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Abstract 
Nanometer-precision freeform optical elements are utilized in science technology and industry fields. To apply these optical elements 
with nanometer precision in such fields, it is necessary to measure the three-dimensional surface profile within nanometer precision. 
As previous methods to measure the surface profile of the optical elements, there are two common methods, Fizeau interferometry 
with computer generated hologram (CGH) and Coordinate-measuring-machine (CMM). However, it is difficult to conduct absolute 
measurement of the optical elements in nanometer precision with non-contact. To solve this problem, we propose the measurement 
method based on normal vector tracing. In this method, normal vector is measured to obtain three-dimensional nano-profile by laser 
scanning in non-contact way. By using this method, the three-dimensional nano-profile of the optical elements are measured and 
the results shows good repeatability. In this study, the convex cylindrical mirror with 50 mm radius was measured by this new method. 
The repeatability was calculated by conducting the measurements 10 times. In addition, uncertainty was discussed, calculating from 
repeatability,  assembly  error,  motion  error,  etc.  The  results  shows  that  there  are  possibility  to  be  able  to  measure  the  three- 
dimensional surface profile within nanometer precision with non-contact by developing our nano-profiler based on normal vector 
tracing method.  
 
Keywords: Three-dimensional Profiler, Surface figure, Optical element, Uncertainty, Absolute measurement 
 

1. Introducion 

Advanced optical equipment often requires optical elements 
with aspheric surface to achieve miniaturization, lightweight, 
high precision and high collection efficiency. For example, 
Extreme ultraviolet lithography (EUVL)[1] and X-ray mirror need 
to use aspheric optical elements with high surface accuracy to 
obtain imaging results without effect of aberration or high 
brightness light sources.  

In order to utilize this kind of aspheric optical elements in 
science technology fields, it is necessary to measure the three-
dimensional surface profile within sub-nanometer precision. As 
common equipment to measure the three-dimensional surface 
profile of optical elements, there are Coordinate-measuring-
machine (CMM)[2-4] and Phase shifting interferometry (PSI)[5-
6] such as Fizeau interferometry with computer generated 
hologram (CGH). CMM measures the surface profile by putting 
the probe on the surface directly and scanning two-
dimensionally. It is possible to conduct freeform measurement 
by using CMM, however, it is not non-contact and the 
uncertainty is more than 100 nm, larger than desired value.  

On the other hand, PSI measures the surface form by analyzing 
interference fringes occurred from reflected light and reference 
light reflected or transmitted from the reference surface. This 
method achieves non-contact measurement and less than 1 nm 
repeatability. However, the uncertainty of this measurement 
cannot be quantified because measurement error depends on 
the shape and alignment error of the reference surface. 

Considering this background, it is necessary to develop the 
method to conduct absolute measurement for three-
dimensional profile in Nano-scale. Our research group have 

developed the three-dimensional Nano-profiler based on 
normal vector tracing method[7-8], called as 3D-NVT profiler in 
this report. This method may achieve Nano-scale absolute 
measurement for three-dimensional profile[9].  

In this research, we measure the mirror sample with the 
convex cylindrical surface with 50 mm radius 

 

2. Three-dimensional Nano-profiler based on normal vector 

tracing method 

Figure 1 shows the measurement principal and Fig. 2 shows 
the schematic view of the 3D-NVT profiler which has been 
developed by our research group. This equipment has the 
optical head unit and the sample unit. Optical head mainly has 
Laser emitter and Quadrant Photo Diode (QPD), so the optical 

 
Figure 1.  Schematic diagram of the measurement principle of the 
3D-NVT profiler. 
 



  

head can emit laser beam and obtain reflected laser beam from 
by using QPD sensor. During the measurement, the optical head 
and the sample are controlled by motion unit with five degree 
of freedom so that the laser beam is perpendicular to the surface 
of the sample. If the surface of the sample has ideal designed 
form, the reflected laser beam can be received at the center of 
the QPD sensor. However, the actual form is not completely 
same as the ideal designed form, and the displacement of this 
differences can be measured by QPD sensor. By conducting this 
measurement, it is possible to measure the normal vector for 
the whole surface of the sample. Using this values, three-
dimensional profile can be derived. 

 

3. Result and discussion of the measurement  

In this research, we used the mirror sample with the convex 
cylindrical surface with 50 mm radius. Figure 3 shows the 
schematic diagram of the sample form. The measurement was 
conducted by scanned in the area of 24.1 × 24.1 mm.  

Fgure 4 shows the measurement results by the 3D-NVT 
profiler. Figure error means the difference between ideal 
surface form and actual surface form. the figure shows the cross 
section view of the measured figure error in y-direction. We 
repeated this measurement and calculated the repetability of 
the result. The repeatability was 0.15 nm within the measured 
figure error has the PV (peak to valley) value as 201 nm.  

We also estimated the uncertainty of the measurement result. 
The important advantage of our developing 3D-NV profiler is 
that the uncertainty of the measuments results can be 
calculated by considering the randam error and the systematic 
error.  

The randam error can be obtained from the repeatability of 
the measurement result. And we also estimated the systematic 
error caused by the equipment. The systematic error should be 
include the assembly error, the motion error, and the encorder 
error. We caliblated and also assumed several error caused by 
some factor, The uncertainty (2σ) was estimated as 22.1 nm.  

By conducting the caliblation and measument of each factor, 
the value of the uncertainlty can be inploved as future work.  

 

4. Conclusion  

We measured the mirror sample with the convex cylindrical 
surface with 50 mm radius by 3D-NVT profiler. The figure error 
of the sample surface was measured and the repeatability was 
derived. We also estimated the uncertainty of the measurement 
results based of the caliblation result and several assumption.  
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Figure 2. Schematic view of the 3D-NVT profiler. 

 

 
Figure 3. Schematic diagram of the convex cylindrical mirror with 
the 50mm radius.  

 

 
Figure 4. Measured figure error, which means the difference 
between ideal surface form and actual surface form, of the convex 
cylindrical mirror with the 50mm radius.  
 


