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ABSTRACT

One of the core payload elements of the Technolegieobungs-Trager-1 (TET-1, Technology Experim€Eatrier)

satellite, a mission of the German Aerospace CERteR), is the Hot Spot Recognition System (HSRE®sed on the
flight experience with the HSRS instrument, whicaswaunched in 2001 on board of the Bi-Spectrahhefl Detection
microsatellite (BIRD), the instrument will be reagson TET-1 after a comprehensive design update.objectives of
the update are a significant reduction of the dvemass budget and an integrated design approadhédaco-registration
of two cooled infrared and one visible camera systeTo reach a co-aligned assembly with high acg@ minimized
camera structure for all lenses and detectors &as designed.

In close collaboration with the DLR, ECM manufaetdrthe new camera structure of the HSRS usingeitanuic
composite material, Cesic®, in order to achieverdguired low coefficient of thermal expansion, higtiffness, and
low mass.

In this paper, we describe the ESA-space-qualifiemtess of manufacturing such high-precision sgeetures and
Cesic®'s advantages compared to competing mateesecially with respect to material propertied aarsatility of
manufacturing.

We also present the results of testing the HSRSc®esamera structure under launch and space emeatal
conditions, including vibration, shock, and thermatuum exposures.

The HSRS camera structure described here is thendettight heritage of Cesic®. The first was twd-@esic®
telescopes ECM manufactured for the SPIRALE misgBysteme Préparatoire Infra-Rouge pour I'Alergef;rench
space-based early warning demonstration systemnistioigsof two satellites. The SPIRALE satellitesrevdaunched in
February 2009 and are performing successfully.grirae contractor was THALES ALENIA SPACE.

The results presented here and the flight expegiemith the SPIRALE telescopes demonstrate that ECQBASIC®
composite is a superior material for the manufactof light-weighted, stiff, and low-CTE space stures, with
improved performance compared to aluminum and dtheditional metal materials.

1. DESIGN BACKGROUND AND MOTIVATION

All applications of imaging systems with multiplersors that require co-registration to meet spedfientific
objectives necessitate dedicated concepts of tteeropchanical structure.

The best way to satisfy co-alignment requiremesit®idesign an optical system with all sensors d¢oatbalong the
same optical path until their respective spectnébrimation gets separated into different focal panOften this is
impossible to realize due to various constraints.e&ample is fire detection from orbit where thegimg ranges from
visible to infrared wavelengths, combined with &fgelds of view, and where mirror systems arearobption.

Specifically, the re-design of the HSRS instrumismhotivated by the following technical considevas.



The mid-infrared (MIR, 3-4 um) spectral range isntoonly recognized as the optimal range for sagefiie detection
since the MIR is close to the spectral maximum igd €mission. If simultaneously co-registered MIRdahermal
infrared (TIR, ~10 um) data are used for the stedaDozier bi-spectral technique, the temperatacktae areas of sub-
pixel fires can be retrieved, and false alarms edury warm surfaces can be recognized and rejdect@dntrast, highly
reflective surfaces (e.g., sun glint) can be dggtished from fires with a combination of visiblesam infrared (VIS/NIR,
at 0.5 and 0.8 pm), and MIR channels.

Whereas in visible systems ground-truth measuresnegmy be used for reconstruction of the registguiary, in the
case of IR this is limited due to fact that thegbigize is much larger than the typical area obtaspot caused by a fire;
therefore, the resolution of the size of the sowtemission is poor. A typical requirement for @ibtng acceptable
spatial resolution is to have a calibration errbinter-channel geometrical displacements and ktalaif 0.2 pixels or
less.

The HSRS instrument on board the micro-satellitRBwas designed and built according to these cdacepd it is
still functional in orbit despite having been labed in 2001 (figure 1). The HSRS is a combinatibmdependent IR-
cameras mounted on an optical block of Invar fonimal line-of-sight deviations of the optical axi¥he VIS
instrument is a stand-alone unit beside on a com@RM platform. The entire configuration is showrfigure 2 and
weighs 30.3 kg.

Figure 1. HSRS incl. 2 IR channels in the BIRD Figure 2. IR lenses within the Invar optics
configuration block

Figure 3. CFRM support structure Figure 4. BIRD payload platform incl. the
VIS camera



Theperformancef the system was demonstrated by the detectian2o® m2 barbeque fire within the 370x370 m?2 pixel
size under excellentiewing conditions (clear winter night). Howeverpstly the misalignment reached the size of 1
pixel whereas the VIS/NIR differefdlom that with 5 pixels typically. This is due toet fact that this instrument was not
implemented into the Invar block concept.

After more than ten years of operating in space,DhR decided to recover the HSRS instrument aniliytd again
aboard the TET-1 mission. Although the sensorsapiits will be re-used without modifications, aflthe electronics
will be re-designed. Furthermore, a mass redudtioh3 kg is to be achieved under integration of W& system. This
reduction can only be achieved via the use of § géff, low-density material possessing a smallECiii the opto-
mechanical domain.

The design of the optical system for the new HSEI-L instrument is shown in figure 5.

Figure 5. HSRS-TET-1 optical system with integradetector systems.

The core part of the optical system is the cameetatsire. It combines all lenses for VIS/ NIR iretbentelmccompanied
by the MIR and TIR systems to the left and riglungthe same optical axis orientation over the moungilame. This
concept allows for reducing the CFRM structure toommon plate for sensor mounting since there idonger a
structural link to the spacecraft determining theatignment of the different channels.

Another feature of the redesign is the simplificatof the thermal design by removing radiators @meimal buffers of
the previous system, which requires lower mass lagtier thermal conductivity than possible with Inv@hese
concepts, among others, led to the decision tosghoeramics as the material for this opto-mechhsinacture.

A light-weighted camera structure design was depadioby DLR and iterated towards the ceramics tdolgyan close
collaboration with ECM. By using CeSias theceramic material, with its high specific stiffnéascombination with its
low CTE and good thermal conductivity, the desireduction of mass and simultaneously the improvernmeaccuracy
could be achieved.



2. CAMERA STRUCTURE MANUFACTURING

The starting material of the manufacturing of C8siamponents is a carbon-fiber reinforced porousaradreenbody
material, which is easy to machine with conventio@dlC-milling and drilling machines. The machinecegnbody
components are infiltrated at high temperature$ witicon and thereby converted to carbon-fibenfaziced silicon-
carbide or Cesft a trademark of ECM. The very low shrinkage factoring the conversion from greenbody to C8sic
of only 0.2 % combined with negligible distortiomtlow near-net-shape greenbody machining with jugtimal
oversizing for post-infiltration machining.

Near-net-shape machining of greenbody componentsssime by greatly reducing the need for expengiust-
infiltration machining and, therefore, lowers coatid it is one of the major distinguishing charesties of ECM's
Cesi€ technology.

The shrinkage factor of 0.2% has an uncertaintgrdy £ 0.05 %, which applies even to meter-sizeghgonents. For
example, we have manufactured focal planes 500msizé and much smaller camera structures, arlddiblind holes

in the components that matched to within 0.2 mrosition. This uncertainty falls well within thielerance specified by
DIN ISO 2768-1.

Figure 6. Camera structure front side. Figure 7m&¥a structure back side.

These advantages of Cesic manufacturing allowedhimiag in the greenbody stage of the entire HSE#nera
structure, including the thin-walled ribs and thehmles mounting the camera (see figures 6 and 7).

All pinholes were sized and finished for the gluiofytitanium-inserts in order to fasten the lenaesl detectors as
already shown in the schematic drawing above (gb)y. ECM manufactured the camera structure oua ablid
greenbody block with outer dimensions of 290 x kX185 mm. Figure 8 shows the final, machined gredghaf the
camera structure.

Figure 8. Machined greenbody of the HSRS cameuatsire.



Almost all geometric forms and blind holes were hiaed to final dimensions from a single C/C greathbblock using
conventional CNC-milling techniques. Only the thi®& fittings for mounting the camera and the srhalitom side
were oversized by 0.3 mm for grinding allowance@fi-infiltration (see the brown colored surfacédigure 9). The
required parallelism of the three camera axes@® éhm and the parallelism between the axes andthétohined bottom
side, also of 0.02 mm, were also realized by maediafter infiltration.

Figure 9. Brown-colored surfaces oversized by 0n3for grinding allowance.

After Si-infiltration, the camera structure wasatied by conventional sandblasting to remove exsifisan that exuded
to the surface.

Finally, the geometry and dimensions of the sarslbthcamera structure were measured and confironegkét design
tolerances to within = 0.10 mm. The final machiradhera structure is shown in figure 10.

Figure 10. Camera structure after final machinind grinding.



Table 1. Dimensions and tolerances of the congbleaenera structure.

Items Specifications
Length 286 mm
Width 106 mm
Height 75 mm
Flatness ground bottom side 0.02 min
Accuracy of ground camera fittings (®ffing) 0.018 mm
Plane-parallelism between all three camera axes 0028. mm
Weight 688 g

3. ADVANTAGES OF CESIC® MANUFACTURING

Cesi® greenbody machining is similar to that of softwpadd the machining time compared to that of ottegamic
materials or glass is much shorter. Additionaligsras thin as 0.8 mm can readily be constructe@M¢-machining in
the greenbody stage; and the CBgiining technology in the greenbody stage alloves ranufacture of components of
virtually any shape and complexity, including sestised structures, T-shaped ribs, internal celth Wwreather holes,
and even curved tubes. After Si-infiltration, giimgl by conventional and various other methods carubed. Yet
another machining possibility of fully infiltrate@esi€’ components is EDM-die-sinking and wire-EDM-machinitue
to the moderately high electrical conductivity a#si®. For example, using these methods we have prodiregitch
threads, e.g., M5 x 0.5 threads, for the fine adjest of sub-components, such as mirrors for opgigstems.

To summarize, the versatile greenbosanufacturing capability of ECM's Ce8icomposite translates into rapid
manufacturing times and cost savings. As an ilidgtn, in figure 11 we show the manufacturing sciedf the HSRS
Cesi€® camera structure, which was completed in just fieeks. This is comparable to the manufacturing girog
aluminum and Invar components, but considerablgfaban those of other ceramic agldss-ceramic components.

CNC-programming and
Greenbody machining:
Two Weeks

-~

Infiltration-setup and
Furnace run: One Week

-

| Sandblasting: One Day |
e —

Post-machining
(Grinding):
Tow Weeks

-

Figure 11. Manufacturing schedule of the HSRS Ces@&@era structure.



4. ASSEMBLY AND TESTING OF THE CAMERA STRUCTURE

The dense integration of optics and sensors otigheweighted camera structure produced a verygamhassembly of
components and led to multiple interface points fwunting. Advanced eroding technologies of irdiled Cesic®
components in principle allow direct manufacturioigbore holes and threads. For the TET-1 camergtsire, the
baseline was to provide this with glued titaniuradrtsinstead of the direct manufacturing of threaded:bwles. Due
to the project specifics, this approach createatgiesign flexibility, which may be important inseamodifications are
needed in the future.

A pull-out test with a relevant material sampleilasstrated in figure 12 showed loads of about 10 flor the M4
interface system.

With this basic design verification, the entire turs equipped with 47 interfaces for lenses, bafflalignment
mechanisms of detectors and mounts.

Figure 12. Interface insert pull-out test with ssic® sample.

Figure 13 provides an impression of the integrasitaps starting with the implementation of the aptnto the camera
structure up to the whole system in functional agunfation at the end for testing and flight prepiara

Figure 13. Camera structure integrated on top aftimgent main structure equipped with VIS opticét)land

completed for operation (right)



The space environmental test of the camera strustras performed on the system level of the TET-HSR& ecraft,
not just with the camera structure alone. Theitestided the following sub-tests and was fully sssful:

Sinusoidal vibrations with displacements of 6.2 oprto 20 Hz.

Random vibrations with mean loads of 10 g RMS betw20 and 2000 Hz (figure 14).

Shocks of 40 g with 3-5 ms durations (figure 15).

These shocks simulate the load generated by ihg fif pyro-initiators when the payload fairing almarned-
out stages of the launch vehicle are being jetéidon

Thermal vacuum cycling and operation between -303€ +65°C (8 cycles, see figure 16).

Tests demonstrated that the electrical conductivitythe Cesic® material is sufficient to fulfill ¢hinstruments'
electromagnetic compatibility requirements betwéan camera structure and the instruments withoaitnged of an
additional metal layer on the surface of the canséacture.

PSD-Lasten Steigung

[g2/Hz] [dB/oct]
Achse Freq. [Hz] Qualifikation
20 0.01
50 0.01 115
80 0.06
700 0.06 51
2000 0.01
X+Z Gesamt [grus] 9.4

Figure 14 .Z-Axis Random Vibration, Response of Cansracture with damping effect due to notching



Fiaure 15. Pyro-shock testing, Y-Axis time recorthweak load at 113 Hz
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Figure 16. Thermal vacuum cycle test, plot of carstructure temperature (pink) vs. bottom plateg)p



6. SUMMARY

An improved camera structure for the HSRS instrunmainthe TET-1 mission was developed by DLR in elos
collaboration with ECM. The redesign was based hwn ftight experience with the HSRS instrument omrdothe
microsatellite BIRD. In particular, the redesigreised on the integration of three instead of thee doraligned cameras
of the BIRD mission and the replacement of Invar@ssic® for the camera structure material. The afs€esic®
resulted in a mass saving of about 40% and an byergoad mass reduction from 30 kg to about 13 kg

Furthermore, we demonstrated that near-net-shaphiniag at the greenbody stage in the manufactuoih@esic®
components is highly accurate, saves time by greatlucing the need for expensive post-infiltratnachining, lowers
cost, and it is one of the major distinguishing relsteristics of ECM's Cesic® technology comparedc:ampeting
materials.

The space environmental test was performed onytsters level of the TET-HSRS spacecraft and confitr@esic®'s
suitability for the manufacture of complex, intetgih space-born structures. This suitability wast fitemonstrated by
the two all-Cesic® telescopes of the SPIRALE missio



