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1 Scope 
This document illustrates a novel method to measure the residual chromatic dispersion in 
MICADO. This method makes use of a diffractive pattern to generate artificial speckles to measure 
the chromatic dispersion on the image plane. This method is a powerful tool to first calibrate the 
ADC and then assess the performance over the full field of the instrument. This document poses to 
be a starting point for a discussion on how to best verify the ADC performance. 
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3 Definitions 
ADC – Atmospheric Dispersion Corrector 
MICADO – Multi-AO CamerA for Deep Observations 
ELT – Extremely Large Telescope 
DM – Deformable Mirror 
vAPP – Vector Apodizing Phase Plate  
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4 Introduction 

At NOVA we have assembled a list of all aspects of the MICADO Atmospheric Dispersion Corrector 
that will need to be tested, calibrated and verified during the construction, integration, and commis-
sioning phases. One of the primary challenges is in how we’ll verify the sub-diffraction limit correction 
of atmospheric dispersion. 
With sufficient confidence in a model that predicts the atmospheric dispersion, we could decide to 
trust the optical model of the ADC and only check that there is no significant smearing of the PSF 
on the detector over a range of zenith angles. Unfortunately, we’re not confident that we do have the 
required accuracy at this point in time. 
Studies measuring the differential atmospheric refraction are not available for the wavelengths 
MICADO will be observing at. Direct measurements have been performed in the infrared by Skemer 
et al. (2009) [RD1] and recently in the UV-VIS by Wehbe et al. (2020) [RD2]. Both made use of a 
spectroscopic instrument. The atmospheric dispersion at any wavelength can be retrieved by meas-
uring how the trace map changes as a function of zenith angle. 
Clearly, these are useful studies to inspect any deviations from the expected refractivity curves. Both 
studies seem to have difficulties in measuring the dispersion to the level we desire, i.e. on the order 
of 1 mas or better. Perhaps, the increased resolution of the ELT will help in this respect. There is 
one aspect that a direct measurement using single-slit-spectroscopy (as will be implemented on 
MICADO) cannot solve, being the field dependent residual dispersion. 
In [RD3] we discovered that the optics of MICADO itself - including the ADC, entrance window, and 
possibly the dichroic of the AO system – will leave residual dispersion on the detector plane even 
when the ADC is in the optimum position for the centre of the image. While the simulations suggested 
that these effects were small (typically, less than 1 milliarcsecond), it would not be undesirable to 
verify this.  
Here, we propose that MICADO could make use of a diffractive mask to generate artificial speckles 
around the PSF. These speckles are affected by chromatic dispersion and pose a direct proxy to the 
amount of (residual) dispersion present. The diffractive mask could be in the form of a sinusoidal 
pattern on a deformable mirror, an amplitude mask (e.g. a ‘Bahtinov’ mask) or a phase mask (e.g. 
one of the two vAPP pupil masks). 
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5 Concept 

 
Figure 1 Schematic overview of the effect a diffractive mask will have on the PSF undergoing chromatic dis-
persion. The PSF core refers to the actual location of the point source on the detector plane. The radiation 
centre refers to the location to which the artificial speckles are pointing. This figure is taken from Pathak et al. 
(2016), figure 2 [RD4]. 

 

 
Figure 2 A simulation of a H-band PSF with 40 mas 
of dispersion, where a Bahtinov mask is placed in the 
pupil plane of MICADO. The generated speckles 
point towards the radiation centre, which is a direct 
proxy to the amount of dispersion present for the 
PSF itself. 

 
Figure 3 The artificial speckles are a distance θm(λ) 
away from the PSF core. The chromatic elongation 
is denoted by 𝚫R and the distance from the radiation 
centre to the PSF core for the longest wavelength, 
i.e. PSF(λ2), is given by dRC. 

 
Following the concept described in [RD4], we might use a sinusoidal pattern on a deformable mir-
ror or a pupil mask, to magnify the amount of residual dispersion present in the optical system. The 
concept uses diffraction to produce artificial speckles around the observed point source. We refer 
to the location of the imaged source as the PSF core. If no chromatic dispersion is present the arti-
ficial speckles will point towards the PSF core. When chromatic dispersion is present, the artificial 
speckles will point towards a point outside of the PSF core, which Pathak et al. call the radiation 
centre. This is illustrated in Figure 1.  
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The diffractive mask or deformable mirror should ideally be located inside the pupil of the system, 
because then the generated artificial speckles will appear around each point spread function over 
the full field.  
The amount of magnification of the (residual) dispersion present has been derived from the grating 
equation and can be described by 

𝑑!" = #
λ#

λ# − λ$
&Δ𝑅 

Here, dRC is the distance from the PSF core to the radiation centre, the location all artificial speck-
les point to.  
Figure 2 shows an example of what the image might look like for an H-band observation of a single 
point source. In the figure about 40 milliarcseconds of dispersion is present - approximately equiva-
lent to an observation at zenith ~50°. Figure 3 shows how the geometry of the image relates to the 
equation above.  
Naturally, discrete pixel sizes will make the real image somewhat harder to analyse. Figure 5 to 
Figure 7 show that the PSF is well resolved in either normal imaging mode or zoom mode (at 4 and 
1.5 mas per pixel, respectively), but that it will be challenging to see residual dispersion on the 
level of a few mas in the normal imaging mode. 
 
Design of the diffraction mask 
The distance of the generated speckles away from the PSF core can be tuned by choosing the ap-
propriate number of grating lines over the pupil diameter. This distance is given by the grating 
equation, under small angle approximation, 

𝜃 = 𝑁
𝑚λ
𝐷

 

Here N is the number of lines per aperture, m is the diffraction order, λ the wavelength and D the 
aperture diameter. 
The number of rotational positions artificial speckles appear is determined by the different direc-
tions of the grating. For a single sinusoid pattern only two speckles, one on each side of the PSF 
core, will appear. With a double sinusoid or checkerboard pattern four speckles appear, as used in 
[RD4]. The Bahtinov mask simulated for Figure 2 used three different directions and thus produces 
six speckles around the PSF core, see also Figure 4. 
When a deformable mirror is to be used as the diffraction mask, likely the distribution of the mirror 
actuators will be the limiting factor in the amount and distance of the speckles. For example, the 
[RD5] states that ELT-M4 will have 5800 actuators (of which 5200 in the active optical area) corre-
sponding to 50 cm patches on the primary mirror. This suggests that there are about 77 actuators 
over the ELT diameter and Nmax~39. Assuming λ=1.49 μm, then the distance to the first speckle 
would be 300 mas. The distance to the second order speckles would be 600 mas and so on. 
Unfortunately, the length of the speckles and the magnification of the chromatic dispersion can 
only be changed by varying the width of the passband. 
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Figure 4 Example of a typical Bahtinov mask. The 
number of lines per aperture chosen impacts the dis-
tance the artificial speckles appear from the PSF 
core. 

 

 
Figure 5 Close-up of the dispersed PSF. Shown here 
is a simulation of an H-band PSF with 40 mas of dis-
persion. This figure does not take pixel binning into 
account. 

 

 

 
Figure 6 The same dispersed PSF as in Figure 5, 
but now taking into account a pixel size of 4 mas. 

 

 
Figure 7 The same dispersed PSF as in Figure 5, 
but now taking into account a pixel size of 1.5 mas. 
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Figure 8 Image from a telescope with a Bahtinov mask attached to the telescope. Note that each star in the 
field shows the diffraction lines, showing that it should theoretically be possible to determine the dispersion for 
each sufficiently bright star in the field. 

 

 
Figure 9 An image from user KpS on the forums of CloudyNights.com (June 6, 2015), showing that the 
diffraction lines deform under atmospheric dispersion. 

 
In practice 
Bahtinov masks, see Figure 4 for an example, are often used by amateur astronomers to deter-
mine the focus of their telescope1. Figure 8 and Figure 9 show how the diffraction due to such a 
mask influence the image.  
Note that this method will be able to measure the atmospheric dispersion even when the PSF itself 
is not diffraction limited. This could be an advantage for the early phases of MICADO observations, 
if there are problems with the SCAO system. In addition, this type of mask would provide an inde-
pendent check on the image focus. 

 
1 See Wikipedia for a very nice animation about when the image is in focus: https://en.wikipe-
dia.org/wiki/Bahtinov_mask  
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A good question is how to distinguish between a (small) defocus of the system and the dispersion. 
For a system out of focus the diffraction lines will not all intercept in the same point, which is quite 
obvious for a significant defocus such as shown in the left pane of Figure 10. The same is illus-
trated in another simulation of the PSF for an image with defocus only and with both defocus and 
chromatic dispersion, Figure 11 and Figure 12 respectively. Note that while the intersections of the 
diffraction speckles are not located in the same point, they do lie along the same axis as the direc-
tion of the dispersion. 
The most intuitive way to determine the location of the radiation centre would be by fitting lines 
through the speckles. One way of doing this would be to fit elliptical shapes to the speckles [RD6]. 
The semi-major axes of the ellipses are then the lines that should be used. The accuracy of the 
line fitting would then directly relate to the uncertainty in the focus determination and the dispersion 
measurement. 
The method to determine the location of the radiation centre, as described in [RD4] does not con-
sider any defocus and assumes that the radiation centre is well defined. Likely, even in case of an 
undefined radiation centre, this algorithm would find an optimum. It is difficult to estimate the effect 
on performance without going into detailed analyses on this. Nonetheless, for a telescope that is 
perfectly in focus, this method seems to be quick, accurate and robust, achieving a closed loop re-
sidual dispersion of ~1 mas on the 8-meter Subaru telescope. 
 

 
Figure 10 Figure illustrating the focussing principle of a Bahtinov mask. In the left panel the telescope is out 
of focus - the diffraction lines do not intercept each other in a single point. The right pane shows the tele-
scope in focus. Only when the telescope is in focus will the radiation centre be well defined. 
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Figure 11 A simulation of a H-band PSF with some 
significant defocus, to illustrate how the diffraction 
due to a Bahtinov mask can be used to notice defo-
cus of the system. 

 
Figure 12 A simulation of a H-band PSF with some 
significant defocus (as in Figure 11) together with 40 
mas of chromatic dispersion (as in Figure 2). 

 

Expected accuracy 
Pathak et al. were able to achieve a residual dispersion on the order of 1 mas for the 8-meter Sub-
aru telescope in closed loop control [RD7]. At least a similar accuracy should be possible to 
achieve with MICADO. Extrapolating this performance by scaling the diffraction limit of the ELT and 
the Subaru telescope, would improve this by a factor 4-5, resulting in a residual dispersion on the 
order of 0.2 mas. 
This number represents the expected measurement accuracy. The simulations in [RD3] showed a 
residual dispersion up to 1 mas in the very corner of the field. We should then, in principle, be able 
to see this effect. 
Note: Pathak et al., achieved their optimum performance over for a very wide passband (y-H band) 
and for a well resolved PSF. It is not reasonable to assume a 1-to-1 translation of the performance 
to a smaller passband and possibly less resolved PSF. Using MICADO in Zoom mode, with 1.5 
mas pixel scale, should help in this respect. 
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6 Diffractive mask options 
There are a few distinct options to achieve the creation of the artificial speckles. Fundamentally, 
the speckles are generated by diffraction. The cause of this diffraction can be chosen. 
 
Amplitude masks 
The easiest and simplest solution would be a Bahtinov mask, illustrated in Figure 4. It is an ampli-
tude mask, often used by amateur astronomers to focus their telescopes. Amateur astronomers 
usually place the mask on the entrance pupil of their telescope. For obvious reasons this would not 
be practical for the ELT. A better alternative is to place such a mask in the pupil wheel of MICADO. 
It would be used during commissioning and in the first period of MICADO operations. Once we’re 
confident the ADC is working as it should, we believe it can be removed in favour of a different pu-
pil optic.  
The main advantage of this type of masks is that it is relatively cheap to design and manufacture. 
The main drawback of this type of mask is the large loss of light, which can be over 50% of incident 
light. Since the ADC calibrations should be done on sufficiently bright stars anyways, this should 
not be a significant disadvantage. 
 
Phase masks 
Using a phase mask would prevent the loss of light from an amplitude mask, but at a significantly 
larger cost. The two vAPP masks that will be present in the instrument could be designed to also 
include a grating to produce the artificial speckles.  
At NOVA, we’re not sure what LESIA is planning to do with the vAPP design. 
The main advantage of this is that it could relatively easily be added to the vAPP design. Also, 
there is no loss of light.  
The main drawbacks are that vAPP masks are expensive and difficult to manufacture. 
 
Sinusoidal pattern on a DM 
Finally, the same effect can also be achieved by putting a sinusoidal offset on a deformable mirror. 
This option would have the fewest physical consequences to the MICADO instrument, but relies on 
this being possible to do. Ultimately, being able to provide an offset to the DM would be a software 
and interface issue. 
The main advantage is that it has no consequences to MICADO hardware.  
One unknown is whether or not putting a static offset to a DM is currently foreseen as an option on 
any of the DMs in the ELT-SCAO/MCAO-MICADO system. Another unknown (to the author) is 
whether or not any of the available DMs is located in a pupil plane. If not, this could have an impact 
on how large of an area can be evaluated with respect to focus and residual dispersion. 
The main drawback is that the design of the diffraction pattern is limited by the number and loca-
tion of the DM actuators. 
 

  



 

MICADO Technical Note 

Calibration and verification of the 
MICADO ADC performance  

Doc.-Ref. 
Issue 
Date  
Author 
Page 

: ELT-TRE-MCD-56305-0025  
: 1.0 
: 12.10.2020 
: Joost van den Born 
: 10 of 13 

 

 

MICADO Consortium 

7 Alternative methods to measure (residual) atmospheric dis-
persion 

Below, we compare several different methods for measuring the ADC performance, other than the 
method discussed in the main body of this document.  

 Spectroscopic measurement of atmospheric dispersion 

 
Figure 13 Overview of how atmospheric dispersion might present itself for an exposure with MICADO's single 
slit spectroscopic mode. Without atmospheric dispersion, the trace of the source will be along the spectral 
direction on the focal plane. If atmospheric dispersion is present, then the location of the trace will change as 
a function of zenith angle, illustrated by the blue lines. 

The first method is a spectroscopic measurement of atmospheric dispersion using MICADO’s sin-
gle slit spectroscopic mode. This method assumes that the slit is located such that the direction of 
slit is pointed towards zenith, as in Figure 13. Any dispersion will then show up as a differential in 
the spatial direction of the trace map, when compared to the case at which no dispersion is pre-
sent. 
Because of the spectroscopic nature of this method, the atmospheric dispersion can be measured 
at any wavelength. While the atmospheric dispersion is best measured with the ADC in its neutral 
position, this method could also be used to check the performance of the ADC. 

To Zenith
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 Measuring atmospheric dispersion by PSF inspection 

 
Figure 14 The basic ADC calibration method that would be used when PSF inspection is the main method of 
measuring the dispersion. The residual dispersion is measured over a range of ADC prism pair positions and 
a curve is fit. The minimum of this curve corresponds to the optimum ADC position. Of course, finding the 
optimum ADC position in this way could be done with any of the other discussed methods as well. 

 
A very simple method would consist of measuring the length of a dispersed PSF over as wide a 
passband as possible. The quality of the obtained dispersion values is directly related to the quality 
and sampling of the PSF on the detector. 
The ADC calibration would then be performed by rotating the ADC prisms and monitoring the re-
sidual dispersion, see Figure 14. From the obtained data a curve of residual dispersion as a func-
tion of rotation angle could be determined. The optimum position of the ADC is then the minimum 
of this curve. 
 

 Measuring atmospheric dispersion with narrowband filters 
If we assume that the narrow band filters provide an almost monochromatic PSF, we can measure 
the location of the PSF at two different wavelengths. All else being constant, this should provide a 
measure of the residual dispersion. In principle, this should also allow us to measure the dispersion 
over the full field. Although, it remains to be seen that the field dependent residual dispersion due 
to transmissive optics (ADC, entrance window, filters, etc.) can be determined this way. The PSF 
sampling might simply be too low for accuracies below 1 mas. 
There are some other considerations as well. Although the narrowband filter passband is small, 
there is still (a small amount of) dispersion present within the small passband of the narrowband 
filters. Furthermore, the mechanical tolerances on the tip/tilt and wedges of the pupil blanks is too 
large to make this concept as easy as it first seems. This could be resolved by first determining the 
image shift. Obviously, this would require an increased the number of observations to obtain the 
necessary data on the dispersion. 
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8 Trade-off considerations 
The different methods all have advantages and disadvantages with respect to spectral detail, accu-
racy, ease of use, impact on the instrument and project cost. An overview is given in Table 1. 
Table 1 Comparison of the main advantages and disadvantages of the different methods discussed in this 
section. 

Method Advantages Disadvantages Comments / questions 

Diffraction masks (general) Sub-mas measurements on 
(residual) chromatic dispersion 
seem possible 

Few observations necessary 

Should work if AO is not work-
ing optimally (yet) 

Dispersion information about 
cut-on and cut-off wavelengths 
of the filter only 

 

 Amplitude mask in 
MICADO pupil 

Cheap to manufacture 

Simple to design diffraction 
pattern 

Measurement of residual dis-
persion over the full field 

Independent verification of  
focus (over the full field) 

Calibration masks can be used 

Takes up a pupil wheel loca-
tion 

Loss of light 

Do the calibration masks use a 
broadband source? 

 Phase mask (vAPP) in 
MICADO pupil 

No loss of light 

Calibration masks can be used 

Expensive to manufacture 

Wavelength dependence (alt-
hough small) 

Can potentially be added to 
vAPP design as additional 
functionality 

 Phase mask (DM) No impact on MICADO hard-
ware 

No loss of light 

Limited freedom in diffraction 
pattern design (but might be 
enough) 

Calibration masks cannot be 
used 

Unknown if this is something 
that we can request of the DM 

Direct measurement using 
spectroscopy 

Full spectral information 

Proven method to measure at-
mospheric dispersion 

Few observations necessary 

Only one spatial dimension 

Measurement of the disper-
sion over the full field is not 
possible 

AO must be working well 

 

PSF length measurement No additional actions neces-
sary at this point 

Few observations necessary 

Calibration masks can be used 

Relatively inaccurate 

AO must be working well 

 

Narrowband PSF displace-
ment 

No additional actions neces-
sary at this point 

Calibration masks can be used 

Approaches the centroiding 
accuracy at each λ, for which 
a narrowband filter is available 

Many observations necessary 

AO must be working well 

 

 

 
 



 

MICADO Technical Note 

Calibration and verification of the 
MICADO ADC performance  

Doc.-Ref. 
Issue 
Date  
Author 
Page 

: ELT-TRE-MCD-56305-0025  
: 1.0 
: 12.10.2020 
: Joost van den Born 
: 13 of 13 

 

 

MICADO Consortium 

9 Conclusion 
In this document, we proposed using a diffraction mask to measure the atmospheric dispersion 
and calibrate the performance of the MICADO ADC. Such a mask has several distinct advantages, 
most importantly to be able to measure the residual dispersion over the full field of view and even 
when the AO system is not performing optimally (although, we don’t know how this affects the ac-
curacy of the measurement). 
We would like to discuss options and possibilities with others in the consortium. 

--- 
End of Document 

 


