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1 Scope 
This document aims to give a comprehensive, but complete, list of all the effects that need to be 
measured and/or calibrated so that the MICADO Atmospheric Dispersion Corrector (ADC) will 
achieve the best possible performance.  
 
 

2 Reference Documents 
Ref. no. Description of reference document 

[RD1] MICADO Technical Note – Simulation of dispersion correction performance over the field of 
view. Doc. No.: ELT-TRE-MCD-56305-0015 (v1.0) 

[RD2] J.A. van den Born & W. Jellema (2020). Quantification of the expected residual dispersion of 
the MICADO Near-IR imaging instrument, MNRAS, Volume 496, Issue 4, August 2020, Pages 
4266–4275. doi:10.1093/mnras/staa1870 

[RD3] Pathak, P., Guyon, O., Jovanovic, N., Lozi, J., Martinache, F., Minowa, Y., Kudo, T., Takami, H., 
Hayano, Y., and Narita, N. (2016). A High-precision Technique to Correct for Residual Atmos-
pheric Dispersion in High-contrast Imaging Systems. PASP, 128(970):124404. 
doi:10.1088/1538-3873/128/970/124404  

[RD4] MICADO ADC, Filter & Pupil Wheel Test Report ADC Prototype. Doc. No.: ELT-TRE-MCD-56305-
011, v.1.0. (Needs to be updated before FDR!) 

[RD5] Phytron VSS/VSH Stepper Motor specifications sheet (version: November 2018) 
https://www.phytron.eu/fileadmin/user_upload/produkte/motoren_aktuatoren/pdf/ds-vac-
uum-en.pdf  

[RD6] OMT Solutions BV (2012).  Optical characterisation of IR materials: Refractive Index Measure-
ment Report. ESA Optical Characterisation. REP210123-03 

[RD7] R.K. Breteler, A. Volker, A. Vosteen and C. Hoegaerts (2012). Opto-Mechanical Performance 
Characterisation of IR components in representative environment. TNO, TNO-OMP-IR-TN-005 

[RD8] D. B. Leviton, B. J. Frey and R. M. Henry (2013). Temperature-dependent refractive index meas-
urements of S-FPL51, S-FTM16, and S-TIM28 to cryogenic temperatures. Proc. Of SPIE, Vol 
8863, 886308, doi:10.1117/12.2024821. 

[RD9] B. Wehbe, A. Cabral, G Ávila (2020). On-sky measurements of atmospheric dispersion: I. 
Method validation, MNRAS, doi:10.1093/mnras/staa2726 

[RD10] Andrew J. Skemer, Philip M. Hinz, William F. Hoffmann, Laird M. Close, Sarah Kendrew, Richard 
J. Mathar, Remko Stuik, Thomas P. Greene, Charles E. Woodward, and Michael S. Kelley (2009). 
A Direct Measurement of Atmospheric Dispersion in N-band Spectra: Implications for Mid-IR 
Systems on ELTs. PASP, 121:897. doi:10.1086/605312 

[RD11] Taylor-Hobson (2004). Autocollimators and Accessories range. Brochure found at 
http://www.ilusionideasweb.com.ar/vaccaro/pdfs/AUTOCOLLIMATOR.pdf   

[RD12] MICADO ADC, Filter wheel and Pupil wheel mechanisms Specification. Doc. No.: ELT-SPE-MCD-
56305-0004, v.1.6 (Update before FDR!) 

[RD13] MICADO Technical Note – ADC optomechanical tolerance analysis. Doc. No.: ELT-TRE-MCD-
56305-0014 (v1.0) 

[RD14] MICADO Masks, Stops, and Filters Description. Doc. No.: ELT-TRE-MCD-56300-0014 (v2.0) 
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[RD15] Christopher J. Walsh, Achim J. Leistner, and Bozenko F. Oreb (1999). Power spectral density 
analysis of optical substrates for gravitational-wave interferometry, Applied Optics, Vol 38, No. 
22, 1 August 1999. URL: https://labcit.ligo.caltech.edu/~hiro/docs/CSIRO_LIGO_mirror.pdf   
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3 Definitions 
ADC – Atmospheric Dispersion Corrector 
MICADO – Multi-AO Imaging CamerA for Deep Observations 
ELT – Extremely Large Telescope 
CAM – Cold Astrometric Mask 
WAM – Warm Astrometric Mask 
PSF – Point Spread Function 
AD – Atmospheric Dispersion 
PSD – Power Spectral Density 
WFE – Wavefront error 
tWFE – Transmitted wavefront error 
 
 
 
  



 

MICADO ADC – Calibrations and Verifica-
tion Tests [DRAFT]  

Doc.-Ref. 
Issue 
Date  
Author 
Page 

: xxxx  
: 1.0 
: 18.09.2020 
: Joost van den Born 
: 4 of 27 

 

 

MICADO Consortium 

4 List of effects to be calibrated or verified 
Effect Type Comment Section 

ADC rotation per motor 
step 

Mechanical Step size of the Phytron motor 
with the addition of any stick/slip 
effects 

5.1.1 

Encoder accuracy Mechanical Report from manufacturer or refer-
ence measurement using e.g. 
Renishaw 32-bit encoder. 

5.1.2 

Prism wedges Mechanical (also opti-
cal?) 

How are these measured? And 
how well are they aligned (i.e. is 
the line without wedge on one 
side the same as on the other 
side?) 

5.1.3 

Prism thickness Mechanical (also opti-
cal?) 

Critical for pupil position along op-
tical axis. 

5.1.4 

Relative prism rotation 
within a prism pair 
w.r.t. optical axis 

Mechanical (also opti-
cal?) 

Rotation of the prism with respect 
to encoder 0 value. 

5.1.5 

Wobble of the ADC 
prism pairs during rota-
tion 

Mechanical  5.1.6 

Thermal coupling be-
tween glass and mount 

Mechanical (thermal)  5.1.7 

Coefficients of Thermal 
Expansion of S-LAH71 
& S-FPL51 

Mechanical  5.1.8 

Refractive index at op-
erating temperature of 
S-LAH71 & S-FPL51 

Optical OHARA will deliver dispersion 
curves at room temperature. Not 
at 80K 

5.2.1 

Field dependent chro-
matic dispersion due to 
optics 

Optical See [RD1] 5.2.2 

Calibration of Zettlex 
and prism pair align-
ment 

Optical / Control Determines the Zettlex output that 
corresponds to neutral position of 
the ADC 

5.2.3 

Verification of disper-
sion (correction) perfor-
mance 

Optical Is the ADC behaving as ex-
pected? 

5.2.4 

Pupil wander during ro-
tation of ADC prisms 

Optical  5.2.5 
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Throughput variation of 
prisms (also for all field 
positions) 

Optical Due to inhomogeneities in mate-
rial 

5.2.6 

Effect Type Comment Section 

(Transmitted) Wave-
front error 

Optical For separate prisms and/or prism 
pairs 

5.2.7 

Atmospheric dispersion 
model 

Other (control / soft-
ware / optical) 

See [RD2] 5.3.1 
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5 Methods for calibrations and/or verification 
 Mechanical effects 

5.1.1 ADC prism pair rotation per motor step 

5.1.1.1 Description of effect 
The mechanical design of the ADC uses Phytron stepper motors to rotate the prism pairs. The 
Phytron VSS43.200.1.2 has 200 steps per rotation of the motor axis. The gear ratio is designed to 
be 1:6.3125, resulting in a rotation of the prism pair of 0.285°/step, without stick/slip effects. 
Requirement(s) or relevant docs.: ADC-01.000, ADC-01.001, ADC-01.002 

5.1.1.2 Measurable quantity (what to measure) 
The 22-bit Zettlex encoder can be used to measure the rotation angle with respect to the rotation 
axis of the prism. 

5.1.1.3 Concept of calibration or verification 
The integrated ADC housing includes both the driving mechanism and the Zettlex encoder. By per-
forming slow, stepwise, rotation of the prism the encoder output can be analysed to retrieve the ro-
tation angle per step. This has already been done for the ADC prototype, see [RD4], and follows a 
similar procedure. The test should preferably be done in a vacuum and possibly also in a cryogenic 
environment. 

5.1.1.4 Expected accuracy 

 
Figure 1 From the ADC performance tests ([RD4]) - Histogram of the measured step size in terms of the ADC 
rotor wheel rotation. Shown in grey is the same measurement from the warm tests. The bin size has been set 
equivalent to the encoder resolution element. The mean value is 0.284° with a standard deviation of 0.04°. 

The 22-bit Zettlex encoder is accurate enough to measure the rotation to 8.6x10-5 degrees (0.3 
arcseconds). As seen in [RD4], we expect a distribution of rotations with a mean and standard de-
viation as given by the motor specifications ([RD5]). 
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5.1.2 Encoder accuracy 

5.1.2.1 Description of effect 
 

 
Figure 2 From the ADC performance tests: 
Encoder output difference compared to the 
Renishaw angular position. 

 
Figure 3 The read-out difference of the two encoders after 
correcting the trend from Figure 2. 

 
The 22-bit Zettlex encoder, consisting of a rotor and stator ring, returns discrete absolute rotary po-
sition data. During initial performance tests ([RD4]) a periodicity in the accuracy of the data was no-
ticed, when the rotational position was compared to a 32-bit Renishaw optical encoder, see Figure 
2 and Figure 3. The accuracy of the Zettlex encoders is improved when this effect is calibrated for. 
Requirement(s) or relevant docs.: ADC-01.000, ADC-01.001, ADC-01.002, ADC-01.004 

5.1.2.2 Measurable quantity (what to measure) 
Comparing the Zettlex output against the more accurate Renishaw encoder output, it is possible to 
find a rotational offset as a function of Zettlex rotation angle. 

5.1.2.3 Concept of calibration or verification 
The 32-bit Renishaw encoder available to NOVA is not qualified for cryogenic use. Therefore, the 
calibration will be done at room temperature. We expect no significant differences in the output of 
the Zettlex at 210 K, compared to room temperature. 
The final design of the ADC will likely not allow for the mounting of the Renishaw encoder. It is pos-
sible to mount the Zettlex encoders that will be used in the final hardware in the ADC prototype, 
where a Renishaw encoder can be mounted, and use that for the calibration of the encoders. 

5.1.2.4 Expected accuracy 
Theoretically the Zettlex 22-bit encoder should allow for an absolute rotational accuracy of 8.6x10-5 
degrees (0.3 arcseconds). The calibration report delivered with the Renishaw encoder states that 
the angular error of the Renishaw encoder is within 0.79 arcsec. Using the Renishaw as a calibra-
tion device, we will thus not be able to get any better than that. It should be fairly easy to get below 
the 20 arcsecond accuracy that is required (reference to specification document with this re-
quirement). 
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5.1.3 Prism wedges 

5.1.3.1 Description of effect 
The wedge angles of all four ADC prisms determine the maximum amount of dispersion that can 
be corrected for. In addition, it has an impact on the angular position of each prism pair to correct 
for a given amount of (atmospheric) dispersion. 
Requirement(s) or relevant docs.: ADC-01.000, ADC-01.001, ADC-01.002, ADC-01.004 

5.1.3.2 Measurable quantity (what to measure) 
The apex angle of the prism should be measured, as this is the quantity that has on impact on the 
prism dispersion. For alignment purposes, the tip/tilt of the prisms with respect to the optical (rota-
tion) axis should also be measured. 

5.1.3.3 Concept of calibration or verification 
One could use a scanning measurement tool to build an accurate 3D map of each prism. We will 
probably ask the manufacturer or polisher to do this for us. 

5.1.3.4 Expected accuracy 
Guess: These measurement tools should be accurate to a few micrometers (μm). This would then 
in turn result in a wedge accuracy of a few arcseconds. 

5.1.4 Prism thickness 

5.1.4.1 Description of effect 
While the prism thickness has little effect on the dispersion of the ADC prisms, the thickness does 
have a significant effect on the location of the pupil plane. Knowledge of the prism thicknesses is 
therefore important for pupil alignment. 
Requirement(s) or relevant docs.:  

5.1.4.2 Measurable quantity (what to measure) 
Thickness of the individual prisms, as well as the assembled prism pairs, using a measurement 
tool. The thickness will be measured at multiple points as to be able to define the two optical sur-
face planes. 

5.1.4.3 Concept of calibration or verification 
Using a flat table, on which the prisms are placed, we can measure the height of the prism along 
the optical interface. With knowledge of the prism wedges, see 5.1.3, the height of the prism in the 
direction of the optical axis at any point on the prism can be derived. If necessary, the assembled 
prism pairs can be measured in the same manner. Likely, this is not necessary as the alignment of 
the two prisms is so precise as that any thickness changes due to misalignment will be very small. 

5.1.4.4 Expected accuracy 
A few μm? 
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5.1.5 Relative prism rotation within a prism pair w.r.t. optical axis 

5.1.5.1 Description of effect 
The relative prism rotation around the z-axis with respect to the other prism in a prism pair. The rel-
ative rotation of two prisms within a prism pairs stays fixed after integration. A misalignment here 
does have an impact on the overall dispersion of the ADC. The ADC tolerance analysis ([RD13]) 
shows that for a relative rotation of 0.02°, the dispersion is affected by 0.02 mas. 
This effect is directly linked to 5.1.3, because the minimum or maximum glass width of each prism 
will likely be the reference position on the prism.  
Requirement(s) or relevant docs.: 

5.1.5.2 Measurable quantity (what to measure) 
Rotation about the optical axis (assume center of the prism) relative to some reference point. 

5.1.5.3 Concept of calibration or verification 
This is mostly a verification test. 
One way of doing this is by adding a dig or scratch at the location of minimum and maximum width 
on all prisms. By aligning these scratches during integration, we can ensure that the relative prism 
rotation is within acceptable levels. This does move the risk of misalignment from integration to a 
measurement. 
To verify, we could measure the combined prism width. If they are aligned properly the minimum 
and maximum width should be the sum of the individual widths of the prisms and the gap between 
the prisms. Again, the minimum and maximum should align with the scratches/digs on the glass. 

5.1.5.4 Expected accuracy 
Estimated accuracy: 20 μm on the radius of the prism (0.02° of rotation). ß Very optimistic?! 

5.1.6 Wobble of the ADC prism pairs during rotation 

5.1.6.1 Description of effect 
A derived requirement comes from CMW-04.003, describing the allowed image displacement, and 
CWM-04.004, describing the allowed pupil displacement due to optical components in the CWM. 
Since the filters in the filter and pupil wheels will not move, an allowed wobble of 20 arcseconds 
can be found for the ADC, see [RD13]. Aside from a linear shift in the image and pupil position, the 
wobble has some effect on the geometric distortions of the observed image, if the ADC has rotated 
during the integration, affecting the astrometric performance. If the wobble is within 20 arcseconds, 
then this can be kept under control. 
Requirement(s) or relevant docs.: CWM-04.003, CWM-04.003  

5.1.6.2 Measurable quantity (what to measure) 
The tip/tilt angle measured by the Taylor-Hobson DA-400 autocollimator. 

5.1.6.3 Concept of calibration or verification 
We can use the Taylor-Hobson DA-400 autocollimator, available at NOVA, to test the wobble of 
each prism pair after integration in the ADC housing. Several rotations of the prisms should point 
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out any large differences, compared to the prototype performance. The test can be done at room 
temperature (preferably in vacuum) but also at operational temperature (80 K). 
Some thought is necessary to decide how the tip/tilt of the prism can be measured during the rota-
tion. Since the prisms have a considerable wedge, some sort of tooling or perhaps a small mirror 
with a similar wedge will have to be made to allow the autocollimator to measure the wobble. In ad-
dition, we do not want to damage the glass prism. This will have to be considered as well.  

5.1.6.4 Expected accuracy 
We expect a similar accuracy as in [RD4]. The Taylor-Hobson DA-400 autocollimator has an accu-
racy of up to 0.2 arcseconds ([RD11]) for small angular differences and better than 4 arcseconds 
over its entire range. 

5.1.7 Thermal coupling between glass and mount 

5.1.7.1 Description of effect 
During the development of the ADC mechanism some assumptions about the thermal coupling be-
tween the glass prisms and the cold aluminium have been made. To ensure no large temperature 
differentials will exist, possibly causing condensation on the glass, we need to verify the thermal 
coupling between the glass and the prism mount. 
Requirement(s) or relevant docs.: 

5.1.7.2 Measurable quantity (what to measure) 
The temperature differential between the mount and the glass at various temperatures. Ideally, the 
contact pressure and contact area are known. 

5.1.7.3 Concept of calibration or verification 
Likely, it is best to perform this test before polishing and coating of the prism blank. Alternatively, a 
spare blank could be used. 
One prism blank is placed inside its mount. The mount is coupled to a larger thermal mass. By 
placing a temperature sensor on both the mount and on the center of the prism blank, the tempera-
ture differential can be measured at various temperatures. If possible, this test should be per-
formed down to operational temperatures. Because the time scales of significant temperature vari-
ations are long (i.e. cool down and warm up), there should be no critical temperature gradient be-
tween the edge and the center of the prism blank. Therefore a temperature sensor on the edge of 
the blank might also provide enough information. 
Additional comments: We should consider in what directions the prism blank is able to radiate, i.e. 
“What does the prism blank see?”. Also, it might be more representative to do this test for the com-
pletely build ADC, but the AR coatings on the prism blanks will probably not like the glue or tape 
that holds the temperature sensor.  

5.1.7.4 Expected accuracy 
This test does not need to be extremely accurate. A rough value should be enough to validate and 
update the thermal simulations. Then we will also be able to ensure that the prisms will not experi-
ence a too large temperature difference relative to the environment.  
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5.1.8 Coefficients of Thermal Expansion of S-LAH71 & S-FPL51 

5.1.8.1 Description of effect 
The temperature difference between the integration hall (room temperature) and the operational 
temperature of MICADO is significant, causing a change in the physical size of the prism blanks 
due to thermal contraction as the instrument cools down.  
Requirement(s) or relevant docs.: 

5.1.8.2 Measurable quantity (what to measure) 
Assuming we’re interested in the linear coefficient of thermal expansion, a value for the expansion 
in μm/m/K should be found. In [RD7] an FBG (Fibre Bragg Grating) is used to measure the CTE. 
We propose a different method, where fringe intensity would be tracked as function of temperature.  

5.1.8.3 Concept of calibration or verification 
We propose to measure the Coefficient of Thermal Expansion (CTE) of S-LAH71 and S-FPL51 by 
placing samples within a cryogenic interferometric setup. These samples should be polished, so 
that broad fringes appear on the interferometric image. As the temperature changes the samples 
will change in physical size and the fringe pattern will start to move. By synchronizing the tempera-
ture data and tracking the intensity of a location on the sample, the exact change in distance and 
thus the change in sample size, can be recorded. From this data it should be possible to find the 
CTE values and even the temperature derivative of the CTE (how the CTE changes as a function 
of temperature. 

5.1.8.4 Expected accuracy 
Fringe intensity can be tracked accurately. The length differential between a peak and valley of a 
fringe is equal to λ/2, so theoretically the accuracy of growth/contraction rate would be on the na-
nometer scale. However, the main limitation in the final value for the CTE would likely come from 
the initial knowledge about the size of the sample. These could be measured at a fixed tempera-
ture before the cooldown. The final accuracy would be the root sum square of the uncertainties in 
the size, temperature and change in size measurements. 

 Optical effects 

5.2.1 Refractive index at operating temperature of S-LAH71 & S-FPL51 

5.2.1.1 Description of effect 
Chromatic dispersion is by definition the refractive index as a function of wavelength. To ensure 
the optical performance of the ADC the refractive index of all prisms should be known for the whole 
wavelength range of MICADO (0.8 to 2.5 μm). The refractive index for each glass can be slightly 
different, depending on the exact conditions and material homogeneity during production of the 
prism blanks. Furthermore, the refractive index will be different at room temperature compared to 
at the operational temperature of 80K. The refractive index at 80K has been measured for S-
FPL51 (e.g. [RD6] or [RD8]), but not yet for S-LAH71. 
Based on the measurement results, the ADC optical design and ADC control algorithm can be up-
dated. 
Requirement(s) or relevant docs.: ADC-01.000, ADC-01.001, ADC-01.002 
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5.2.1.2 Measurable quantity (what to measure) 
Refractive index for many points between 0.8 and 2.5 μm at various temperatures (at the least at 
293 K and at 80 K). 

5.2.1.3 Concept of calibration or verification 
Upon delivery of the prism blanks by OHARA, they will also include a measurement report of the 
refractive index for that specific batch of glass. This measurement has been done at room temper-
ature. They will not do a measurement at cryogenic temperatures.  
Cryogenic measurements will likely be done by OMT Solutions B.V. 

5.2.1.4 Expected accuracy 
The refractive index measurement accuracy is estimated to be 5x10-4. 

5.2.2 Field dependent chromatic dispersion due to optics 

5.2.2.1 Description of effect 
In [RD1] a field dependent residual chromatic dispersion was found. This effect is a result of other 
optics in the optical train and also of the ADC orientation. To verify the results of these simulations, 
the residual dispersion on the detector plane of MICADO should be measured to the necessary ac-
curacy. While this effect can likely be calibrated using a low order polynomial, it is necessary to 
take this into account for the astrometric performance. 
Requirement(s) or relevant docs.: ADC-01.000, ADC-01.001, ADC-01.002 

5.2.2.2 Measurable quantity (what to measure) 
Chromatic dispersion on the image plane of MICADO. As described in the next section, we can 
measure the distance between the point to which artificial speckles point, called the radiation cen-
ter, and the PSF core. 
Alternatively, we could measure the centroid position of a pointlike source at two (or more) wave-
lengths, using different narrowband filters. 
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5.2.2.3 Concept of calibration or verification 

 
Figure 4 A simulation of a H-band PSF, where a 
typical Bahtinov mask is placed in the pupil plane of 
MICADO. The generated speckles point towards 
the radiation center, which is a direct proxy to the 
amount of dispersion present for the PSF itself. 

 
Figure 5 The artificial speckles are a distance θm(λ) 
away from the PSF core. The chromatic elongation 
is denoted by !R and the distance from the radia-
tion center to the PSF core for the longest wave-
length, i.e. PSF(λ2), is given by dRC. 

 
Following the concept described in [RD3], 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 system. Because 
this mask or deformable mirror is located inside the pupil of the system, 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 

!!" = # λ#
λ# − λ$

&Δ( 

Here, dRC is the distance from the PSF core to the radiation center, the location all artificial speck-
les point to. The distance of the generated speckles away from the PSF core can be tuned by 
choosing the appropriate number of grating lines over the pupil diameter. An example of what this 
might look like is shown in Figure 4. Discrete pixel sizes will make the real image somewhat harder 
to analyse. 
An alternative method, which will be necessary if using a pupil mask is not feasible, will also be de-
scribed. By measuring the centroid position of pointlike sources over the full field of view, we obtain 
positions for an almost monochromatic PSF. By doing this at several wavelengths, using the avail-
able narrowband filters, we can find the dispersion. The accuracy of this method will be decreased 
by tolerances on the filter wedges, as these will impact the location of the PSF centroid, irrespec-
tive of the ADC orientation. 
Assuming that the dispersion will dominate over any geometric distortions on the scale of the dis-
persion, this should be a fairly accurate way to find the dispersion over the full field of view, but it 
requires more observations than the first method. 
For both methods it does not seem possible to measure the dispersion before MICADO integration. 
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5.2.2.4 Expected accuracy 
Pathak et al. ([RD3]) were able to achieve a residual dispersion on the order of 1 mas for the 8-me-
ter Subaru telescope. At least a similar accuracy should be possible to achieve. 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 [RD1] 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 less resolved PSF. 
The second method will be limited by the accuracy of the centroiding, the knowledge about the fil-
ter wedges and the small amount of dispersion from the limited bandpass width. The expected 
non-corrected dispersion for all the filters is given for a few zenith angles in Section 8.1. Notably, 
very few filters give less than a pixel (4 mas) of dispersion, especially for shorter wavelengths. This 
can probably be worked around by taking the centroid along the elongated direction as the position 
of the light with the central wavelength and taking this point as the data point, because the disper-
sion will be indistinguishable from linear at these small bandpasses. 

5.2.3 Calibration of Zettlex encoder and prism pair alignment 

5.2.3.1 Description of effect 
To be able to position the ADC prisms correctly, knowledge about the relative positioning of the 
Zettlex encoder and the prism pair should be known. This then allows the control software to deter-
mine the correct positions. For example, the thinnest part of the prism pair could be chosen as the 
reference location. We should be able to find out to which output value of the Zettlex encoder this 
corresponds. 
Requirement(s) or relevant docs.: 

5.2.3.2 Measurable quantity (what to measure) 
Residual dispersion on the MICADO image plane and Zettlex angular position output of both prism 
pairs. 

5.2.3.3 Concept of calibration or verification 
Measuring the residual dispersion on the MICADO image over a range of prism positions will give 
us orientation corresponding to the minimum dispersion correction, maximum dispersion correction 
and neutral configuration. With these three data points it is possible to select an appropriate refer-
ence point. 

5.2.3.4 Expected accuracy 
Interpolation of the resulting curve, plotting the position of the prism pairs against residual disper-
sion, should allow for increased accuracy. It is difficult to estimate immediately to which angular 
resolution this method would allow us to measure/calibrate the alignment between the Zettlex en-
coder and the prism pairs. 
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5.2.4 Verification of dispersion (correction) performance 

5.2.4.1 Description of effect 
This is a verification of both the atmospheric model used to position the ADC prisms and the ADC 
optics itself. If this verification test is successful the performance of the ADC is more or less guar-
anteed. 
Requirement(s) or relevant docs.: ADC-01.000, ADC-01.001, ADC-01.002 

5.2.4.2 Measurable quantity (what to measure) 
Chromatic dispersion on the image plane of MICADO. As described in 5.2.2, we can measure the 
distance between the point to which artificial speckles point, called the radiation center, and the 
PSF core. 
Alternatively, we could measure the centroid position of a pointlike source at two (or more) wave-
lengths, using different narrowband filters. This was also described in 5.2.2. 

5.2.4.3 Concept of calibration or verification 
The method described previously in 5.2.2 allows for an accurate measurement of the dispersion 
correction performance. This would mean that this verification would have to be done in the inte-
grated MICADO system.  
Using the ADC neutral dispersion mode and a non-dispersed calibration source allows for a verifi-
cation of the ADC alignment with respect to dispersion correction. The Cold Astrometric Mask 
(CAM) could be used to specifically test the ADC optics. The Warm Astrometric Mask could be 
used to include other transmissive optics, such as the entrance window.  
Can we somehow do this test before integration? At NOVA, before the ADC is integrated 
into the CWM? 

I think it will be difficult to achieve the desired accuracy without the resolution of the ELT, but we 
have to think about this more. Perhaps by having a collimated broadband light source shining upon 
the ADC and having the output beam be dispersed by a grating, as to magnify the dispersion. This 
grating would have to be known very well.  

5.2.4.4 Expected accuracy 
See 5.2.2.4. 

5.2.5 Pupil wander during rotation of ADC prisms 

5.2.5.1 Description of effect 
Since prisms not only disperse light, but also refract the direction of the light beam, we expect to 
see a small change in the pupil position for different orientations of the ADC prisms. 
Requirement(s) or relevant docs.: CWM-04.003, CWM-04.004 

5.2.5.2 Measurable quantity (what to measure) 
Location of a laser dot on a screen or detector. 

5.2.5.3 Concept of calibration or verification 
Budget ~15-30 μm, so this test should be more accurate than this value (to ~5 micron) 
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Using a laser, for example a He-Ne laser at 1.5 μm, the location of the projected dot on a screen at 
a distance equal to the ADC-to-pupil distance, can be followed for various orientation of the ADC 
prisms. By changing the angle of incidence, between roughly -3.7° and +3.7°, the MICADO field is 
emulated.  
If the alignment was done properly, then this should give an indication to the pupil wander as a 
function of the ADC rotation. 
The screen on which the laser is projected could consist of a semi-opaque screen, with an evenly 
spaced grid on it. Behind this screen should be a camera to record the location. By fitting a Gauss-
ian through the intensity profile, one should be able to quite accurately determine the centroid loca-
tion. To increase the sensitivity of the test, one could increase the distance of the screen away 
from the ADC. Of course, this distance needs to be well defined. The movement of the laser pro-
jection needs to be scaled by a magnification factor, M, to find the effect in the MICADO pupil 
plane, where M is defined by 

) = !%&"'()(*+
!%&"',-.//0

= 50	--
!%&"',-.//0

. 

 

Note: Working with infrared lasers brings some safety issues to take into account. When placing 
the screen at a large distance the risk of blinding someone increases. Using an IR-laser also re-
quires a special camera or special screen to be able to detect the projected laser point. 

5.2.5.4 Expected accuracy 
Based on the concept described above, an accuracy of several microns should be possible for a 
larger distance. If a higher accuracy is needed, one could consider increasing the distance be-
tween the ADC and the screen or adding another optic to magnify the refraction by a known 
amount. 

5.2.6 Throughput variation of prisms (also for all field positions) 

5.2.6.1 Description of effect 
To meet the throughput variation requirement (ADC-4001 & ADC-4002 in [RD12]), we must meas-
ure the throughput homogeneity of all prisms. Since this requirement is based on the photometry 
performance requirement of MICADO, we want to ensure that this throughput variation is accepta-
ble over the full field of view of the instrument. Therefore, we will have to measure the throughput 
variation over a range of incidence angles. 
The requirement states “the throughput variation, averaged over the beam footprint, shall be no 
more than 1% with respect to the neutral ADC mode. This applies to any position in the MICADO 
FoV”. The goal is to have (less than) 0.5% variation. 
Requirement(s) or relevant docs.: ADC-04.001, ADC-04.002, CWM-04.002. 

5.2.6.2 Measurable quantity (what to measure) 
Image intensity and uniformity 

5.2.6.3 Concept of calibration or verification 
After integration: The throughput variation is to be measured relative to when the ADC is in the 
neutral position. This allows us to use flatfields in the integrated MICADO system. Our original idea 
was to use one of the calibration masks to measure the peak intensity of the artificial point sources 
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on the detector. This could work only if monochromatic light is used, because for broadband light 
the ADC will disperse the light, complicating this measurement significantly.  
A better approach is to do a flatfield for various positions of the ADC. Then we take small areas of 
the detector, much larger than the amount of dispersion introduced by the ADC, and measure the 
average intensity of each small area. If there are clear discrepancies in the throughput homogene-
ity as a function of field position, one could even dither these small areas to get a more continuous 
description of how the homogeneity changes. 
We suggest taking the average intensity over areas of 4 square arcseconds, giving a total of 729 
areas.  
Before integration: The alternative is to do tests before integration of the prisms into the ADC 
housing. The prisms could be tested individually and by adding the results, taking into account 
some of the alignment tolerances, we could conclude whether or not the ADC as a whole will be 
compliant with the requirement. This would be an absolute measurement. By subtracting the per-
formance for the configuration of the prisms that would correspond to the ADC being in the neutral 
position, one could assess whether or not the requirement is satisfied. 
In this scenario a diffuse uniform light source would have to be placed behind the prism and the 
uniformity of the prism throughput would have to be measured for various rotations of the prism. 
Also, the test should be repeated at various angles so that the different field positions on the detec-
tor are sampled. Because the uniformity of the light at the instrument pupil is not our main concern, 
the light distribution seen in this test should be integrated to get a combined intensity. By repeating 
this test and keeping to a proper procedure, it should be possible to assess the performance and 
thus the compliance. 
Note: The divergence or collimation of the light source might be an issue. 

5.2.6.4 Expected accuracy 
A few percent should be achievable. ßThat’s not good enough! 

5.2.7 (Transmitted) Wavefront error 

5.2.7.1 Description of effect 
The transmitted wavefront error (tWFE) can and will be measured after polishing the blanks. But 
the main open question comes from the coatings. The WFEs of the coatings may be temperature 
and wavelength dependent and we don’t know how those behave. 
Preferably, the measurement will be done at near-infrared wavelengths (say λ=1.5 μm) and prefer-
ably at a temperature of 80K as well.  
The wavefront error budget (reference?) splits the wavefront error in two categories; the shape er-
rors, described by the lower order Zernike modes, and the mid-spatial frequency errors, described 
by the higher order Zernike modes or a Power Spectral Density curve. For stray-light analyses and 
the astrometric performance it may also be necessary to know about the high spatial frequency er-
rors, also known as the micro-roughness. 
Have a discussion with Tibor about this.  
Requirement(s) or relevant docs.: CWM-04.004 

5.2.7.2 Measurable quantity (what to measure) 
Using an interferometer, we can measure the interferogram of the prisms and find the (double-
pass) wavefront error. 
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There is a limit to what order the interferometer can measure the Zernike modes, without trying to 
fit Zernike coefficients to the measurement noise. 
Request a (micro)roughness on the blanks (with coating?) for a couple locations as a verification. 

5.2.7.3 Concept of calibration or verification 
The measurement of tWFEs is standard practice in the industry, but does typically only involve 
measurements of the lower Zernike orders, i.e. shape errors. For the reasons mentioned above, it 
will be necessary to also measure the higher order errors.  
In an ambitious case the full Power Spectral Density (PSD) curve could be investigated using mul-
tiple measurement tools. The main drawbacks of doing this would be in the time cost and the fact 
that this would only give you a surface error and not a transmitted wavefront error (although those 
two are closely related, with an interference filter this relationship can become very complicated 
quickly). A description of the measurement of the PSD curve of a LIGO mirror can be found in 
[RD15], where the spatial frequencies from 0.1 to 8000 cm-1 were measured. 

5.2.7.4 Expected accuracy 
A few nanometers of accuracy is typical for medium class interferometers, which would be the lim-
iting factor in the shape error measurement. Using an Atomic Force Microscope or an interferomet-
ric microscope to probe the mid- and high spatial frequencies, the limiting accuracy would be 
around a fraction of a nanometer. 
 

 Other 

5.3.1 Atmospheric dispersion model 

5.3.1.1 Description of effect 
In [RD2] various atmospheric refraction models are investigated. In particular, van den Born and 
Jellema show that atmospheric dispersion does not seem very sensitive to the geometric descrip-
tion of the atmosphere, but is mostly impacted by the dispersion model (n(λ)) and the atmospheric 
conditions. Nonetheless, it should be verified that this analysis is correct and that the model used 
for the control of the ADC can be used to sufficient accuracy. 
Requirement(s) or relevant docs.: ADC-01.000, ADC-01.001, ADC-01.002 

5.3.1.2 Measurable quantity (what to measure) 
Atmospheric dispersion: 
Direct measurement – Centroid of the PSF along the spatial direction as a function of wavelength. 
Indirect measurement – Distance between the radiation center and the PSF core 

5.3.1.3 Concept of calibration or verification 
The most straight-forward verification of the atmospheric dispersion model, is to do a suitable ob-
servation on-sky with the ELT. We foresee two options to measure the atmospheric dispersion. In 
both cases, we’d want the ADC to be in the neutral position. Any dispersion present in this configu-
ration, due to systematics, should be removed prior to the analysis of the data.  

1. A direct measurement of the atmospheric dispersion by analysing the trace map of a stand-
ard star at various zenith distances in spectroscopic mode. Such a study has recently been 



 

MICADO ADC – Calibrations and Verifica-
tion Tests [DRAFT]  

Doc.-Ref. 
Issue 
Date  
Author 
Page 

: xxxx  
: 1.0 
: 18.09.2020 
: Joost van den Born 
: 19 of 27 

 

 

MICADO Consortium 

done in the optical by Wehbe et al. (2020), [RD9], by using the UVES instrument on the 
VLT. Before, a similar study has been done in the infrared by Skemer et al. (2009), [RD10], 
using MIRAC4-BLINC on the 6.5-meter MMT. 

2. An indirect measurement of the atmospheric dispersion using a pupil mask or a sinusoidal 
pattern on a deformable mirror. See 5.2.2 for more details. 

 
The first measurement has the main advantage that it measures the atmospheric dispersion at all 
wavelengths simultaneously, but it is limited in accuracy. [RD9] states an accuracy in their atmos-
pheric dispersion measurement between 315-665 nm to be ~17 mas. Likely, with the higher resolu-
tion of the ELT this can be improved upon significantly. As discussed in [RD9], the accuracy of the 
instrumental plate scale is a very important parameter in this type of measurement. Careful plate 
scale measurements will have to be done before this measurement or be part of the measurement 
procedure. 
We expect it unlikely that an accuracy ~0.1 mas will be obtainable with this method. Using the sec-
ond method, in combination with several different filters, it is possible to anchor the general trends 
found using the first method. There is no reason to suspect the general trends to be highly varia-
ble. Therefore, the accurate anchor points combined with the less accurate but more complete 
data of the second method could give a relatively high confidence level in a description of atmos-
pheric dispersion. 

5.3.1.4 Expected accuracy 
The accuracy of the measured atmospheric dispersion calibration, as estimated in 5.2.2, was 0.1 
mas. Therefore, that will also be the limiting accuracy of a single data point. However, assuming 
some continuity over the parameter space, interpolation and data analysis might improve these 
numbers further for some conditions. 
Using a spectroscopic measurement to obtain the atmospheric dispersion, an accuracy of around 1 
mas seems possible. This alone is not enough to guarantee the performance of the MICADO ADC, 
but combined with the other method, a general accuracy below 1 mas must be possible. 
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6 Calibration and verification plan 
A general overview of the test order is given here. Some items rely on having completed previous 
verification tests, while other items may have considerable flexibility in the time of performing the 
test.  
Before MICADO integration at MPE / Cerro Armazones: 

1. Refractive index at operating temperature of S-LAH71 & S-FPL51 
 Relies on:  None 
 Enables:   4, 5, 13 
 When:   Q1 2021 
 

2. Coefficients of Thermal Expansion of S-LAH71 & S-FPL51 
 Relies on:  None 
 Enables:   None? 
 When:   Q1 2021 
 

3. Thermal coupling between glass and mount (naar achteren) 
 Relies on:  None 
 Enables:   None 
 When:   Q2 2021 
 

4. (Transmitted) Wavefront error 
 Relies on:  1 
 Enables:  None 
 When:   Q4 2022 
 

5. Prism wedges 
 Relies on:  1 
 Enables:   6, 7, 11 
 When:   Q4 2021 
 

6. Prism thickness 
 Relies on:  1, 5 
 Enables:   7, 11 
 When:   Q4 2021 
 

7. Relative prism rotation within a prism pair w.r.t. optical axis. 
 Relies on:  5, 6 
 Enables:   8, 10, 11 
 When:   Q1 2022 
 

8. Throughput variation of prisms (also for all field positions) 
 Relies on:  7 
 Enables:   None 
 When:   Q2-Q3 2021 
 

9. Encoder accuracy 
 Relies on:  None 
 Enables:   10, 11, 12, 13 
 When:   Q4 2021 
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10. Wobble of the ADC prism pairs during rotation 

 Relies on:  7, 9 
 Enables:   11, 13 
 When:   Q2 2022 

11. Pupil wander during rotation of ADC prisms 
 Relies on:  5, 6, 7, 9, 10 
 Enables:   None 
 When:   Q3 2022 
 

12. ADC rotation per motor step (optionally at MPE integration phase) 
 Relies on:  9 
 Enables:   13 
 When:  Q2 2022 
 

After MICADO integration at Cerro Armazones: 

13. Calibration of Zettlex encoder and prism pair alignment 
 Relies on:  10 
 Enables:   16 
 When:   Q4 2023 – Q4 2025 
  

14. Verification of dispersion (correction) performance (possibly at MPE) 
 Relies on:  1, 9, 10, 13 
 Enables:   16 
 When:   Q4 2023 – Q4 2025 
 

15. Field dependent chromatic dispersion due to optics (possibly at MPE? Otherwise requires ELT) 
 Relies on:  None 
 Enables:   None 
 When:   Q4 2025 
 

16. Atmospheric dispersion model (requires ELT) 
 Relies on:  13, 14 
 Enables:  None 
 When:   Q4 2025 – Q1 2026 

 Timeline 
The Gantt chart on the next page shows an overview of the timeline of the verification tests and 
calibrations.  
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7 Conclusion 
To ensure that all requirements on the MICADO Atmospheric Dispersion Corrector are met, several 
verification and calibration tests are necessary. As we have discussed above, these tests can be difficult. 
Nonetheless, they should be possible. For each test a more detailed test will have to be devised, containing 
the necessary tools, requirements and test procedures. This is outside of the scope of this document, which 
only aimed to give an overview of all necessary tests. 

We believe that if all these tests and calibrations are completed succesfully and within the requirements set 
on the individual (sub-)components, the MICADO Atmospheric Dispersion Corrector will perform 
satisfactorily. 
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8 Appendix 
 Dispersion at z=5°, z=30° and z=60° for the MICADO filters 

The atmospheric dispersion, without any correction, over the passband of all filters described in 
[RD14] is calculated using the AstroAtmosphere python package, see also [RD2]. 

Name λcen 
(μm) 

Δλ 
(μm) 

λcuton 
(μm) 

λcutoff 
(μm) 

ΔR  
(z=5°) 
(mas) 

ΔR (z=30°) 
(mas) 

ΔR (z=60°) 
(mas) 

I-long 0,8670 0,1340 0,8000 0,9340 11,8 77,7 232,3 

Y 1,0375 0,1550 0,9600 1,1150 7,9 52,0 155,6 

J 1,2475 0,1950 1,1500 1,3450 5,7 37,5 112,1 

H 1,6350 0,2900 1,4900 1,7800 3,7 24,7 74,0 

Ks 2,1450 0,3500 1,9700 2,3200 2,0 13,1 39,3 

J-short 1,1900 0,0500 1,1650 1,2150 1,7 11,0 32,8 

J-long 1,2700 0,0500 1,2450 1,2950 1,4 9,0 26,9 

H-short 1,5820 0,0850 1,5400 1,6250 1,2 7,9 23,6 

H-long 1,6930 0,1120 1,6370 1,7490 1,3 8,5 25,4 

K-short 2,0600 0,0600 2,0300 2,0900 0,4 2,5 7,5 

K-mid 2,1000 0,1000 2,0500 2,1500 0,6 4,0 11,8 

xI1 0,8350 0,0680 0,8010 0,8690 6,6 43,8 131,0 

xI2 0,9000 0,0680 0,8660 0,9340 5,3 34,8 104,2 

xY1 1,0000 0,0800 0,9600 1,0400 4,5 29,8 89,0 

xY2 1,0750 0,0800 1,0350 1,1150 3,6 23,9 71,5 

xJ1 1,2000 0,1100 1,1450 1,2550 3,6 23,6 70,5 

xJ2 1,3000 0,1000 1,2500 1,3500 2,5 16,8 50,3 

xH1 1,5450 0,1600 1,4650 1,6250 2,4 16,0 47,9 

xH2 1,7050 0,1600 1,6250 1,7850 1,8 11,9 35,6 

xK1 2,0600 0,1600 1,9800 2,1400 1,0 6,7 20,1 

xK2 2,2200 0,1600 2,1700 2,3000 0,6 4,3 12,8 

 

H-cont 

1,5700 0,0230 1,5585 1,5815 0,3 2,2 6,5 

[Fe-II] 1,6495 0,0220 1,6385 1,6604 0,3 1,8 5,4 

H2_1-0S1 2,1289 0,0280 2,1147 2,1430 0,2 1,1 3,2 

Br-! 2,1733 0,0290 2,1588 2,1878 0,2 1,0 3,1 

K-cont 2,2019 0,0290 2,1879 2,2158 0,1 1,0 2,9 

K-long 2,3080 0,0440 2,2859 2,3300 0,2 1,3 3,9 

Pa-β 1,2864 0,0170 1,2779 1,2950 0,4 3,0 8,8 

He-I 2,0656 0,0270 2,0518 2,0793 0,2 1,1 3,4 

Spec_HK 1,9500 1,0000 1,4500 2,4500 8,6 56,6 169,4 

Spec-IJ 1,1480 0,6050 0,8450 1,4500 26,0 171,3 512,5 
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 Simulation of the effect of the refractive index on the intra-band dis-
persion of the MICADO ADC 

 

Figure 6 The residual dispersion for the broadband filters of MICADO, assuming the prism position is opti-
mized for the cut-on and cut-off wavelengths of the respective band. Figure from [RD2]. 

Using a Python script to model and optimize the ADC position, given two wavelengths of interest, 
we can compare the dispersion of the ADC to that of the atmosphere. The ADC optimization is 
fairly insensitive to the apex angles of the prisms, or to some extent to the refractive index, when 
the final goal is to have the residual dispersion at two particular wavelengths be zero. Trouble 
arises when the intra-band residual dispersion is inspected. 

For the nominal ADC design, this is well under control. For example, at a zenith angle of 30° the 
residual dispersion is never more than about 0.15 mas. This is illustrated in Figure 4 in [RD2], 
shown here in Figure 6. 

We can alter the refractive index of the prism materials in several ways: 

• Add a constant offset to the refractivity curve 
• Add a sinusoidal offset as a function of wavelength to the refractivity curve 
• Add gaussian ‘measurement’ noise to the refractivity curve 

These effects can be considered the same for all materials, be different for the different glass types 
or be unique for each and every prism. The results of these different scenarios turn out to be quite 
similar and therefore we’ll only show the example where we assume that the refractive index is the 
same for each glass type, but different for different glass types. 

The results are shown in Figure 7 to Figure 10. We see that it is quite possible to optimize the ADC 
for two wavelengths, here the edges of the passband and have seemingly good performance. The 
refractive index only has an impact on the maximum zenith angle for which nulling of the atmos-
pheric dispersion can be achieved. Upon closer inspection, however, we see unacceptably large 
intra-band residual dispersion as this can be on the order of a few milli arcseconds. This is not de-
sired, and thus proves a new optimization of the optical design of the ADC is necessary once the 
refractive index of both the S-LAH71 and S-FPL51 batch has been done at operational (cryogenic) 
temperatures. 
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Figure 7 The simulated refractivity curves as a function of wavelength. In black is the nominal curve, as 
found in literature. In red is the simulated curve with the added offset shown at the bottom of each plot. P1 to 
P4 denotes the prism number. 



 

MICADO ADC – Calibrations and Verifica-
tion Tests [DRAFT]  

Doc.-Ref. 

Issue 

Date  

Author 

Page 

: xxxx  
: 1.0 

: 18.09.2020 
: Joost van den Born 

: 27 of 27 

 

 

MICADO Consortium 

 

Figure 8 The optimum prism rotation angle of the 
first prism as a function of zenith angle. The nomi-
nal ADC is shown in black and the ADC with the al-
tered refractive indices is shown in red. It is clear 
that the perturbed ADC has compromised perfor-
mance in its maximum zenith angle for which it is 
able to correct the atmospheric dispersion. 

 

Figure 9 The residual dispersion on the MICADO 
image plane for the nominal and perturbed ADC. 
The residual dispersion is generally zero until the 
ADC is not able to correct the atmospheric disper-
sion anymore. 

 

 

Figure 10 The intra-band residual dispersion at a 30° zenith angle. In black we see the performance of the 
nominal ADC, equal to Figure 6. In red the perturbed refractive indices result in large variations of the intra-
band residual dispersion, compromising the ADC performance. 
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