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Abstract: This work deals with the simulation-based inves-
tigation and control of optical systems that are mechani-
cally influenced. Here, the focus is on the dynamic-optical
modeling of vibration-sensitive, segmented mirror sys-
tems, which are used, for example, in large astronomic
telescopes. Furthermore, an adaptive optical unit usu-
ally compensates for the optical aberrations due to
atmospheric disturbances. In practice, these aberrations
are detected and corrected within a few seconds using
deformable mirrors. However, to further improve the per-
formance of these optical systems, dynamic disturbances
in the mechanics, i.e. small movements and deformations
of the optical surfaces, must also be taken into account.
For the investigation of such cases, multidisciplinary sim-
ulation methods are developed and presented.

Keywords: adaptive optics; mechanical-dynamic simula-
tion; segmented mirror.

1 Introduction

According to the concept of adaptive optics (AO), a deform-
able mirror is used to compensate the optical aberrations
due to atmospheric disturbances. The atmospheric dis-
turbances are usually in the low-frequency range, and it
is sufficient to use sample times of a couple of seconds.
Thereby, the related optical aberrations are typically
detected using a Shack-Hartmann wavefront sensor [1].
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The task of the AO unit is to control the deformation of
an elastic mirror such that the current aberration is com-
pensated. This ensures an undisturbed space observation
or perfect image exposure. As sketched in Figure 1A, the
elastic M2 compensates the low-frequency atmospheric
turbulences with the use of a controlled low-frequency
deformation.

However, the lightweight structures of a telescope
mirror are also sensitive to deformations and dynamic
disturbances. During astronomical observation, e.g.
dynamic wind loads, the AO unit or other motion systems
can unintentionally excite the whole system including
mounted mirrors. The mechanical disturbances can cause
vibrations of the optical elements, which are typically
in the range of one up to several hundred hertz. Even if
the atmospheric disturbances are not taken into account,
aberrations due to the mechanical disturbances occur, as
indicated in Figure 1B. To compensate for the mechanical
vibrations, they can be detected in real-time, e.g. using
laser Doppler vibrometers, multiple position or accel-
eration sensors, and strain gauges, or they can be esti-
mated by a model-based state observer. Based on this,
the reconstruction of the mechanical mirror deformation
can be performed (see also Refs. [2, 3]). Thus, the result-
ing high-frequency optical aberrations can be compen-
sated with a controlled high-frequency deformation of
the second mirror. This approach is depicted in Figure 1C.
In the presence of delays, advanced feed-forward and
feedback control techniques can be used as proposed in
Refs. [4, 5]. With the use of a superposition of the correct-
ing deformations of the low-frequency atmospheric and
high-frequency mechanical aberrations, the deformable
secondary mirror can be controlled to achieve a compen-
sation of the high- and low-frequency aberrations at the
same instant time.

Apparently, dynamic-optical analyses with integrated
modeling and simulation, as described in Refs. [6, 7],
are required for such developments. In the following, an
application is presented, where an integrated model is
used to perform dynamic analyses of a optical system.
Atmospheric disturbances are not taken into account, but
mechanical deformations are considered.
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Figure 1: Sketches of AO consisting of two mirrors. M1is annular and M2 is circular. Atmospheric disturbances are only considered
in (A); the resulting aberrations are corrected with a controlled deformation of M2. The shown deformations of M1 in (B and C) are
sketched dynamic elastic mirror deformations and the resulting aberrations are corrected in (C) with the controlled deformation of M2.

2 Ray tracing for segmented mirrors

One of the most important challenges during a dynamic-
optical simulation is the handling and preprocessing of
the interface data, which have to be transformed from the
mechanical to the optical model. Thereby, the surface kin-
ematics and the polynomial approximation are substan-
tial tasks that are explained in Refs. [8, 9].

To simulate the ray optical behavior of a segmented
mirror, the typical sequential ray tracing has to be
adjusted. On the one hand, the rays have to be assigned to
the different segments that are usually next to each other;
on the other hand, the computation should be as efficient
as possible. Therefore, the algorithm contains a coarse
search based on the reference surface in the undisturbed
‘reference configuration’ and a subsequent fine search.
The latter is used for the computation of the real reflection
at the disturbed segments in the ‘current configuration’.
Thereby, the surface of the deformed segments is the sum
of the continuous undeformed surface description z_(x, y)
and the approximation of the node displacements with
the use of Zernike polynomials:

Z o (6 V)= 202,06, ), )

See also Refs. [7, 8]. The ray tracing procedure for seg-
mented mirrors is illustrated in Figure 2, where a specific
segment is considered.

The detailed ray tracing steps can be formulated as

follows:
(a) Compute intersection points of all rays with the refer-
ence surface S .

(b) Loop through all segments with the following substeps:

(c) Select the ray candidates of the related intersection
points within a quadratic area of interest in the neigh-
borhood of the considered segment (coarse search).

(d) Transform ‘all’ rays into the surface system S, of the
considered segment, whereby the rigid-body transla-
tion As, and rotation AR, are also taken into account.

(e) Compute the actual intersection points of the ray can-
didates with the moved and deformed surface, which
belongs to the considered segment (fine search).

(f) Obtain the corner points of the considered segment in
the ‘current configuration’, which could be distorted
due to surface deformation.

(g) Select the actual intersection points within the dis-
torted hexagon shape.

(h) Store the indices, coordinates, directions, and normal
vectors of the resulting rays, which can be assigned to
the considered segment.

(i) Remove all rays that are not assigned to a segment.

(j) Calculate the new directions of all remaining rays
according to the reflection law using the incident ray
directions and the normal vectors.

(k) As the final intersection points and new direction vec-
tors of all outgoing rays are presented with respect to
the last segmented surface, the usual sequential ray
tracing can be continued.

3 AO for a segmented telescope

The dynamic-optical simulation model represents the AO
control of a mechanically disturbed telescope. Thereby,
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Figure 2: Overview of the ray tracing at a disturbed segmented mirro

r. In particular, the considered segment with the surface S,

is not only deformed but also has a rigid-body motion. The right-hand side shows the marked cut of the segmented mirror in the

tangential view.

the model parameters of the Thirty Meter Telescope (TMT)
construction proposal according to Ref. [10] are used,
which describe a typical astronomical ground-based tel-
escope. For the following investigation, visible light with
a wavelength of A =550 nm is taken into account. First, the
kinematic-optical model is explained. Second, the design
of the controller for the optical compensation is derived.
Finally, the simulation results for a single-field point
clarify the functionality.

3.1 Kinematic-optical model under
disturbance

The TMT consists of a segmented primary mirror (M1)
with a global diameter of 30 m, a deformable secondary

3.02m

[ X
M2 )
Z ) - it

[}

n o -

3 -

N P
| 20m =
| M2
I . -
! M3 ]

o A

3 30m z

Figure 3: Sketch and visualization of the optical model of the TMT.

mirror (M2), and a planar tertiary mirror (M3). A sketch of
the optical model and a visualization of the optical sur-
faces are introduced in Figure 3. As M2 stops the incident
rays at the center region of the field, the optical system is
obscured, such that M1 has an annular shape.

In particular, M3 is rotated with an angle of 45° with
respect to the y-axis. For the construction, it is proposed
to realize M1 with 492 mirror segments. However, to
demonstrate the simulation-based control of M2 at lower
computational cost, the system is simplified here to just
18 segments. On an ordinary computer, the dynamic-
optical simulation of the resulting model has computation
times in the several minutes range.

The considered simplified telescope system is illus-
trated in Figure 4A, where the sixth segment is marked.
It is further assumed that only the segments of M1 are

492
segments
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Figure 4: Visualization of the two different kinmatic-optical models with 18 segments. The actual telescope with the cornered pupil is
illustrated in (A) and the related WFA with undefined regions is depicted in (B), whereby the RMS results inaccurately. In contrast, the
simplified optical model with a circular pupil is shown in (C). The WFA and the correct RMS are presented in (D).

mechanically disturbed in the z-direction. Each segment
is subject to a predefined movement that results in a
maximal segment translation of +As =70 nm. Thereby,
the optical system remains diffraction limited. The corre-
sponding motions of the individual segments indicated by
their numbers are illustrated in Figure 5 for a considered
simulation duration of 100 ms. With a second model, the
influence of the deformation of the sixth segment is simu-
lated, whereby the related values are in the same range.

Anyway, the actual optical system and the related
wavefront aberration (WFA) are shown at the simulated
time t=95 ms in Figure 4A and B. Thereby, it is assumed
that the inner and outer incident rays are stopped accord-
ing to the cornered shape of the segmented mirror. As a
result, the aperture stop (AS), the entrance pupil, and the
exit pupil are also edgy. On the right-hand side, the colors
represent the accuracy of the optical system with respect
to the z-translations of the segments. According to Ref. [8],
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Figure 5: Rigid-body motion of M1 segments due to the mechanical disturbances.
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Figure 6: Strategy for the optical compensation by means of either a rigid (A) or a deformable (B) M2.

if the mirror is circular, for the WFA, the value AW can be
approximated using the root mean square (RMS) value of
the n, Zernike standard polynomial coefficients c;:

@

However, as the mirror is annular, annular Zernike poly-
nomials must be used for the WFA approximation [11].
Consequently, there are some undefined regions next to
the outer and inner segment bounds. Thus, the result-
ing polynomial coefficients ¢; and the related RMS value
are not representative for the actual aberration. At least,
the influence of the segment translations on the WFA is
correctly visualized within the segments.

In contrast, Figure 4C and D depicts for comparison
the system with an annular AS. The remaining rays are
uniformly distributed on the whole annular pupil within
the segmented area. Hence, the approximated Zernike
polynomials perfectly describe the WFA through their
coefficients, and this annular model is considered in
the following during the controller design. In the point-
spread function plot on the lower right-hand side, one
can also see the distinct outer ring due to the annular
pupil shape.

3.2 Control strategy for M2

As introduced, the strategy during AO is to compensate
for optical aberrations actively using a controllable mirror.
For the regarded telescope, two different approaches are
investigated for the control of M2 as illustrated in Figure 6.

On the one hand, the line of sight (LOS) aberration
due to the disturbed M1 can be corrected by means of a
target rigid-body motion of M2. Thus, a rotation around
the x- and y-axes can be applied with angles «,, and 8, ,,
as indicated in Figure 6A. This change results in the LOS
displacements Ax, and Ay, _ on the image plane and the
sensitivity analysis can be performed. According to Ref.
[8], the corresponding matrix of the kinematic-optical
sensitivities can be computed, e.g. with h=1e-6 rad =0.2
arcsec. This leads to

Ax, -2.4945e—-5 —85460 Uy
= . ,
Ay, 85460  1.7364e-5||p,, (3)
[ _— 7
Aalos Ca,r,los q[’Mz
3000
-
-
; 20 T, 2000
o e,
T 40 T 1000
S 60 "-_.__
e T, -1000
2 ",
] -
N 80 -2000
100 -3000
20 40 60 80 100
Zernike deformations ¢,
Figure 7: Matrix of kinematic-optical sensitivities C, , .., fora

deformable M2.
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where the rigid-body motions are collected in the vector
q,,,- To compensate the occurring LOS motion a,(f)
during a disturbance, the target motion of M2 can be cal-
culated by means of the rearrangement:

qr,M2,target (t) = _C_l (t)-

ar,)

los~ @ios %)
On the other hand, the general WFA described by 105
Zernike coefficients can be corrected by means of an appro-
priate target deformation of M2. As indicated in Figure 6B,
one can investigate the influence of M2 deformation €
which is also described by 105 Zernike coefficients, on the
WFA. The latter is denoted with Aa_. . In analogy to the
upper case, the matrix of kinematic-optical sensitivities
c for the individual coefficients describing a Zernike

a,e,wfa

Segment
Translations
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deformation can be computed, e.g. with h=1e-5 mm. This
can be formulated with

C. | = .| C. .
‘1 Ca e, wfa I’Z. M2 (5)
S SE—
Aawfa CZ M2

The resulting matrix structure is visualized in Figure 7.
Obviously, the fully occupied diagonal entries clarify a
strong relation between a Zernike deformation coefficient
and a Zernike aberration coefficient of the same type. In
addition, for most of the Zernike deformations, there are
small dependencies at lower orders of optical aberrations
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60

40

deformation

:3.%_‘

Figure 8: Visualization of the displacements of M1 segments, the correcting M2 deformation, and the nearly vanishing optical aberrations
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Figure 9: Simulated LOS for the different models.
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probably due to the nonlinear projection of the optical c
rays.

To compensate the occurring WFA denoted with a, , (f)
during a disturbance, the target deformation of M2 can be

calculated through the rearrangement: tion model.
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Figure 10: Simulated RMS for the different models.
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Figure 11: Resulting images of the different models after an exposure duration of 100 ms.
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_C;,le,wfa ’ awfa (t)' (6)

Next, the control strategies are tested within the simula-
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3.3 Simulation of the AO control

The derived compensation approaches are finally inves-
tigated using the considered kinematic-optical simula-
tion model. Thereby, the aberrations of the uncontrolled
system can be simulated in a preprocessing step, and the
target M2 motion and deformation are executed during the
actual AO simulation.

Figure 8 shows the AO simulation results at
t=95 ms. At this time instant, the segments of M1 are
displaced with about £70 nm, which is indicated by the
corresponding colors. For the optical compensation, it
is required to deform M2 according to the color distribu-
tion of the lower left-hand side, whereby the values are
also in the same order of magnitude. One can also see
according to the colors that the shape of the deforma-
tion is the contrary of the segment displacements. In the
box on the lower right-hand side, the resulting WFA is
visualized, which is computed by means of 2000 rays,
and it is quite small in the whole region. This is also
represented by the vanishingly small RMS value. Thus,
the design AO control works very well within the simu-
lation. The higher the number of rays is and the more
Zernike are used for the WFA fit, the better one can cal-
culate the actual WFA and the target M2 deformation for
the AO. Of course, there are also numerical limitations
and numerical noise issues can occur due to the least-
squares fitting, so one always has to find a good com-
promise; here, a quite low number of rays has turned

Deformation
of segment 6
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out to be sufficient [8]. For practical applications, there
are usually some inaccuracies and latencies due to the
internal dynamics of the sensing and actuating systems,
which also have to be taken into account.

To assess the AO performance during the complete
simulation duration, the varying LOS of the different
models are considered according to Figure 9. Obviously,
the initial disturbed motions x, . and y, . are per-
fectly corrected for both AO approaches, the first with the
tilts of a rigid M2 according to Equation (4) and the second
with a deformation of an elastic M2 of Equation (6).

However, the corresponding RMS values of the
WFA with respect to the simulation time are drawn in
Figure 10. As expected, the values of the rigid AO are not
decreased in comparison to the uncontrolled and fully
disturbed results, as the corrected tilts are not consid-
ered within the RMS; see also Equation (2). Anyway, the
elastic AO method optimally compensates the remaining
RMS.

The WFA of the ray tracing rates an optical system
quantitatively. Additionally, a wave-optical consid-
eration by means of image and exposure simula-
tions allows for a qualitative assessment of an optical
system. Thereby, effects such as refraction or interfer-
ence are considered using Fourier optics. For instance,
one can project an object with the shape of the letter ‘F’
onto the image plane to assess the quality of the irradi-
ance map. The resulting images of this exposure simu-
lation of the static and disturbed systems are presented

Y v

_ deformation

Figure 12: Visualization of the deformation of the sixth segment of M1, the correcting M2 deformation, and the vanishing optical

aberrations at t=95 ms.
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in Figure 11A and B. The disturbance is scaled for the
visualization by a factor of 5, such that the shape of
the LOS and the other optical aberrations are clarified.
The models with the rigid- and elastic-controlled M2
are shown in Figure 11C and D. On the one hand, the
rigid AO model yields an improved image; on the other
hand, the elastic AO model leads to a perfect result,
which is almost identical to the static case.

Finally, the investigation can be extended to the con-
sideration of possible elastic segment deformations that
could occur due to mechanical disturbances [12]. Figure 12
briefly illustrates that the proposed AO compensation con-
cepts are also applicable. The local aberration due to the
disturbed segment is corrected by means of a local defor-
mation of M2 and the resulting WFA is perfectly eliminated.

4 Conclusion

Astronomical telescopes are based on cutting-edge tech-
nologies, which are developed at the limits of physical
feasibility. Due to rising requirements for accuracy and res-
olution, these optical systems are also sensitive to mechan-
ical disturbances. Thereby, it is the difficulty to switch from
the mechanical and optical domain, to analyze segmented
mirror systems, and to design the related control efficiently.
For instance, if a surface or segment is moving, the motion
has to be passed to the ray tracing algorithm in a relative
description. In addition, if there are deformable optical
elements in the mechanical model, the related surfaces
have to be translated to a continuous surface description,
as a sequential ray tracing is used for the optical analyses.
As an example, the development of an adaptive optical
controller for an astronomical telescope was presented.
The kinematic-optical model with a segmented primary
mirror was simulated under disturbances. In addition, a
control strategy for the deformable secondary mirror was
designed, tested, and simulated for different load cases.
All shown mechanical-optical simulations have
been performed using the Matlab-based code OM-SIM!
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developed at the Institute of Engineering and Computa-
tional Mechanics at the University of Stuttgart.
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