x-y-z 
files to enable an alignment of the PV, 
rms- and power-values with the analy-
sis software MetroPro. For our own ap-
proach the development environment 
MATLAB is used. The main part of all 
developed analysis algorithms is the use 
of a Zernike polynomial expansion.

Measurement results
Single line scan with absolute accuracy for 
radius measurement

Very first results as shown in SPIE Pro-
ceedings [6, 7] are done with the sen-
sor ELWIMAT 45-46 SN.#14, a sensor 
with focal length of 46 mm by F / 4.8. A 

Fig. 2 Setup of DaOS in two edge positions. One of the emitted beams within the measurement range will always be perpendicular to the 
surface under test SUT. It will be reflected directly back to the sensor and fit the aperture of the optics of the V-SPOT-sensor.

Fig. 3 Lines and optional ring segments of future DaOS-
surface evaluation of large optics 
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mirror (sample one) with a smooth ra-
dius of radius R about 20 m, Ø 300 mm, 
coated with aluminum has been mea-
sured according DaOS with this sensor 
(Fig. 4). The sagitta height of 441.3 µm 
with an evaluated and calculated un-
certainty of ± 0.5 µm at the measured 
diameter of 270 mm ± 0.7 mm enables 
to calculate the radius of curvature to 
20.280 mm with uncertainty of 140 mm 
(k = 2). This means a relative error of 
radius of 0,69 % and a SAG error ac-
cording to ISO 10110-5 of about eleven 
fringes (3/ 11 (-,-). 

There are some influences in mea-
surement errors which have to be con-
sidered to get highest accuracy better 
than λ/10 @ 633 nm. On the one hand, 
there are systematic errors like geomet-
rical deviations, pentaprism adjust-
ment, wavefront aberrations, linearity, 
and distance depending linearity effects 
of V-SPOT sensor. On the other hand, 
several random errors like temperature 
variations in measurement environ-
ment and on DUT, vibrations and air 
turbulences, random errors of sensor 
signal processing (signal-to-noise ra-
tio), non-reproducible roll angel, and 

others may influence the measurement. 
The error budget can reach up to 1.5 µm 
[8] per line scan if errors will not be 
considered and eliminated or reduced.

Validation of long term and higher order 
aberrations

In order to validate the measurement 
principle of new DaOS, a special “pla-
no-aspheric” geometry with “dou-
ble-sombrero” was measured by a round 
robin test. Ø = 308 mm, thickness = 
50 mm Øe = 300 mm / 294 mm.

We used interferometry at the one 
hand and DFR on the other hand for 
evaluation. For interferometric mea-
surements, a QED SSI-A instrument 
with a 4"-TF and a 6"-TF – both cal-
ibrated with tree flat test at TC Teis-
nach – was used. Another evaluation 
is given by a 12" Fizeau interferometer 
from Zygo Corp. in vertical position at 
the cooperating company Berliner Glas. 
The DFR setup at PMG in Teisnach 
was done with three different classical 
electronic autocollimators: ELCOMAT 
2000 (f = 300, Möller-Wedel,), Triangle 
(f = 500, Trioptics) and ELWIMAT_
AKF 46/40-19 (f = 46, Hofbauer Optik). 

The surface was reconstructed accord-
ing to Fig. 3.

Reference measurements with interferome-
try and DFR-measurements

First, we measured the plano-dou-
ble-sombrero at SSI-A with 4" TF trans-
mission flat which was calibrated using 
the tree flat test in 2012. Second and 
after some deviations on DFR measure-
ments, we made a three flat test on 4" TF 
and also at a 6" TF. Fig. 5 shows the result 
of the 12" interferometer measurement 
at Berliner Glas and table 1 includes the 
summarized PV, rms and SAG error 
(power) for all interferometric mea-
surements.

The results showed in table 1 offer an 
average PV Value of 985 nm with a max-
imum deviation of 50 nm at all three 
measurements in two different labora-
tories and two different types of inter-
ferometers. The absolute deviation of 
3D-fitted power (SAG error) is at maxi-
mum 66 nm. The standard deviation of 
the average of the three measurement 
results is 39 nm. The larger deviation of 
power at the instrument of Berliner Glas 
is a gravity induced effect because, due 

Fig. 5 Interferometric measurement result at plano-double-som-
brero, diameter 300, with long term and mid-frequency aberrations 
with 12” interferometer.

Fig. 4 Average result of surface form deviation on mirror with 
radius 20 m.
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Table 1 Results in interferometric and DFR-measurements of the “plano-double-sombrero” (Øe 294 mm)

Interferometric PV
[µm]

RMS
[µm]

SAG
[µm] DFR PV

[µm]
RMS
[µm]

SAG
[µm]

SSI-A 4“ 0.955 0.249 –0.717 ELCOMAT 2000 0.965 0.253 –0.752

SSI-A 6“ 0.973 0.244 –0.686 Trioptics AKF 500 1.039 0.266 –0.793

BG 12“-Vertical 1.005 0.259 –0.752 ELWIMAT_AKF46 0.910 0.232 –0.640

Average 0.985 0.251 –0.723 Average 0.974 0.250 –0.729

Std. Dev. 0.037 0.008 0.039 Std. Dev. 0.061 0.017 0.079

Max. Difference 0.050 0.015 0.066 Max. Difference 0.129 0.024 0.153
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to the vertical orientation, the transmis-
sion reference flat shows deformation of 
about 50 nm in the power term.

The deflectometric measurements 
with classical electronic autocollima-
tors (crosshair) were done in four sec-
tions at 0°, 45°, 90° and 135 degrees. 
A stop was applied near to the surface 
under test with an area of 14 × 20 mm 
for ELCOMAT 2000 (step 10 mm) and a 

diameter of 5 mm for Triangle 500 and 
ELWIMAT_AKF 46 mm. At that posi-
tion, the distance of measurement steps 
has been 5 mm. The scans are used to 
reconstruct the surface by software. The 
results in PV, rms and power are seen 
on the right part of table 1. Significantly, 
we can see the PV values, which corre-
spond strongly with the influence of 
power in table 1. Considering the range 

of PV value up to 129 nm and power 
(SAG) up to 153 nm at DFR-measure-
ments, we can realize a time and tem-
perature depending influence, which is 
about 2.5 times bigger than at the results 
of the interferometric measurements. 
To eliminate these effects influenced by 
temperature on not stable material we 
subtracted the power-term (SAG) at all 
measurements and analysed the irreg-
ularity IRR corresponding to the DIN-
ISO 10110-5 to get a better comparison 
for our measurement principle. Fig. 6 
shows the average surface measurement 
of the two SSI-A interferometric mea-
surements and the average of all three 
autocollimators. 

DaOS-measurements on double 
sombrero with V-SPOT sensor
At last, measurements are done with 
the modified and contrast enhanced 
Vignetting V-SPOT sensor ELWIMAT 

Fig. 6  Averages of Interferometric and auto collimator DFR mea-
surements at azimuth 0° after removing SAG error.

Fig. 7  Interferometric, DFR- and DaOS- measurements of pla-
no-double-sombrero at azimuth 0°.

Fig. 8  Residuals 
of DFR- and 
DaOS- measure-
ments against 
Interferometric 
results of pla-
no-double-sombre-
ro at azimuth 0°
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45-4,8#17-K in order to validate also 
non coated substrates with small reflec-
tivity. Measurements are done in line 
scans at 0° of plano-double-sombrero 
eliminating most of the systematic er-
rors like pentaprism wavefront error 
and distance dependence error of the 
whole setup of DaOS by reversal mea-
surements [8]. The measuring result of 
the irregularity IRR is seen in addition 
to results of reference measurements 
with interferometry and DFR in Fig. 7. 

Table 2 shows the very good agree-
ment of all three measurement types in-
cluding interferometry, DFR with auto 
collimator and DaOS with the Vignett-
ing V-SPOT Sensor.

By interpolating the different mea-
surement data, we are able to take the 
residual curves of the measurements for 
a direct comparison. Therefore, we take 
the difference of averaged DFR and also 
DaOS-measurement to interferometry. 
The result shows that there are residual 
errors of about 69 nm PV with 14,5 nm 
rms at DFR and 63 nm PV with 11,5 rms 
at DaOS with V-SPOT sensor. 

There are some effects in the results 
in Fig. 8 visible, e.g. the large “peaks” at 
position 30 mm. A better adjustment 
of centration or a transformation of co-
ordinates after measurement may help 
to get better results than IRR < 60 nm 
according to λ/10 and rmsi < 11 nm ac-
cording to λ/50 @ 633 nm even on large 
optics. 

Summary and Outlook
We showed that it is possible to measure 
very large radiuses up to 20 m at large 
optics with more than 300 mm diame-
ter. The relative accuracy of ∆R < 0,69 % 
will be reduced in further developments 
and future tasks. 

Considering the sagitta error (SAG) 
we can see some temperature effects and 
influences on the quality of V-SPOT 
sensor calibration. Further on, and con-
sidering the irregularity of spherical 

optics, we showed the measurements 
compared with interferometric stitch-
ing results at SSI-A and a 12" Fizeau 
interferometer at Berliner Glas, hence, 
it is possible to compensate systemati-
cal errors of higher order (nonlinearity 
and penta prism wavefront error) of 
the setup of DaOS. Good geometrical 
adjustments and also centration and 
compensation of mechanical deviations 
before surface reconstruction may help 
to get better results than IRR < 60 nm 
according to λ/10 and rmsi < 11 nm ac-
cording to λ/50 @633 nm even on large 
optics. This will be a good starting posi-
tion even without a precision measure-
ment room but measuring in a manu-
facturing environment.
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Table 2  Results in irregularity IRR after removal of SAG for all types of measurements at 
the “plano-double-sombrero”

Interferometry DFR w. AKF DaOS w. V-SPOT Maximum dev.

IRR [nm] 727 714 743 29

rms [nm] 214 213.2 217.9 4.6
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