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ABSTRACT/RESUME 
  
In 2012 NASA will launch the JWST as successor of 
the Hubble Space Telescope. Four scientific instruments 
will investigate the near and mid infra-red range 
between 0.6 and 28.3 microns. The Mid Infra-Red 
Instrument (MIRI) allows for broad and narrow band 
imaging with low resolution spectroscopic and 
coronagraphic capabilities as well as for integral field 
medium resolution spectroscopy above 5 microns. For 
this large variety of astronomical observing modes the 
instrument is equipped with three wheel mechanisms for 
positioning various elements like filters, dichroics, 
gratings, prisms and coronagraphic masks in the optical 
beam. Prime requirements for these mechanisms are 
high reliability under cryo-vacuum conditions (~ 7K), 
long lifetime (> 5years), high vibration capabilities (~ 
45G), high positioning accuracy (~ 5arcsec) and low 
heat dissipation (< 1mW). To reach these goals 
simultaneously in a short timeframe, MPIA has 
transferred experience and heritage from its previous 
involvements in ESA missions like ISO and 
HERSCHEL into early development models (DMs), 
which are presently in the assembly phase at MPIA. 
Their detailed design and qualification programme are 
in the focus of this paper.   
 
1. JAMES WEBB SPACE TELESCOPE 

In 2012 the James Webb Space Telescope (JWST, 
formerly Next Generation Space Telescope, NGST, see 
[1]), a joint venture between NASA, ESA and CSA, will 
be launched on an ARIANE 5 carrier. After a journey of 
more than 100 days as far as 1.5 Mio km away from the 
earth in the anti-solar direction, the 6600kg observatory 
will enter a trajectory to reach its final orbit around the 
second Lagrange point L2. The successor of the Hubble 
Space Telescope (HST) comprises a 6.5m primary 
mirror, see Fig. 1, passively cooled to about 45K and 
hosts 4 focal plane instruments:  

�� NIRCam (visible/near infra-red camera, 0.6-
5µm, NASA contribution),  

�� FGS (near infra-red tunable filter camera, 1.2-
4.8µm, CSA contribution) 

 

 
�� NIRSpec (near infra-red multi-object 

spectrograph, 0.6-5µm, ESA contribution), 
�� MIRI (mid infra-red camera and spectrograph, 

5-28µm, 50% NASA / 50% ESA contribution, 
see [2]).  

 
While NIRCam, FGS and NIRSpec will work at a 
temperature of 35K passively reached by the use of 
radiators on the instrument’s outer walls, MIRI 
comprises an independent cryo cooler system for active 
cooling of the optical bench to about 7-18K and of the 
detectors down to 6K. JWST is conceived for a mission 
lifetime of 5 years in space, with a goal of 10 years.  

 

Fig. 1: The James Webb Space Telescope: A primary 
mirror of 6.5m diameter and 25m2 surface (pieced 

together by 18 monolithic beryllium hexagons) collects 
the light for the four scientific instruments mounted on 

the Integrated Science Instrument Module (ISIM, 
behind the M1).  This structure also carries the cold 
head of MIRI’s cryo cooler and the Fine Guidance 

Sensors (FGS, Canadian contribution) for guiding and 
highly stabilized pointing of the observatory. A huge 

(tennis court size) multi-layer radiation shield blocks the 
direct sunlight. The spacecraft bus and the sunlight 

collectors are located below this shield facing towards 
the earth on a collateral orbit around the sun. (Source: 

Northrop Grumman Space Technology, NGST). 
 



2. MID-INFRARED-INSTRUMENT: MIRI 

MIRI features a modular optical design in conjunction 
with an iso-thermal all aluminium construction, see Fig. 
2. Optically the instrument is divided into an imager 
channel and two spectrometer channels. All channels 
end up in a 1kx1k Si:As detector array. The imager 
channel covers the range 5 to 27µm with 0.11arcsec 
pixels and a 1.3x1.7arcmin2 field of view (FOV). 
Additionally coronagraphy is possible at four 
wavelengths in this range as well as low resolution 
spectroscopy (double-prism + slit) with R~100. The 
spectrometer channel provides medium resolution 
integral field spectroscopy with R~3000 between 5 and 
28.3µm and a 3.5x3.5 – 7x7 arcsec2 FOV.  
Only recently, due to a mass budget problem MIRI’s 
solid hydrogen dewar concept has been cancelled and 
exchanged by a Joule-Thompson cooler system (with a 
Stirling or pulse tube pre-cooler). Basic changes for the 
MIRI Optics Module are the implementation of a cold 
stage at 18K (e.g. for harness thermal sinking purposes) 
and an important temperature shift for the detector cold 
end from 6.9K to 6.0K allowing for a drastic reduction 
in dark currents. 

 
 

Fig. 2: The MIRI Optical Module (OM). The three 
wheel mechanisms are located within MIRIM (imager) 

and SPO (spectrometer). 
 
3. WHEEL MECHANISMS 

In total 3 wheels are needed within the MIRI OM to 
realize all required optical modes: One Filter Wheel 
Assembly (FWA) within the MIRI imager (MIRIM) 
carrying 18 positions for optical elements and two 
nearly identical Dichroic Grating Wheel Assemblies 
(DGAs) featuring only 3 positions allowing for 
simultaneous selection of gratings and dichroics in 
MIRI’s spectrometer pre-optics (SPO). Common to all 
three wheel mechanisms is the principle of positioning 
optical elements, which has been originally and 
successfully established 1995-1998 in the ISOPHOT 
instrument  [3] onboard ESA’s ISO satellite. While 
motion of the wheel is generated by a central torque 

motor, the position acquisition and stabilization in 
power-less state is realized via a purely mechanical 
ratchet system comprising a spring loaded detent arm, 
which fixes the wheel after subsequent movements 
between adjacent ball bearing pairs indexing each 
position on the outer rim of the rotating wheel disc. Due 
to the success of in total 3 wheels in the ISOPHOT 
instrument showing no single failure during millions of 
repositioning tasks during ISO’s 29 month mission, the 
same principle has been proposed by MPIA for MIRI. 
While the conceptual design and the selection of 
components has been elaborated by MPIA, a design 
optimisation dealing mainly with implementing overall 
structural integrity and minimizing cryo-induced stress 
has been achieved in the framework of two studies of 
the company ZEISS (Oberkochen, [4]). Finally, MPIA 
completed the detailed design of housekeeping sensors 
for position and temperature and elaborated the pigtail 
routing within MIRI’s imager and spectrometer boxes. 
Outcome of this first design iteration are the 
Development Models (DMs) of MIRI’s wheel 
mechanisms, which will be described in the following.    

3.1 Filter Wheel Assembly (FWA) 
An overview of the FWA DM is given in Fig. 3.  

 
Fig. 3: Detailed design of the MIRI FWA DM. For a 
complete view, the front and back sides are shown 

separately. 



It houses a wheel disc (delivered by CEA, Saclay) 
carrying 18 different optical elements (imaging filter, 
coronagraphic masks, a double prism, etc.). Rotation is 
realized by the central two-phase torque motor Cryo 84 
(developed by TTL, FU Berlin) allowing for bi-
directional movements with high specific torque. The 
wheel is suspended by an integrated ball bearing 
(ADR/Schlossmacher) as part of the axis between disc 
(motor rotor side) and mechanism structure (motor 
stator side). On the satellite the system will be 
electrically supplied by the warm Instrument Control 
Electronics (ICE) to drive the motor and to read a 
magneto-resistive position sensor/indicator (Infineon 
420L90B fieldplate + NdFeB magnets, 
Vacuumschmelze) and a temperature sensor (Lakeshore 
Cernox 1070-HT-CU-4L) for housekeeping purposes. 
Interconnection between the cold mechanism and the 
warm electronics is realized by a dedicated cryo 
harness. During our test campaign at MPIA we are 
going to use a dedicated Electrical Ground Support 
Equipment (EGSE) comprising a unit tester and  a test 
harness. 
To show the internal complexity of the mechanism, Fig. 
4 gives  a cut-view representation of the FWA DM. In 
this configuration the motor block acts as counter 
balance to the wheel disc itself yielding a Center of 
Gravity (CoG) of the complete rotating mass which is 
exactly located between the two races of the integrated 
duplex bearing in order to minimize the bending 
moment and therefore stress within the suspension 
system during launch. In the same way the balancing of 
the rotating system (wheel disc + optics, motor and 
bearing rotor parts) has to be as accurate as 20µm of 
radial CoG-offset wrt. the axis of rotation. This effort is 
mandatory in order to balance the given ratchet spring-
load at launch vibrations of up to 45G (no position 
change during launch). In addition, balancing is also 
been realized for the ratchet system itself using a 
custom-made counter balance. This accounts for the 
protection of the ratchet-suspending flexural pivot 
during launch. 

 

Fig. 4: FWA cut-view to visualize the details of the 
numerous internal and external interfaces. 

As an example for the vital outcome of the two 
optimization studies [4], Fig. 5 displays the elaborated 
design of a kinematic mount accounting for the CTE 
mismatch internal to the mechanism. This situation 
basically occurs between stainless steel (SST) for 
components of high stiffness like motor and bearing and 
aluminium 6061 for structural parts in cryo applications. 

 
Fig. 5: Kinematic mount between axis and support 

under a temperature shift from ambient to 10K. Cool-
down results in a relative rotation between the inner 

interface to the SST axis and the outer one towards the 
Al 6061 structure. Angular positioning performance of 

the FWA is not influenced by this rotation, since 
positioning accuracy is defined by the ratchet assembly 

directly between support and filter wheel disc. 

3.2 Dichroic Grating Wheel Assemblies (DGAs) 

 
Fig. 6: Detailed design of the two MIRI DGA DMs 
(type A and B) from a top and bottom viewpoint. 

 



The two DGAs, see Fig. 6, differ by approximately 10% 
in the mass and momentum of inertia of their optics 
wheels discs (grating wheel discs A and B delivered by 
ASTRON, Dwingeloo and dichroic wheels discs A and 
B coming from ATC, Edinburgh). For the sake of 
commonality and ease of qualification the two 
mechanisms themselves are almost similar apart from 
external interfaces to the wheel discs or to the connector 
bracket.  
As in the case of the FWA a cut-view representation is 
necessary to understand the overall functionality, see 
Fig. 7. From this layout it is obvious that in contrast to 
the FWA, where the axis is part of the non-rotating 
structure, the DGA-axis belongs to the rotating mass. 
This feature imposes one additional consequence: In 
both mechanisms the heat flow during any kind of 
temperature change (cool-down or warm-up) will be 
established across the small contact area between balls 
and races inside the bearings. This bottleneck imposes a 
certain maximum allowable temperature gradient or 
surface pressure across the bearing in order not to 
damage the races [4]. For the DGA the cool-down 
process is critical for bearing damage with a maximum 
allowable heat flow of 2.2W (corresponding to DT~17K 
across the bearing and DT~81K across the whole 
mechanism structure wrt. the base plate) in order to 
meet the surface pressure limit of 1200MPa. 
Conversely, the warm-up is critical for the FWA with a 
heat flow limit of 3.3W corresponding to DT~35K 
across the bearing and 110K across the complete 
mechanism structure, respectively. 
 

 
Fig. 7: DGA-A cut-view representation. 

4. COMPONENT SELECTION AND PRETESTS 

The following section describe the components as 
presently used for the DM mechanism programme. 
MPIA intends to base also the flight mechanism layout 
on those components due to the existing space and 
qualification heritage. Due to the lack of space only a 
selection of components is presented here. The details 
of the ratchet positioning system, like ratchet profile, the 
selection and pre-loading of the torque-giving spring 
and the detailed layout of the suspending flexural pivots 

are described in [4]. Indexing ball bearings, pigtails and 
the wheel discs themselves are also not investigated 
further here. 

4.1 Bearings 
To allow for an accurate and robust suspension of the 
wheel discs and the rotating parts of the mechanism we 
use integrated ball bearings of the company 
ADR/Schlossmacher, see Fig. 8. A major advantage 
with respect to minimizing positioning tolerances is 
realized by the monolithic structure of the custom-made 
axis and the inner bearing ring. This kind of integration 
allows not only for higher precision and  less interfaces, 
but also leads to an easier assembly and a reduced 
weight.  
 

 
Fig. 8: Integrated central ball bearing 

(ADR/Schlossmacher). 
 
The internal duplex configuration features MoS2 
lubrication on the stainless steel races of the bearing 
rings, additional 15% of auxiliary MoS2 lubrication is 
embedded in the Vespel cage. The stainless steel balls 
are coated with TiC to prevent cold welding during 
intermediate holding times of the mechanism. Preload to 
survive launch vibrations can be individually tuned. For 
the Development Models a design limit load of 45G 
resulted in 85N preload for the FWA integrated bearings 
and 50N for the lighter DGAs. These values are chosen 
to limit the maximum gapping between balls and races 
to below 15µm during launch. 
Pre-tests at ADR indicated that the preload is very 
sensitive to the thickness of the MoS2 layer. Already 
fluctuations of below 0.5µm lead to a doubling of 
preload for the DGA. A slight correction is expected 
after a proper run-in process, nevertheless this property 
must be closely monitored in order not to end-up with a 
critical bearing friction according to the ECSS 
motorization margin estimation [5] of the given drive 
system. 

4.2 Motor 
 
This motor has been developed at the 
Tieftemperaturlaboratorium (TTL) of the FU Berlin as 
custom-made actuator for a wide range of space 



applications between room and cryo temperature. It 
could be used as precise positioner, stepper or torquer 
with high efficiency even at lowest rpm. It was flown on 
the ASTRO SPAS/CRISTA and the IBSS IR telescopes 
and is presently in the flight model phase for the 
HERSCHEL/PACS filter wheels. As shown in Fig. 9 
the motor consists of an inner body of fixed and paired 
coil groups building the stator, which is connected to a 
given mounting structure in the assembly, and a free 
rotating outer body, clamped around the stator and 
hosting the corresponding permanent magnets. The 
mechanical interface of this rotor allows for a proper 
fixation of the rotating filter and dichroic-grating wheels 
themselves, respectively. In Tab. 1 the physical 
properties for the FWA DM Cryo 84 are listed. The 
motor can be driven either in cold redundancy (two 
independent coil sets) or with highest torque but only in 
warm redundancy (coil sets in series), when coil sets are 
in series.  

 
Fig. 9: Mechanical layout of the Cryo 84 torque motor 

(TTL, FU Berlin). 

Note that the Cryo 84 rotor has been adopted 
individually for the needs of the FWA and the two 
DGAs, respectively. Details of the DM motors can be 
seen in the photographies of Fig. 10. 
Qualification tests of all DM motors were performed at 
FU Berlin. Beside electrical tests on specific torque, 
impedance, back EMF/speed and insulation electrical 
strength the units were also exposed to 8 cryo cycles 
and 1000 lifetime cycles in each directions at liquid 
helium temperature. This campaign was successfully 
completed with a three-axes, ambient 45G sine and a 
corresponding 15G rms random vibration test. 
Ampacity limits have been subsequently tested at 
MPIA, indicating that in extension to Tab. 1 the motor 
is even capable of safely running at 700mA for several 
seconds in cold environment (in our tests we powered 
the motor for 3s at 77K). 

Tab. 1: Physical Data of the FWA DM Cryo 84. 

 
 

 
 

Fig. 10: DM hardware of the Cryo 84 motor. 
 



In principle we foresee to use two operation modes for 
the Cryo 84: Firstly a torque mode with typically 
120mA acceleration current driving the wheel disc just 
beyond the point of maximum ratchet elongation on the 
indexing ball bearing, where, due to the accumulated 
ratchet torque, a clear position control is not required.  
Secondly a stepper mode with up to 300mA allowing 
for controlling the wheel position during each micro-
step on its travel to the next position. Since this latter 
one consumes much more power it is only foreseen as 
safety mode in a failure case.  
The following gives an example of the motor current 
waveforms for the FWA in the torque mode: In order to 
move the wheel the two coils (A and B) are powered 
with waveform fragments of sine and cosine. In order to 
accelerate the wheel the phase angle of the 
trigonometric functions has to run 90 degrees in 
advance of the wheel position. In Fig. 11 the first 0.5s 
are used to accelerate the wheel against the ratchet. A 
free running phase in which the ratchet drives the wheel 
can be seen afterwards before the braking phase 
decelerates the wheel and ensures a smooth settling. The 
braking is achieved by switching the phase difference to 
a -90 degrees angle according to the position of the 
wheel. The low remaining oscillation ceases completely 
due to the friction within a settling time of four seconds. 
 

 
Fig. 11: Simulated waveforms of the two motor coils in 

relation to the position of the wheel. 

4.3 Position Sensors 
As in the cases of the ISOPHOT filter wheels and the 
HERSCHEL/PACS Chopper [6], we use magneto-
resistive elements for the identification of positions. 
Here a small permanent magnet (cylinder of 3mm x 
3mm, NdFeB, Vacuumschmelze) fixed on the position 
dependent moving part of a given wheel unit typically 
changes the sensor’s resistance as a function of the 
common geometrical overlap, thus allowing for fast DC 
measurements with high spatial resolution and very high 
sensitivity at low power dissipation. As an example, 
Fig. 12 introduces the fieldplate Infineon 420L90B, 
which has been space-qualified for the HERSCHEL-

PACS Chopper. It is functional in the complete range 
between 4 and 300K, can easily be packed in  the MIRI 
wheel mechanisms and is very robust against vibration 
loads and cosmic high energy radiation.  The 
dependency between resistance and magnetic flux is 
given in Fig. 13. 

 
Fig. 12: The fieldplate 420L90B as major part of the 
magneto-resistive position sensor. The lower figure 
shows the example of the complete (static) PACS 

Chopper position sensor for illustration. 
 

 
Fig. 13: Field plate resistance as a function of magnetic 
induction at T=25°C. The given spread is a statistical 
property and will be eliminated by calibrating each 

sensor individually. 



The position sensor of the FWA shall unambiguously 
identify the 18 nominal positions. Our prototype 
breadboard is shown in Fig. 14. Here, we used a 
combination of two NdFeB-magnets moving across two 
fixed fieldplates to increase the spatial resolution. As 
the field strength is varying during this travel, the ohmic 
resistance changes in a defined and controllable way, 
cp. Fig. 13. If the magnets are mounted slightly different 
for each of the 18 positions, the nominal signal can be 
used for indexing different positions on the wheel disc.  
To determine the actual position the four resistors of the 
two fieldplates are wired as a Wheatstone-bridge. 
Between the two resistors of each half-bridge a voltage 
can be measured, which depends on the magnets 
position. The voltage versus the mounting position of 
the magnets is shown in the lower part of Fig. 14. The 
complete voltage range is divided up into 19 cells. The 
size of the cells is shown as dark box around each 
position. The size of the boxes varies, because of the 
given sensor geometry and due to measurement and 
manufacturing tolerances. To convert the voltage in a 
position, the voltage is measured by an AD-converter 
and compared to a look-up table. 
 

 
 
Fig. 14: Top: principal setup of the sensor (dimensions 
in mm); bottom: output curve in signal versus magnet 

displacement. 

4.4 Temperature Sensors 
Thin film resistors of small package size made by 
Lakeshore are baselined for MIRI, see Fig. 15. They 
offer high accuracy and stability over a wide 
temperature range and can be used between T ~ 300 K 
(lab) and T ~ 1.4 K (space). The type Cernox CX-1050 
changes its resistance over this T-range from 50 to more 

than 104 ohms, allowing a T-resolution of typically 10 
mK at low temperatures. The device shows excellent 
stability against ionizing radiation, it is presently being 
space qualified for HERSCHEL. Each sensor requires 
four stainless steel wires in a common shield. For MIRI 
the type CX-1070-HT-CU-4L (high temperature 
capability for 80°C bakeout, copper bobbin, four lead 
supply) will be used. 

 
Fig. 15: Typical dimensions of a Cernox temperature 

sensor. The upper figure shows the “open” SD package, 
the bottom one the copper bobbin as designated for 

MIRI. 
 
5. OVERVIEW: DM TESTPROGRAMME 

All pre-tests on component level are virtually 
completed. Assembly exercises with dummies of critical 
components like motor and bearing is ongoing, 
presently the mechanism’s cable routing inside the 
MIRI boxes is running with dedicated mimics of imager 
and spectrometer, see Fig. 16. As soon as these 
activities are completed the first “real” FWA and DGA 
will be assembled in the MPIA cleanroom.  
We expect to start our DM test campaign in autumn 
2005 with a programme as sketched in Fig. 17. Four 
wheel mechanisms will be qualified for and delivered to 
the MIRI European Consortium, 2 further FWA and 
DGA models will remain at MPIA for subsequent test 
steps like lifetime cycling or early EMC tests on 
mechanism as well as on system level.  
 



 
 

Fig. 16: First dummy version of the FWA DM, which is 
presently used at MPIA to optimise the cable routing 

inside a mimic of the imager box. 
 
 
 

 
 

Fig. 17: Schematical overview of the DM test 
programme. 

 

6. CONCLUSION 

After an intense design phase with first conceptual 
result presented during the MIRI Baseline Design 
Review in March 2004 and a couple of optimisation 
steps with space industry, MPIA is presently in the stage 
of integrating pre-tested components to complete DM 
wheel mechanisms. First environmental and 
performance tests on assembly level are expected for 
autumn 2005. We are confident that numerous output 
generated in the upcoming test campaign will enter the 
flight programme in space industry. 
   
7. ACKNOWLEDGEMENT 

We would like to thank the companies ZEISS / IST for 
their comprehensive studies and optimisation proposals 
for the MIRI DMs. Numerous suppliers are in the loop 
for the DM programme. We would like to highlight the 
valuable technical discussions with TTL/FU Berlin for 
the motor hardware and with ADR/Schlossmacher for 
the integrated ball bearings. We are grateful to our 
German funding agency DLR. Finally we thank ESA 
and the whole MIRI European Consortium for 
numerous vital discussions on mechanisms and a good 
cooperation in the past years. 
 
8. REFERENCES 

[1] P. A. Sabelhaus, J. E. Decker, 
„An overview of the JWST project“, 
Astronomical Telescopes and Instrumentation,  
eds. J. C. Mather, 5487, pp. 550, SPIE, 2005. 
 
[2] G.S. Wright, G.H. Rieke, L. Colina et al.,  
“The JWST MIRI instrument concept”,  
Astronomical Telescopes and Instrumentation,  
eds. J. C. Mather, 5487, pp. 653, SPIE, 2005. 
 
[3] D. Lemke, U. Klaas, J. Abolins, et al, 
“ISOPHOT – capabilities and performance”,  
Astronomy and Astrophysics 315, pp. L64, 1996. 
 
[4] K. Weidlich, M. Trunz, G. Luichtel,  
JWST MIRI Verification Model (VM) Design Study, 
Phase I + II,  
Zeiss Optronik GmbH, Oberkochen, 2004. 
 
[5] ECSS – Space engineering, Mechanical – Part 3: 
Mechanisms , ECSS-E-30 Part 3A, 2000.  
 
[6] R. Hofferbert, D. Lemke, U. Grözinger et al. ,  
”Cryomechanisms for the instruments MIRI and 
NIRSpec on the James Webb Space Telescope 
(JWST)”,  
Infrared Spaceborne Remote Sensing XI,  
eds. M. Strojnik, 5152, pp. 70, SPIE, 2004.   


