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Based on the Hartmann testing principle, this paper proposes a novel image quality testing technology which
applies to a large-aperture space optical system. Compared with the traditional testing method through a large-
aperture collimator, the scanning Hartmann testing technology has great advantages due to its simple structure,
low cost, and ability to perform wavefront measurement of an optical system. The basic testing principle of the
scanning Hartmann testing technology, data processing method, and simulation process are presented in this
paper. Certain simulation results are also given to verify the feasibility of this technology. Furthermore, a mea-
suring system is developed to conduct a wavefront measurement experiment for a 200 mm aperture optical sys-
tem. The small deviation (6.3%) of root mean square (RMS) between experimental results and interferometric
results indicates that the testing system can measure low-order aberration correctly, which means that the scan-
ning Hartmann testing technology has the ability to test the imaging quality of a large-aperture space optical

system. © 2017 Optical Society of America
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1. INTRODUCTION

The aperture of a space optical system has been increased for
bigger field, higher resolution, and wider coverage of the space
telescope. Evaluation of image quality of the optical system is
essential before the telescope is launched into space. However,
the wavefront aberration cannot be measured with interferom-
eters after the focal plane of the optical system has been adjusted
well. Currently, a collimated beam provided by a large collimator
is always applied to pass through the optical system and focus on
the sensor [1]. The detected spot’s shape is recorded and analyzed
to evaluate the performance of the system based on modulation
transfer function (MTF). For instance, the Large Optical Test
and Integration Site at Lockheed Martin Space Systems
Company in Sunnyvale, California was designed and constructed
in order to allow advanced optical testing for systems up to a
maximum aperture of 6.5 m [2—4]. In this method, the aperture
of the collimators are required to be the same with the optical
system and the focal lengths are 3—5 times of the corresponding
system, which results in a high and rising cost for the fabrication
of these matched collimators. Thus, the replaced method with
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simpleness and high efficiency to perform image quality evalu-
ation for a large-aperture space optical system is quite desired.
The well-known James Webb Space Telescope (JWST) has a
6.6 m primary mirror aperture diameter. The JWST is tested
at NASA’s Johnson Space Center in the cryogenic vacuum cham-
ber for alignment and optical performance. Nevertheless, the
cryogenic optical test tower of the telescope is also extremely
complex and expensive [5-8].

In order to solve the difficulty of testing a large-aperture
optical system, a novel testing method based on the scanning
Hartmann testing (SHT) principle is proposed in this paper.
SHT uses a small collimator instead of a large and expensive
collimator, and reduces the testing cost greatly. Furthermore,
SHT can directly measure the optical system’s wavefront slope
and retrieve wavefront deformations by a wavefront reconstructed
algorithm. Compared with the conventional testing way, which
takes MTTF as an evaluation index [9,10], SHT can measure wave-
front aberration and characterize the variations that occur in an
optical system. Therefore, SHT technology has a great potential in
solving the testing problem of large-aperture space optical systems.
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2. DESCRIPTION AND PRINCIPLE OF THE
SCANNING HARTMANN TESTING

A. Basis Principle

The Hartmann testing is a simple and sensitive testing method
to measure surface slopes and from those to retrieve the wave-
front deformations [11]. The basic measured method is shown
in Fig. 1, where the mirror under test is covered with a screen
with holes (Hartmann screen). The spots are generated on the
Hartmann plate when light passes through the holes. By exam-
ining the shift in position of the spots compared to that of an
ideal mirror, the surface shape of the mirror can be determined.
The principle of the scanning Hartmann testing is similar to the
traditional Hartmann test, as in Fig. 2. More concretely, they
both measure wavefront slope to retrieve wavefront deforma-
tions based on the geometric properties of light. In SHT, a
small collimator scanning entrance pupil of the optical system
corresponds to a Hartmann screen with holes used to shear
beams. In the traditional Hartmann testing, the positions of
a group of spots can be measured simultancously on the
Hartmann plate. However, in SHT, all spots are at the same
position for an ideal optical system (performance of the ideal
optical system is perfect) and around the ideal position for an
actual optical system. Therefore, in order to avoid that these
spots are too close to be resolved, a small collimator is adopted
to scan the entrance pupil of the optical system and measure
each sub-aperture spot’s position one by one. The deviations
between the spot positions and the ideal image point position
are the wavefront slope’s transverse aberrations of the homo-
logous sub-apertures. Then the aberrations and wavefront

Hartmann screen
Mirror under test

Hartmann plate

Point light source

Fig. 1. Principle of classical Hartmann testing.

Optical system under test

N N

Collimator
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Fig. 2. Principle of scanning Hartmann testing.
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map will be acquired through the wavefront reconstruction
algorithm.

B. Data Processing Method

1. Wavefront Reconstruction Algorithm
The wavefront reconstruction algorithm is based on the slope
Zernike polynomial. The wavefront ®@(x, y) can be expressed as

D(xy) =Y CiZilxy). (1)
k=1

The average slope of the sub-aperture wavefront in the X
and Y directions is expressed as

9p(x, y)
Sy = ﬁffATxdxd}'
. 2
5 =1 gf, 00 4 @
y — 44 dy Ly

Then, substitute formula (1) into formula (2). We can set
up the relationship between average slopes and the slope
Zernike modal coefficients:
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The formula is simplified as
ZC =S. 4)
Use the least-square method to solve the equations, namely,
C=Z"2)'Z7s. (5)

After matrix C is brought into Eq. (1), the wavefront de-
formation can be calculated.

2. Effect of Positional Error of the Ideal Image Point

Based on the theory of geometrical aberration, the relation be-
tween the wavefront slope’s transverse aberrations and the
wavefront deformations is described as

Lep OW (%))

TA, = - :
TEP X
. (6)
TA, = _Lep W (%)

TEP

dy

where TA, is the wavefront slope’s transverse aberration in the x
direction, TA, is the wavefront slope’s transverse aberration in
the y direction, Lgp is the exit pupil distance of the optical sys-
tem, and rpp is the exit pupil semi-diameter. W (x, y) is the
corresponded sub-aperture’s wavefront.

TA is the locational difference between the real spot and
ideal image point. But the locational error of the ideal image
point does not affect the reconstructed result of wavefront de-
formations. Assuming that the coordinate of the ideal image
point is (xg, y,), the expressions (6) can be rewritten as
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The expressions can be also rewritten through integration:
{WXZ—fk(x—xO)dxz—f/exdx—i-/exox (8)
W, = - [ k@ -yo)dy = - [ kydy + kyey ©

As the expressions (8) indicated, the coordinate (xg, y,) of
the ideal image point manifests as the tilt term after integration.
The reconstructed wavefront error introduced by this tile dis-
plays the global tilt since all sub-aperture wavefronts have the
same tilt term. However, what we are concerned with mostly in
space optical system testing is the primary aberration, such as
spherical aberration, coma, and astigmatism. Tilt could be re-
moved directly from reconstructed wavefront and it does not
affect the testing results. Therefore, we can draw a conclusion
that the relative positions among a group of spots are significant
rather than the absolute position, and the locational error of the

ideal image point does not affect the final testing results.

C. Simulation

1. Simulation Analysis and Parameter Optimization
In order to verify the feasibility of the SHT principle, the whole
testing process will be simulated on a computer, including the
accurate calculation of the center of mass for spots with differ-
ent sub-apertures, reconstruction of low-frequency wavefront
aberration, and the influence of external error on the testing
results. These simulation results can be used to analyze the test-
ing accuracy and optimize the parameters in the next step.
Zemax and MATLAB are used to simulate the SHT process
[12]. MATLAB works as a main program to offer instructions,
and Zemax works as a ray tracing arithmetic unit to give feed-
back. Mzdde is used to realize the data transmission between
them. On the basis of ray tracing results, the wavefront aber-
ration is calculated precisely and the wavefront map is displayed
in MATLAB. The schematic diagram of simulated testing is
shown in Fig. 3. Specific simulated processes are illustrated
as follows: first, the point light source is located at the system
object surface at infinity, which can be regarded as the incidence
of the plane wave. Then the small diaphragm is placed on the
system entrance pupil to cut light beams, and a spot will be
generated on the image surface after ray tracing. The spot posi-
tion is recorded and the spot centroid is calculated precisely. In
order to improve calculation precision of the spots centroid, the
window method, threshold method, and gray weighting method

Entrance pupil

Q0
)
07)

Deviation of centroid

Arrangement of sub-aperture

Fig. 3. Simulation of scanning Hartmann testing.
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will be adopted [13,14]. The next step is to measure the posi-
tional deviation between the spots centroid and ideal image
point and calculate the slope of the corresponding sub-aperture
wavefront. All the wavefront slope data of the sub-apertures will
be acquired after the scanning. Finally, the wavefront can be re-
constructed by Zernike polynomial fitting in MATLAB [15,16].

The optical system in Zemax is an off-axis three-mirror op-
tical system with a focal length of 1999.47 mm, exit pupil dis-
tance of 2949.47 mm, entrance pupil caliber of 203.50 mm,
and exit pupil caliber of 300.09 mm. Scanning Hartmann
simulated testing is conducted for this system with 15 x 15,
31 x 31, and 63 x 63 sample densities and sub-aperture sizes
of 20, 40, and 60 mm. The simulation results under different
testing parameters are listed in Fig. 4 (the first 37 polynomials
in Fringe Zernike). The simulated wavefront gets smooth and
loses high-frequency error because the light of each sub-aperture
passing through the optical system focuses to only one spot
whose centroid position represents the mean result of low-,
middle-, and high-frequency wavefronts of the corresponding
sub-aperture. Figure 5 shows the spectrum of the actual wave-
front and simulated wavefronts with different parameters. The
middle- and high-frequency component of the simulated wave-
fronts are obviously reduced compared with that of the actual
wavefront. With the sub-aperture size increasing, the middle-
and high-frequency components decrease as well. Fortunately,
the lack of middle- and high-frequency components does not
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Fig. 4. Simulated wavefronts with different parameters: (a) 15 x 15
sampling density and 20 mm sub-aperture, (b) 15 x 15 sampling den-
sity and 40 mm sub-aperture, (c) 15 x 15 sampling density and 60 mm
sub-aperture, (d) 31 x 31 sampling density and 20 mm sub-aperture,
(e) 31 x 31 sampling density and 40 mm sub-aperture, (f) 31 x 31
sampling density and 60 mm sub-aperture, (g) 63 x 63 sampling den-
sity and 20 mm sub-aperture, (h) 63 x 63 sampling density and
40 mm sub-aperture, (i) 63 x 63 sampling density and 60 mm sub-
aperture. The units of wavefront error are waves at a reference wave-

length of 633 nm.
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Fig. 5. Spatial frequency of simulated wavefronts.

affect availability in this testing stage, since we are concerned
with low-frequency aberration influenced by variations of ex-
ternal stress and environmental temperature. Therefore, we do
not put emphasis on the middle- and high-frequency aberration
caused by the mirror manufacturing error.

The actual wavefront of the optical system will be processed
with slope average filtering by comparing with the scanning
Hartmann simulation results. The process of data processing
can be summarized as follows. First, we figure up the partial
derivatives of the wavefront in the X and Y directions to
get the wavefront slope. Then we conduct average filtering
for the wavefront slope and select different filtering templates
for different sub-aperture sizes. The pixel number of the actual
wavefront map is 1024 x 1024. Thus, when the sub-aperture
diameter is 20 mm (1/10 of the system entrance pupil), the
diameter of the wavefront filtering template is 102 pixels (1/10
of the wavefront map pixel number). Similarly, when the sub-
aperture diameters are 40 and 60 mm, the diameters of the
wavefront filtering template are 205 pixels and 307 pixels, re-
spectively. At last, the wavefront slope with average filtering will
be used for model method fitting to reconstruct wavefront aber-
ration. As shown in Fig. 6, (a) is the actual wavefront map of
the optical system, while (b), (c), and (d) are wavefront maps
processed with slope average filtering corresponding to different
sub-aperture sizes (the 37 polynomials in Fringe Zernike).

By comparing the SHT simulation results in Fig. 4 with the
ideal wavefront processed with slope average filtering in Fig. 6,
the difference of the root mean square (RMS) is about 1/1000
and the difference of the peak to valley is about /50 when sub-
aperture sizes are identical. The high accuracy of the simulation
results verifies the theoretical feasibility of SHT technology.
The simulation results also indicate that SHT with a sample
density of 15 x 15 and a sub-aperture size of 20 mm can ac-
curately test low-order aberration of the system. Accordingly, in
order to test more aberration information with high efficiency,
the sample density 15 x 15 and the sub-aperture size of 20 mm
are adopted in the next testing experiment.

2. Error Simulation Analysis
Error sources of SHT mainly come from the mechanical mo-
tion of two degrees of freedom scanning platform, including
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Fig. 6. (a) Wavefront map of optical system, (b) wavefront map
with slope average filtering corresponding to 20 mm sub-aperture,
(c) wavefront map with slope average filtering corresponding to 40 mm
sub-aperture, and (d) wavefront map with slope average filtering corre-
sponding to 60 mm sub-aperture.

positioning error and pointing error, which respectively refer
to the inaccurate positioning and inconformity pointing of
the collimator in the scanning process. Influences of the
collimator motion error on testing results will be analyzed by
simulations so as to lay the foundation for follow-up testing
experiments and engineering applications.

Eight types of motion errors are introduced in the process of
simulations, as in Table 1. The sub-aperture size is 40 mm and
the sample density is 127 x 127, and the wavefront reconstruc-
tion algorithm is the modal method based on the Zernike poly-
nomial (the first 37 polynomials of Fringe Zernike). Simulated
wavefronts are shown in Fig. 7.

As shown in Fig. 7, when the positioning error of the colli-
mator exists, the simulated wavefront hardly varies no matter if
this error is random or linear. Moreover, our motional platform
reaches the positioning accuracy requirement of 0.05 mm,
thus the positioning error of the collimator has no effect on
SHT. When the random pointing error or high-frequency
pointing error with 1 arcsec amplitude is introduced, the small
variation of the simulated wavefront proves that the random
pointing error and frequency pointing error have little influence

Table 1. Motion Errors of the Collimator in Simulation

Positioning Error Pointing Error

(mm) (arcsec)
Random Amplitude Amplitude of 1
of £0.05
High A6, = cos(207x), x € [-1, 1]
frequency
Linear z, = 0.05x, Al =x,x€[-1,1]
x€[-1,1] Af, = 0.1x,x € [-1,1]

Low Ab, = cos(nx), x € [-1,1]
frequency A6, = 0.1 cos(zx), x € [-1, 1]
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Fig. 7. Simulated wavefronts with different motion errors: (a) no
motion error, (b) random positioning error, (c) linear positioning error,
(d) random pointing error, (e) high-frequency pointing error, (f) low-
frequency pointing error with amplitude of 1 arcsec, (g) linear pointing
error with amplitude of 1 arcsec, (h) low-frequency pointing error with
amplitude of 0.1 arcsec, (i) linear pointing error with amplitude of
0.1 arcsec.

on low-frequency testing results. The simulated wavefront
changes significantly when the pointing error is a linear error
or a low-frequency error with 1 arcsec amplitude, and wave-
front deformation caused by those errors completely covers
the wavefront shape of the system so that low-frequency aber-
ration cannot be decoupled from the testing results. When the
amplitude of the linear or low-frequency error drops to 0.1 arc-
sec, the RMS value changes by 9.3% and the wavefront shape is
generally similar. Therefore, the low-frequency component of
the pointing errors which belong to the system error should be
calibrated accurately and rectified within 0.1 arcsec based on
the calibration results. The residual high-frequency errors
which belong to random errors do not influence the low-
frequency testing results of the optical system.

3. EXPERIMENT

A. Experimental Design

An experiment was designed and conducted to test an optical
system’s wavefront aberration, and the result would be con-
trasted with the interferometric results. The experiment aimed
to demonstrate the theoretical feasibility of the SHT, so the
error source should be got rid of as soon as possible. In order
to avoid the pointing error of the collimator, we adopted the
alternative operation manner that a collimated beam emitted by
a large collimator was sheared to a small diameter beam by the
mask with a hole in the center instead of single small collimator
scanning. With the mask’s continuous movement along the
given trajectory, many small diameter collimated beams with dif-
ferent positions and same pointing were successively generated.

alsystem:

under test’

\
Fig. 8. Optical layout of the testing system.

The optical layout of the testing system for this experiment is
shown in Fig. 8. The optical system to be tested was an off-axis
three-mirror optical system with a focal length of 1999.47 mm
and clear aperture of 203.50 mm at a single field. In the object
space of the system, a large collimator with wavefront RMS of
A/50 and integrating sphere source were set up to generate col-
limated incident light. The X-Y translation stage was put
between the large collimator and the optical system. On the focal
surface of the system, the charge-coupled device (CCD) with
1600 x 1200 pixels and 4.4 pm pixel size was mounted on a
high-accuracy six-axis motion platform to perform precise focus-
ing. Finally, the whole experiment was shaded with a black hood
to eliminate the disturbance of stray light. During the testing, the
computer automatically controlled the mask moving according
to beforehand trajectory and residing in the sampling position
while it gathered the spot image on the CCD and calculated
the spots centroid. Wavefront aberration of the optical system
will be fitted and reconstructed after this testing.

B. Experiment Results

On the basis of the simulation analysis mentioned above, the
sub-aperture size of 20 mm and the sample density of 15 x 15
are adopted. All spots of the sub-aperture on the focal surface
are shown in Fig. 9. The wavefront map of the testing results in
Fig. 10(a) is similar with that of the interferometric results
processed with slope average filtering in Fig. 10(b). The RMS
variation of 6.3% indicates that the SHT has the ability to test
the low-order aberration of the optical system.
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0.005 o ® i' :‘
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Y ’ ‘fo..
-0.005 ® ‘*.‘::'303."
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[ ]
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Fig. 9. All of the spots on CCD (mm).
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Fig. 10. (a) The wavefront map by SHT, (b) the wavefront map in
interferometer, and (c) the wavefront map with slope average filtering
in interferometer.

C. Error Analysis
There are main two reasons for the testing error:

(a) In the SHT experiment, the source of the collimator was an
integrating sphere in which three heavy heat xenon lamps
were fixed so that the large temperature gradient was gen-
erated and intensified airflow disturbance in the airtight
experiment surrounding. Its influences became larger as
testing time went on. However, this error influence could
be almost reduced by the use of a cold light source.

(b) The spots on the focus plane did not have the same bright-
ness and some spots were conspicuously darker than the
others during the experiment testing process. The reason
was that the mirror coating of the optical system had suf-
fered some damage resulting in uneven distribution of mir-
ror reflectivity, which had no effect on the interferometric
results but did have great effect on SHT [17]. The uneven
distribution of mirror reflectivity means that the weight of
each ray was different in spots centroid calculation. The
inaccurate centroid position would influence the testing
results.

4. CONCLUSION

A novel image quality testing technology which applies to a
large-aperture space optical system is proposed in this paper.
Comparing with the traditional testing method, which mea-
sures MTF by the use of a large-aperture collimator, the SHT
has great advantages due to its simple structure, low cost, and
ability to realize wavefront measurement which can vividly em-
body the characteristic of the optical system. This paper verifies
the feasibility of this testing technology in two respects. First,
simulation results manifest that the RMS deviation of the
simulated wavefront is about /1000 compared with the ideal
wavefront, which verifies theoretical feasibility of SHT. Second,
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the RMS deviation of 6.3% between the experimental results
and the interferometric results for a 200 mm aperture optical
system indicates that this testing system can correctly measure
low-order aberration, and also demonstrates that this scanning
Hartmann testing technology has the ability to test image qual-
ity of a large-aperture optical system.
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