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ABSTRACT 
We describe the design, development, and laboratory test results of cryogenic probe arms 
feeding deployable integral field units (IFUs) for the Mid-resolution InfRAreD Astronomical 
Spectrograph (MIRADAS) - a near-infrared multi-object echelle spectrograph for the 10.4-meter 
Gran Telescopio Canarias. MIRADAS selects targets using 20 positionable pickoff mirror optics 
on cryogenic probe arms, each feeding a 3.7x1.2-arcsec field of view to the spectrograph 
integral field units, while maintaining excellent diffraction-limited image quality. The probe arms 
are based on a concept developed for the ACES instrument for Gemini and IRMOS for TMT. 
We report on the detailed design and opto-mechanical testing of MIRADAS prototype probe 
arms, including positioning accuracy, repeatability, and reliability under fully cryogenic 
operation, and their performance for MIRADAS. We also discuss potential applications of this 
technology to future instruments. 

1.  Introduction 
Many instruments being developed for the current generation of large telescopes and the future 

Extremely Large Telescopes (ELTs) envision the use of "deployable" integral field units (d-IFUs) - 
including cryogenic applications for infrared instruments.  We have developed a high-performance 
technology for these applications, utilizing a fixed-length optical relay "probe arm" concept.  The 
MIRADAS d-IFU concept is closely based on a design developed at the University of Florida, in 
conjunction with its partner NOAO, for the next-generation High-Resolution Near-Infrared 
Spectrograph (HRNIRS) for the Gemini Observatories (a concept known as ACES - Eikenberry 
et al., 2006a; Hinkle et al., 2006; Muller et al., 2006).  We also employed a similar concept for 
the initial feasibility studies of the IRMOS instrument for the Thirty Meter Telescope (Eikenberry 
et al., 2006b).  We have significantly advanced these initial design concepts for the MIRADAS 
spectrograph (Eikenberry et al., 2012a and references therein), including the design, 
development, and cryogenic demonstration of d-IFU prototypes. 

 
The basic MIRADAS concept is a near-infrared multi-object echelle spectrograph operating 

at spectral resolution R = 20 000 over the 1 – 2.5μm bandpass. MIRADAS selects targets using 
up to 20 deployable probe arms with pickoff mirror optics, each feeding a 3.7x1.2 arcsec field of 
view to the spectrograph (Figure 1). The spectrograph input optics include a “slit slicer” which 
reformats each probe field into 3 end-to-end slices of a fixed 3.7x0.4 arcsec format - combining 
the advantages of minimal slit losses in any seeing conditions better than 1.2 arcsec, while at 
the same time providing a narrow slit (crucial for the high resolution of MIRADAS in a Folded 
Cassegrain focal environment) and two-dimensional spatial resolution. The spectrograph optics 
then provide a range of configurations providing the observer with the ability to choose between 
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maximal multiplex advantage and maximal wavelength coverage, with several intermediate 
options, depending upon the needs of the science program.  For further details of MIRADAS, 
see Eikenberry et al. (2012a). 

 

 
 

Figure 1 - The MIRADAS MXS subsystem, with 20 d-IFU probe arms. 
 
In the following subsections, we review the MIRADAS MXS probe optical design, the 

mechanical design, and the achieved cryogenic motion performance of the prototypes we have 
developed.  We conclude with a brief summary and potential future applications. 

2. MIRADAS d-IFU Optical Design 
The MIRADAS d-IFU (also known as the MultipleXing System, or MXS) is an optical relay 

which consists of a camera/collimator re-imager located on the articulated probe arms of the 
MXS mechanism.  We show the layout in Figure 2.  A pickoff mirror located near the telescope 
focal plane relays light down the probe arm, where it encounters a collimating doublet lens.  The 

Proc. of SPIE Vol. 9147  91470X-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 8/2/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Pickoff Mirror

Light from
Telescope Collimator Doublet

Long Segment

- Joint i

_t/

Camera Doublet

Cold Pupil
Stop

Joint 2

 

 

lens feeds light through a series of folds in the probe mechanism, which maintain a fixed optical 
path length while the probe arm is moved to variable target locations in the field of regard.  The 
4th fold mirror is under the MXS optical bench, and is fixed in its location and orientation. Shortly 
after the fixed fold comes the cold pupil stop, located at the pupil image created by the 
collimator doublet.  Finally, a re-imaging doublet brings the beam to a focus. 

 
One important feature of the design approach here is that the orientation of the pickoff 

mirrors changes on the sky, and the orientation of the pickoff mirrors changes on the IFU. 
However, the orientation of the sky on the IFU is preserved due to the parity of the matched 
periscope optical design.  This is critical in operation, in that it means an ``along-slice'' nod for 
A-B sky subtraction for one probe will be the same for ALL probes (i.e. simple telescope A-B 
nodding works for MIRADAS).  The only significant design impact of orientation is the 
requirement that the pickoffs and probe optics actually accept a 4.2x3.7-arcsecond FOV 
(equivalent to 4x1.2-arcsec in any orientation), making them effectively orientation-invariant. 
The IFU thus acts as the field stop for the on-sky FOV. 

 

 
 

Figure 2 - MIRADAS MXS probe optical layout. The top (pink) shaded portion includes the 
moving parts of the probe arm, while the bottom (blue) shaded portion includes the fixed parts of 
the probe arm optical train. 
 

The MXS pickoff mirror (Figure 3) is a simple 45-degree fold flat aluminum mirror with a 
protected gold coating.  The mirror is a quadrilateral with a width ranging from 3.7-mm at the 
short end to 4.8-mm at the longer end and a length of 9.1-mm}, with its center located at a 
distance of ~3-mm} above the GTC focal plane at the field center. This size accommodates the 
maximum field of view for the MIRADAS probe field for any probe orientation, but is otherwise 
minimized to allow the densest possible packing of probe fields without inter-probe interference. 

 

Proc. of SPIE Vol. 9147  91470X-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 8/2/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

                   
 

 Figure 3 - Two images of the cryo-rated probe tip for MXS Prototype 2.  Left: The probe pickoff 
mirror is integral to the probe tip; the mirror is at the top of the image, while the right side of the 
image shows pinholes and screw holes used to mount the tip to the rest of the arm.  Right: A 
close up view of the probe tip mirror is shown. 

 
The MXS collimator lens is an all-spherical S-FTM16/CaF2 air-spaced doublet, shown in 

Figure 4.  We selected this glass pairing for lenses throughout MIRADAS for its excellent 
achromatic properties and high transmission over the MIRADAS bandpass.  (The same 
materials were used exclusively in FLAMINGOS-2 as well - Eikenberry et al., 2012b).  The 
doublet has a focal length of 300-mm.  The lens diameters are ~24-mm with ~20-mm clear 
apertures, and thicknesses of 2.5-mm} and 5.0-mm, respectively, --- easily achievable for these 
materials.  All surface radii are spherical and >41-mm, again easily achievable for these lenses.  
We also investigated triplet solutions for this optic, but found that the doublet is capable of 
maintaining high image quality over the MXS field of view while offering slightly improved 
throughput. 
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Figure 4 - MXS collimator doublet lens layout.  The doublet has an effective focal length of 300-
mm. 
 

The MXS relay includes a total of \num{6} fold mirrors (Figure 5). All of these mirrors are 
diamond-turned 6061-T6 aluminum mirrors, with protected gold overcoating for high reflectivity. 
This is the same approach successfully used for fold mirrors in previous UF-built instruments.  
The metal mirrors are CTE-matched to the MXS probe arm structure, so that differential thermal 
stresses are negligible, greatly simplifying the mechanical mounting of the optics.  In addition, 
since the fold mirrors will contract homologously with the probe arm assembly, warm alignment 
will hold very nicely as the whole assembly is cooled to operating temperature.  Note that the 
mirror sizes (25-mm diameter) are easily achievable using these materials and techniques. 
 

   

 
 

Figure 5 - Probe arm fold mirrors. Left: Solid model showing the probe arm fold mirrors. The top 
mirror rotates with the arm, while the lower mirror is fixed to the optical bench.  Right: An image 
of a fold mirror from the cryogenic probe arm prototype. 
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After the 4th fold mirror (the first fixed mirror, located underneath the MXS optical bench), 

the probe relay creates a pupil image with ~18-mm diameter.  We place a fixed circular cold 
stop here to reduce stray light and thermal background.  We note that the actual GTC pupil 
image is non-circular, and roughly hexagonal in shape.  Thus a circular cold stop does not 
perfectly match the pupil image shape.  However, the pupil image orientation will rotate 
depending on both the MXS probe placement and will continue to rotate with the tracking angle 
of the telescope during an observation.  Thus, a non-circular cold stop would require a rotating 
mechanism (one for each probe arm) carefully coordinated with the probe position and the 
telescope tracking --- a very significant complexity.  However, our analysis shows that a 
circumscribed circular cold stop will add only very slightly to the thermal background in the 
MIRADAS bandpass and will not significantly degrade the scientific sensitivity.  Thus, we 
adopted the (much simpler) fixed circular cold stop approach for the MIRADAS design. 

 
Following the cold stop, the collimated beam will proceed through open space in the plate 

underside, and eventually through the MXS probe camera optics for each probe and then to the 
beam combiner, to created the pseudo-longslit focal plane output.   However, due to the 
geometry of the situation, the straight-line distance from the MXS probe Joint 2 to the beam 
combiner is not constant for all probes. Thus, we must introduce an additional fold mirror pair 
that creates a ``dog-leg'' maintaining the overall path length constant for all probes. In short, we 
need a solution for a given MXS probe and beam combiner such that the SUM of the distances 
from probe joint to fold pair and from fold pair to beam combiner is constant. This is 
mathematically equivalent to placing the fold pair at any point on an ellipse with the probe joint 
and the beam combiner at the two foci and with the distance sum constant for all ellipses. We 
are free to place each fold pair at any point along the ellipse. We further need to constrain the 
positions so that the optical path does not intercept the footprint of other probe fold pairs or 
cameras. We present one such solution in Figure 6. 

 
 

Figure 6 - Example MXS relay location 
layout.  The outer circle of circular footprints 
represents the MXS probe feedthroughs at 
Joint 2. The inner pattern of dark circles 
represents the footprint (and thus exclusion 
zone) for the fixed-length relays. The dark 
line in the middle is actually composed of 
small circular footprints for the beam 
combiner mirrors. The dotted lines indicate 
the light beam path, which has a uniform 
length for all relays from Joint 2 to the beam 
combiner mirror for that probe. 
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As with the MXS collimator, the MXS re-imaging ``camera'' lens is an all-spherical S-
FTM16/CaF2 air-spaced doublet.  The doublet has a focal length of 250-mm, which was chosen 
to match the combination of the MXS probe optical path length and the MXS collimator focal 
length.  This is followed by the MXS beam combiner optics. 

 
The purpose of the MIRADAS MXS beam combiner is to accept the incoming beams from 

the MXS camera lenses for each probe and direct them into the ``downstream'' optical elements 
of the instrument.  At the output focal plane from the MXS system, the individual probes produce 
fields separated from the next probe by a 10.3-mm center-to-center distance, creating a 
sparsely-filled pseudo-longslit at the IFU input. This sparse spacing is critical in that it allows the 
``fill factor'' of the probes to reach their maximum needed value, while allowing the beam-
combiner mirrors to be located relatively far (~100-mm) from the output focal plane (which 
coincides with the slicer mirror of the IFU relay).  The beam combiner consists of a base piece 
with 20 different precision pin locations machined in it to orient each of the 20 beam combiner 
fold mirrors individually.  The mirrors themselves are 10-mm diameter right angle fold mirrors , 
which accommodates the full oversized field of the MXS probes at this distance from the focal 
plane.  The precision pin locations in the mount provide a rotational orientation for each fold 
mirror tailored to align the input of the path-length maintaining fixed folds to the required output 
focal plane. We use tilts in the beam combiner mirror bases to help 'squeeze'' the IFU input to 
smaller dimensions, allowing for smaller off-axis angles and lower optical aberrations in the IFU 
subsystem. 

 
We present the modeled image quality of the MIRADAS  MXS probe optics in the figures 

below.  We note that the basic design we used here was developed by UF for the HRNIRS 
(ACES)  and IRMOS instruments, which were diffraction-limited adaptive-optics-fed systems 
(and thus had much higher performance requirements than for MIRADAS  We present the 
corresponding spot diagrams, EED performance, and in Strehl ratios in Figure 7.  MIRADAS is 
not intended for diffraction-limited use - the Strehl diagrams are simply for reference, and 
demonstrate the high quality performance of the MXS relay optics. 
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Figure 7 - MXS Relay Optical Performance.  Top Left: MXS optical relay spot diagrams.  These 
cover the full field length and 1 square = 1 science detector pixel.  Note the excellent 
performance. Top Right: MXS optical relay EED diagrams.  Note that 65μm radius equals 0.5 of 
a detector pixel width at this focal plane.  Bottom: MXS optical relay Strehl ratio diagrams.  
While MIRADAS does not require diffraction-limited performance, this relay is capable of 
providing it. 

3.  MIRADAS d-IFU Mechanical Design 
Figure 1 shows a solid model view of the MXS probe mechanism. The primary structural 

components of the mechanism is a plate (``MXS optical bench''), to which an ``interface plates'' 
holding all of the all probe arm and motor components for each arm unit are mounted.  The 20 
probe arms each can access approximately 40% of the field of view below (``downstream'' of) 
this focal plane, relaying light through fold mirrors, a cold stop at the telescope pupil image, and 
into the remaining MIRADAS optics.  The details of the patrol geometry are described in detail in 
Sabater et al. (these proceedings).  We provide a more detailed view of the articulated portion of 
the probe arms in Figure 7.  We present a photograph of MXS Prototype 2 in Figure 8 for 
comparison. 
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seen, Actuator #2 primarily controls motion in the radial direction, while Actuator #1 primarily 
controls motion perpendicular to this, creating a very rough approximation of R-θ motion control 
- again, see Sabater et al. (these proceedings) for details of probe motion algorithms, etc.).  
Both actuators are driven by a single-lead worm drive engaged with a gear on the motor 
actuator underside.  In order to accurately place the probe tip, software control coordinates 
simultaneous motions of the two motors, with step counts carried out in a ratio which depends 
on the distance between the actuator points and the arm length. 

 
Figure 10 - Schematic of MXS probe with 
relationship between actuator and probe tip 
motion. 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
We note here that all of the motors, gears, and rotary bearings used in this design are 

essentially identical to ones we have successfully used in many cryogenic applications.  The 
pivoting sliding linear bearing consists of a larger version of the Frelon linear mounted on top of 
a rotary bearing.  The long collimator tube section on which this bearing slides was treated with 
Tungsten Disulfide --- a lubricant similar to Molybdenum Disulfide and suitable for 
cryogenic/vacuum applications.   

 
One key feature is the interface between the aluminum probe housing/structure and the 

stainless steel bearings. This interface always presents a challenge, since the bearings (which 
must not be held too tightly, else they will seize up) contract less than the aluminum parts in 
cryogenic usage.  UF has developed strategies to address this over the years, and this is part of 
the heritage we bring to MIRADAS .  However, in working with the MXS prototypes, we came to 
realize that this strategies were non-optimal in the tight constraints here.  Thus, for the primary 
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rotary joints in the MXS probe, we have replaced the aluminum parts holding the bearings with 
stainless steel counterparts which will contract in a matched manner to the bearings.  Thus, we 
can use normal press-fit manufacturing to locate and hold the bearings properly.  We must then 
interface the stainless housings to the aluminum parts (which hold the aluminum optics). We 
achieve this using a blade flexure system which constrains the center alignment of the two very 
well, but still allowing differential contraction Figure 11. This was used successfully in Prototype 
2. 

 

 
Figure 11 - Detailed cross-sectional side view of MXS probe arm joints  

4.  Cryogenic Positioning Accuracy and Repeatability 
The key performance parameters for the d-IFUs for MIRADAS is the positioning accuracy 

and repeatability of the system, while maintaining excellent image quality through the relay.  We 
report here on the requirements and achieved performance for the MIRADAS MXS prototype 
under full cryogenic usage. 

 
Each MXS actuator has limit switches that are tripped at the "home" or "datum" location of 

its rotational range.  From "home" the two stepper motors operate in synchronization with a 
constant ratio of step rates to position the probe.  The ultimate positioning accuracy required for 
the MXS probes is 0.16-arcsec projected on the GTC focal plane, which means that targets are 
within 0.4 slit widths (roughly 1 pixel) on the science detector.  This implies a mechanical 
positioning accuracy also of 130μm, and thus a position resolution no coarser than 65μm. 
However, this is the final positioning accuracy. Given the two-step approach for acquisition with 
MIRADAS (iterating on the through-slit images), the initial accuracy only needs to be ~1.5 slit 
width (0.6-arcsec, or 1/2 of the MXS field of view width), which is approximately 500μm. 
Furthermore, we require that the MXS probes can be repositioned from any position to another 
in <120 seconds, with a goal to minimize this time. 
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The actual achieved performance of the P2 prototype is <80 μm RMS position repeatability 

across the full range of motion -- significantly better than the even the goal for MXS probes 
(Figure 12).  Furthermore, the time to move is ~90s for the full range of motion (worst case) -- 
again, significantly better than the requirements.  

 

 

 
Figure 12 - MIRADAS MXS probe motion repeatability under cryogenic operation as a function 
of gravity vector orientation for (top) large motions; (bottom) small motions (<10-mm). 
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5.  Summary and Future Prospects 
The key features of the d-IFU probe arms discussed here are: 

• Fully cryogenic operation in full range of gravity vectors 
• Excellent image quality (high Strehl, diffraction-limited) 
• Excellent motion repeatability (<80μm RMS in all gravity vectors, over full range of 

motion) 
• Reliance on COTS motors and bearings, leading to robust performance and low cost 

of construction 
 
The MIRADAS MXS system will be deployed with these probe arms in 2018 on the Gran 

Telescopio Canarias 10.4-m telescope.  We also anticipate potential future applications for d-
IFU instruments on other future instruments, including plans for ELTs. 
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