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Abstract 

 
Lately, applications at terahertz (THz) frequencies are experiencing an explosive growth. THz systems are 

finding and will continue to find wide-spread use in both space and terrestrial applications. The major reason for the 
interest in THz imaging technologies for terrestrial applications is their inherent spatial resolution, their ability to 
penetrate through non-metallic objects, their spectral identification capabilities, and their sensitivity to moisture. 

One of the issues that the space and terrestrial systems have in common is that they require state-of-the-art 
technology to achieve their ambitious goals; the highest resolution, the highest sensitivity, the highest frequency of 
operation. Although technology is advancing at a rapid pace in this frequency range, the requirements for these 
systems go well beyond to what is currently available, such that there are also no standards or calibration reference 
sources in this field.  
In this paper the design, construction and testing of ESA’s Herschel and Planck observatories will be used as an 
example to highlight some of the hurdles that had to be overcome for a space application. 

Engineers from numerous European space companies have worked together overcoming many challenges that 
have pushed terahertz reflector and instrument technologies to new limits. Consequently significant advances have 
been achieved despite the lack of internationally agreed procedures and practices. 

 
1. Introduction 

 
The European Space Agency (ESA) will launch jointly the Planck cosmic background mapping mission and 

the Herschel Space Observatory in 2008 as the fourth cornerstone mission of their original Horizon 2000 science 
programme.  Herschel, detecting light emitted in the sub-millimetre and far-infrared range of the spectrum that is 
blocked from reaching Earth by our atmosphere, will reveal phenomena previously obscured from view, such as the 
very earliest galaxies and stars. Planck, observing in a different part of the far-infrared spectrum with the highest 
precision ever, will investigate cosmic background radiation – the remnants of the radiation that filled the Universe 
immediately after the Big Bang some 14 billion years ago. Extreme sensitivity is needed to measure the faint heat 
signatures of this ‘cold’ part of the cosmos, so the detectors on both Herschel and Planck have to operate at very low 
and stable temperatures. The spacecraft therefore cool their detectors close to absolute zero, ranging from 20K (–
253ºC) to only a few tenths of a degree above absolute zero. 

 
1.1 Planck Reflector technology 

 
The Planck telescope has an aplanatic off-axis configuration with an unobstructed circular aperture of 1.5 

meter, operating at temperatures between 40 and 50 K. The telescope assembly, weighting approximately 150 kg, 
consists of the following elements [1,2]: The Primary and Secondary Reflectors, the telescope structure which has 
the function to hold and position the reflectors and the focal plane units at their correct relative positions, and the 
baffle surrounding the telescope structure and reflectors which reduces the stray light level. 

Both reflectors are manufactured from thermally stable Carbon Fiber Reinforced Plastic (CFRP) sandwich 
structures, with a reflecting front face coating (Al + Plasil). This approach took advantage of the experience 
accumulated in the design and pre-development of the Herschel (previously called FIRST) telescope, the 2m 
breadboard of which used CFRP technology [4].  The masses of the reflectors are about 25 kg for the primary and 
12 kg for the secondary. Laminates using high modulus carbon fibers, with a low Coefficient of Thermal Expansion 
(CTE) and high stiffness have been selected in combination with a low outgassing epoxy resin.  
After careful trade-off on the print through effect (to be less than 2 microns at operational temperature) and on the 
manufacturing efforts, the selected sandwich core geometry is a hexagonal cell shape (60 mm inscribed circle) with 
ribs and facesheets having respectively a thickness of 0.8 and 1.77 mm. The CFRP material of the core ribs is the 
same as for the face-sheet (i.e. M60J with a space qualified epoxy resin system L20/SL). The manufacturing 



technology is based on winding the composite around several hexagonal mandrels, centred during the core 
assembly, cured all together and machined to the final shape in several steps.  
 

1.2 Herschel Reflector technology 
 

The Herschel telescope is based on Silicon Carbide material. The development started with the construction 
of a 1.35 m diameter spherical mirror consistent with the optical performance requirements under cryogenic 
conditions [5], followed by the construction of the complete 3.5 m diameter reflector. In order to achieve diffraction 
limited performance at the shortest (specified) wavelength of 80 µm the total Wave Front Error (WFE) requirement 
for the telescope was set at 6 µm rms. The other main driver for the telescope system was to minimise the mass and 
hence the areal density of the primary. This should be below 30 kg/m2 (for comparison the Hubble space telescope 
primary mirror has an areal density of about 250 kg/m2). 

The size of Herschel’s primary mirror meant that it could not be built in a single piece but instead had to be 
constructed from 12 separate petals, thus becoming the first “segmented” space mirror as well as the largest to date, 
weighing 290 kg with an average thickness of about 20 cm and a front face thickness of 2–3 mm. Between 2001 and 
2006 the telescope was developed and manufactured under the prime contractorship of EADS Astrium (Toulouse, 
France) involving a consortium of subcontractors throughout Europe.  To make this happen some dedicated facilities 
had to be constructed from scratch. The SiC technology itself was supplied by Boostec Industries (Tarbes, France), 
polishing of the primary mirror was performed by Opteon of Finland, while the secondary was polished by Zeiss 
(Germany). Coating of the reflectors was done using the facility available in the Calar Alto observatory (Spain). 
Ultimately optical testing of the assembled telescope was carried out in a custom built vacuum chamber and 
metrology setup at the specialist facilities available at Centre Spatiale de Liege (Belgium). 
 

2. Planck and Herschel RF measurements 
 

Planck’s focal plane contains 47 feed horns at different frequencies that are connected to either HEMT 
detectors or bolometers which, for increased sensitivity, are cooled down to 20K and 0.1K, respectively. The RF 
verification at operational temperature would require an RF test facility inside a cryogenic thermal-vacuum 
chamber, of which none are currently available worldwide and which was judged to be too costly and time 
consuming to implement. To overcome this obstacle, an RF Qualification Model (RFQM) has been constructed and 
aligned with a reduced set of test horns for operation and use at ambient temperatures. In the Flight Model (FM) all 
the horns have their respective detectors in place and these detectors cannot be used at ambient since they are fully 
saturated under these conditions. The RFQM was constructed to be as representative as possible of the FM and its 
RF proprieties and performance were measured and correlated with the computer models, to validate the simulation 
techniques used for in-flight RF performance predictions.  

In addition, as part of the validation of the geometrical alignment and model correlation of the Planck flight 
telescope, a reflection based RF  measurement was performed using an extra test feed horn (not part of the flight 
complement) which has a diode in the end of its short-circuited waveguide, operating at 320 GHz [6]. Figure 3 
shows this dedicated Reference Test Horn (RTH) on the inner part of the FPU (Focal Plane Unit). This alignment 
verification technique was successively implemented in September 2007 in the RFQM test campaign and the model 
correlation with the measurement results was excellent, as can be seen in Figure 4. The same method will be applied 
in the planned FM RF Test Campaign to verify the good alignment of the Flight Telescope, enabling the scientific 
community to have a better knowledge about the telescope and use with higher confidence computer models to 
estimate its “in flight” performance. 

It has not been possible to verify the performance of the Herschel telescope at operational frequencies (450 
GHz to 4THz), but because of the optical quality of the reflectors it was feasible to measure and verify its alignment 
and WFE using visible wavelength metrology at 650 nm under thermal vacuum conditions [7].  
 

3. Planck and Herschel verification by videogrammetry 
 

Videogrammetry has been and will be employed as a non-contact three-dimensional measurement tool to 
measure the Planck and Herschel spacecrafts at vacuum and cold temperatures.  The intention was to investigate the 
correlation of the actual measured mechanical structure behaviour under simulated space conditions with those 
predicted by the thermo-elastic and RF numerical models, with the ultimate goal to determine the RF parameters of 



the Planck Reflectors. Additionally, the positions of the mechanical adaptors at the backside of the Planck Reflectors 
with respect to their global shape were determined and the thermally induced changes of alignment in different units 
of Planck were measured. With respect to industrial videogrammetry these projects displayed some unique features. 
Firstly, highly accurate and reliable measurements with accuracies of better than 1 part in 400,000 of principal 
dimensions of the Planck Reflectors [8] and Telescope [9] were realized. A complete procedure of videogrammetric 
network design, detailed simulations and automated vision metrology measurements had to be implemented. 
Secondly, the feasibility of the measurement of large and complex space structures like Planck (see Fig. 1) and 
Herschel in vacuum and under cryo conditions was shown. The measurement of the Herschel spacecraft will be 
performed in the first half of 2008 by a new videogrammetric system purpose developed by ESA which is able to 
collect hyper-images with a macro-scanning technique aiming to an accuracy of better than 1 part in 100,000 in 
object space [10]. 

 
4. Conclusions 

 
Engineers from numerous European space companies have worked together on the design, construction and 

testing of ESA’s Herschel and Planck observatories, overcoming many challenges that have pushed sub-mm 
reflector and instrument technologies to new limits. Due to the complexity of these systems, customized testing 
hardware is often used and consequently there doesn’t really exist a set of fundamental standards, which 
occasionally forms an impediment when comparing different measurements. 
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Fig. 1. The Planck telescope is lowered 
into the Large Space Simulator at ESA's 
test centre for videogrammetric tests in 
Noordwijk, the Netherlands. 

 Fig.2. The Herschel telescope and its 3.5 m-
diameter primary mirror. In comparison, the 
Hubble Space  Telescope has a 2.4 m-diameter 
primary 

 

 
Fig.3. The 320 GHz Reference Test Horn in 
Planck’s Focal Plane 

  
Fig. 4. Reference Test Horn RFQM results: 
Computer model and measurement contours 

   
 


