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Testing of Optical System Based on Point Light Source
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Abstract We introduce a simple method primarily developed for the performance evaluation of assembled space
telescope in the field. The main idea of this method is to obtain the large parallel light beam for testing with an
internal point light source and a plane mirror instead of large collimator. The wavefront error of the system can be
calculated with phase diversity algorithm according to two images of the internal point source. The residual error and
limitations of this method are discussed. A simulation is given at last, which shows the utilization potentiality of this
approach.
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1 Introduction

A collimator is always applied to test space telescope after the imaging sensor is assembled"' "?'. However,
as the aperture size and focal length of these systems become larger, it will be more difficult to test the
system in the field considering that the difficulties of making and moving large collimator increase.
Furthermore, it is also difficult to keep the environment condition steady in the field for optical testing. In
this paper., a simple method for testing space telescopes in the field is proposed. in which the parallel light
beam is produced by the telescope itself and the matched collimator is not needed any more-*’.

2 Basic theory

The basic setup is shown in Fig.1. A point light source is integrated on the component of focal plane array
(FPA) and is used to generate the ideal spherical wavefront. The source should be assembled in the same
plane of photosensitive surface of imaging sensor. The ideal spherical wavefront (the broken lines in Fig. 1)
propagating into the system becomes plane wavefront (the real lines) after passing through the system. A
plane mirror is located just in front of the aperture to reflect the parallel beam back into the system. The
distance between the plane mirror and the aperture of optical system should be as short as possible to avoid

W EE: 2013-08-29; WEMEBHET: 2013-09-08; ML HMHEHR]: 2013-11-12
EER N P (1991—), B i L 0F A, EE N TR R M7 f A BESE . E-mail: {xkxjw@mail. uste. edu. cn
Sfifadr: sk2EE1968—), B WFIE 5L 18 AR T U, 3280 DA 2 e 0 ol 2 i B R O o E AR .

E-mail: zxj@ciomp. ac. cn

122203-1



50,122203 MM SYBIZHRE www. opticsjournal. net

the effect of airflow as much as possible. The reflected beams can be focused on the FPA by adjusting the
orientation of the plane mirror. Therefore the image of the point light source is obtained. The small CCD
settled beside the point light source is an assistant component for self-calibration of which the details will be
expressed in latter parts. The small CCD should be placed close to the point light source as near as possible.
Both the point light source and the small CCD should be located within the available field range of the
system.
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Fig.1 Theoretical setup of the measurement

The wavefront error (WFE) along with the image of the point light source can be calculated through the
phase diversity (PD) technique™ * . Phase diversity technique needs to collect two images while the first
image is in focus containing the unknown WFE of the system, and the second image is diversity image which
has an additional aberration. The additional aberration is specially designed and usually considered to be
realized as defocusing. It is obvious that the light beams emitting from the point light source pass through
the system twice, but follow different paths. Thus can be divided into two parts:

w = w; +w;, [@D)
where w, stands for the WFE of the wavefront passing through the system the first time and w, stands for
the WFE of the wavefront passing through the system the second time. In fact w, is just the WFE of the
system what is indeed concerned about and w, can be regarded as a reference, because w, remains constant
since the point light source is settled still so that the path of the incident light cannot be changed. Thus, if
w, 1s measured, w, can be obtained.

w, can be measured by self-calibration with the assistant of the small CCD mentioned above. The small
CCD can obtain the image of the point light source by adjusting the orientation of the plane mirror properly.
In this case the incident and reflected light beams share almost the same path. The uncommon error depends
on the distance between the point light source and the assistant CCD and the distance between the plane
mirror and the stop of the optical system. The shorter both the two distances are, the less the uncommon
error is. However, the effect of the uncommon error is very little in most cases. Take an F/9 Cook three-
mirror anastigmatic (TMA) system for example. When the distance between the point light source and the
assistant CCD is set 20mm and the distance between the plane mirror and the stop of the TMA system is set
1700 mm, the difference introduced by the uncommon error between w; and w, is only about 0. 003X with A
being the light wavelength. Such a difference is actually very small relative to the WFE of system and has
little effect on the testing result. Hence it can be regarded approximately that w, equals w, without losing
accuracy and

W A w, —> w = 2w, —> w, = w/2. (2)

After w, is calibrated, WFEs of different fields of view (FOVs) (w,) can be obtained by adjusting the
orientation of the plane mirror to make the image of point light source on corresponding CCD pixels and
subtracting w, from the calculated WFE (w).

3 Limitation analysis
However, there is a problem in this method that the aperture of FOV under test is limited by the aperture
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stop of the optical system, which is mainly because the incident light beams and the reflected light beams
follow different paths, as shown in Fig.2. It can be easily deduced that the spot of reflected beams on the
stop of system cannot overlap with that of incident beams because they have the same cross-section area but
stand for different FOVs. Therefore only the WFE of the overlapping area (part B) can be obtained while
the WFE of other area will be lost.

reflected light

— plane mirror

Fig.2 Diagram of the incident and reflected rays on the stop where the circle in broken line stands for the spot on the
stop of incident light, and the real line represents that of reflected light

The limitation of testing area is not all the same for different systems. As mentioned above, decreasing
the distance between the system and the plane mirror can enlarge the effective area for testing by shortening
the optical paths. Narrow FOV can also help to reduce the negative effect of the limitation. Take Rug-TMA
system for instance. The stop is located at the position of primary mirror and the FOV of such a system is
always narrow, as shown in Fig.3(a), so that the plane mirror can be set just in front of the primary mirror
so long as keeping a safe distance to the barrel. Hence the lost area is always very small. But for a Cook-
TMA system, the stop is located at the position of secondary mirror and the FOV in one direction is usually
very wide, as shown in Fig.3(b), and the effective testing area of the widest FOV will be relatively small.
The percentage of the overlapping area to the full aperture is corresponding to the parameters of different
systems. It can achieve more than 80% even for the widest FOV of most usual telescopes. The detailed
analysis is omitted for length consideration and will be given elsewhere.
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Fig.3 FOVs of (a) Rug-TMA system and (b) Cook-TMA system

One solution to this problem is to settle several pairs of point light source and small CCD at different
locations around the FPA of the system, as shown in Fig.4. For any given FOV under test, the nearest pair
of point light source and small CCD can be selected to minimize the path difference and maximize the
overlapping area. Another solution is to make the point light source and small CCD mobile along a trail,
which can move to the most proper position for different FOVs under test. Both methods are under
consideration and detailed implementation will be given in future work.

Finally, it must be pointed out that the limitation of testing area is not a fatal drawback of this method.

What is most concerned about in outdoor testing is the global low-order WFE, which is caused by mechanical
/ point light source and small CCD
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Fig.4 Solution to full aperture test
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stress, thermal stress, etc., but not the local high-order WFE. This low-order WFE can be abstracted from
a large sub-aperture (the overlapping area) without losing accuracy, while the full-aperture testing is
encouraged but not so necessary.

4 Simulation result

Simulation is established basically through Zemax and Matlab. Zemax is used for generating both the in-
focus and the defocusing images of a simulated point light source and Matlab is used for extracting the WFE
through phase diversity algorithm. The theoretical WFE is set as the reference as shown in Fig.5. A circle
area is selected from the overlapping area for convenience of mathematical processing™” . Figure 5(a) is the
sum WFE of the incident and the reflected wavefronts, and Fig.5(b) is the theoretical WFE of the reflected
wavefront, which is 0. 0220A. The calculated results are shown in Fig.6. Figure 6(a) is the sum WFE of the
incident and the reflected wavefronts, and Fig.6(b) is the WFE of the reflected light, which is 0. 02372.
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Fig.5 Theoretical results. (a) Sum WFE of the incident and the reflected wavefronts; (b) WFE of the reflected wavefront,
0.02201 (A = 632. 8 nm)
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Fig.6 Calculated results. (a) Sum WFE of the incident and the reflected wavefronts; (b) WFE of the reflected wavefront,
0.02371 (A = 632. 8 nm)

The difference between the theoretical WFE and the calculated WFE is only 0. 00161, as shown in Fig.7.
This difference is caused mainly by the uncommon optical paths between the incident wavefront and the
reflected wavefront as well as other factors. However, the calculated results are still encouraging since the
difference is small compared with the real WFE. So this measurement is proved to be applicable. Practical

experiment is under preparation.
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Fig.7 Difference between WFE of the theoretical wavefront and the calculated wavefront
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Applying this method in outdoor testing, the environment factors which may have negative effects on
taking images need to be considered, e. g., the temperature and air turbulence. In common conditions,
temperature changes very slowly and has little influence on the result. Air turbulence can cause much
difference to the taken images. However, since the image collection and data processing are very quick, the
additional error caused by air turbulence can be removed through comparing several different groups of
results. The CCD used in this measurement is the same as that of the system and the entire testing process
is highly efficient. So in common conditions, the consistency of CCD is well accepted.

5 Conclusion

A new method for testing space telescope out of laboratory is described. The fundamental setup of this
measurement only consists of a point light source, a small CCD around the FPA and a plane mirror, which is
effective and convenient to be carried out. Although full aperture WFE cannot be obtained, the calculated
WFE is enough for performance evaluation. The difference between the theoretical result and the calculated
result is small and the testing accuracy is acceptable. The detailed analysis and the practical experiment will
be given in the future.
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