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Abstract 

 

Deformable mirrors are used in adaptive optics to compensate for the wavefront aberrations or 

optical system’s imperfections. CILAS’ deformable mirrors, whose technology relies on 

piezoelectric material, have been used in a closed-loop so far, since piezo’s non-linearities such 

as creep phenomenon hinder its use in a free open-loop. But some future space applications such 

as telescopes on satellites may be interested in an open-loop solution. I have shown that creep 

compensation algorithms and punctual sensors can make this creep control possible: a creep 

effect of 44% can be reduced to 5%.  

Moreover improving image resolution requires increasing the telescopes primary mirror’s size, 

thus larger deformable mirror up to 200mm in diameter are about to be studied, designed, and 

characterized. Characterizing a mirror implies to have a suitable optical bench and 200mm-

diameter lenses or a parabolic mirror. The design and optimization with Zemax software, and 

the final customer’s choice rely on three criteria: bench’s bulk, costs and performances.  
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Glossary 

 

AO: Active Optics 

AWE: Atomic Weapons Establishment 

BS: Beamsplitter 

DM: Deformable Mirror 

ESO: European Southern Observatory 

HZDR: Helmholtz Zentrum Dresden Rossendorf (Helmholtz Centre, Dresden-Rossendorf) 

ISP: Institute of Solar Physics 

LOA: Laboratoire d’Optique Appliquée (Applied Optics Laboratory) 

MONO: Monomorph Mirror 

MONOxx-yy: Monomorph mirror with: 
- xx: number of electrodes 
- yy: clear diameter in mm 

 
MTF: Modulation Transfer Function 
 
OAA: Off-Axis Angle 
 
PM: Parabolic Mirror 
 
PV: Peak-to-Valley 
 
PZT: Lead Zirconate Titanate (piezoelectric material used by CILAS) 
 
RMS: Root Mean Square 
 
SAM: Stack Array Mirror 

SST: Swedish Solar Telescope 

SVD: Singular Value Decomposition 

VLT: Very Large Telescope (Paranal, Chile) 

WA: Wavefront Analyzer 
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I. Introduction 

Deformable Mirrors (DM) from CILAS company have been used for forty years in adaptive or 

active optics systems. CILAS’s technology is based on the piezoelectric effect: applying an 

electrical field on the piezoelectric material (PZT ceramic) leads to a contraction or a dilatation 

of the material. One of CILAS’ deformable mirror is called a Monomorph Mirror (MONO): a 

MONO is composed of a piezoelectric plate (divided in electrodes) glued to a glass plate that 

bends and creates a local curvature (see Figure 1a and Figure 1b). This curvature appears 

because of a bimetallic effect: PZT reacts because of the electric field, but not the glass plate.  

 

This kind of mirror is used in a wide range of operations: 

- in adaptive optics, whose basic principle is to compensate for the random atmospheric 

perturbations, which deteriorate images taken of a star in space by a ground-based 

telescope (see Figure 2) as the Swedish Solar Telescope (SST) from the Institute of Solar 

Physics (ISP). Such a technology must be both quick acting (almost real-time 

compensations, about 100Hz command frequency) and with a high spatial frequency (to 

obtain well-resolved pictures) to be used in astronomy.  

- in active optics (AO), in order to compensate for thermal drifts, due to high power lasers 

for instance. This application has already been used in laboratories such as LOA, HZDR, 

AWE and so on, and is required for low frequency wavefront correction (below 10Hz). 

a) Pictures of the moon ground without and with CILAS’ 
adaptive optics (respectively left-hand and right-hand 
pictures), taken by NACO-VLT. Adapted from [1]. 

b) Pictures of star HIC 59206 without and with adaptive 
optics (respectively left-hand and right-hand pictures), 
taken by MACAO-KUEYEN-VLT. Adapted from [2] and [3]. 

Figure 2: Illustrations of sharpness differences with or without adaptive optics when observing space. 

b) Example of a mirror’s backside 
with a given electrodes distribution.  

a) Principle of MONO technology: each electrode creates a local curvature 
on the optical face by dilating or contracting.  

Figure 1: Monomoph mirror: principle (a) and illustration of a piezo plate (b). 
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A new AO application has been intensively studied for a couple of years [4], where DM seems 

to be the best solution to increase space telescopes’ capabilities for Earth observation and 

astrophysics (low temporal frequency): 

- Defence, astronomers and scientists keep needing to improve the telescopes’ resolution. 

Because of thermal change during an orbit, the primary mirror of space telescopes 

deforms and a DM would compensate this effect. 

- Telescopes’ primary mirrors tend to be bigger and bigger, to improve their resolutions 

too. But the lack of gravity in space leads to stronger constraints on the telescope, and 

the primary mirror may deform in time and need to be corrected by a DM.  

- Moreover, a spatial DM would decrease fabrication constraints for the primary mirror of 

telescopes, since its imperfections would be directly corrected by the DM.  

But today, no space telescopes are equipped with DM, and many studies have to be done in order 

to answer to specificities coming from this new application.  

This master’s thesis is dealing with this issue, through two distinct parts: first of all, I had to 

characterize experimentally the correction performances of a monomorph mirror on an active 

optics bench, in different ways of use. CILAS had to show if a use of the DM in an open-loop could 

be possible, and propose different ways to stabilize this use in time, taking the piezo’s non-

linearities into account. Secondly, in order to arrive ahead future telescope’s needs, a necessary 

task for CILAS is to design a measurement bench which will be able to characterize mirrors up to 

200mm in diameter. Costs, bulk and performances are the three main aspects that must be 

evaluated and compared in this second part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: MONO85-30 with its command electronics. This mirror 
is used on the SST (Swedish Solar Telescope) since 2013. 
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II. Performances of a MONO63-50 

For space applications, two different ways of use of a DM must be studied: depending on spatial 

programmes and telescopes architectures, DM may work in a closed-loop or in an open-loop.  

A wave of light may be perturbed when travelling from an object to the image plane of an 

imaging system (for instance by the terrestrial atmosphere or by optics): instead of being plane, 

the wavefront is deformed. A deformable mirror (DM) is controlled to obtain the complementary 

shape, and then compensate for the wave’s deformations: the resulting wave is plane anew (see 

Figure 4). In most applications, the DM is used in a closed-loop: the mirror’s shape is always 

controlled thanks to a wavefront analyzer (WA, which compares the resulting wavefront shape 

to a target shape, usually a flat one), and the needed compensation for the deformed wavefront 

is computed and adapted in real-time to reach and maintain the target shape. 

 

On the opposite, an open-loop does not allow any feedback on the mirror’s shape. No WA is used 

to see the mirror directly, and the user cannot check that the mirror has the expected shape 

when sending voltages.  

When sending a voltage to the piezoelectric material of the DM, one gets a displacement of the 

material (so a local curvature on the mirror), but this displacement is not stable, and a drift 

appears, which is called creep phenomenon. The creep phenomenon (called just “creep” 

thereafter) is due to non-linearities in the piezoelectric material (called just “piezo” in the 

following), and can be seen as a temporal drift of the material. One can theoretically assume in a 

first approximation that a piezo has a linear behaviour:  if a 100V command gives a curvature of 

New commands 

Deformable 

mirror 

Wavefront 

Analyzer 

 

Camera, 

Telescope, etc… 

 

Beamsplitter 

Perturbed 

wavefront 

Plane 

wavefront 

Figure 4: Deformable mirror’s way of use in a closed-loop: the mirror’s shape is commanded to compensate 
the perturbed wavefront. The result wavefront is plane, and can be imaged with a camera. The shape of the 
resulting wavefront is controlled by a wavefront analyzer which sends updated commands to the mirror. 
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5µm Peak-to-Valley (PV), then a 200V command gives a curvature of 10µm PV. Indeed, when 

applying a voltage to the piezo, it deforms suddenly as expected, but then it continues to deform 

in the same direction for several minutes. The final shape almost looks like the expected one, but 

with differences in amplitude that are not homogeneous over the whole mirror, since this 

phenomenon does not appear exactly in the same way from one electrode to another one.  

Moreover obtaining a stable final shape takes about 40-60 minutes. 

Another non-linearity that appears when using piezo is the hysteresis phenomenon: the material 

“remembers” its previous shape and the last commands have an influence on the future 

behaviours. If a command set as: (100V; 50V; 10V) is sent, a different amplitude will be obtained 

than for a command set as: (-50V; 200V; 10V), even if the final command is the same in the two 

cases [7]. But this phenomenon will not be studied in this thesis, which will focus on creep. 

Creep is not a problem for a closed-loop used with a high enough command frequency. Since the 

WA gives a continuous feedback on the actual mirror’s shape, the correction is done in real-time 

and creep phenomenon does not have time to perturb the stability of the measurements. But 

creep can have a very disturbing effect when using an open-loop, because one can just assume 

the mirror’s behaviour, while non-linearities such as creep can actually modify the DM’s 

reaction. 

This part deals with DM’s performances in several ways of use: closed-loop, open-loop, open-

loop with creep compensation algorithms, and open-loop with local displacement sensors. 

II.1. Introduction and setup presentation 
 

The objective when using a DM is to get a correction of the wavefront with an error that is 

usually at most 20nm RMS (for an initial wavefront with an amplitude of 1µm PV). This 

reference will allow to compare the different ways of use and to determine if a solution is 

efficient enough or not. In the following, the experiments are done with a targeted amplitude of 

5µm, and will be extrapolated to determine their corresponding accuracy for an amplitude of 

1µm. The reason to do so is that the larger the amplitude, the more the signal is above the noise 

of the wavefront analyzer, thus the resulting error corresponds to the real error of the mirror, 

and not to the global noise of the setup. 

The mirror that was used during this Master’s thesis is called MONO63-50, which means that it 

is a monomorph mirror (see Figure 1a and Figure 1b) with 63 electrodes distributed in six 

concentric rings and with a useful diameter of 50mm. The operating voltage of this mirror is 

from -400V to +400V, which gives at most a curvature amplitude of 20µm. Several basic 

properties of a monomorph mirror need to be known: 

- If the same voltage is sent to all the electrodes, a global curvature (also called defocus) is 

obtained (see Appendix A).  

- If the same voltage is sent to the outer ring of electrodes, and no voltage to the other 

electrodes, the mirror has a shape called “piston” (see Appendix A): it means that the 

whole surface rises or goes down but the useful aperture keeps the same shape. The 

outer ring can be called the “piston ring”. 
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- Higher order shapes can be generated by individually applying a given voltage to each 

electrode: a positive voltage leads to a bump curvature of the mirror, and a negative one 

gives a hollow curvature when one looks at the mirror in front of it.  

An imaging system is used to image the mirror’s shape, from which can be inferred the 

wavefront shape. The setup on which I worked had been designed and installed previously and 

is presented in Figure 5. The source is a laser diode whose wavelength is 658nm and has a 

numerical aperture of 0.125. The beam is collimated by L0, and then reflected by the mirror. This 

first path is the illumination arm. Then the collimated beam reflected by the mirror is sent to the 

WA thanks to an afocal system whose magnification is: 

        
  

 

  
  

  

    
       (Eq. II-1) 

Since the mirror has a clear aperture:             , the diameter of the beam entering the 

WA is: 

                                        (Eq. II-2) 
 

L1 (f’1 = 1m ;  
φL1 = 100mm) 

Figure 5: Presentation of the setup. The source is a laser diode, whose beam is collimated by lens L0, and 
reflected by the mirror. Then the afocal system {L1’; L2} allows the mirror to be imaged by the WA. 

 

L2 (f’2 = 65mm ;  
φL2 = 25mm) 

a) Picture of the current bench.  

b) Diagram of the current bench. 

L0 (f’0 = 1m ;  
φL0 = 100mm) 

L0 

L2 

L1 

DM 

Source 

WA 
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The pupil of the whole setup is the mirror: its diameter is 50mm, whereas the diameters of L0 

and L1 are 100mm. Moreover, the diameter of L2 is 25mm, which is far bigger than the size of the 

beam entering the WA (       ). The WA is composed by a camera SID4 from Phasics 

Company associated with OASys software (http://www.phasicscorp.com/). The principle is 

based on a modified Hartman mask to diffract the light and Fourier Transform calculations to 

reconstruct the phase shape. The software allows both to watch and analyze the wavefront 

coming from the mirror, and to control the DM thanks to a connection to the DM’s power supply. 

The measurement noise of this system is lower than 1nm RMS, which means that for a perfectly 

stable and constant wavefront, the difference of amplitude between two pictures taken by the 

WA is lower than 1nm RMS. This very accurate measurement is obtained when: 

-  all parasite lights are switched off, and the integration time is 1ms so that the 

background on the image can be limited and the saturation threshold of the camera and 

the noise can be decreased. The integration time is a compromise between a high noise 

integration (averaged measurement), and a low environmental noise (parasite lights).  

- the air conditioning is on. Indeed, the monomorph mirror is very sensitive to 

temperature change: the piezo plate and the glass plate have different behaviours when 

the temperature increases or decreases, which leads to an addition of concave or convex 

curvature. So the air conditioning must be stable (about 20-21°C in the clean room), and 

a continuous recording of the temperature on the mirror’s setting is necessary. 

- the extractor hood above the setup is working at about 9mm of water column (88 Pa). 

Indeed, the extractor hood stabilizes the air to avoid random disturbances of the 

atmosphere around the setup. But a too strong extraction leads to mechanical vibrations 

which perturb the measurements. Here also, a compromise had to be found to obtain the 

lowest measurement noise. 

This measurement noise is:  

              (Eq. II-3) 
 

II.2. Performances in a closed-loop 
 

By using the DM in a closed-loop (which means with a feedback on the mirror’s shape given by a 

WA, see Figure 4), the repeatability noise can be evaluated: this noise can be measured when the 

mirror has to keep the same shape and amplitude in a long time (principle of a closed-loop). This 

measurement gives a noise of 2nm RMS: a MONO63-50 can keep the same shape with an 

accuracy of 2nm RMS. 

             (Eq. II-4) 
 

CILAS’ monomorph mirrors used in a closed-loop are able to correct Zernike aberrations (see 

Appendix A) with a very high accuracy; for instance, an aberration of astigmatism (aberration 

number 3 or 5 in Table 7) with an amplitude of 2µm can be corrected with an accuracy of 2nm 

RMS (this result means that the difference between a pure astigmatism and the mirror’s shape 

when correcting this aberration is at most 2nm RMS).  
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In order to measure the DM performances in a closed-loop, a target shape is defined: the mirror 

has to deform and reach a curvature shape with about 5µm of PV amplitude. The command 

frequency is 1Hz. Figure 6 shows the resulting stabilized shape of the mirror and its residual 

(the difference between the actual curvature and a pure Zernike curvature). The shape and the 

amplitude are seen to be respected, and that the residual has a low error (4nm RMS). 

The whole closed-loop experiment is shown on Figure 7: as soon as the mirror is stabilized 

(after the first ten seconds), its shape and behaviour are strongly maintained. The mean value of 

the PV amplitude is:            , and the amplitude is maintained with a RMS error of:  

            (Eq. II-5) 
Measurement and repeatability noises are included in this error, since     has been measured 

with the bench and the software.  

a)  Mono63-50 behaviour in a closed-loop. The curvature 
shape is maintained with an amplitude of 5µm. 

b) Zoom around the maintained amplitude (5µm). 

Figure 7: Behaviour of the DM in an open-loop. Starting with a PV amplitude almost equal to zero, the mirror 
progressively reaches its amplitude of 5µm and keeps it along time. 

Figure 6: Stabilized shape (a, right-hand side) and residual shape (b, left-hand side) of the wavefront in a 
closed-loop. The amplitude values are given in µm, and the pictures scale are given in pixel. The whole circle 
pupil has a diameter of 50mm.  

PtV (µm) 

RMS (µm) 

PtV (µm) 

RMS (µm) 
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In a fast enough closed-loop, creep is naturally compensated, since the shape of the mirror is 

continuously checked and controlled in real time. But an open-loop does not use any WA and 

one can just assume that the shape of the mirror corresponds to what is expected; because of 

creep effect, it is sometimes completely wrong.  

II.3. Performances in an open-loop 
 

Creep phenomenon is particularly visible in an open-loop. In this case, commands are sent 

without checking that the mirror has the expected shape, and the user can just assume it does. 

Hence, if 100V are sent to the DM’s electrodes, the expected amplitude will first be obtained, but 

then the amplitude continues to grow in the same direction.  

Creep is not a problem in several particular cases. For instance, if the motive to correct is 

repeatable, then the applied voltages can be repeated also with an accuracy that has been 

calculated equal to less than 1% of the total amplitude.  

II.3.a. Free open-loop 

 

Using the setup presented in part II.1, a 100V command was sent to all the electrodes of the 

mirror, and the result was measured in an open-loop: the mirror’s shape is not controlled, which 

means that the command is sent and the mirror can follow its natural behaviour. The PV 

amplitude of the resulting deformation along time is calculated, and normalized by the final PV 

amplitude (supposed to be the most stable). Just after the initial time, the global mirror’s shape 

is a curvature whose amplitude is 5µm PV. The result is presented in Figure 8.  

The displacement is seen to be stable after about 1500s (25min), and the final shape’s amplitude 

(at t = 2500s) is 44% bigger than the nominal one (at t = 0s). Indeed, creep has given to the 

shape an additionnal amplitude of 2.2µm PV. According to Table 7, which gives the relationship 

between the PV and RMS amplitudes of curvature, the corresponding RMS error is:  

                            (Eq. II-6) 

Figure 8: Normalized PV amplitude vs. time. The blue curve corresponds to the measured amplitude, whereas 
the red curve is a modelling. The two curves fit almost perfectly. 



 - 9 - 

The red curve of Figure 8 is a modelling of the 

measured amplitude (blue curve), which has 

been developed and implemented by CILAS and 

cannot be transmitted. This model is difficult to 

determine, since creep is a piezo’s non-linearity, 

which means that its effect depends on voltage 

amplitude and polarization (+400V does not 

show the same creep as +100V nor -400V), 

temperature [5], Zernike modes that must be 

corrected, the intrinsic characteristics of each 

electrode (shape, size, thickness), the step 

amplitude between two voltages [6], the 

previous commands (hysteresis [7]) and so on.  

According to Figure 8, the wavefront’s shape has 

a PV amplitude that increases. In order to 

compensate for this increase, voltage must decrease along time. This conclusion can also come 

from the study of the voltages commanded by the software to control the DM in a closed-loop. 

Indeed, a closed-loop naturally takes the creep into account in order to compensate for it in its 

next voltage command (see Figure 9). Moreover, the closed-loop allows to obtain the 

“equivalent” voltage, which represents the voltage that would have been applied if there were no 

creep phenomenon. Figure 9 shows that to obtain a shape theoretically corresponding to 100V, 

the command sets have actually to decrease from about 140V to 100V in about 900s (15min). 

II.3.b. Open-loop with compensation algorithms 

 

Thanks to CILAS’ modelling, compensation algorithms can now be determined, which will allow 

to use a DM in an open-loop: the voltage commands will be given according to the creep 

behaviour modelled in Figure 8. Commands are sent along time according to the red curve of 

Figure 9. The goal is to maintain a curvature with 5µm PV amplitude. Theoretically, 5µm of PV 

curvature amplitude are obtained for a voltage command of 100V. But because of hysteresis 

sending 100V to all the electrodes leads to a curvature amplitude of 5µm ± 0.1µm. Thus, the 

results will not be compared to an absolute value of 5µm, but to the final shape, expected to be 

the most stable. 

First, to see the difference between a compensated and a non-compensated loop, a simple 

experiment can be done: a 100V command is sent to all the electrodes in a free open-loop 

(corresponding to the voltage needed to reach 5µm PV amplitude of curvature without creep 

compensation algorithm), and the resulting PV and RMS absolute amplitudes are recorded. The 

second measurement is realized by sending a creep corrected 1Hz command corresponding to 

an “equivalent” 100V command (thus to 5µm PV amplitude of curvature also). The results are 

shown in Figure 10. It can be seen that after 15min in a free open-loop, the mirror's amplitude is 

about 44% higher than the case where the compensation algorithm is used. Moreover, the 

compensation loop allows to maintain the shape with an amplitude difference of maximum 4% 

between the beginning and the end of the experiment.  

Figure 9: Closed-loop commands sent by the software to 
compensate creep. The red curve represents the measured 
voltages, and the green curve represents the "equivalent" 
voltage (the targeted final voltage). 
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Even if the two experiments have the 

same final voltage (100V), their 

results are completely different. 

Indeed, an uncompensated loop only 

has one creep phenomenon that has 

an effect on the amplitude. This creep 

appears when 100V are applied at 

t = 0s. Contrariwise when a 

compensated loop is used, the sent 

voltages, which decrease from 142V 

to 100V along time, induce two 

opposite creeps:  

- the first one is the same as in 

an uncompensated loop, since it is 

due to the first sent voltage (142V). 

This first creep has the effect to 

increase the curvature amplitude 

along time, as shown in Figure 8 

- then each decreasing voltage 

command will add an opposite creep, whose effect is to reduce the curvature amplitude 

(since voltages are decreasing). All these creeps have an additional effect along time and 

the resulting creep will compensate for the first one (at t = 0s). The result is that the 

amplitude is maintained almost equal to 5µm PV. 

This compensation effect explains why the final results are different between a compensated 

and an uncompensated loops, even if the final voltage is the same in these two cases.  

Then, to test the algorithm stability and see its frequency limits, commands are sent to reach 

100V after 20min (the first voltage set is equal to 142V and the curvature is expected to be 

maintained at 5µm PV amplitude), with three different command frequencies: 10Hz, 1Hz and 

0.1Hz. Since creep appears more violently in the few seconds/minutes after the supply, it is 

expected that the compensation will be better for higher frequencies: for a frequency of 0.1Hz, 

the piezo will have a bigger displacement between two commands than for a frequency of 1Hz. 

The results are shown on Figure 11, and a comparison table is presented in Table 1. 

Command 
frequency 

Time when 
RMS < 10nm (b) 

Time at 
maximum (s) (b) 

Maximum 
value (nm) (b) 

Difference [nominal-final] 
(µm) (a) 

10 Hz 525s = 8.75min 87 35 |5.00-5.01| = 0.01 
1 Hz 700s = 11.7min 84 47 |5.04-5.07| =0.03 

0.1 Hz 450s = 7.5min 0 80 |5.22-4.98| =0.24 
Table 1: Comparison between the three different command frequencies. The nominal and final values respectively 
correspond to the values reached at t = 0s and t = 1200s. (a) and (b) respectively mean that the values come from Figure 
12a and Figure 12b. 

Figure 10: Visual difference between a compensated and a non-
compensated open-loop. The non-compensated experiment leads to an 
amplitude about 145% as high as with a compensation algorithm. 
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Table 1 and Figure 11 lead to the following remarks: 

- even if 0.1 Hz command seems to be the best choice after the first 200s, it gives the worst 

performances and stability during the first two minutes. The curve has a serrated shape, 

explained by the fact that creep (which has the most important effects immediately after 

the command sending) deforms the mirror much more between two commands than for 

a 1Hz or a 10 Hz command. Piezo “has time” to move a lot, before being “called to order” 

by the command set. Moreover the 0.1 Hz command leads to the biggest |nominal value-

final value| difference because of the creep effect during the first two minutes. 

- 10 Hz and 1 Hz commands have approximately the same characteristics, according to 

Table 1. Even if 10 Hz command seems to be a bit more stable in time, a 1 Hz command 

should be a sufficient frequency to control the mirror in a compensated open-loop. A 10-

time higher frequency does not give 10-times better results, so 1Hz frequency is a good 

compromise between the required creep compensation accuracy and computer 

calculation complexity and speed. 

To compare with the free open-loop error (1Hz command), the RMS error in the open-loop with 

compensation algorithm and with a target amplitude of 5µm is taken from the blue curve of 

Figure 11b (1Hz command also): 

                  (Eq. II-7) 
 

So far, the improvement of the amplitude’s stability in an open-loop and the influence of the 

command frequency have been studied. Yet the influence of the voltage is also a critical aspect of 

such a study. A chronogram is defined, combining high and small steps between two commands, 

with different durations between two commands, in order to see if creep is homogeneous or not 

(this aspect skims through hysteresis phenomenon). This chronogram is presented in Figure 

a) Absolute PV amplitude of the compensated open-loop. Nominal 
values (just after sending the first command) are given at t = 0. 

b) Relative RMS amplitude: the final shape (expected to be 
the most stable) is subtracted to all the previous ones, and 
the RMS amplitude of the resulting shape is calculated. 

Figure 11: Results for a creep compensation algorithm with different command frequencies. The aimed amplitude is equal to 5µm. 
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12a. Sending commands displayed in Figure 12a to the mirror leads to RMS amplitude shown in 

Figure 12b.  

The creep correction is seen as not perfect: the steps still show creep effect, which can be 

explained by the fact that creep is not the same for every tension (whereas the model was 

calculated for one amplitude only, 5µm PV corresponding to 100V). Indeed, if 100V or 200V are 

sent, the creep’s behaviour is different. The first step (0s-1800s) gives 3.6% of creep 

deformation, the second step (1800s-3500s) gives 5.3%, and the third one (3500s-5300s) gives 

4.7%. The 4 small steps (5300s-5800s) are less impacted by the creep, since the time and 

amplitude were shorter. These results should be compared to the 44% of creep deformation 

when the mirror is used within a non-compensated open-loop.  

To conclude, even if the compensation of creep must be improved, better results can be obtained 

with a compensated open-loop than with a classic open-loop. So the use of an open-loop is no 

more impossible to maintain a shape, but it implies to know perfectly the creep behaviour of all 

the electrodes of the mirror, depending on tension amplitudes that are sent, hysteresis, 

temperature controls, and so on... These parameters must also be known and modelled to 

decrease the imperfection of this loop. 

II.3.c. Open-loop with local displacement sensors 

 

To know more about Zernike modes, please read Appendix A.  

A wavefront analyzer (WA) can be seen as a matrix of sensors, which can detect very small 

slopes of the wavefront. Another issue studied in the same context is to maintain a shape (with a 

low spatial frequency) with several sensors, placed behind the mirror instead of a WA which is 

placed in front of the mirror. In that case, the wavefront shape and amplitude should be 

controlled. 

a) Theoretical voltage chronogram: the green and red curves 
respectively represent the "equivalent" voltages, and the 
voltages that will be actually sent, calculated thanks to the creep 
compensation algorithm. 

b) Results obtained after sending commands from red curve of 
figure 9b. The amplitude is absolute (not normalized). 

Figure 12: More complex chronogram (a) and its resulting curvature amplitude (b). Creep has different behaviours from one step to 
another one. 
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During this preliminary study, the sensors were simulated instead of placing real sensors behind 

the mirror: from a phase map plotted by the WA, only local points of interest are of concern, and 

the closed-loop will be interpolated from the measurements of these points only (instead of the 

whole surface as usual). If this solution is chosen in the future, capacitive sensors may be the 

best solution (regarding the required accuracy and the way to place them), but inductive or 

optical sensors may be studied too. 

First of all, when applying the same tensions to the 63 electrodes, an almost pure curvature is 

obtained (there is almost no other Zernike mode). Since the same tensions are always computed 

and applied for all the electrodes, the final shape must be a curvature as wanted.  

A unique sensor is placed in the 

middle of the picture to measure 

the curvature amplitude. The 

targeted curvature amplitude is 

equal to 5µm. A closed-loop is set 

to maintain the amplitude of this 

mode, and the command is sent 

with a frequency of 1Hz. Results 

are shown in Figure 13. 

As seen in Figure 13, the 

curvature amplitude is quite 

noisy. This noise would be 

reduced later, by using a more 

powerful computer. If the noise is 

not taken into account, the global shape of the green curve is seen as stabilized after about 150s. 

According to the relationship between the PV and RMS amplitudes of a curvature (see Appendix 

A), the resulting error is: 

               (Eq. II-8) 
 

And the variation of amplitude is: 

   

   
    

Controls of the shape and the amplitude of the curvature are very good compared to a free open-

loop (+44% of amplitude variation, see part II.3), yet one may want to use the sensors instead of 

a WA to control the mirror. 

In fact, it is theoretically possible, but not practically. Even if such a solution (with small 

punctual captors behind the mirror) has been studied and showed promising results, it 

appeared that using such sensors could lead to many problems: 

- At most four sensors can be placed behind the mirror because of a lack of space, so at 

most four Zernike modes can be controlled. Indeed, the SVD method [8] used in a 

DM’s closed-loop shows that at most as many Zernike modes as the number of 

Figure 13: "Closed-loop" with one punctual sensor in the middle of the 
phase map. No WA has been used. The blue curve shows the voltage 
commands, and the green one shows the resulting amplitude, relatively 
to the amplitude at the end of the experiment (t = 390s). 

 



 - 14 - 

sensors (or the number of micro-lenses if a WA is used) can be controlled. This 

restriction limits a lot the correction ability of the mirror (see Appendix B). 

- It is necessary to place the sensors very precisely behind the mirror to obtain a good 

signal without preventing the mirror from moving with high amplitude (this 

compromise is not easy to find), but sensors may move or tilt because of take-off 

vibrations, temperature changes, and so on... They may touch the mirror or be too far 

from it in space, whereas their placements were good before the take-off. 

- Placing the sensors behind the mirror would considerably increase the system’s 

complexity, since the electronic components are yet behind the mirror.  

To conclude, the use of punctual sensors may not be retained because of these points. See 

Appendix B for more details about SVD method and applications.  

II.4. Conclusion on deformable mirror’s performances 
 

According to these experiments, it appears that a closed-loop is not indispensable to control a 

mirror, and the alternative way of use depends on the applications. Even if a free open-loop does 

not give satisfying performances (creep effect lets the amplitude increase by 44%), this method 

can be adapted. In the case of a satellite around the Earth, several possibilities are conceivable: 

- An open-loop with a creep compensation algorithm is able to reduce the factor from 44% 

to 4% of the initial PV amplitude. 

- By using punctual sensors behind the mirror (instead of WA in front of it), certain shapes 

can be maintained with an accuracy of 2% of PV amplitude. 

The maximum error must be below 20nm RMS for a targeted curvature amplitude of 1µm. Each 

of the measured error already includes the measurement and repeatability noises, and the error 

resulting of the corrected amplitude. The latter error is proportional to the targeted amplitude. 

Thus the total error for each case is: 

  √                    (Eq. II-9) 

where σ is the error measured in each case (    ;     ;          ,      ) and σcorr is the 

difference (RMS error) between the target and the actual shape. 

And thus the real correction error is: 

      √       
         (Eq. II-10) 

 

This error is proportional to the amplitude, and must be compared to our maximum target of 

20nm RMS. Table 2 summarizes the results. 

Thus, Table 2 shows that using the mirror in an open-loop is definitely unconceivable. Although 

punctual sensors give better results than compensation algorithm, these two alternatives are 

both acceptable for our criteria of 20nm RMS maximum. Yet, the benefit of performances when 

using sensors cannot justify the additional complexity of placing sensors behind the mirror. 

Moreover, only a few Zernike modes could be controlled with such a way of use (see Appendix 
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B). Thus punctual sensors would not be a completely satisfying solution regarding the balance 

between their small advantage and their drawbacks. 

 

@ 1Hz Noun 
Closed-loop 
(nm RMS) 

Open-loop 
(nm RMS) 

Open-loop with 
compensation 

algorithms (nm RMS) 

Open-loop with 
punctual sensors 

(nm RMS) 
Target of 5µm PV 

curvature 
(measurement) 

  4 636 47 29 

Measurement noise               

Repeatability noise              

Correction error for 
a target of 5µm PV 

curvature 
      3 636 47 29 

Correction error for 
a target of 1µm PV 

curvature 

     

 
 <1 127 9 6 

Table 2: Summary of the errors contributions for each case of use. The final correction error (last line) is calculated from 
eq II.10. 

During the thesis, it has been shown that the compensation algorithms may give different 

parameters from an electrode to another one. These disparities imply that a model has to be 

determined for each electrode. In order to simplify the study here, a unique model has been used 

for the whole mirror, without taking into account electrodes’ specificities and behaviours. Then, 

if the creep compensation method is chosen by the customer, a deeper and more precise study 

would be conceivable to reach the future objectives. 

Even if these different ways of using an open-loop are supposed to be studied deeper, these 

results show that alternatives to closed-loop exist, depending on the application and 

requirements.  

In the future, DM’s size are expected to increase, and thus temperature changes will have effects 

that need to be measured with probes on the mirror surface (out of the useful aperture) and 

taken into account in compensation algorithms. This continuous control will allow to 

differentiate the drifts coming from creep or from temperature. Moreover, since the curvature is 

not the only Zernike mode to correct, the different correction loops must be compared for higher 

orders of Zernike modes, as astigmatism, coma and so on. Finally, since piezo’s non-linearities 

can lead to results that are quite different from one day to another, a perpetual critical mind 

should be kept when looking at results: in the more accurate future experiments, it should be 

essential to repeat each manipulation many times in order to obtain average values and 

uncertainty orders of magnitude. 
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III. Design of a 200mm-diameter bench 

Since telescopes are going to be bigger and bigger in the next future to increase their resolution, 

the trend is to build bigger and bigger DM. But, to be able to build and sell a mirror, CILAS has to 

characterize its performances, its resting shape, and so on…, and thus to have an adapted optical 

bench to image the mirror (Figure 5 shows such a typical bench). 

The fact is that future DMs are expected to reach 200mm in diameter, which leads to have optics 

a little bit bigger (not to be the system’s aperture; DM must be the aperture). The aim in this part 

is to design such a bench, with lenses as good as possible, (this aspect is expected to be the most 

difficult task with 200mm diameter). 

III.1. Introduction 
 

The software used to design optical benches is Zemax (version: 13 SP1 EE). It allows to design a 

bench, to optimize its components according to criteria, to see its performances and to take into 

account its lenses and alignment’s tolerances. The main criteria to compare between the 

different possible architectures are:  

- The costs. 

- The bulk: the present optical table has 2m x 1m size. To limit the bench’s costs, buying a 

new table is excluded, so the total bench bulk has to be smaller than the current table.  

- The performances: the system has to transmit aberrations (that is to say mirror’s shape) 

as faithfully as possible. Even if it is possible thanks to Phasics’ software to take the 

whole bench’s aberrations as a reference (thus, a relative wavefront’s shape is seen, not 

to take the bench’s aberrations into account), the transmission of the DM’s shape has to 

be exact. Moreover, a parallel imaging arm could be planned in the future: a real image, 

as presented in Figure 2a, would be disturbed by aberrations, and one could see the 

mirror correcting these disturbances and gives a sharp image. Thus, this imaging arm 

should not be disturbed by the static bench’s aberrations, and so the best would be to 

have a diffraction-limited system. The performances criteria that will be taken into 

account are: 

 The Strehl ratio: this value compares the actual energy repartition to the Airy 

pattern’s, which is supposed to be the smallest pattern that can be reached 

(when the system is “diffraction limited”). The closer to 1 this ratio, the better the 

system, but a system’s quality is good enough if the Strehl ratio is higher than 0.8 

(Maréchal criterion [9]). 

 The Modulation Transfer Function (MTF): it characterizes the system’s ability to 

transmit a spatial frequency. The higher the cut-off spatial frequency, the better 

the system, since it will be able to transmit high spatial frequencies.  

 The spot diagram: it shows the actual shape of the image of a theoretical punctual 

source, and compares it to the diffraction pattern (first ring of the Airy pattern). 

The smaller the spot diagram, the better the system (especially, the spot diagram 

should be smaller than the diffraction pattern). 
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 The aberrations: they are defined according to Zemax definition [10] and are 

called Zernike Standard Coefficients. They globally look like those defined in 

Appendix A, but are classified in another order (I will nonetheless use the order 

presented in Appendix A). Aberrations are evaluated with a coefficient whose 

unit is in wavelength. The lower these values, the better the system. 

Different architectures are possible, with one common feature: not to have too big lenses (with 

diameter much larger than 200mm), the DM must be illuminated by and reflect a collimated 

beam. So the reflection on the mirror will not lead to a beam with a larger diameter than 

200mm.  

III.2. V-bench 
 

The bench presented in Figure 5 has a V-shape and is thus called a V-bench: the illumination and 

imaging beams are separated, with a defined angle between them. The first designed bench will 

follow the same configuration. The current lens catalogues do not propose many good 

convergent lenses: they are principally single lenses, whereas such a diameter requires to have 

at least a doublet (cemented lenses or not) with optimized curvatures in order to limit 

aberrations such as spherical aberration, and field curvature (defocus) [11]. It explains why a 

customized solution must be designed; even if they are more expensive, they will give a better 

result. Aspherized components are definitely too expensive and difficult to produce compared to 

doublets. A lens manufacturer has advised me to choose a cemented doublet, since it would be 

easier to place on the bench (no distance to adjust between the two lenses). 

III.2.a. V-bench with ideal lenses 

 

In order to see the best results that could be obtained in an ideal case, no constraints on glass 

types, curvature radii or edge thicknesses are given. Zemax parameters that are chosen affect: 

- the focal length of the lens. In order not to exceed the current table dimensions, the focal 

length should not be bigger than 850mm. 

- the beam that reaches and is reflected by the DM should have a diameter of 200mm. 

Thus the lenses must be quite larger, to allow a frame to hold correctly the lens without 

decreasing its useful aperture. Typically, the total diameter of the lens must be equal to 

about 220mm. 

- the final image must be as close as possible to the diffraction limit. 

Moreover, it is common to say that the center thickness of a lens must be at least one tenth of its 

diameter. So each part of the cemented doublet must have a thickness of 20mm at least. Not to 

have too thick lenses (which is not recommended) a maximum thickness of 30mm is chosen.  

With these parameters, the optimization with Zemax of the cemented doublet on the spot radius 

and the aberrations leads to a doublet composed of a concave lens made of N-SF66 and a convex 

one made of N-LAF36. When such a lens is used in a V-bench architecture, the bench shown in 

Figure 14 is obtained. The angle between the two arms is equal to 17°, to avoid that L0 and L1 

hide the beam path of the opposite arm. In order to reduce prices, L0 and L1 are identical and 
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they are positioned so that they limit their contributions to the beam’s aberrations [12]: the 

most curved face must receive the most parallel beam (that is to say the less sloping beam). 

The afocal system {L1; L2} has to be able to image a 30 to 200mm diameter collimated beam to a 

2 to 3.5mm-diameter collimated beam, in order to be entirely collected by the WA. Indeed, 

CILAS’ DMs currently have diameters from 30 to 85mm (useful pupil), and are expected to reach 

200mm in diameter, and the WA’s aperture is at most 3.5mm diameter. The lowest limit of 2mm 

is empirically determined to obtain enough details from the wavefront and an accurate phase 

map. It is not possible to find one unique lens which can transmit such a large range of beam 

diameters into 2-3.5mm. Indeed, according to Eq. II-1 and Eq. II-2, the following relationship is 

obtained: 

        
   

       
 

  
 

  
  (Eq. III-1) 

 

Since it is necessary to have:              , thus: 

      
  

 

       
   

          
  

 

       
 (Eq. III-2) 

with f’1 = 850mm and          ⋲ [30mm; 200mm]. 

So several lenses have to be found, chosen not to deteriorate the image more than L0 and L1 are 

expected to. Table 3 shows the chosen L2 characteristics. L2 lenses come from current lenses 

catalogues, since their diameters are not a constraint (they are just required to be bigger than 

3.5mm, not to mask the beam coming into the WA, but most of the common lenses have a large 

enough diameter). Prices are given according to catalogues proposed in 2013. The total cost of 

the four L2 lenses is: 65 + 105 + 71 + 81 = 322€. 

Even if each lens is able to form a satisfying afocal system with L1 in a wide DM’s aperture range, 

a re-focusing of L2 and the WA is needed each time the DM’s diameter changes. This process is 

needed to obtain a collimated beam on the WA. Results for this architecture are summarized on 

Table 6 (Part III.5). 
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Figure 14: To sale V-bench, adapted from Zemax figure. 
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Brand Ref. Nature f’2 (mm) 
Diameter 

(mm) 
Aperture range (mm) Price (€) 

Edmund 
Optics 

45138 Doublet 50 15 30-60 65 

Edmund 
Optics 

49662 Triplet 30 25 58-99 105 

Edmund 
Optics 

45251 Triplet 20 12.5 90-148 71 

Edmund 
Optics 

65550 
Achromatic 

doublet 
12.5 12.5 135-240 81 

Table 3: L2 characteristics. “Ref“ means Reference, and the “Aperture range” gives the DM's useful aperture that can be 
imaged into the WA by the lens (that is to say, DM’s useful apertures, whose images’ diameters are included into 
[2mm; 3.5mm]). 

III.2.b. V-bench with real lenses 

 

After asking to the lens manufacturer, the cemented solution has to be designed taking into 

account several constraints. Indeed, the glass supplier cannot propose a wide choice of glasses 

with such a size, and then the glass manufacturer has also requirements to be able to manipulate 

and build the lens. The constraints that must be considered are the following: 

- Glasses must be very basic, as the N-BK7 and N-F2 combination. 

- The edge thickness of each lens (especially the convex one) must be at least 1.5mm. 

- The N-F2 lens (concave lens) cannot have a center thickness larger than 17mm. 

- The total thickness of the doublet should be smaller than 45mm. 

As in part III.2.a, the angle between the two optimized arms of the bench is 17°, L0 and L1 are 

identical and positioned in the best direction. The set of L2 lenses is the same as previously 

(Table 3), since the focal length of the ideal and the real lenses is conserved. Results for this 

bench are summarized in Table 6 (part III.5). As expected, the additional constraints 

dramatically decrease the V-bench performances. All the criteria are no longer acceptable, 

whereas the ideal bench showed imperfect but tolerable performances. 

III.3. I-bench 
 

A second architecture has been studied in order to decrease both the bulk and the cost: the I-

bench that is presented in Figure 15. This setup uses only one 200mm-diameter lens instead of 

two in the V-bench: the source is half-reflected by the cubic beam splitter (BS), whose side 

length is equal to 40mm, and then collimated by L1 (which plays the role of L0). It corresponds to 

the illumination path. The beam is then reflected by the mirror, and passes again through L1 

(whose most curved side receives the less sloping beam [12]) to converge to L2, after being half-

transmitted by the BS. Here again, {L1; L2} constitutes an afocal system. This path is the imaging 

part of the system.  

III.3.a. I-bench with an ideal lens 

 

The same ideal lens as in part III.2.a is studied in this architecture.  
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Since L1 is the same as for the V-bench, its focal length is also compatible with the four L2 lenses 

presented in Table 3. The total cost of the four L2 lenses is also 322€. 

The performances obtained with this ideal bench are summarized in Table 6. This architecture 

seems to show better results than the ideal V-bench. Nevertheless, the I-bench may be more 

difficult to align, since both illuminating and imaging paths must be superimposed, and the 

displacement of one component changes the configuration of both two arms of the bench.  

III.3.b. I-bench with a real lens 

 

The same lens as presented in part III.2.b is used in this design, and the performances are 

summarized in Table 6. As expected, the resulting performances are very bad compared to the 

ideal case. Here again, the architecture with a real lens is unacceptable. 

Since both the V- and I-benches are not satisfying with such a beam diameter, I studied a third 

architecture that uses a parabolic mirror and is supposed to decrease spherical aberration. 

III.4. Parabolic mirror bench 
 

While spherical mirror creates 

spherical aberration when focusing a 

collimated beam, a parabolic mirror 

(PM) does not affect the image with 

such an aberration [13, 14, 15] (see 

Figure 16). A collimated beam, parallel 

to the optical axis, is theoretically 

focused on one point (the focus of the 

parabola). Of course, a very accurate 

alignment is needed to avoid other 

aberrations to appear, especially coma 

[15, 16]. 

Figure 15: To sale I-bench, adapted from Zemax figure. The green path represents the illumination arm, and the blue one 
shows the imaging arm. The arrows show the light direction. 
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Figure 16: Difference between a spherical and a parabolic mirror: the use of 
a PM avoids having spherical aberration. Adapted from [14]. 
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Actually the PM that has been studied is called off-axis PM, because its focus point is not on the 

optical axis: it is composed as a part of a parabola, without including its top (see Figure 18). In 

this figure, the DM is bigger than its useful aperture, to show that the beam will not be blocked 

by the DM’s frame in the imaging arm. The 

characteristics of this off-axis parabolic 

mirror are (see Figure 17): 

- A diameter of 254mm 

- A useful aperture of 230mm 

- A focal length of 1250mm 

- An off-axis distance of 175mm 

- An off-axis angle (OAA) of 8° 

 

The cubic BS has a side length equal to 40mm. As in parts III.2 and III.3, a set of lenses L2 is 

needed to cover DM’s diameters from 30mm to 200mm (see Eq. III-2, with f’1 = 1250mm and 

        ⋲ [30mm; 200mm]).  Table 4 presents the best possible lenses. The total cost of the four 

L2 lenses is: 59 + 66 + 74 + 71 = 270€. 
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DM 
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L2 
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Figure 18: To sale PM-bench, adapted from Zemax figure. The green path represents the illumination 
arm, and the blue one shows the imaging arm. The arrows show the light direction. 
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Figure 17: Definition of PM's characteristics. 
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Brand Ref. Nature 
f’2 

(mm) 
Diameter 

(mm) 
Aperture 

range (mm) 
Price 
(€) 

CVI Melles 
Griot 

LAO-148.0-19.0 & MENP-
19.0-4.0-214.6-NSF8 

Doublet 87 17 30-52 59 

Edmund 
Optics 

32913 Doublet 50 17 52-88 66 

Edmund 
Optics 

49340 Doublet 30 17 85-147 74 

Edmund 
Optics 

45251 
Achromatic 

triplet 
20 12 128-220 71 

Table 4: L2 characteristics. “Ref“ means Reference, and the “Aperture range” gives the DM's useful aperture that can be 
imaged into the WA by the lens (that is to say, DM’s useful apertures, whose images’ diameters are included into [2mm; 
3.5mm]). Prices from 2013 catalogues. 

The results for this architecture are summarized in Table 6. Theoretically, this solution is the 

best one, but huge precautions must be taken when aligning the mirror along the optical axis. In 

order to see the effect of field angle (so decentering of the PM) on the coma aberration, several 

fields have been studied (see Table 5), and the spot diagram for 1mm field in the perfect focus 

plane is presented in Figure 19.  

Field Perfect focus plane Best focus plane 

1mm 
Spot diagram 33.2µm 26.5µm 

Stehl ratio 0.88 0.94 

2mm 
Spot diagram 58.4µm 36.6µm 

Stehl ratio 0.32 0.69 

3mm 
Spot diagram 77.8µm 76.7µm 

Stehl ratio 0.00 0.39 

Airy pattern 25.1µm 
Table 5: Spot diagrams for different fields. The perfect focus plane corresponds to the plane where the smallest spot for 
0mm field has been found. The best focus plane is the best compromise between the previous plane and the best plane 
for the field spot. 

One can see from Table 5 that the spot 

diagrams become worse and worse when 

the object gets away from the optical axis. 

Figure 19 clearly shows that coma is the 

most important aberration that appears 

with field.  

Nevertheless, the optic expert from CILAS 

has explained to me that even if it may 

take a very long time to align the system 

with a parabolic mirror (especially, the 

parabola axis is very difficult to find), the 

resulting performances of the bench are 

expected to be very good and stable. Thus, 

the appearing coma may be possible to 

reduce (or delete) with a very meticulous 

and patient alignment of the bench.  

Cubic BS 

(transmission) 

 

Cubic BS 

(transmission) 

 

Figure 19: Spot diagrams and values on the optical axis (left-hand side) 
and in 1mm field (right-hand side). Adapted from Zemax figure. 



 - 23 - 

III.5. Comparison between the three architectures 
 

Table 6 shows a summary of the three architectures’ characteristics and performances.  

Criteria 
V-bench I-bench 

PM-bench 
Ideal Real Ideal Real 

Bulk 
(without WA) 

1800mm x 660mm 1620mm x 250mm 1400mm x 500mm 

Perf. 

Strehl ratio 0.12 0.00 0.45 0.00 > 0.99 

MTF <10% 24 c/mm 3 c/mm 38 c/mm 3 c/mm 38 c/mm 

Spot diagram 
(Airy/Spot) 

22.4µm 
80.5µm 

22.4µm 
942µm 

24.0µm 
60.3µm 

24.0µm 
911µm 

25.1µm 
2.1µm 

N° Ab. 

4 -0.135 λ -13.110 λ -0.053 λ -11.834 λ 0.003 λ 

12 0.174 λ 5.053 λ 0.114 λ 4.654 λ -0.002 λ 

24 -0.066 λ -0.099 λ -0.066 λ -0.121 λ 0.000 λ 

40 0.000 λ -0.039 λ 0.000 λ -0.032 λ 0.000 λ 

Costs 

L0: 14 400€ (incl. VAT) 
L1: 14 400€ (incl. VAT) 
L2: 322€ 
TOTAL: 29 122€ 

L1: 14 400€ (incl. VAT) 
L2: 322€ 
BS: 280€ 
TOTAL: 15 002€ 

PM: 24 000€ (incl. VAT) 
L2: 270€ 
BS: 280€ 
TOTAL: 24 550€ 

Advantages 
2 separated paths  
 easier to align 

• One lens instead of 2  
 less expensive 

• Smaller bulk 

Almost no spherical 
aberration 

Drawbacks 
• More expensive (2 

customized lenses) 
• Poorest performances 

Poor performances 
Coma if off-axis  
 difficult to align 

Table 6: Comparison between the three different architectures. “Perf” means “performances”. “Ab.” means 
“aberrations”. The MTF unit “c/mm” means “cycles per mm”. All these data are given for a 200mm aperture (and the 
corresponding L2, see Table 3 and Table 4).  The number for each different spherical aberration (“Sph. Ab.”) refers to the 
mode number in Table 7 (first column). The chosen BS comes from Edmund Optics (reference: 32506, side length equal to 
40mm), and theoretically both transmits and reflects 50% of light. The total price only includes optics.  

The prices detailed in Table 6 are given only for optics. A complete bench must take into account 

prices of frames, micrometric systems, the wavefront analyzer, the source, and a good plane 

mirror (at least λ/100, for the alignment of the whole bench). The three last elements are 

already at CILAS.  

According to Table 6, the PM-bench shows the most satisfying performances. Even if it is not the 

smallest bench, it does not need a larger table than what is already available. Even if the 

parabolic mirror is expensive, the whole PM-bench is less expensive than the V-bench. The main 

drawback is the alignment of this bench, which must be done very meticulously to avoid 

aberrations such as coma to deteriorate the final image.  

Both V-bench and I-bench show very bad performances, even if the bulk criterion is respected. 

These performances could have been better with longer focal length of the customized lenses, 

but then the size of the table may have not been large enough.  

A high value of defocus (aberration number 4) is calculated for both I-bench and V-bench, 

especially with real lenses. Defocus can be reduced by focusing the lenses (displacement of the 

lenses along the bench optical axis), but Zemax software choses the smallest spot diagram, 
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which does not correspond to the lowest defocus aberration. Indeed, real lenses have very bad 

performances, and the software is not able to both reduce the spot diagram and the defocus 

aberration. Thus these defocus values are corresponding to the smallest spot diagram but must 

be different when aligning such a bench. 

To conclude, the PM-bench seems to be the best compromise between the three architectures, 

and I would recommend choosing this solution, keeping in mind that the alignment must be 

done carefully and may take a long time.   
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IV. Conclusion 

This Master’s Thesis has illustrated two main aspects of engineer’s tasks: first, how to answer to 

call for bids as accurately and pertinently as possible to catch customer’s attention; secondly, 

how to anticipate future problematics and needs to be well-prepared when customers will ask 

for. 

The former aspect has been put into practice through creep phenomenon study and control. This 

piezo’s non-linearity is a brake when using a deformable mirror in a free open-loop. But its 

control and compensation thanks to algorithms or punctual sensors open up new use 

perspectives, especially in space applications. The creep control allows to reduce the deviation 

of the mirror’s shape from 44% to maximum 4%. Deeper studies, as a specified algorithm for 

each electrode, must be developed in the future to still decrease the gap and obtain a stable 

shape along the experiment.  

The latter aspect has been illustrated through a new bench design: this task’s goal was to 

anticipate future needs by characterizing deformable mirror, whose trend is to become bigger 

and bigger as primary mirrors of telescopes currently do it. A parabolic mirror seems to be the 

best solution according all the criteria. Yet this solution requires a very precise alignment to 

limit field aberrations such as coma. Whatever the chosen solution, a particular care should be 

taken during the future total bench assembly in order to limit the bench’s aberrations, and to 

avoid damaging the breakable large optics (200mm in diameter is not a current size, and makes 

the lenses or parabolic mirror fragile).   

 

 

 

 

 

 

 

 

 

 

  

a) Jupiter with amateur telescope. b) Jupiter with an adaptive mirror on GEMINI 
North telescope (Mauna Kea, Hawaii). 

Figure 20: Jupiter seen with an amateur telescope (a) or with an AO telescope (b). 
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Appendix A: Zernike modes 

Optical aberrations are present in every optical system: telescopes, microscopes, and even the 

eyes have aberrations. They are taken into account when light properties and glass 

imperfections are taken into account, which are not seen in a geometrical approach.  

In the 20th century, Frederik Zernike, a Dutchman physician who received the Nobel Prize for his 

phase-contrast microscope, developed a polynomial basis to describe aberrations. This basis is 

easier to use than Seidel’s one, developed in the 19th century: Zernike’s basis is orthonormal 

(which gives a unique decomposition of a shape on this basis), and is separated in several orders 

(which allows to have more or less decomposition coefficients, depending on the shape’s 

complexity, and the expected precision level). The mathematical definition of the Zernike’s 

polynomial basis is [17]: 

For n ⋲ N, m ⋲ Z, as : 
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Zernike’s polynomial number (n, m) is, for       and       : 
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This basis is orthonormal, with: 

- The orthogonality condition: 
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- The normalization condition: 
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Usually, the decomposition of a shape on the first 36 polynomials is precise enough. These 36 

modes are represented in the following table: 

Mode 
number 

n m Name Expression PV value 

0 0 0 Piston 1 0 
1 1 -1 Tilt (y)      ( ) 4 
2 1 1 Tilt (x)      ( ) 4 

3 2 -2 Astigmatism (45°) √       (  )  √  

4 2 0 Curvature √  (     )  √  

5 2 2 Astigmatism (0°) √       (  )  √  

6 3 -3 Trefoil (y) √       (  )  √  

7 3 -1 Coma (y) √  (      )   ( )  √  

8 3 1 Coma (x) √  (      )   ( )  √  

9 3 3 Trefoil (x) √       (  )  √  

10 4 -4 Tetrafoil (y) √        (  )  √   

11 4 -2 Astigmatism (45°) √   (       )   (  )  √   

12 4 0 Spherical aberration √  (         )    √  

13 4 2 Astigmatism (0°) √   (       )   (  )  √   

14 4 4 Tetrafoil (x) √        (  )  √   

15 5 -5 Pentafoil (y) √        (  )  √   

16 5 -3 Trefoil (y) √   (       )   (  )  √   

17 5 -1 Coma (y) √   (            )   ( )  √   

18 5 1 Coma (x) √   (            )   ( )  √   

19 5 3 Trefoil (x) √   (       )   (  )  √   

20 5 5 Pentafoil (x) √        (  )  √   

21 6 -6 Hexafoil (y) √        (  )  √   

22 6 -4 Tetrafoil (y) √   (       )   (  )  √   

23 6 -2 Astigmatism (45°) √   (             )   (  )  √   

24 6 0 Spherical aberration √  (                )  √  

25 6 2 Astigmatism (0°) √   (             )   (  )  √   

26 6 4 Tetrafoil (x) √   (       )   (  )  √   

27 6 6 Hexafoil (x) √        (  )  √   
28 7 -7 Heptafoil (y)       (  ) 8 
29 7 -5 Pentafoil (y)  (       )   (  ) 8 

30 7 -3 Trefoil (y)  (              )   (  ) 8 
31 7 -1 Coma (y)  (                 )   ( ) 8 
32 7 1 Coma (x)  (                 )   ( ) 8 
33 7 3 Trefoil (x)  (              )   (  ) 8 

34 7 5 Pentafoil (x)  (       )   (  ) 8 
35 7 7 Heptafoil (x)       (  ) 8 

(…). The next line is needed in part III.5, Table 6. 

40 8 0 Spherical aberration  (                      ) 6 
Table 7: Mathematical definition of the first 36 Zernike modes. The last line corresponds to the 40

th
 mode. 

The last column “PV value” of Table 7 also corresponds to the ratio: 
            

             
. Figure 21 

shows the shapes of the principal modes: 
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Figure 21: Shape of some principal Zernike modes. 
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Appendix B: SVD method application 
(closed-loop with punctual sensors) 

This appendix explains how the SVD method can be used to theoretically determine if a 

distribution of punctual sensors will efficiently correct the wavefront or not. It completes part 

II.3.c. 

The final aim of such a simulation is to create a closed-loop with four punctual sensors placed 

behind the mirror instead of a WA in front of it. Thus, instead of having hundreds of control 

points on the wavefront map, four control points are sufficient. The number of punctual sensors 

has been empirically determined to be at most four, because of a lack of space behind the mirror 

(there is a great deal of electronics and cables that prevent to put more than four sensors). In 

practice, the sensors that would be used are capacitive sensors.  

The issue is here to determine quantitatively the best distribution of the four sensors over the 

mirror, to avoid replication (two sensors control the same singular value). 

When it comes to build a closed-loop, the command loop is calculated from the SVD (singular 

values decomposition) method, which leads to the determination of singular modes and singular 

values that are proper to the system {analyzer + mirror} [8]. This decomposition forces to have 

at least as many sensors as electrodes (at least 63 sensors with a MONO63-50 for example), and 

it will give the same number of singular values and singular modes (63 in the same example). In 

the same way, at most as many singular modes as sensors can be controlled.  

The approach here is to 

focus on four Zernike modes 

(see Appendix A) with low 

spatial frequency (instead of 

four electrodes only), with 

one sensor for each of them. 

One still cannot control 

more Zernike modes than 

sensors. The four modes 

that one would like to 

control are: curvature, 

astigmatism 0°, astigmatism 

45° and coma X. These 

shapes are presented in 

Figure 22. They correspond 

respectively to Zernike 

modes number 4, 5, 3 and 8 

in the Table 7 of Appendix A.  

 

 

Figure 22: Four basic Zernike modes that one would like to control in the closed-
loop with four sensors. 
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The SVD method is the way to transform an interaction matrix to a singular matrix, as explained 

by Eq. B-1: 

         (Eq. B-1) 
where:  

- M is an interaction matrix (which gives the contribution of each Zernike mode on each 

sensor point) whose size is 4x4,  

- U is a matrix whose size is 4x4  

- S is a diagonal matrix 4x4 with the singular values of M  

- V is a matrix 4x4 which gives the singular modes (these modes are a combination of the 

four Zernike modes and they have different contribution of each Zernike mode).  

The SVD method provides singular values [8], which describe how much a singular mode is seen 

on the mirror. The higher this value, the better the corresponding singular mode is seen and 

controlled. On the contrary, the lower this value, the more the noise is propagated, so the worse 

the result is. The goal is to see the singular values of each mode, and to have them as high as 

possible. The higher they are, the better the configuration of sensors is.  

Several configurations are possible, to place the four sensors. It may be intuitive to think that the 

sensors must be placed where the amplitudes are expected to change the most: in the middle of 

the mirror to see the curvature correctly, on the borders to see the astigmatisms (with an angle 

of 45° between them), and in the middle of the radius on the Y-axis to see the coma X. Three 

dispositions are described in Table 8 (the red points show the sensors, and the blue lines show 

where the mirror is held), with their results. The first case allows to see that the calculations are 

relevant, but one might already notice that it is not a good configuration, especially to control 

astigmatisms. 

Case number 1 2 3 

Distribution of 
sensors 

   

What is 
expected to be 

well-seen 

-curvature 
-coma X perhaps 

-curvature 
-astigmatism 0° 

-astigmatism 45° 

-curvature 
-astigmatism 0° 

-astigmatism 45° 
-coma X 

Table 8: Three examples of sensor distribution. The red points represent the sensors, and the blue lines show where the 
mirror is held. 

In case 2, coma X cannot be interpolated correctly, since the highest displacements which occur 

with a pure coma appear in the middle of the radii (see Figure 22, coma X), and not at the 

borders where the sensors are placed. The detection may exist but is expected not to be good 

enough to maintain a coma shape. On the contrary, case 3 shows detectors in the middle of the 

mirror radii which are expected to detect the coma correctly. The results are shown in Table 9.  
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Case 
number 

Singular values Singular modes 

1 

 

 

2 

 

 

3 

 

 
Table 9: Singular values and singular modes obtained for the three sensors distributions. 

Singular values (mean = 28) 
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In the first case, the last three singular values are very low, so the modes 2, 3 and 4 are not 

precisely seen and controlled, and they correspond to the two astigmatisms and coma X. There is 

only the curvature which will be corrected correctly, as expected.  

In the second case, the fourth mode will not be seen, since its corresponding singular value is 

almost zero. As expected, this singular mode is composed of coma X principally, which means 

that coma X is not well-seen with this configuration.  

But in the third case, the last singular value is slightly higher, which shows that the last mode 

(astigmatism) will be better. Thus this distribution is not perfect, but it is the best of these three 

distributions. By considering other distributions and comparing their singular values, one can 

have a powerful way to discriminate which distributions are the best compromises to control 

these four Zernike modes. 

 Such a method is very powerful to define a criterion in order to choose the best sensors 

distribution. It could be applied with other parameters, such as number of sensors (for bigger 

apertures), Zernike modes to control, required accuracy, and so on…  
 

 


