IN-SITU TRAJECTORY MEASUREMENT OF SMALL PARTICLES
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ABSTRACT

Models of the Earth’s space debris and meteoroid envi-
ronment need to be validated against measurement data
such as the particle size, velocity and impact angle dis-
tributions. In particular the characteristics of the micron-
sized particle regime is fairly unknown.

Based on the requirement to measure the trajectory of
fast micron-sized particles in space, a highly sensitive
breadboard model of a particle trajectory analyser was
developed.

Basic requirements and considerations are outlined and
the overall system design is described, which is based
on the results of a numerical simulation of different
configurations of the instrument. Some details of the
optical, mechanical and electrical design of the instru-
ment are given.

A description of the test method is provided, which was
developed for the characterisation of the breadboard
model’s performance. The general performance and
calibration testing approach is outlined.

1 INTRODUCTION

The validation of space environment models such as
ESA’s MASTER model is performed against measure-
ment data, in particular in the small particles domain
(less than 1 mm in diameter). As these particles cannot
be detected by means of ground-based radar or optical
observations, the most common method is the investiga-
tion of hardware retrieved from space such as the Hub-
ble Space Telescope’s solar arrays. Consequently, the
available data is restricted to certain low altitudes and
limited declination ranges, and there is no possibility to
derive the exact location and time of an impact.

If deployed in an adequate number of suitable orbits, in-
situ detectors might provide measurement data to fill the
above mentioned data gap. In particular, the impact
velocity vector will, in combination with the impact
location, allow the determination of the trajectory of the
impacting particle, which then easily would enable the
discrimination between man-made particles and natural
meteoroids.

The measurement of the velocity vector of such small
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particles however is a rather demanding task, and dif-
ferent approaches were discussed in the past. One suit-
able idea is to measure the impact velocity vector by
means of an optical method as implemented for the
GIADA experiment onboard the Rosetta spacecraft [1]
[2] [3]. Also the AIDA (Advanced Impact Detector
Assembly) development has considered an optical
measurement method based on laser light curtains and
scattered light detection [4] [5].

2 TOP-LEVEL REQUIRMENTS AND BA-
SIC CONSIDERATIONS

The basic requirement for the development of a bread-
board model of the trajectory analyser is the detection of
very small particles down to a size of some microns in
diameter by means of light curtains, where the meas-
urement principle is the detection of the scattered light
flashes generated by a particle passing the light curtains
as schematically shown in Fig. 1.
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Figure 1. Schematic diagram of the detection principle

Two light curtain planes are needed for a time-of-flight
measurement, and two light beam directions and detec-
tor arrays in each light curtain are required to resolve
the coordinates of the particle’s piercing points.

For the breadboard model development, the focus was
put on the instrument’s sensitivity rather than optimis-



ing its mass and power consumption.

As no mechanical means exist to test the full measure-
ment range of the breadboard model, an appropriate test
method was developed as part of the breadboard model
development.

3 SYSTEM DESIGN

As a first step, several aspects such as

e the intensity profile in the light curtains,

e the width of the light curtains,

e the beam arrangement including the number of
reflections, transmission and beam shaping,

e the operational wavelength,

e the selection of the light detectors

were investigated in detail. Following the decision on
the main system design, a numerical simulator was
developed to assess the signals to be expected with
different instrument layouts.

The numerical simulator uses the Mie-theory, which
describes the diffraction of electro-magnetic rays by
spherical objects with diameters in the range of the
wavelength, to calculate the intensity field of the scat-
tered light. Due to diffraction effects the maximum of
intensity is in light direction (see Fig. 2, 9 = 0 deg).
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Figure 2. Scattered light intensity calculated with the
Mie theory; maximum intensity in forward direction
(particle size: 2 um; different polarisation)

Consequently, the light detectors need to be placed
accordingly to obtain maximum sensitivity.

The simulator also takes into account the following
parameters:

e Number and position of the light detectors.

e  Wavelength and light intensity of the light cur-
tain.

e Piercing point of the particle.

e Amplification by means of electronics and col-
lecting lenses.

Calculation of TA Detector Signals.
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Figure 3. Calculation of the sensor signals using the
simulation program

Based on the findings of the performed simulations, the
system design of the instrument was detailed by means
of the specification of the basic instrument parameters:

Effective detection area: (300 mm)*
Laser light wavelength: 810 nm
Light curtain thickness: 3.5 mm

Distance between the light curtains: 160 mm
Number of light sensors: 12 per sensor array

The first step of the design phase has to be the optical
layout, as all dimensions depend on it, followed by the
design of the instrument housing including all required
baffles, mountings and adjustment devices.

The electronics design can be performed partly in paral-
lel to the optical layout. The layout of the boards how-
ever has to consider the spatial constraints given by the
optical and housing design.

4 OPTICAL DESIGN

The optical design was developed in the order, which
follows the order of use:

1. Laser beams are shaped for the use in the light
curtains.

2. These Laser beams are directed into the light
curtains.

3. Particles passing the light curtains cause scat-
tered light flashes, which will be detected by
the light detectors.

4.1 Optical Design of the Light Sources

A laser beam usually features a Gaussian intensity pro-
file. For the use in the light curtains one direction has to
be shaped into a rectangular intensity profile, a so called
“top hat” profile. A commercially available laser line
module originally designed for the use in measurement
applications, which evaluate the image of the laser line
on the measurement object’s surface, generates the



desiredintersity profile.

A cdlimation optic consisting of two mirrors ard a
baffles shapes the laser beam for the use in the light
curtain (seeFig. 4).

Figure 4. Laser line module with the collimation optic

Whenleaving the calli mation optic the laserbean has a
width of 50 mm, a top hat profile in this direcion and a
thickness of 3.5mm (1/e°). Since the light detedors
have their sensitivity maximum at a wavelength of
900nm, the wawelength of the laserline modues were
chosento be 810nm. This value is the closest available
ard the light detedor still featue 95% of their maxi-
mum sensiti vity.

4.2  Optical Design of the Laser Light Cur-
tains

To estaltish the light curtains out of the laser beans
they are reflectedinto a zigzag patten (seeFig. 1). This
minimises the use of erergy because ore light source is
sufficient for each light diredion. Howewer, this method
brings up some design challenges:

1. For the highestpaosdble reflectivity the mirrors
are gold platedand do not feaure an extra pro-
tection layer.

2. Due to the multiple reflectons the mirror ad-
justment hasto be very predse, i.e. 20 arc sec-
onds.

3. The zigzag ange has to be takeninto account
for the detemination for the piercing point.

The cdculations by the simulation program showed the
intensity of the light scattered by the light curtain mir-
rors is two magnitudesof order higher than the intensity
of the particle’s scateredlight flashes.Because aninter-
fering signal of this level canna be suppresed by
means of filters, it has to be eliminatedby a baffle, i.e.
the light curtain mirrors must not be visible atthe detec-
tor’s position (Fig. 5).
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Figure 5. Design of the Main Baffles

Under the assumption that the detedor optics shall view
the scatteredlight flash under a minimum angle of 5 deg
ard a maximum angle of 14 deg the pasitions of the
main bafflesare derived

4.3  Optical Design of the APD Modules

To use the space bereah the required main baffles the
light sensors are placed there. The scateredlight flashes
are reflectad to them by passive reflectars. A further
reduction of the instrumert’s size is adiieved by an
upside-down placement.

The optical comporerts of the APD modues are (see
Fig. 6):

1. An avalanche phao diode (APD), one of the
most sensitive light detedors availabe. Com-
pared to other sersitive light detedors it fea-
tures mechanical and eledrical charaderistics
best sited for the future use in space.

2. An ogptical filter. Only light with the lases
wavelength can passit. It is required because a
baffle desgn, which suppres®s all external
light, is not feasible.

3. A cdlecting lens for optical amplification of
the scattered light flashes. An increasing di-
ameter incresses the amplification but de-
creases the APD modue’s field of view. For
this reason the seleded lenses are the reault of
anoptimisation.

5 ELECTRICAL DESIGN

Patticles passng the light curtains with a velocity in the
rarge of some km/s cause eledrical signalsin the fre-
quercy range of some MHz, which requires digital
eledronics runnng with a frequercy twice as high due
to the sampling thearem. A fully ecuipped trgedory
aralyser consists of 48 APD modues ard thus, process-
ing of the resulting amourt of digital measurement data



would be atoo demanding task for on single digital
processng unit (DPU).

To cope with this, each of the APD modues (seeFigure
6 6) consist besick its optical comporents (sedion 4.3)
alsoof all eledronic comporents required for the meas-
urement signal processng:

1. Analogue amplifier ard filter.

2. Analogueto Digital Converter (ADC).

3. A low level DPU which communicates via a
digital bus with the central computer of the in-
strumert.

By this desgn most of the signal processng is dore by
the APD modues, which deliver the digital signals of
the deteded scatered light flashes to the instrumerts
central computer.
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Figure 6. CAD drawing of the APD module

The central computer cdculates the patticle’s velocity
vedor using the digital signalsfrom the APD modues.

6 MECHANICAL DESIGN

The mechanical design shoud consider the trajedory
arelyser’s applicability for future space use, i.e. it
shoud be proventhat using a limited mass the mechani-
cd rigidity requiredfor the space use could be achieved
For the trajedory aralyser breadboard model, emphads
of the desgn was gven to:

1. A flexible arargement of the availabde APD
modues, since 13 APD modues were manu-
faduredfor the breadboard model only. Never-
theless all of the required teging can be per-
formed using certain testspecific arrangements
of the APD modues.

2. Eay accessto the APD modues which sup-
ports the discussedflexibilit y.

3. Robust design for optical stahility for effortless
conduction of the test campaigns.

4. All optical comporents adustable to provide
the desgned optical path

Fig. 7 shows the breadbcard model during its integra-
tion.

Figure 7. Integration of the Trajectory Analyser

It can be seen that an inner frame carries the main baf-
fles and further optical comporerts such asthe pasive
reflectars ard the light curtain mirrors. Other optical
comporents (eg. those forming the light paths) are
mourteddiredly on certain outer howsing parels.

7 BREADBOARD MODEL TESTING

7.1 Non-HVI Test Method

The refererce speed of 10 km/s for small particlesin the
Earth’s space environment iS not availabe by means of
medhanical experimentsasemblies:

1. A linea movement can be acieved only by
hyper velocity impad (HVI) tess. However,
existing HVI testfadlities do not provide par-
ticlesin the required mass ard velocity ranges
(4] [5].

2. A rotational movement would resut in cen-
trifugal forces some orders of magnitudes
higher than tolerade by any known construc-
tion material.

Consequently, atest method without mecharical means
has keen developed

The testdevice emits laserflashes. The profile of these
laser flashes approximates the central maximum of

scatered light flashes caused by patticles passing the
light curtain (seeFig. 8). The outer maxima of the sca-

teredlight flashes canbe negleded, because their inten-

sity iswell below the detedion threshold.
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Figure 8. Intensity profiles of the test device and a scat-
tered light flash (Mie-theory)

The dynamic of the light flaskes emitted by the teg
device can easly be controlled by means of eledronic
laboratay equipment. By this means the test device is
capeble to stimulate the APD modueswith light flashes
equivalent to the scetered light flashes caused by parti-
clespassngthe light curtain (seeFig. 9).

Figure 9. CAD drawing of the test device mounted on
the operating TA

7.2 Calibration Testing

For theseteds steel spheres with a diameter of 4 mm
ard a velocity of 120m/s are used astestobjeds. This
velocity is greder than the lower required detedion
threshald of 100m/s.

The diameter of the test objeds is above the aspired
measurement rarge, but it is much easier to accéderate
objeds at this size to such velocities than particles with
the size of some microns [4]. The measurement reaults
obtained this way are usedto cdibratethe non-HVI test
method by comparison.

Desjite the limitations named alove, HVI tesing is a
valuable method to cdibratein-situ detedors. Thus, it is
planned to perform HVI cdibration tests with micron-
sized patticles, if the nonHVI tess will show that the
trajedory aralyser breadbcard model will be ale to
deted swch small particles.

7.3 Performance Analyses

In order to determine the coordinates of the particle’s
piercing point on the laserlight curtain, anevaluation of
the availabde APD detecta signalsis required Basedon
the simulator software (cp. chager 3), analgorithm was
developed, which alows the computation of the pierc-
ing paint coordinatesfrom those APD signals, which
are above the detedion threshold.

Once the cdibration of the trajedory aralyser will be
completed the resuting datawil | be used for the coor-
dinatedetemination.

The simulator will allow to aralyse in depth the per-
formance of the trajedory analyser breadboard model
with resged to the particle size and velocity ranges.

8 SUMMARY AND CONCLUSIONS

A breadboard model of a patticle trajedory aralyser
basedon an optical detedion method was developed
with the aim to analyse the possbilities ard li mits of the
in-situ measurement of the impaa velocity vedor of
very small particles. Thus, the design focus was pit on a
high sersitivity of the instrument rather than on the
volume, massand power minimisation.

To fully characterise the instrument’s behaviour and
performance a ted method was developed, which is
based on light flashes simulating the scatered light
flash of a patticle, which pas®s alaserlight curtain.

The resut of the developmen is a highly sophsticated
instrument, which will allow to amswer the question
about the performance and the resaurce requirements of
the in-situ patticle trajedory measurement by means of
light curtains and scatteredlight flash detedion.

Comprehensive tesing of the breadbcard model is on-
going ard will be followed by the idertification of im-
provemert aress and by the optimisation of the volume,
mass and power consumption. Basedon thesefindings,
aflight model design for the patticle trajedory aralyser
will be proposed

To estaltish a full in-situ detecta for small patticles,
the trajedory aralyser will have to be combined with an
appropriate impact stage, which measures the particle’s
erergy or momentum. A possble candidate would be
the AIDA impad stage, which detemines the patticle’s
kinetic energy by means of a caorimetric measurement
principle [5].
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