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High laser absorption and strong resolution enhancement technology make thermal aberration control of lithog-
raphy lenses more challenging. We present an active lens that uses four bellows actuators to generate astigmatism
(Z5) on the lens surface. The apparatus utilizes optical path difference to compensate the system wavefront.
In order to assess the specifications of the compensator, the finite element method and experimental analyses
are carried out to obtain and validate the general properties of the apparatus. The results show that the Z5
deformation quantity of lens’s upper surface exceeds 600 nm; further, Z5 coefficient accuracy is better than
�1 nm. The apparatus can be an efficient compensator for thermal aberration compensation, especially aberra-
tion caused by the dipole illumination. © 2018 Optical Society of America
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measurements, figure.
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1. INTRODUCTION

Adaptive optics is used as an effective technology to improve
the performance of imaging systems. It is widely applied in tele-
scope systems [1,2], microscopy [3], visual optics [4], and
lithography lenses [5]. Compared with conventional optical
systems, adaptive optics systems use wavefront correctors to
compensate aberration. These correctors can be separated into
several types: deformable mirror [6], membrane deformable
mirror [7], liquid crystal spatial light modulators [8], deform-
able liquid lens [9], and thermal optical element [10].

For a 193 nm lithography lens, higher-power laser sources
are used to satisfy the ever-growing demand of throughput. As a
result, the light power transmitted and absorbed in a lithogra-
phy lens increases, thus heating the lens element. Meanwhile,
off-axis illumination technology is used to enhance resolution.
Such illuminations locally concentrate the light on the lens
element. This concentration of power further aggravates a lens’s
thermal aberrations [11–13]. These make the thermal aberra-
tion control more challenging [14–16].

Lots of technologies for lens thermal aberration compensation
have been developed, including lens manipulators, deformable
mirrors, lens heating elements, and using low absorption glass
materials. For example, Nikon developed an I-MAC system
to adjust a lens element in z∕tip∕tilt directions; the system
can control focus, distortion, spherical, coma, and other aberra-
tions in real time [17]. Nikon further uses an infrared aberration

control system to heat the lens pupil selectively; the system can
correct uniform astigmatism caused by dipole-like illumination
[18]. SVG developed an active deformable pupil mirror to com-
pensate wavefront aberrations, such as astigmatism (Z5 and Z6)
and trefoil (Z9 and Z10) [19]. Nikon applies quick reflex tech-
nology to the primary spherical mirror located near the lens
pupil, so uniform astigmatism is perfectly compensated by
deforming the mirror into a shape that opposes the astigmatism
[20,21]. Nikon uses a multi-drive-axis dynamic deformable mir-
ror to control the high-order wavefront with complex deforma-
tion of the mirror surface shape; the system can compensate for
odd wavefront components [21,22]. ASML uses the FlexWave
wavefront manipulator; the manipulator consists of an optical
element positioned close to the pupil plane of the projection lens
and is heated locally through tiny conductive and resistive struc-
tures. It can also adjust the Zernike coefficient up to 64 terms
[23]. The Delft University of Technology developed an active
mirror for extreme ultraviolet lithography lens compensation
[24]. Low absorption glass and coating materials are selected
to improve thermal aberration about 20%–30% [20]. These
above technologies have been used in lithography lenses to
improve thermal aberration. However, lens manipulators are lim-
ited to compensate on-axial aberration; deformable mirrors need
more space to arrange actuators; lens heating elements are weak
in rapid response; and using low absorption glass materials is just
a passive compensation method.
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In this paper, we present an active lens that uses four bellows
actuators to generate astigmatism figures on the lens surface,
utilizing the optical path difference (OPD) to generate a con-
trolled wavefront. The designed Z5 active lens has a long
deformable range (more than 600 nm) with high accuracy (less
than 1 nm). The mechanism has high stiffness with a first
frequency of 565.8 Hz and can respond rapidly. The apparatus
is compact due to outside arrangement of actuators.

The paper is organized as follows. First, the principle of the
deformable lens and the method of rigid motion error measur-
ing are studied in Section 2. Section 3 then introduces the
requirement and the main frame of the system and carries
out simulation of the deformable lens and cell subsystem.
Section 4 presents the testing of the system and experiments.
Conclusions are drawn from the simulated and experimental
results in Section 5.

2. PRINCIPLE OF THE Z5 ACTIVE LENS AND
METHOD OF LENS RIGID MOTION TESTING

A. Z5 Active Lens Deformation Principle
As shown in Fig. 1, the lens is glued to the mounting cell
through several flexural supporting rods. The cell is a mono-
lithic structure with a fixed outer ring (not shown), deformable
inner ring, and four connecting hinges. There are actuating legs
between adjacent hinges. The input forces of the two actuating
legs along the x axis act in the −z direction, while those of
the two actuating legs along the y axis act in the �z direction.
The four forces together result in a Z5 shape deformation.

B. Method of Measuring Lens Rigid Motion
Lens deformation of the Z5 shape will induce z∕x∕y∕tip∕tilt
rigid motion error. Such errors should be tested first and then
reduced to within a small range using control algorithms. The
method of measuring and separating the deformed figure and
rigid motion should therefore be studied first. This paper uses
laser Fizeau interferometer to test for rigid motion error.

We use Fizeau interferometer to test for z axial rigid motion
error εZ . Figure 2 shows the relationship between the axial rigid
motion εZ and the wavefront defocus aberration (Z4).

The original wavefront can be expressed as

WO�x, y� �
x2 � y2

2�R − εZ �
: (1)

The new wavefront can be expressed as

WN �x, y� �
x2 � y2

2R
: (2)

The changed wavefront can thus be expressed as

ΔW �x, y� � WN �x, y� −WO�x, y� � −εZ
x2 � y2

2R2 : (3)

The axial rigid motion εZ can thus be calculated by first using a
spherical interferometer to obtain the Z4 coefficient and then
using Eq. (3).

To measure the x∕y∕tip∕tilt rigid motion error of the lens’s
upper surface, we add a polished plane surface outside the upper
surface. Using a Fizeau interferometer to measure the outer
plane, we obtain the tip/tilt data. Then, changing the interfer-
ometer etalon to measure the inner spherical surface, we obtain
the integrated x∕y∕tip∕tilt data. Finally, employing a separating
algorithm, the x∕y∕tip∕tilt can be calculated individually. The
algorithm is explained as follows.

When testing the spherical surface with a Fizeau interferom-
eter, the surface tilt or shift will also change the Zernike
coefficient Z2 (or Z3). Figure 3 shows the relationship between
the surface tilt θ and Zernike Z2_tilt (or Z3_tilt). Z2_tilt (or
Z3_tilt) refers to the Z2 (or Z3) caused by the surface tilt
without any shift. The relationship is

Z2_tilt � s · θ, (4)

Fig. 1. Deformation principle of the Z5 active lens (where the outer
ring is not shown).

Fig. 2. Relationship between the axial rigid motion and wavefront
defocus aberration (Z4).

Fig. 3. Relationship between the surface tilt and Zernike Z2_tilt.
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s � D
2 cos β

: (5)

The surface tilt and Zernike Z2 can be expressed as

Z2_tilt � D
2 cos β

· θ: (6)

Figure 4 shows the relationship between the surface shift l and
Zernike Z2_shift (or Z3_shift). The Z2_shift (or Z3_shift)
refers to the Z2 (or Z3) caused by the surface shift without
any tilt. The relationship is

Z2_shift � l · cos φ, (7)

cos φ � D
2R

: (8)

The surface shift and Zernike Z2 can thus be expressed as

Z2_shift � l ·
D
2R

: (9)

When we test the upper spherical surface, Z2 is the combina-
tion of the Z2_tilt and Z2_shift:

Z2 � D
2 cos β

· θ� l ·
D
2R

: (10)

When testing the outside plane surface, because plane
shifting does not change the Z2 coefficient, Eq. (10) can be
simplified as

Z2 � D
2
· θ: (11)

The measuring strategy is as follows. We first measure the
outside plane surface; according to the Z2 coefficient obtained,
we can calculate the surface tilt rigid motion error θ. We then
measure the inner spherical surface and obtain the Z2 coeffi-
cient. Using the Z2 coefficient and tilt rigid motion θ, we can
calculate the surface shift rigid motion l .

3. DESIGN OF THE Z5 ACTIVE LENS SYSTEM

Figure 5 shows the general frame of the Z5 active lens. The
Z5 active lens system can be separated into three subsystems:
the mounting cell and lens subsystem, the actuator subsystem

(comprising the actuator bellows, capacitance displacement
sensors, and pneumatic valve) and the control subsystem.

A. Requirements of the Z5 Active Lens System
Requirements of the Z5 active lens system include the range,
accuracy, figure residual error, rigid motion error, and natural
frequency. Range, accuracy, and coupling errors are based on
the deformation of the upper surface of the lens element at
the maximum clear aperture. The above parameters are listed
in Table 1.

The range and accuracy of the deformable lens depend on the
thermal aberration and the sensitive matrix between the deform-
able lens’ upper surface figure and system wavefront aberration.
Unlike the deformable mirror, the upper surface and the lower
surface of the lens will deform together; different is the quantity,
and thus the lens requires more deforming range than the mirror.
In a lithography system, as shown in Fig. 6, lens 8 is selected as a
Z5 active lens. Under the condition of annular illumination, the
thermal-caused Z5 coefficient of wavefront aberration is about
25 nm. The relationship between wavefront Z5 and upper sur-
face Z5 is shown in Fig. 7. Figure 7(a) shows the input upper
surface figure, and the Z5 coefficient is 600 nm. Figure 7(b)
shows the corresponding lower surface figure, and the Z5 coef-
ficient is 616 nm. Figure 7(c) shows the output wavefront aber-
ration when the upper and lower surface figures are added.
The Z5 coefficient is 24.6 nm, and the ratio of the upper surface
Z5 to wavefront Z5 is 24.4. Thus, the wavefront Z5 accuracy is
0.25 nm. Figure 7(d) shows the corresponding wavefront aber-
ration when the upper and lower figures and x∕y∕tip∕tilt rigid

Fig. 4. Relationship between the surface shift and Zernike
Z2_shift.

Fig. 5. General frame of the Z5 active lens system.

Table 1. Requirements of the Z5 Active Lens System

Parameters Requirement

Range 600 nm
Accuracy 6 nm
z Rigid motion error 100 nm
x∕y∕tip∕tilt rigid motion errors 500 nm/500 ms
Figure error (≥Z6, except Z12) 1 nm (RMS)
Natural frequency 400 Hz

Fig. 6. Lithography lens.
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motion errors are added. Coupling rigid motion errors will cause
wavefront aberrations such as Z1, Z2, Z3, Z4, Z7, and Z8.
The quantity is very little, and the RMS wavefront error (except
Z5 and Z12) is less than 0.5 nm. The coupling wavefront errors
can be controlled even smaller, though working together with
other compensators such as Z -axis lens manipulators and reticle/
wafer manipulators.

B. Design and Simulation of the Lens and Cell
Subsystem
Figure 8 shows the lens and cell subsystem. The coordinate
system is defined as follows. The Z axis is parallel to the light
direction and lies on the center line of the optical path of the
lens. The X axis and Y axis pass through the vertex of the upper
surface of the lens. The lens diameter is 160 mm and the clear
aperture is 130 mm, while the lens center thickness is 19 mm.

The upper and lower surface radiuses are, separately, 213 and
139 mm. The mounting cell is a monolithic structure and can
be separated into an outer ring, deformable inner ring, and four
connecting hinges; the cell can be precision manufactured
employing wire electrical discharge machining. The deformable
inner ring has several flexural supporting rods that can also
be manufactured by wire electrical discharge machining. The
deformable lens is located on the flexural supporting rods.
The supporting rods have axial and radial flexure and can
reduce the stress transmitted to the lens and realize high figure
accuracy of the lens surface. Making the subsystem with high
rigidity, we use Norland optical adhesive 61 to glue the lens and
cell. The bellows actuator is fixed on the cell’s outer ring. In
operation, the bellows head strikes and deforms the cell inner
ring. In the opposite direction of the bellows, there is a capaci-
tance position sensor that detects the cell’s inner ring displace-
ment in real-time.

Figure 9 shows a model of the Z5 active lens. This model is
used to simulate the deformation range, induced figure error,
and the induced rigid motion error. To simplify the model and
improve the simulation efficiency, we removed the cell’s outer
ring. The four connecting hinges are fixed constraints. Four
groups of force/enforced displacement are applied on the
arm of the cell’s inner ring. The direction of the force/enforced
displacement applied on the two arms of the X axis is along the
−Z axis, while the direction of the force/enforced displacement

Fig. 7. Relationship between upper surface Z5 and wavefront Z5.
(a) Input upper surface figure data. (b) Corresponding lower surface
figure data. (c) Output wavefront aberration caused by surface defor-
mation. (d) Output wavefront aberration caused by surface deforma-
tion and coupling rigid motion errors.

Fig. 8. Cell and lens subsystem.

Fig. 9. Model of the Z5 active lens.
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applied on the two arms of the Y axis is along the �Z axis.
Faces are glued to connect the flexural supporting rods of
the inner ring and lens; the area of the glue is equal to the size
of the head area of the flexural supporting rods, and the glue
layer thickness of the connecting area is about 10 μm.

Materials of the lens, cell, and glue are separately fused
silicon, 430F, and Norland61. The main parameters of these
materials are listed in Table 2.

Figure 10 shows the simulation results. Figure 10(a) shows
the deformation of the cell and lens subsystem when a force/
enforced displacement is applied. Figure 10(b) shows the de-
formation of the upper surface. The Z5 coefficient of the upper
surface is 600 nm (where the figure is 1200 nm PV, 240 nm
RMS), while the input force is 76.67 N or the enforce displace-
ment is 25.78 μm. When the upper surface Z5 coefficient
is 600 nm, the induced maximum stresses of the lens and
glue are, respectively, 2.318 and 3.511 MPa. Considering the
allowed strength of 50 MPa (fused silicon) and 19.3 MPa
(Norland 61), the safety factor is high. The Z5 deformation
quantity of the lens’s upper surface therefore exceeds 600 nm.

Figure 11 shows data for the induced figure. Figure 11(a)
shows the corresponding Z12 coefficient. The corresponding
Z12 coefficient is 9.742 nm, while the Z5 coefficient is
600 nm. Figures 11(b) and 11(c) show the induced figure error
and corresponding individual Zernike coefficient. The induced
figure error (≥Z6, except sec-astigmatism Z12) is 0.11 nm root
mean square (RMS), while the Z5 coefficient is 600 nm. The
main components are astigmatism 45 deg. (Z6), quatrefoil
(Z17), and ter-astigmatism Z21.

Modal analysis of the active lens is carried out. Figure 12
shows the first six modes of vibration. The corresponding first
six natural frequencies are 565.8, 566, 643.8, 725.8, 784,
and 824 Hz.

C. Actuator Subsystem
The actuator subsystem contains the actuator bellows, pressure
sensor, and pneumatic valve. According to the simulated
results, the actuator subsystem should have an output force
exceeding 76.67 N and a good linear quality of the full range.
Meanwhile, the simulated result shows that the needed enforce
displacement is 25.78 μm, and the initial gap between the
bellows head and the cell should be considered, such that
the whole range of the bellows is better than 1 mm.

The principle of the bellows actuator is shown in Fig. 13. The
output force F out and the input pressure Pin can be expressed as

Table 2. Main Parameters of Fused Silicon, 430F,
and Norland 61

Material

Young’s
Modulus
(Gpa)

Poisson
Ratio

Density
(kg∕m3)

Yield
Strength
(Mpa)

Fused
Silicon

73 0.17 2205 50

430F 200 0.27 7700 450
Norland 61 0.93 0.35 1290 19.3

Fig. 10. Simulation result of the Z5 active lens. (a) Deformation of
the cell and lens. (b) Deformation of the upper surface.

Fig. 11. Z12 coefficient and figure residual error (≥Z6, except
Z12). (a) Z12 coefficient. (b) Figure error (≥ Z6, except Z12).
(c) Individual Zernike coefficient (≥Z6, except Z12).

Fig. 12. First six modes of vibration.

Fig. 13. Principle of the bellows actuator.
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F out � Pin · Se , (12)

wherein Se is the effective area of the bellows, which is
182.4 mm2 for the selected bellows.

We choose a Chunk DS15R as the pneumatic valve. The
main parameters are as follows. The output pressure range is
600 kPa, the output pressure resolution is 1.4 kPa, the output
pressure linearity is 1% of the full range, and the response time
for pressurization from 0 to 5 bars is 40 ms, while the response
time for depressurization from 6 to 1 bar is 54 ms. We choose a
Setra 204D as the pressure sensor. The range is up to 100 PSI,
the accuracy is 0.11% of the full range, and the response time is
less than 1 ms. The output range and resolution of the actuator
subsystem depend on the bellows, pressure valve, and sensor.
The maximum output force is about 110 N, and the resolution
of the output force is about 0.26 N.

4. EXPERIMENT ON THE Z5 ACTIVE LENS
SYSTEM

A. Experimental Platform
Figure 14 shows the experimental platform of the Z5 active lens
system. The experimental platform comprises an xPC control
subsystem, actuator subsystem, deformable cell/lens subsystem,
and Fizeau interferometer. The Fizeau interferometer is used to test
the Z5 range, accuracy, figure residual error, and rigid motion error.

Figure 15 shows the control frame of the Z5 active lens. The
experiment is based on the xPC real-time platform. The output

analog signal of the xPC platform is sent to the pneumatic servo-
valve. The adjusted pressure is connected to the bellows and
deforms the cell and lens. The displacement sensors measure
output displacements of the bellows. The sensors’ analog signals
are then sent back to the xPC real-time platform. MATLAB/
Simulink software is used to establish the control model and
strategy, while code is generated through the real-time workshop.

Figures 16 and 17, respectively, show the control strategy
and proportional–integral–derivative (PID) control module.
The label e denotes the deviation between the target and real
values, while u denotes the output voltage after PID calibration.

B. Experiment on the Z5 Active Lens (Displacement
Closed Loop)
Using the experimental platform, we obtain the input displace-
ment and output Zernike coefficient Z2/Z3/Z4/Z5. We then
calculate the transition matrix. Using the transition matrix, we
measure the range, resolution, accuracy, figure residual error,
and rigid motion error. Figure 18 shows a prototype of the

Fig. 14. Experimental platform of the Z5 active lens system.

Fig. 15. Control frame of the Z5 active lens.

Fig. 17. PID control module.

Fig. 18. Prototype of the Z5 active lens.

Fig. 16. Control strategy.
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Z5 active lens. Displacement sensors are located in the opposite
direction of the bellows for feedback.

The transition matrix of the system is studied first. The input
is the displacements of the four position sensors. The output is
the Zernike coefficients Z2, Z3, Z4, and Z5. Figures 19–22
show the relationship among the Z2, Z3, Z4, and Z5 coefficients
and the four input displacements, respectively. Px, Nx, Py, and
Ny in these figures, respectively, refer to the displacements
actuated in the �X, −X, �Y, and −Y regions of the inner cell.

According to the experimental data, the matrix for the tran-
sition between the four input displacements and the Zernike
coefficients Z2, Z3, Z4, and Z5 can be expressed as

2
664
Z 2

Z 3

Z 4

Z 5

3
775 �

0
BB@

100.98 −107.93 −3.62 3.14
−8.25 13.28 −97.23 89.50
−1.29 −1.37 1.34 1.24
6.27 6.41 6.11 6.07

1
CCA

2
664
Px
N x
Py
N y

3
775:

(13)

According to Eq. (13), the system is sensitive to Z2 and Z3,
and we should thus pay much attention to the manufacturing
accuracy of the cell, especially the four hinges, and the assembly
accuracy of the four actuators. The matrix can be micro-
adjusted by changing the positions of the four actuators. We
can use the matrix to reduce the Z2, Z3, and Z4 errors. For
example, we can set Z2 � 0, Z3 � 0, Z4 � 0, and Z5 � 600
and obtain the needed actuator inputs Px, Nx, Py, and Ny.

The range of the Z5 active lens depends on the input force/
displacement, the stiffness and strength of the system. Figure 21
shows the Z5 range of the system. Figure 23(a) shows the initial
figure data of the upper surface of the lens. Figure 23(b) shows
the figure data of the upper surface of the lens for maximum
displacement actuated in the �X, −X, �Y, and −Y regions.
Figure 23(c) shows the figure data of the difference between
the maximum displacement and the initial displacement; this
is the deformable range of the Z5 coefficient, which is 735 nm.

Fig. 19. Relation between Z2 coefficient and input four displacements.

Fig. 21. Relation between Z4 coefficient and input four displacements.

Fig. 20. Relation between Z3 coefficient and input four displacements.

Fig. 22. Relation between Z5 coefficient and input four displacements.
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Accuracy is defined as the difference between the actual
astigmatism and target astigmatism. When the target astigma-
tism is known, we can calculate the input displacement using
the transition matrix in Eq. (13), and the actual astigmatism
can then be experimentally investigated. Figure 24 shows the
experimental results of the accuracy with the Z5 coefficient in-
creasing in steps of 50 nm. Measurements are made at about
seven points for each step, and the Z5 error is found to be less
than �1 nm.

Figure 25 shows the Z12 coefficient with an increase in the
Z5 coefficient. The Z12 coefficient error is a maximum of
11.216 nm when the Z5 coefficient is 600 nm. The experimen-
tal result is only a little greater than the simulation result.
The relative error of 13% is mainly due to manufacturing error
of the deformable cell, the lens and cell bonding inhomogeneity,
and the assembly error of the actuators. The Z12 coefficient is

proportional to the Z5 coefficient, with the linear coefficient
being 0.0192. The proportionality is a constant that mainly
depends on the lens geometry and material. Therefore, when
selecting a deformable lens for the lithography system, the Z5
and Z12 coefficients of the lens figure error should be considered
together. In practice, the Z5 and Z12 coefficients of the upper
and lower surfaces will add to the system, and the system wave-
front aberration based on the Zernike coefficient can be calcu-
lated. The matrix of sensitivity between the system coefficient
and the figure error can be calculated. Owing to the dipole
and quadrupole illumination, the heat-induced system aberra-
tion also contains large Z5 and Z12 components. Therefore,
when selecting the deformable lens, we should consider the
system aberration, sensitive matrix, and Z5/Z12 proportional
relation of the lens figure.

The induced figure residual error (≥Z6, except Z12) is
shown in Fig. 26. The figure error is stochastic; the quantity
is less than 0.8 nm root mean square (RMS), and the measuring

Fig. 23. Z5 deformable range of the system. (a) Initial surface figure
data. (b) Surface figure data after deforming. (c) Changing of surface
figure data.

Fig. 24. Accuracy of Z5 active lens.

Fig. 25. Z12 coefficient with an increase in the Z5 coefficient.

Fig. 26. Induced figure residual error.
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error caused by the environment fluctuation is the main error
source.

Using Eq. (3), we can obtain the z-axial rigid motion when
we test the defocus (Z4 coefficient). Figure 27 shows the
corresponding z-axial rigid motion error as the input Z5 coef-
ficient (astigmatism) changes. To eliminate the effect of the
random difference, we repeat the test several times and use
the average data. The z-axial rigid motion error is a maximum
of 50 nm when the deformable Z5 coefficient is 600 nm.

We measure the Z2 and Z3 coefficient of the upper spheri-
cal surface and the outside plane surface. Then, using the
algorithm expressed by Eqs. (10) and (11), we obtain the lens
upper surface x∕y∕tip∕tilt rigid motion error. Figure 28 shows
the tip/tilt rigid error measured with the plane etalon. The tip
and tilt rigid motion errors are separately 317.5 and 287.5 msec
when the Z5 coefficient is 600 nm. Figure 29 shows the
x∕y rigid error measured using plane and spherical etalons.

The x- and y-axis rigid motion errors are, separately, 342.9
and 223.5 nm when the Z5 coefficient is 600 nm.

5. CONCLUSION

The paper presented a prototype of the Z5 active lens. The lens
Z5 deformable principle and the method of rigid motion error
testing were introduced, as were the main frame and the
requirements of the system. Simulations and experiments were
carried out to evaluate the system. The simulation results are as
follows. The Z5 deformation quantity of the lens’s upper
surface exceeds 600 nm. The first six natural frequencies are
565.8, 566, 643.8, 725.8, 784, and 824 Hz. The following
experimental results were obtained. The accuracy is better than
�1 nm. The figure error (≥Z6, except Z12) is less than 0.8 nm
root mean square (RMS) when the Z5 coefficient is 600 nm.
The z∕x∕y∕tip∕tilt rigid motion errors are 50 nm/342.9 nm/
223.5 nm/317.5 msec/287.5 msec, respectively, when the
deformable Z5 coefficient is 600 nm. The simulated and
experimental results show that the Z5 active lens can satisfy
technical requirements and can be used effectively for the com-
pensation of the thermal aberration of a lithography lens.

For a real active lens used in a projection lens, the specifi-
cations of range, accuracy, and coupling errors depend on the
sensitivity matrix to the system aberration, and the system com-
pensation strategy. The selected active lens may therefore have
longer range and stricter coupling specifications. Future work is
needed to research a sensitive matrix between lens upper surface
figure and system aberration. Continuous research is also
needed to improve measuring accuracy and control coupled
rigid motion errors. Measuring x∕y∕tip∕tilt simultaneously
without changing the interferometer etalon should be carried
out to improve the accuracy of measuring rigid motion. As an
example, we will apply a special type of computer-generated
holography to generate plane and spherical waves simultane-
ously. To control the coupled rigid motion, the effect of manu-
facturing and assembly error should be considered; advanced
control strategy should also be used.

Fig. 27. Z -axial rigid motion error of the upper surface.

Fig. 28. Tip and tilt rigid motions of the upper surface.

Fig. 29. X - and y-axis rigid motions of the upper surface.
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