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MARVEL PROJECT CONTEXT
• Harvesting on the KU Leuven involvement in ESA’s 

exoplanet space missions: PLATO & ARIEL

• Need for high-precision high-resolution spectroscopy 
capability

• PLATO: ∼ 4000 candidates requiring multi-epoch PRV 
follow up
MARVEL will be largely dedicated to these observations

• ARIEL: transit spectroscopy requires HR spectroscopy for 
characterisation of stellar activity

• Fresh boost for the 1.2-m 
Mercator Telescope Observatory 
(La Palma, Spain)
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PLATO WILL MEASURE PLANET SIZES

MARVEL WILL WEIGH THEM

ØWhat are PLATO exoplanets made of?

Ø Light curve dips give radius of the planet

ØWe need to measure planet mass to know its density

Kepler result
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PLATO RADIAL VELOCITY AMPLITUDES

MARVEL  >1 m/s

HARPS
ESPRESSO
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MARVEL CONCEPT

Single HR spectrograph 
Records 4 science + 1 cal. 
Spectrum per exposure 

Calibra'on
Unit

Echelle spectrograph in highly 
Stabilised Vacuum tank

4 science + 1 calibraMon fiber to spectrograph

Four 80-cm COTS
Telescopes:
    4 x AZ800  (f/10)
    ASA (Austria)
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WHY FOUR 80-CM TELESCOPES?

1. Telescope cost:

2. Spectrograph cost:
   ConservaMon of étendue: spectrograph beam diameter scales with telescope aperture
   Telescope diameter 0.8m ↗ 1.6m  ⇒  Echelle graMng, cross-disperser & camera dimensions: x2

3. Added flexibility & reliability of 4 telescopes  vs. 1 telescope

4. Why not?
•    4 (+1) interlaced spectra ⇒ Stronger cross-dispersion ⇒ Larger prism
•    Extra read-noise?  Precision RVs ⇒ High SNR – Photon noise limited
•    Larger detector

 

AN EVOLUTION MILESTONE OF HIGH-END TELESCOPE
SYSTEMS WITH 1.5M APERTURE.

This complete solution also represents a fully integrated Alt-Az observatory
system. The AZ1500 1.5m is equipped with quartz glass optics from ASA,
which guarantee diffraction limited performance and best micro roughness
numbers even under the most perfect earthbound astronomical seeing
conditions while maintaining a fast f-ratio primary mirror design leading to less
obstruction, higher contrast and a more compact system reducing the size
and cost of your dome infrastructure.
1500mm f2/f6 Ritchey-Chrétien Nasmyth design with absolute encoder
secondary mirror focusing unit, and configurable with up to 4 Nasmyth ports.

Main Facts
Optical design
Ritchey-Chrétien RC 

Linear central obstruction
43%

Focus position
Nasmyth 2 as standard, 4 as option

Focal ratio system
f6

Clear Aperture / Focal Ratio Primary Mirror
1500mm (59,1 inch) / f2

Image field
200mm (1.27 degrees)

Mirror material
Zerodur

Surface quality
>94 strehl

Microroughness
1nm RMS / <0.7nm Ra

Coating
Al+SiO2 >91%

Back Focus from the flange
360mm

Weight
5000kg (11023lbs)

Software
ASA Control ONE, fully integrated Mount, Telescope and Observatory automation
software, ASCOM

Pointing Accuracy (20° to 85°)
<8” RMS with pointing model

Tracking Accuracy (20° to 85°)
<0,25” RMS within 5 minutes tracking time over 5 min 0,05” RMS/min

System Natural Frequency
10 Hz or greater
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  Marvel Conceptual Design DescriptionMARVEL Conceptual 
Design Description 

MARVEL-KUL-DD-001 
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p 6/19 

5 Telescopes 

A possible candidate for the telescopes is the 80-cm AZ800 (Figure 2) from ASA, Austria: 
https://www.astrosysteme.com/products/telescopes/asa-az800. The AZ800  is a Ritchey-Chrétien telescope 
with a direct drive Alt-Az mount. It features fast slewing speed (6°/s) and decent pointing accuracy (8"rms). The 
standard focal ratio of the AZ800 is f/7 but this can be adopted to our application. We prefer a telescope with a 
slower beam f/10 as this simplifies the design of the telescope interface optics (atmospheric dispersion corrector, 
beam splitters, guiding camera, fibre feed). 

The cost of the AZ800 with only one Cassegrain focus is 210 000 Euro   when ordering 4 telescopes (10% discount).  
For comparison, the AZ1000 with a 1m main mirror costs 425 000 Euro (1.3x higher cost per surface area than 
the 80-cm). More manufacturers are on the market offering this type of telescopes (e.g. PlaneWave). 

 

Figure 2 Picture and dimensions of the ASA AZ800 telescope 
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4 x 250 k€ = 1 M€     <     1.5 M€
A = 4 x 0.5 m2 = 2 m2     >     A = 1.77 m2

4 x AZ800 

1 x AZ1500 
(1.5 m)
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SITE AND BUILDING
• Roque De Los Muchachos Observatory, La Palma 

(Canary Islands), al`tude: 2333m

• Four 4-m Domes on concrete plaaorm + Adjacent
spectrograph building
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SPECTROGRAPH OPTICAL DESIGN

Folded
Camera

Prism
Cross-disperser

• Design heritage from NEID 
(Schwab+2016) and HERMES 
(Raskin+2011)

• Single-arm prism-cross-dispersed echelle 
spectrograph

• White-pupil layout

• Spectral range: 380 nm – 950 nm

• High-resolu`on: R = 90 000 

• Ultra-high resolu`on: R = 150 000  

• 10k x 10k STA1600 CCD detector

Collimator
Parabola, triple pass 
f = 1125 mm
∅ 520 mm

Echelle gra`ng
R2.7 (Blaze 𝛳 = 69.7°)
52.67 gr/mm
168 x 408 mm

CCD

Folded
Camera

Prism
Cross-disperser



9

SPECTROGRAPH OPTICAL DESIGN

Folded
Camera

Prism
Cross-disperser

• Design heritage from NEID (Schwab+2016) 
and HERMES (Raskin+2011)

• Single-arm cross-dispersed echelle 
spectrograph

• White-pupil layout

• Spectral range: 380 nm – 950 nm

• High-resoluNon: R = 90 000 
(sampling: 5 pix) 

• Ultra-high Res: R = 150 000  
(sampling: 3 pix)

• 10k x 10k STA1600 CCD detector

Echelle grating
R2.7 (Blaze 𝛳 = 69.7°)
52.67 gr/mm
168 x 408 mm

CCD

Folded
Camera

CCD
10k x 10k
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CROSS-DISPERSER

• 5 Interlaced spectra  spectra 
 ⇒ Strong cross dispersion

• Wide spectral range ⇒ No gra`ng!

• Prism:

§ High throughput
§ High dispersion glass: 

     Schoh F2 (nd = 1.62, Vd = 36.4)
   Good UV transmission (390nm)

§ 310 x 220 mm, ~40 kg
§ Apex angle: 60°
§ Polishing: Rik Ter Horst, Nova (NL)
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REFRACTIVE CAMERA
• f = 730mm,  f/4.5

• Only 5 lenses!

• Only spherical surfaces

• High-transmission 
lithography glass
2 Doublets:  
    S-FPL51/PBM2Y
   BSL7Y/S-FPL51
1 Field flattener (SiO2), cryostat vacuum window

• Tilted focal plane to correct cylindrical field curvature from white-pupil relay
• Optimised for precision RV:

• Near-telecentric in dispersion direction

• Defocus spectral shift is symmetric around blaze peak

• Aberrations with minimal asymmetry

Figure 5: The layout of the MARVEL spectrograph camera seen projected onto the
cross-dispersion plane. The main dispersion direction is into and out of the page.

number of pixels on the detector. The pixel sampling of a single resolution element (fibre image) at the MARVEL
detector is larger than a typical radial velocity spectrograph at 4.6 pixels. This requires a focal ratio of f/4.5 on
the 160mm beam, giving the camera a focal length of 730mm.

In order to e�ciently explore the space of potential solutions for the spectrograph camera, we created a
paraxial approximation of the MARVEL white pupil relay, using field points on a curved input surface, a paraxial
lens, and the prism cross-disperser to generate a reasonable approximation of the angles and locations of rays at
the first camera surface. Using this paraxial approximation allowed a fast exploration of candidate “families” of
solutions (configurations of lens elements and groups) that were followed up further using the full white pupil
relay layout in Zemax.

We choose to keep the camera optics simple, keeping the number of surfaces small: two cemented doublets
and one singlet—only 5 surfaces requiring anti-reflection coatings. All camera surfaces are spherical, with a
small decenter of the last element (the field flattener) providing a symmetry break to correct for the cylindrical
field curvature inherent in the white pupil relay. We prefer this solution over the commonly used toroidal field
flattener, as it provides a larger back focal distance, simplifying the mechanical design of the detector cryostat,
as well as helping to mitigate any ghosts due to back-reflections from the detector surface.

The MARVEL camera (shown in Figure 5) consists of five lens elements: two cemented doublets of Ohara
S-FPL51/PBM2Y & BSL7Y/S-FPL51 and a singlet field flattener of fused silica. The detector surface is tilted
in cross-dispersion direction in order to provide a non-optical first-order correction of chromatic defocus, relaxing
the requirements on the camera optics significantly. In order to provide a symmetry break, the additional degrees
of freedom of a global tilt of the camera system (±2�) and a small decenter in cross-dispersion direction of the
field lens with respect to the front groups, were also allowed during optimisation.

The camera is near-telecentric in dispersion-direction, minimising any movement of the spectrum with defocus
of the detector. True telecentricity here is a very hard constraint, and results in significant degradation of the
image quality. We chose instead to drive telecentricity such that any defocus-driven spectrum shift (a stretch
symmetric about the peak of the blaze function) is a movement at the edge of the free spectral range of less than
1% of the defocus itself.

The chosen design has good image quality across the full wavelength range as shown in Figure 6. The
performance does degrade toward the edges of the detector, but this is well beyond the free spectral range for
all but the reddest orders.

We mount the detector without a separate cryostat window, instead using the last lens in our camera as the
window. This lens is made from fused silica in order to avoid any elevated dark counts in the detector arising
from radioactive decays from a lens so close in proximity.

ULTRA-HIGH RESOLUTION MODE

The MARVEL spectrograph’s high sampling per resolution element (4.6 pixels) provides a unique opportunity to
implement an additional alternative “ultra-high resolution” mode of operation, wherein input fibres with a smaller
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MARVEL OPTICAL PERFORMANCE Throughput: 28% Peak (incl. telescope)

Image quality
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SPECTROGRAPH OPTOMECHANICS

• KinemaIcally constrained opIcs mounIng
• Monolithic mounts wherever possible
• Minimal fine-adjustment (zero on large opIcs)
• Long-term stability, simple alignment
• Bench & optomechanics all 

Aluminium: 
• High thermal conducIvity
• Minimise thermal gradients

 
 

 
 

 

 

Figure 6. Examples of the optomechanical mounts for the echelle grating (left) and the camera doublet (right). 

This camera, although consisting of only five all-spherical lenses, and only relying on glasses with good UV transmission, 
offers exceptional image quality over the complete spectral range, as can be appreciated from the spot diagrams in Figure 
5. For all but the most extreme wavelengths, the diffraction limit is approached. Apart from improving spectral resolution 
and producing well-defined and clean cross-order profiles, excellent image quality is favorable for the RV accuracy too. 
Indeed, in case of imperfect optics, any variation in the illumination of the pupil leads to a different weighting of the 
aberrated point spread function, and hence to a wavelength-dependent shift of the spectral lines, which causes spurious 
RV errors. 

The optomechanical design of MARVEL builds on the heritage of NEID, HERMES and smaller spectrographs developed 
at Macquarie University[16], using aluminum mounts – monolithic where possible – and fully kinematic mounting for 
utmost mechanical stability.  The high thermal conductivity of the solid aluminum parts aids to achieve the lowest possible 
thermal gradients. Two examples of this type of mounts are shown in Figure 6.  

4. PERFORMANCE  
Given the small collecting area of the MARVEL telescopes, outmost attention is paid to the optical efficiency of the 
instrument. The number of optical surfaces is kept at a minimum, focal ratio degradation (FRD) losses in the fiber link 
will be small thanks to oversizing the spectrograph beam, and high-performance mirror and anti-reflection coatings will 
be used. The left panel of Figure 7 shows the ambitious but realistic throughput targets of the main MARVEL components 
and of the complete instrument. The spectrograph efficiency values are calculated at the blaze peaks of the echelle grating. 
For the coupling efficiency of the star image to the fiber aperture, we assumed an atmospheric seeing of 1”, well-above 
the median seeing of 0.8” at the Roque De Los Muchachos Observatory. Atmospheric extinction is not included in the 
total throughput. Over the wavelength range from 450 to 600 nm, the total throughput peaks at 25%.  
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DETECTOR SYSTEM
• CCD: STA1600LNC 10k x 10k, 9-µm pixels (95 x 95 mm)

• HR-mode:  5 pix. / 2.5 pix. (2x2 binning)  sampling
• UHR-mode:  3 pixel sampling  

• Extremely stable temperature control
• Charge shuffling clocking to maintain constant 

thermal load during integration

CCD QE
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Figure 2. Left: The STA1600 detector which was acquired for the MeerLICHT telescope during inspection before

installation into the cryostat. Right: The measured quantum e�ciency as a function of wavelength.

the readout noise. We have therefore designed the counterweight of the telescope as a water-cooled housing for
the electronics. In addition to cooling the electronics, this also allows us to add the electronics to the telescope
without adding extra weight on the mount, since a counterweight is needed anyway. By using metal pipes
wherever possible and limiting the number of flexible water tubes to the bare minimum, the risk of water leaks
is reduced.

5. EXPECTED PERFORMANCE

To check the expected performance of the system under di↵erent conditions, an integrated performance modelling
has been performed. The analysis took into account the optical model; the results of a FEM analysis of the
system under di↵erent gravity, wind load and temperature conditions; and models of the actively controlled M2
mirror as well as the thermal behaviour of the most critical telescope components. The average exposure time
needed to reach 23 mag in the wide vr band during dark and grey moon phases is below 300 s, as required. As
an illustration, Table 1 lists the expected depth that can be reached in 1 and 5 min, under grey sky conditions,
at a seeing of 0.95 arcsec, and at 0 deg zenith angle.

6. BLACKGEM AND MEERLICHT OBSERVING STRATEGIES AND
PROGRAMMES

MeerLICHT – The prototype telescope, MeerLICHT, will be coupled the MeerKAT radio telescope. Meer-
LICHT’s nominal exposure time will be 1min per image. The MeerKAT schedule will be followed as much as
possible. Depending on the time MeerKAT plans to be on a given field, MeerLICHT will take one or multiple
exposures. The filter can be changed after each exposure, and MeerLICHT will likely cycle through a preset se-
quence which provides high cadence in one filter, and lower-cadence color information in the other filters (e.g. vr,
u, vr, r, vr, i, vr, z). The choice of filters can be adapted per MeerKAT programme or per sky localization if
such a need arises.

BlackGEM Southern Sky Survey – BlackGEM will need to build up a good catalogue of reference images
in all filters. It will do a full scan of the southern sky, which will take 50 per cent of the time during the first
year. We plan to use two weeks around each new moon for this programme, to get the best and deepest reference
images.

Proc. of SPIE Vol. 9906  990664-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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DETECTOR SYSTEM
CRYOSTAT

Field flaRener = 
Vacuum window

Tilted 
CCD

Flexible 
Bellows

GeRer

PCC Cold 
Head

Spectrograph chamber
Interface flange

CCD QE

• Vacuum isolated from 
Spectrograph chamber

• Flexible bellows between front and 
Rear part

• CryoTiger cooling (Edwards PCC)
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SPECTROGRAPH VACUUM CHAMBER

• Stainless steel vacuum tank

• Spectrograph bench enclosed by 
Temperature-controlled radia`on 
Shield (based on NEID design),
Temperature stability < 1 mK

• Installed in temperature-controlled 
Room

• Support legs with passive vibra`on 
Isola`on
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SPECTROGRAPH

CIRCULAR FIBERS

OCTAGONAL
FIBERS

CALIBRATION
UNIT

OPTICAL FIBER LINK
• Sky aperture: 2.3 arcsec

• High-resolution fiber: 
 ∅40µm Circular fiber from telescope
 Butt–coupled with 
 40µm Octagonal fiber to spectrograph

• Coupling efficiency:
• Circular To Octagonal:  > 97%
• FRD (F/4.3 ⇒ F/3.85): > 94%
• Total:  > 90%

• Ultra-high-resolution fiber:
 “Stadium” shaped fiber 25 x 40 µm
 Aperture:  1.4 x 2.3 arcsec

40 µm

25 µm



18

ACQUISITION AND GUIDING UNITS

• Injec`on of telescope beam (and calibra`on light) in fiber

• Front ends is built around custom cube beam spliher: 
picks off ~3% of light for guiding

• 2 CMOS cameras to see star and fiber

• Piezo Tip/Tilt mirror for fast guiding, dithering of target 
image across fiber face during expsure

• Atmospheric Dispersion Corrector
    2 iden`cal counter-rota`ng compound prisms
    PtV residuals < 30 mas
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WAVELENGTH
CALIBRATION

Comb spectrum• Nightly absolute wavelength 
reference from Thorium-Argon 
lamp

• Simultaneous reference with each 
science exposure from white-light 
illuminated Fabry-Pérot etalon

+
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ETALON SYSTEM

Real spectrum

HermeMc external cavity 
diode laser

Fibre etalon, fibre 
splicers

Mixer, 
Chopper

CF chamber ,
science etalon

Rubidium 
spectroscopy

● Fabry-Pérot etalon is held under vacuum,
Temperature stable to <100 uK

● Scanning laser probes single etalon peak 
and Rubidium hyperfine lines @780nm

● Etalon is op?cally passive, laser tracking 
system only monitors behaviour
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DESIGN TARGETS & GOALS

● Maximise opIcal throughput where possible (coaIngs, materials, # elements, ...) 
to compensate for small telescope aperture(s)

● RV precision:  < 1 m/s

● LimiIng magnitudes for 
1 hour exposures, SNR=200:

○ mV = 11 (4× telescopes)
○ mV = 9.5 (1× telescope)

● Instrumental temperature
Stability: < 1mK

CompeMMve with much larger faciliMes



22

PERFORMANCE SIMULATIONS

Photon noise limited RV uncertainty of 1 m/s for
15 min.  exposure, v sin i = 2 km/s (4 telescopes)

Limiting magnitudes for RV uncertainty of 1 m/s



23

MARVEL SIMULATOR
AND DRS PIPELINE

• MARVEL Simula`ons
• Spectrograph: PyEchelle 

(J. Stuermer) 
• Detector: Pyxel (ESA/ESO,

T. Prod’homme)

• Data reduc`on pipeline: 
 Based on Maroon-X (A. Seifahrt) 
         & HERMES

 

 
 

 
 

 

requirements. This is essential to obtain sufficient inter-order separation for fitting five separate spectra. With a ruling 
width of 408 mm, a beam diameter of 146 mm exactly fills the projected grating aperture. However, we decided to use a 
160 x 408 mm grating to accommodate a 160-mm diameter beam. This allows us to recover part of the flux that otherwise 
might be lost due to focal ratio degradation (up to 16%) while accepting some limited overfilling of the grating (~3%). 
For the same reason, the cross-disperser and camera optics are slightly oversized. This dispersion geometry, in 
combination with a 40-µm core fiber, provides MARVEL with a spectral resolution of at least R = 90 000. 

 

 
Figure 4. Layout of the 2D spectrum on the STA1600 detector. The reddest orders are slightly truncated short of the free-

spectral-range. The location of some important spectral lines is indicated in the echellogram, as well as the center 
wavelength of each 4th order at the right. Image quality and throughput are optimized for the colored orders and can 
degrade for the grey orders. The inset at the lower left shows part of 7 spectral orders from an Echelle++ simulation [15] 
of 4 stellar spectra and of 1 Fabry-Perot wavelength reference spectrum. 

As mentioned in the previous paragraph, sufficient cross dispersion is a critical issue of the MARVEL spectrograph. 
Because of the very wide spectral range – spanning more than 1.25 octaves – a diffraction grating is excluded as cross 
disperser, and we have to rely on a prism. In terms of throughput, especially at the edges of the spectral range where 
grating efficiency falls off steeply, a large prism is the preferred solution as well. Moreover, a prism produces hardly any 
cross-order scattered light and offers more evenly spaced orders, as compared to a grating. MARVEL uses one very large 
prism (60° apex angle, 54.6° angle of incidence, entrance/exit surface dimensions: 200 x 300 mm) as cross disperser, made 
out of F2HT (Schott) or alternatively PBM2Y (Ohara) glass. These are the highest-dispersion glasses commercially 

{
1 Reference spectrum

4 Stellar spectra
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STATUS & SCHEDULE

• Building: construction permit received, contracts signed, pouring 
concrete starts soon…

• Domes ordered, installation: Q1 2023
• Telescopes ordered, installation: Q2 2024
• Spectrograph optics: procurement on-going, final components expected 

Q1 2024
• Detector: tests on going at ATC
• System AIV Leuven: Q1-Q2 2024
• Commissioning La Palma: Q3-Q4 2024
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MARVEL CONSORTIUM

● KU Leuven (Belgium), PI: Hans Van Winckel
● Macquarie University (Australia)
● Australian Astronomical OpIcs (AAO) (Australia)
● UK Astronomy Technology Centre (UK)
● ZAH Landessternwarte Heidelberg (Germany)
● Vienna University (Austria)
● ICE, CSIC (Spain)
● AlbaNova University Center (Sweden)
● DTU Space (Denmark)
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Thank you!
Ques.ons?
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SPECTROGRAPH 
OPTICAL DESIGN Injec?on op?cs

f/3.85 => f/7

Folded
Camera

Prism
Cross-disperser

Echelle graMng

CCD

• Design heritage from NEID (Schwab+2016) 
and HERMES (Raskin+2011)

• Single-arm cross-dispersed echelle 
spectrograph

• White-pupil layout

• Spectral range: 380 nm – 950 nm

• High-resolu`on: R = 90 000 

• Ultra-high Res: R = 150 000 

• 10k x 10k STA1600 CCD detector

Optical 
Fibers

Fold 
mirror

Collimator
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EXPOSURE METER
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EXPOSURE METER

● Concept: sample the incident beam by picking up the zeroth-order (non-
dispersed) reflecEon from the Echelle, relay and directly image fibres 
onto CMOS detector

● We have procured small (25x50mm) replicas of the same graEng for 
measurement of the zeroth-order reflecEon efficiency

0 +1 +2-1 ...


