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Aspheric optical elements being used in optical systems 
features so many merits, for example, controlling the 
aberration more effectively, reducing the quantity of the 
elements, and decreasing the size and mass of optical 
system, etc.[1]. Therefore, optical designers tend to use 
aspheric optical elements in optical systems[2–4].

For an optical lens or mirror, radius of curvature 
(ROC) is one of the important parameters, which is 
closely related to its surface. The methods used to 
measure the ROC of spherical optical surfaces are 
well known and can be divided into two major cat-
egories. One is according to the center of curvature of 
the sphere, to measure the distance between the center 
of sphere and the spherical surface by mechanical or 
optical means[5,6]. The other is to measure the sag of 
the spherical surface and then calculate the ROC from 
the sag value. Since for an aspheric optical surface, dif-
ferent points on the surface have different ROCs, the 
vertex ROC (VROC) should be measured. There are 
several methods to measure the VROC of asphere[7–9]. 
According to the laws of reflection and the theory of 
aberration, one can calculate the VROC of asphere 
through ray tracing. By testing residual figure errors of 
the aspheric surface, the VROC can be deduced. Using 
a reference testing plate with a computer-generated 
hologram, it is possible to build a test system to mea-
sure the deviation of VROC.

In this letter, we present a method that is able to 
determine the VROC of aspheric surface using the por-
table laser tracker. Basically, there is a definite relation-
ship between the optical interval and the VROC of the 
asphere under test among the interferential null test-
ing setups. The principle and procedure are explained 
in detail, and the analysis of the systematic errors 
is given. Finally, an experiment of the VROC of an 
asphere using laser tracker was carried out, and showed 
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that the accuracy was up to 0.056 mm, and the relative  
error was as low as 0.003%.

At present, the widely used testing method of 
asphere’s figure error during polishing is interferen-
tial null testing with compensator[10]. A planar or 
spherical wavefront is emitted from the He–Ne laser 
of the interferometer, transmitting through a com-
pensator designed specially and transforming to an 
aspheric wavefront, and then casting on the asphere 
under test and reflecting with the asphere’s figure 
error information. After going through the compen-
sator again, finally it returns to interferometer and 
interferes with the reference wavefront, and then we 
can acquire the figure error of the asphere under test 
by image processing. 

Figure 1 shows the optical layout of the interferen-
tial null testing with compensator (transmission-type) 
for an asphere. Between the vertices of the last surface 
of the compensator and the asphere, there is a defi-
nite relationship with the VROC of the tested asphere. 
Thus, we can obtain the VROC indirectly from mea-
suring the optical interval of the optical path using 
laser tracker.
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Fig. 1. Layout of interferential null testing of asphere.



 S12201-2 

COL 13(Suppl.), S12201(2015)  CHINESE OPTICS LETTERS January 30, 2015

As it is an indirect method to measure the optical 
interval L using laser tracker, the accuracy of the mea-
surement depends mainly on the accuracy of the mea-
surement of L. Moreover the accuracy of measured L 
is greatly affected by the measurement accuracy of the 
two points involved, that is, the vertex of the compen-
sator’s last surface, P1 and the vertex of the asphere 
under test, P2.

There are three types of systematic errors:
1.  Errors that have direct influence on the measure-

ment of interval L. For example, the flatness of the 
backplane of the compensator brings errors to the 
point P1, which affect the interval’s measuring.

2.  Errors that make the transverse position (per-
pendicular to optical axis) of point P1 or point P2 
varying a distance of ds, so that the longitudinal 
distance (along the optical axis) L is changed by 
dz. Because point P1 or point P2 is positioned on 
spherical surface, we set s 2 = x 2+y 2. Meanwhile, we 
solve the spherical equation

 x 2+y 2+(z-r)2 = r 2, (3)
where r is the radius of the sphere and we get the 
derivation d

d
z
s
. Then we know when < ,

2
rs  d 1

d
z
s

< , 

namely d dz s< . 
Errors that  effect the transverse position of point P1 

or point P2 are eccentricity and deflection that appear 
in the compensator’s assembling, and ,

2
rs <<  which 

has an effect on optical interval d dz s<< .
3.  Errors of the laser tracker testing system, which 

can be looked up in the user’s manual. 

The next component of the measurement is the laser 
tracker, which is a kind of portable coordinate mea-
surement machine with high precision. It is a distance 
measuring interferometer (DMI) with self-tracking abil-
ity. A laser tracker uses a DMI to measure the distance, 
and two angular encoders to measure the rotation 
angles. A laser beam (He–Ne laser with emission wave-
length of 633 nm) is directed to and reflected by a 
sphere-mounted retroreflector (SMR). When the SMR 
moves, a feedback sensor detects the motion, and the 
mechanic and electronic devices ensures the machine to 
keep tracking. 

Due to many merits such as large measuring range, fast 
responding speed, and high precision, the laser tracker 
has been widely employed in the fields such as space 
telescopes, aircraft industry, auto making, heavy-duty 
 machinery manufacturing, and shipbuilding industry[11–13].  
In this letter, we use the laser tracker as a critical tool 
to measure the VROC of an aspheric surface.

The optical elements of the compensator are mounted 
into a mechanical cylinder according to optical design. 
The compensator’s optical eccentricity, deflection, and 
interval between the elements are adjusted within 
 certain tolerance. The mechanical exterior cylindrical 
surface and backplane of compensator are the two ref-
erence surfaces that are frequently used for aligning 
and testing, and which are always fabricated up to high 
precision.

As shown in Fig. 1, using laser tracker to measure 
the exterior cylindrical surface and the backplane of the 
compensator, we can get the vertex’s coordinates P1(x1, 
y1, z1) of the last surface of the compensator’s optical 
elements through coordinates processing, and measure 
the asphere’s best fitting sphere (BFS). We can obtain 
the vertex’s coordinates P2(x2, y2, z2) of the asphere 
through coordinates processing. After that, the optical 
interval of the compensator is calculated as

 1 2.L PP=  (1)

We use the optical design software for ray tracing opti-
cal intervals Li and Ri with a certain sampling density. 
Finally, we acquire the actual VROC by interpolating 
or inquiring the ray tracing table.

Figure 2 illustrates the measuring procedure of 
VROC in flow diagram. The procedure includes, 
firstly, setting up the interferometer, the compensator, 
and the asphere under test according to the optical 
designed data. Secondly, we measure the reference sur-
face of the compensator and the asphere’s body, and 
construct the points P1(x1, y1, z1) and P2(x2, y2, z2) by 
coordinate processing such as intersecting and translat-
ing. Lastly, we calculate the optical interval between 
points P1 and P2 via

 ( ) ( ) ( )
1/22 2 2

2 1 2 1 2 1 .L x x y y z z = − + − + −    (2)

We can then find the actual VROC by ray tracing. 

Measuring the  cylinder and back plane of the 
compensator, and finding the vertex of the last surface of 

the compensator 

Measuring the best fitting sphere of the asphere under test, 
and finding the asphere’ vertex

Adjusting the null testing’s setup 

Calculating the optical interval 

Finding the vertex radius of curve according to the ray 
tracing

Fig. 2. Flow diagram of VROC measurement using laser tracker.



  S12201-3 

COL 13(Suppl.), S12201(2015)  CHINESE OPTICS LETTERS January 30, 2015

The analysis of systematic errors of the VROC’s 
measurement is given in Table 1. We set length of 
the null testing optical path as D, the cylindricity of 
the exterior surface of the compensator as C, and the 
flatness of the backplane of compensator as F. And 
after assembling, the mechanical axis has an eccen-
tricity E and a deflection angle A with respect to 
optical axis. 

We carried out a measuring experiment using an off-
axis aspheric mirror via the method and procedure as 
mentioned above. The physical dimension and reference 
surface of the compensator and the asphere under test 
are measured with Zeiss PRISMO Navigator, its accu-
racy is found to be 0.9 μm. cylindricity.

The parameters of the compensator are as follows: 
cylindricity is better than 10 μm, flatness is smaller 
than 10 μm, eccentricity is smaller than 10 μm, deflec-
tion is smaller than 5″, the distance between the 
backplane and the vertex of the last surface is 14.713 
mm, and the optical interval L between the verti-
ces of the last surface and the asphere under test is  
1901.530 mm.

The mirror under test is a concave and off-axis 
asphere, and the shape of the blank is rectangle with 
four circular corners. The parameters of the asphere are 
as follows: length is 661.032 mm, width is 216.048 mm,  
radius of the BFS is 1967.644 mm, deviation at the 
vertex from the BFS to the asphere is -2.704 μm, 
and designed value of the VROC of the asphere is  
1968.196 mm.

The interferential null testing of asphere is illustrated 
in Fig. 1. We can obtain the relationship between the 
optical interval L and the VROC of asphere R by ray 
tracing using the optical design software ZEMAX. 
Table 2 summarizes the simulation results of the cited 
example, and the sampling interval is 0.1 mm. Figure 3  

Table 1. Systematic Errors Analysis of Measuring 
Method of VROC of Asphere

Item Error Remark

1.  Flatness of 
backplane 

e1<F P1

2. Eccentricity e2<<2*E P1 and P2

3. Deflection e3<< D*tan(A) P2

4. Laser tracker Distance 
accuracy:  
e4=2 μm+D*0.4 
μm/m Angle 
accuracy:  
e5=10 μm+D*2.5 
μm/m

FARO (ION), IFM 
(interferometer), 
distance accuracy 
and angle 
accuracy are all 
typical values 

Total
4

2

1
i

i

e e
=

= ∑
Root sum squared 
of individual 
errors

reveals the relationship between L and R. Based on 
Table 2 and Fig. 3, we can clearly see that there is a 
good linear relationship between ΔR and ΔL, and the 
slope is close to 1.

Figure 4 shows the experimental setup and the mea-
suring steps are described as follows:

1.  In the measuring software of laser tracker, we 
choose “cylinder” to measure the compensator’s 
exterior cylinder, the number of sampling points 
should be more than 4. The optical axis can be 
represented by the axis of this cylinder.

2.  In the measuring software of laser tracker, we 
choose “plane” to measure the compensator’s 
backplane, the number of sampling points should 
be more than 3. Let this “plane” intersect with 
the “cylinder” mentioned in step 1, build a 
point, then translate a distance of 14.713 mm, 
toward the last surface of the compensator to get  
P1(x1, y1, z1).

3.  In the measuring software of laser tracker, we 
choose “sphere” to measure the BFS of the asphere 
under test, the number of sampling points should 
be more than 4. And then we intersect it with the 
“cylinder” mentioned in step 1, build the vertex 
of BFS, then translate a distance of -2.704 μm 
toward the vertex of the asphere under test to get 
P2(x2, y2, z2).

4.  After we find the optical interval by evaluating Eq. 
(1), we then obtain the VROC of asphere  under 
test through ray tracing.

5.  To analyze the systematic errors of the method, 
and the random errors, we deal with them by 
 averaging several measuring results.

We carried out independent measurement of the 
 optical interval L for five times. The results are listed 
as follows: 1901.734, 1901.722, 1901.736, 1901.735, and 
1901.729 mm.

The average is 1901.731 mm. Through ray tracing, 
we get the VROC of the asphere as 1968.396 mm. For 
the systematic error of this measurement, we analyze 
it according to the method shown in Table 1 using 
the parameters given above. Finally, the accuracy is  
0.056 mm and the relative error is 0.003%.

Fig. 3. Relationship curve of ΔR and ΔL.
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In conclusion, we present a method to measure the 
VROC of asphere using portable and high precision 
 laser tracker. It is suitable for the measurement of 
the VROC of asphere when interferential null test-
ing with compensator is employed. The tested asphere 
can be convex or concave. It can be applied to long 
ROC measurement, if only it is among the measur-
ing range (±55 m) of laser tracker, and the accuracy 
decreases along with increase in measuring distance. 
Although the method is indirect, it has good repro-
ducibility and its accuracy can be analyzed clearly. 
More importantly, theoretically, the accuracy is very 
high. The accuracy can reach up to 0.056 mm for an 
aspherical mirror with 2 m of VROC and the relative 
error is 0.003%. 
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Table 2. Ray Tracing Results for L and R

No. L R
Value 
(mm)

Deviation 
(mm)

Value 
(mm)

Deviation 
(mm)

1 1899.53 -2.0 1966.195 -2.001
2 1899.63 -1.9 1966.295 -1.901
3 1899.73 -1.8 1966.395 -1.801
4 1899.83 -1.7 1966.495 -1.701
5 1899.93 -1.6 1966.595 -1.601
6 1900.03 -1.5 1966.695 -1.501
7 1900.13 -1.4 1966.795 -1.401
8 1900.23 -1.3 1966.895 -1.301
9 1900.33 -1.2 1966.995 -1.201

10 1900.43 -1.1 1967.095 -1.101
11 1900.53 -1.0 1967.195 -1.001
12 1900.63 -0.9 1967.295 -0.901
13 1900.73 -0.8 1967.395 -0.801
14 1900.83 -0.7 1967.495 -0.701
15 1900.93 -0.6 1967.595 -0.601
16 1901.03 -0.5 1967.695 -0.501
17 1901.13 -0.4 1967.795 -0.401
18 1901.23 -0.3 1967.895 -0.301
19 1901.33 -0.2 1967.995 -0.201
20 1901.43 -0.1 1968.095 -0.101
21 1901.53 0 1968.196 0
22 1901.63 +0.1 1968.296 +0.1
23 1901.73 +0.2 1968.396 +0.2
24 1901.83 +0.3 1968.496 +0.3
25 1901.93 +0.4 1968.596 +0.4
26 1902.03 +0.5 1968.696 +0.5
27 1902.13 +0.6 1968.796 +0.6
28 1902.23 +0.7 1968.896 +0.7
29 1902.33 +0.8 1968.997 +0.8
30 1902.43 +0.9 1969.097 +0.901
31 1902.53 +1.0 1969.197 +1.001
32 1902.63 +1.1 1969.297 +1.101
33 1902.73 +1.2 1969.397 +1.201
34 1902.83 +1.3 1969.497 +1.301
35 1902.93 +1.4 1969.597 +1.401
36 1903.03 +1.5 1969.697 +1.501
37 1903.13 +1.6 1969.797 +1.601
38 1903.23 +1.7 1969.897 +1.701
39 1903.33 +1.8 1969.997 +1.801
40 1903.43 +1.9 1970.097 +1.901
41 1903.53 +2.0 1970.197 +2.001
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Fig. 4. Sketch of VROC measurement using laser tracker.


