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ABSTRACT

This paper presents the breadboard modd of a new type
of in-situ space debris and meteoroid detedor which
determines the impact energy of micron-sized particles
by calorimetric measurements. The detedor utilises an
array of small cdorimeters. Each array element consists
of an energy absorber and thermaopile sensor which
measures the temperature rise ocaurring after an impact.

1. INTRODUCTION
1.1. Objectives and Sensor Concept

A profound knowledge of Eath's particulate
environment is esential for the establi shment of reliable
debris and meteoroid models which are applied for risk
andysis and the development of effedive shielding
designs. In particular, the distribution and diredional
characteristics of smal-sized particles is fairly
unknown. Data about particle flux rate, size, mass,
velocity or the related kinetic energy, respedively, is
required as well as information about the particle’s
tragjedory in order to determine the origin of the
deteded particle.

Small particles can only be investigated by in-sStu
detedion or by means of the investigation of retrieved
hardware. The latter islimited to certain orbital atitudes
and vyields the flux integrated ower the eposure
duration. Since isting in-situ detedors are not able to
provide the required data and accuracy, the development
of a new type of impact detedor - AIDA - has bee
initiated [1]. Its design concept is based on a two-stage
detedor approach (cf. Fig. 1), in which the velocity
vector of an impacting particle is measured by the firs
stage and theimpact energy by the semnd stage.

The development of the energy stage was caried out
within the scope of an assessment study released by
ESA/ESTEC in order to review and improve in-situ
measurement techniques. This paper presents the
developed calorimetric impact detedor which uses an
array of sensitive @lorimeters for the measurement of
impact energy as wel as impact location. Due to the
response time of a cdorimetric detedor, the detecor
cannot provide a high-resolution impact timing which
would be needed for a velocity measurement stage. For
this reason, the ARIEL impact ionisation detecor by

UniSpace Kent and The Open University, UK may be
attached as an add-on detedor stage in order to provide

thistiming data.
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Figure 1. Schematic of the AIDA two-stage detector.

1.2. Principle of Calorimetric Impact-Heating

The calorimetric measurement is based on the fact that a
substantial part of the kinetic energy Eg, of an
impacting particle is converted into heat when hitting
the target. Each caorimeter consigs of an energy
absorber and a temperature sensor measuring the
impact-related temperature increase. For a maximum
temperature rise and thus optimal sendtivity of the
calorimetric sensor, the heat capacitance of the energy
absorber should be as small as possible. Consequently,
the presented breadboard model uses an array of small
calorimeters (c.f. Fig. 2).
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Figure 2. Array of calorimetric energy detectors.

Assuming an adiabatic heating of a calorimetric energy
absorber of mass m, and specific heat ca, the deposed
energy of the impacting particle results in a temperature
increase of
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AT =Nconv DEkin B— (1)

Here, the factor nen, describes the @nversion
efficiency between the kinetic energy Eq, of the
impacting particle and the therma energy deposed in
the target matter. In redity, geda, impact plasma ad
radiation lead to some losses which don't contribute to
the heating of the cdorimetric mass Because of sparse
information about the conversion efficiency, redistic
values have to ke determined in experimental tests.

The following example gives a value for the expeded
temperature increase d the proposed detedion threshold
considering a particle of 10™ kg (diameter about 2 pm)
arriving at 10 km/s, thus having a kinetic energy of
500nJ. Under the assumption of full energy conversion
(Neorv = 1), an absorber of 0.5 mg massmade of copper
will be heaed by 2.6 mK.

2. DESIGN AND MANUFACTURING OF THE
BREADBOARD MODEL

2.1. Selection of the Temper atur e Sensor

The small temperature increase of the impact-heaed
absorber has to be measured by a sensitive sensor
without introducing too much additiona hea
capacitance which would otherwise @mpromise the
measurement performance This requirement is met by
miniaturised multijunction thermopile sensors usually
used for the detedion of infrared radiation a non-
contact temperature measurements. These sensors offer
high sensitivity, lineaity, small size and fast response as
wdl as insensitivity to changes of ambient temperature
due to their measuring principle. Furthermore, their
manufacturing process is based on slicon wafer
technologies which alow the design of large sensor
arrays on the wafer level scale.

A miniaturised thermopile sensor consists of a thin
membrane of low thermal conductivity that spans over a
thick silicon frame (Fig. 3). Both parts of the sensor are
at different temperatures if the membrane is exposed to
thermal radiation or contacted to a hea source For the
calorimetric detedor presented in this paper, the thermal
energy of an impact event heds the absorber which is
thermdly conneded to the membran€'s centre. The
resulting temperature difference is transformed into a
proportional voltage signal by a seria circuit of
thermocouples, which have their hot and cold junctions
situated on the membrane or on the slicon frame,
respedively.

Resolution and detedion threshold of the thermopile
sensor is limited by the thermal noise voltage of its
eledrical resistanceR. Thisnoise voltageis

U voise = /4K [RLT [Af @)

where k is Boltzmann's constant (1.38 102 JK), T is
temperature and Af is noise bandwidth. Noise can only
be reduced by smaller bandwidths if an active woling
of the sensor isnot applicable.

;
absorber §

cross-sectional view |

silicon frame membrane

thermocouples

- +
signal voltage

Figure 3. Principle of a thermopile sensor.

2.2. Design of the Thermopile Array

An array of 16x16 thermopile sensors was chosen for
the breadboard model. These 256 sensors cover a total
detedion area of abaut 33 square cantimetres. The aray
design is based on the thermopile sensor TS-100F of
IPHT Jena (Indtitute for Physical High Tednology). In
order to keep the element size small, the sensor spacing
of the original single chip layout was not changed. A
TS-100F sensor chip measures 3.6 mm x 3.6 mm and
has a membrane aea of 2.2 mm x 2.2 mm (c.f. Fig. 4).
Its radialy arranged circuit of 100 thermocouples
conneded in series generates a total thermopower of
about 13mV/K. The sensor features an integrated
eledric heaer designed as a circular meander-shaped
circuit path at the membran€' s centre. Applying a heater
signal under vacuum conditions, a time nstant of
220ms was measured for the thermopile. This heder is
intended for cdibrations purposes and would gve the
opportunity of hedth monitoringin space
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Figure 4. TS 100F thermopile sensor by IPHT.

The new design required a awmplete modification of the
existing layout mask set for 4* wafers including new
circuit paths and contact pads. The top surface now



features small spacers (height of 20 um) made of
insulating polymer in order to keep a minimum distance
between absorber and membrane. Thus, in case of some
warping of a thin absorber, an undesired thermal bypass
due to additional contact spotsis avoided.

The dectrical layout design of the 16x16 thermopile
array is depicted in Fig. 5. It consists of multiple 1x8
linear sensor arrays. A total of 800 bond pads bel onging
to 256 individual thermopile sensors and 256 heaters are
arranged at two sides of the array chip. The 8 heaters of
each sensor line are connected to common ground.
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Figure 5. Layout of the 16x16 thermopile array:
1x8 linear sensor array (A), bond pads and spacers (B).

2.3. Design of the Absorber Array

A matching absorber array of 256 dements, which are
thermally isolated against each other, has to be applied
to the thermopile array by therma glue. Considering a
fill-factor of almost unity, each absorber element has a
detection area of 3.6 mm sguared. For a given materia
and dructural density, the heat capacitance of the
absorber is mainly a function of its thickness. The
additive contribution resulting from the thermal glue has
to be taken into account for very thin structures.

To achieve a calorimetric signa response independent
of impact location, a plane plate absorber design was
chosen. Metals like silver (Ag), gold (Au) and copper
(Cu) are well suited materials because of their high
therma conductivity and relatively small specific heat.
A thin top layer of low density polymer might be
applied in order to reduce impact losses. Thin metdlic
plate absorbers of about 5 um thickness are sufficiently
thick to withstand an impact of a micron-sized particle

and would dso achieve the required sensitivity.
Generally, the sensitivity range of the sensor can be
adjusted by the absorber plate thickness.

The geometry of the designed metdlic plate absorber
array is visualised in Fig. 6. For a gap of 50 um, the
plates measure 3.55 mm x 3.55 mm. They are connected
at their edges by small connectors in order to improve
handling and mounting. The edge connectors lead to a
small thermal bypass resulting in a crosstalk between
adjacent sensor elements. For very big impacts actually
destroying the hit dement, a crosstalk analysis might
reveal useful information about the impact energy.
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Figure 6. Design of the plate absorber array.

The thermal energy flow of the caorimeter array
including thermapiles, glue and plate absorbers has been
simulated by finite element methods (ANSYS). An
example of a smulated non-central impact on the
central element of a 3x3 array is given in Fig. 7. The
images visualise a heat deposition of 500 nJ on a Cu-
plate of 5 microns thickness 50 ms after impact. The hit
plate nearly reaches an amost uniform temperature
digtribution after that time. At the edge connectors,
some heat flows to the adjacent absorbers. The top view
(A) shows the absorber plates, the bottom view (B) the
sensor membranes. In addition to the visuaisation of the
heat distribution, temperature values can be extracted at
the node positions of the structurd finite element mesh.

Figure 7. Thermal FE simulation of a 3x3 thermopile
array with glued Cu-absorbers of 5 um thickness:
top view (A), bottom view (B), non-central heat
deposition of 500 nJ on absorber plate after 50 ms.



2.4. Manufacturing of the Absorber Array

Two different manufacturing techniques for metallic
plate absorber arrays have been successfully tested at
PTB, namely lithography-based e ectroplating and laser
cutting.

The firgt method utilises clean room techniques for the
predse manufacturing of the desired structure. First, the
outlines of the plate aray are aeaed by dedron beam
lithogaphy (EBL) on an oxidised silicon wafer
substrate. Then, the initiadl metallic seed layers are
reinforced by electroplating.

Before structuring the front-side, the wafer’s back-side
was gructured with a chromium mask in order to
perform a back-side dching of the silicon resulting in a
separated plate aray that is ill fixed at the remaining
wafer frame. This frame can be handed for further
proceses like spin-coating o polymer layers, for
example. The different process ¢eps for the
lithography-based eledroplating of metdlic plate
absorber array are: spin-coating o photoresist (1),
eledron beam exposure (2), developing of photoresist
(3), vacuum deposition of chromium (4) and gold (5)
and afinal lift-off process (6). Now, the front-side bears
athin metallic seed layer that can be dedroplated to the
desired thickness (7). Array and substrate ae then
separated by etching of the oxidised silicon wafer: HF
etching o SO, at the back-side (8), KOH etching of the
silicon bulk (9), HF etching o SIO, at the front-side
(10).

Eledroplating o gold was performed with a galvanic
bath yielding a purity of 99.9 % Au. Earlier experiments
demonstrated that high purity is needed in order to
avoid interna gress The mean thickness of the gold
layer was determined from the wafer’'s weight increase
due to the galvanic process The microphotography of
Fig. 8A visudises the accurate structural definition of
the manufacturing process. It shows the elge mnnedor
of four adjacent Au-plates of 5pum thickness and
separated by 50 um wide gaps.

The seand manufacturing method investigated is laser
cutting. The desired plate aray structure was cut into a
thin metal layer usng a pulsed UV laser system of
355 nm wavelength, a frequency tripled Nd: YV O4 laser
(Neodymium Doped Yttrium Vanadium Oxide). This
metal layer (e.g. Cu, Ag, Au) of specified thicknesswas
sputtered onto a flat aluminium substrate of mirror
surface quality in order to oltain a stressfree structure.
The final separation of absorber array and substrate was
achieved by etching. A microphotography of the
obtained array structure is $own in Fig. 8B. Smaller
magnifications show that the front surface is dightly
darkened nea the ablated gaps, thus the aray structure
is more obvious to the naked eye (c.f. Fig 12.

A)

Figure 8. Microphotographs of edge connectors of thin
plate absorbers. A) Au-absorbers (5 um thickness)
made by lithography-based electroplating, B) Cu-
absorbers (7 umthickness) made by laser cutting.

2.5. ElectronicsBoard

The data acquisition board o the breadboard mode has
to monitor 256 calorimeter elements smultaneoudy. By
simplifying the basic signa circuit through an
appropriate wire bonding of the thermopile wafer, the
quantity of required eledronic components could be
substantially reduced. An inverse-series arrangement of
each two thermopile sensors halves the number of
channels to 128 and a parallel operation of each four
heaers further reduces the number of circuit paths.

In order to make modifications of the dedronics and
the sensors more feasible, the thermopile aray wafer
with its absorbers is mounted onto an interchangeable
sensor adapter board. Two zero insertion force (ZIF)
sockets conned this adapter board to the dedronics
main board. This multilayer PCB is assembled with
andog amplifiers, filters and multiplexers on bath sides,
as well as a microcontraller with build-in analog-to-
digita converter (ADC) and an USB port controller to
communicate with the ntrolling PC. The overall block
diagram of the dedronics board isdepicted in Fig. 9.

Each channd features a band pass amplifier consisting
of a 6 dB high passfollowed by a 12 dB low pass (c.f.
Fig 10. Their corner frequencies of 1 Hz and 30 Hz,
respedively, are adapted to the thermopil€e's transient
response and the expeded influence of signal drifts due
to thermal changes. The low pass sippresses sgnal
noise and maintains the Nyquist criterion, whereas the
high pass eliminates sgnal drift. Because of the high
impedance of the thermopile wuple of about 60 kQ, the
input filter first performs an impedance @nversion with
a gain of 15 before the second filter with a gain of 10
gives the required gain of 150. Multiplexers lead the
filtered sgnalsto a 16 bit AD-converter of 2.4V input
voltage which is integrated part of the microcontroll er
C8051F064 from Silicon Laboratories. Due to the
virtual ground and the gain of 150 the corresponding
thermopil e signal voltage rangeis £8 mV, the resolution
is0.244 pV or — with a sensor sengtivity of 13 mV/K —
18.8 pK, respedively. The microcontroller performs a
quasi in parald sampling of all 128 channds at the
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Figure 9. Overall block diagram of the measurement e ectronics.

envisaged rate of 75 samples/s and sends al raw
acquisition datavia USB port to the controlling PC.
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Figure 10. Block diagram of filter and amplifier chain.

The measurement range of the alorimetric detedor is
estimated for a 5 um thick absorber plate made of
copper, i.e. 0.56 mg mass and heat capacitance of
0.22 mJK. The detedion threshold is defined by the
therma noise of the thermopile @wuple (R = 60kQ)
according to Eq. 2. For a bandwidth of 29Hz, a
temperature of 323K and a minimum signal-to-noise
ratio of 3, the smallest detectable thermopile signal is
about 0.53 uV or 2.2 dgits. This voltage crresponds to
a cdorimetric input heat of 10nJ or - in terms of
impactor properties - to a particle of 4-10%° kg mass
(0.5 um iron sphere) at 10 km/s assuming a conversion
efficiency of 50%. On the other hand, the largest
thermopile signa without clipping (8 mV or 32768
digits) corresponds to an inpu heat of 0.15 mJ.

2.6. Data Acquisition Software

Board control and functiond tests of the breadboard
model are performed by a spedal data acquisition and
andysis software that has been developed with the
GSEOS V 5.0 (Ground Support Equipment Operating
System) software package of IDA. GSEOS was
designed in order to support all stages of experiment
development, from bench chedking and spacecaaft
integration up to “quick-lodk” during flight operation.
The latest GSEOS version runs under the operating
systems Windows NT/2000/XP on INTEL PC platforms
which are cost effedive, widespread and support
multiprocessng.

All 128 channels are monitored smultaneously at 75
samples per seond. Seeded channds can be
graphically displayed online and saved on hard disk.
The visualised noise distribution permits the evaluation
of signal quality. Heater pulses of different energies can
be applied to sdeded heater groups. A screenshot of
this softwareisshownin Fig. 11.
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Figure 11. Screenshot of the data acquisition software.

2.7. Breadboard Model Integration

The mechanical assembly of the sensor array consists of
four basic steps. Firg, the thermopil e array wafer has to
be glued onto the sensor adapter board. This processhas
to asare aventilation of the wafer backside in order to
tolerate vacuum conditions. The second step involves
the mnnedion of the absorber array consisting o 256
edge-conneded metallic plates and the thermopile aray
by thermal glue. Well-proportioned droplets of lessthan
0.01 cubic millimetre volume have to be placed at the
centre of the thermopile membranes. Third, the
thermopile aray wafer has to ke wire bonded to the
sensor adapter board o the breadboard model. At last,
the dedrical connedion of sensor adapter baoard,
eledronics board and PC completes the sensor
asembly.

The processes of modd integration have to be optimised
and automated for the engineering of flight models. For
example, future thermopil es arrays will experience an
automated bonding of its 800 contact pads and ceramic
boards of similar thermal expansion coefficient as
silicon will be used in order to minimise thermal stress



The fixing o a large absorber array requires an
automated proportioning and pdacing o glue droplets. A
seaure handling and positioning o the absorber array
might be provided by vacuum mounting fixtures. Due to
volume and weight restrictions, the detachable adapter
board using ZIF sockets has to be replaced for future
models.

The photograph of Fig. 12 shows the operating
breadboard model equipped with two absorber arrays of
different type. The 16 element array at left consists of
Au-plates of 5 um thickness whereas the 9 dement
array at centre uses 7 um thick plates made of copper.

16x16 thermopile array

electronics board

Figure 12. Assembled breadboard model with applied
plane absorber arrays.

sensor adapter board

3. INITIAL FUNCTIONAL TESTS

Firg functional tests with therma energy depositionsin
air have been successfully performed. The @ orimeter
element under test was heded by a laser light pulse of
spedfied energy. This method offers high accuracy if
laser pulse energies and absorption properties of the
absorbers are wel-known. Furthermore, it can be
applied easily for the cdibration of large detecor
arrays.

Thetests utilised a pulsed diode laser of 0.5 mW optical
output and 2 ms pulse widths. Incident pulse energies of
1 W were easily deteded by a calorimetric Au-absorber
of 5 um thickness A typical signa of such alaser pulse
hedingis $1own in Fig. 13.

The daracterigtic signal shape is the result of the
calorimeter’s deaying step response in air filtered by
the band pass configuration using 1 Hz and 30 Hz
corner frequencies. At vacuum conditions, the longer
decay time will lead to noticeably broader pulses.
Asauming an absorption coefficient of less than 20 %
for dightly oxidised copper surfaces, the deposed
therma energy was gnaller than 200 nJ. This example

clearly demonstrates the excdlent hea detedion
capability of the @l orimetric sensor.
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Figure 13. Measured calorimeter signal for laser pulse

heating with pulses of 1 uJ optical output energy,
absorbed energy < 200 nJ (estimation).

4. CONCLUSIONS AND OUTLOOK

After having successfully performed initia tests using
laser pulse heating, hyper veocity impact (HVI) tests
will prove the pabilities of the alorimetric energy
detedor in the next months. Here, valuable information
about the widely unknown energy conversion efficiency
is expeded from experiments with different absorber
materials. Further tests like vibration tests will validate
the structural integrity of the developed detector. At the
same time as the different processes for manufacturing,
model integration and data analysis will be optimised
with regard to a space qualified version of the AIDA
impact detedor, it is intended to look for flight
opportunities as soon as posshle.
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