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Abstract

Given the growing stability needed for spacecraft in operation to ensure functioning of future instruments
whose sensitivity requires an important technological step, perturbations encounter in orbital conditions that used
to be negligible, become today an issue. This is the case of micrometeorite impacts whose energy could induce
modal response of the flexible structure and imply a dynamic response of the spacecraft which could probably be
disturbing for the instrument functioning. The impact environment that could be encountered by the spacecraft is
preliminary studied before the definition of test to recreate the excitation with light-gas gun. Experiments are
made on samples of structure representative of the ongoing Gaia astrometric mission project. Response of the
structure is recorded to be correlated to finite elements model of the sample. The excitation is then extrapolated to
orbital conditions and to Gaia finite elements model. The final perturbation is compared to the specification. The
main conclusion is that for daily impact event, dynamic response of the structure will not disturb Gaia
functioning. Nevertheless, for a yearly impact event, the astrometric mission will largely be disturbed by the
dynamic response of the structure to the impact.

Keywords: Hyper velocity impact, Structural dynamic response, modal response, Shock Response Spectra, Gaia

1. Introduction

Some of the future scientific missions to be launched in the next decade represent an important
technological step forward due to the high measurement accuracy which is aimed. As a consequence,
requirements in terms of payload environment stability are much more severe than in the past. The
pointing stability requirements for Gaia spacecraft mission (developed for European Space Agency) are
orders of magnitude lower than for typical missions currently developed. In such a case, disturbances
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induced by micrometeoroids impacts can not been neglected. To evaluate the corresponding risk,
induced perturbations in the vicinity of the sensitive equipment shall be characterized.

The effect of hypervelocity impacts on spacecrafts is usually tackled in two different ways. The
first way considers micro particle impacts induced on the structure which is mainly an issue for manned
flights where safety considerations play an important role in the spacecraft design and conception.
Damages inflicted by hypervelocity impacts can significantly decrease life expectation of unmanned
flights, which is a commercial issue as the spacecraft has been sold for a given life duration. In both
cases, hypervelocity impacts deal mainly with strength of materials (see [1] and [2]).

The other common way considers in flight impacts in terms of momentum transfer that may affect
spacecraft trajectory. The energy brought by the impacts provides axial and angular momentum
depending on the impact direction and location with respect to the spacecraft orbit and centre on
gravity. Such perturbations have to be counterbalanced by altitude control reaction to keep the initial
trajectory. In this case, the effect of impact mainly deals with altitude control where spacecraft is
basically considered as a nonflexible solid and is mainly linked to the performance of the system with
respect to a given specification.

Ongoing projects have emphasized the important issue of in-flight structural dynamic stability to
ensure the aimed accuracy (see [7]). Considering the spacecraft as a nonflexible structure only is not
sufficient to predict its stability. The dynamic behavior of the structure gets superimposed to the rigid
body movement and disturbs the functioning of the system if it is stimulated. The dynamics of the
spacecraft is essentially stimulated according to the following viewpoints:

» Internal spacecraft rotating mechanism (such as positioning wheels) maintain the excitation of
modal content of the structure.

* The dynamical response to the shock loading induced by hypervelocity impacts which are part
of the overall external spacecraft environment provides a source of excitation which could disturb the
spacecraft stability.

The main objective of this study is precisely to estimate the influence of hypervelocity impacts on
the dynamical response of the spacecraft in order to assess the effect of this type of excitation on its in-
flight performance. The structure of this article reflects the process which has been followed for this
study. The objective was twofold:

* Provide realistic measurements of hypervelocity impact effect on spacecraft dynamical
response.

*  Assess the possibility to model with reasonable confidence the consequences of impacts on an
industrial sensitive project by extrapolating the measured environment.

Consequently, a preliminary study of orbital impact flux and representative impacted target will be
presented. Then, the test campaigns reproduce the hypervelocity impact environment on selected targets
will be described. Finally, modeling aspect will be tackled first to simulate test conditions on impacted
targets and then to extrapolate in-flight conditions for the Gaia astrometric mission.

Nomenclature

FEM Finite Elements Model
HC Honeycomb
HVI Hyper velocity impact

LOS Line Of Sight
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mas milli-arc-second

uas micro-arc-second

PLM Payload module

SRS Shock Response Spectra
SVM Service Module

SW Sandwich panel

2. Review of the Gaia Spacecraft Configuration

A review of the Gaia spacecraft configuration has been led in order to define targets representative
of the spacecraft structure, and to identify relevant micrometeoroid impact conditions to be faced by the
spacecraft in orbit.

Payload modulg

Fig. 1. View of the overall Gaia spacecratt configuration

2.1 Representative Targets

The detailed review of the Gaia spacecraft design has shown that the external walls are made of
sandwich panels with CFRP (Carbon Fiber Reinforced Plastics) skins and aluminum honeycomb. The
CFRP skin thickness is typically 0.5 or 0.6 mm and the aluminum honeycomb thickness lies between
10 and 50 mm. Therefore the main part of the targets defined for the HVI tests are CFRP sandwich
panels representative of the Gaia external walls both in terms of material and configuration. In addition,
to experimentally assess the influence of the sandwich panel design, targets with various skin and
honeycomb thicknesses have been manufactured. Gaia external walls are covered either by MLI or
solar cells. Bare walls are never used. There is a need to characterize the influence of MLI and of solar
cells, as it can change dramatically the impact physics and therefore the elastic energy transmitted to the
structure. For this reason, additional targets have been defined including MLI and solar cells to be able
to compare the induced vibrations with respect to a bare target, as shown in Fig. 2.
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Bulk MLI Solar cells
- M I T T |

Fig. 2. Targets have been defined to assess the influence of MLI and solar cells

For classical shock wave propagation, the attenuation along a given structural path mainly comes
from interfaces. Therefore typical interfaces have been identified on the Gaia spacecraft configuration,
leading to the definition of panel assemblies to be tested in the frame of this HVI test campaign. These
additional targets are made of CFRP sandwich panels assembled thanks to aluminum brackets, as
shown on Fig. 3.

Fig. 3. Assemblies have been tested to characterize the attenuation through interfaces

In addition to the targets representative of the Gaia configuration, aluminum and CFRP plates have
been tested in order to characterize some reference configurations. This is used as a first step to validate
the ability of our simulation codes to predict the vibrations induced by the HVIL.

2.2 Relevant Impact Conditions

A flux analysis has been performed on Gaia in order to identify the micrometeoroid impact
conditions relevant for the present study (see [5] and [6]). The Gaia spacecraft is located at the
Lagrangian point L2, its attitude (spinning with a precession of its spin axis) means that spacecraft’s
time averaged exposure to the meteoroid environment is essentially isotropic. The interplanetary
meteoroid flux (IMF) distribution has been used in combination with a revised Harvard Radio Meteor
Project (HRMP) meteoroid velocity distribution and led to the following fluxes for the various Gaia
parts as shown in Table 1.

From the spacecraft point of view, hypervelocity impacts can be classified into several groups
depending on their criticality for the mission:
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e Low level but frequent impacts leading to a “noise-like” dynamic disturbance. As a
consequence, even if the disturbance level is very low, this could continuously degrade the accuracy of
the scientific data. This type of impact concerns particles with an impact frequency higher than one
impact per hour.

Table 1. Results of the micrometeoroid flux analysis performed on Gaia

Micrometeoroid differential fluxes (per year)

;zgenzifgs) %;:) szofn? SVM lateral F(;(:ili;l;fe PLM tent PLrl\fO'}ent Sunshield Total
-15to -14 5.99E+03 2.84E+03 6.60E+02 8.47E+03 3.97E+03 9.09E+04 1.13E+05
-14to -13 2.61E+03 1.24E+03 2.88E+02 3.69E+03 1.73E+03 3.96E+04 4.92E+04
-13to -12 1.04E+03 4.92E+02 1.14E+02 1.47E+03 6.88E+02 1.58E+04 1.96E+04
-12to -11 5.60E+02 2.65E+02 6.17E+01 7.92E+02 3.71E+02 8.50E+03 1.05E+04
-11to -10 2.70E+02 1.28E+02 2.97E+01 3.81E+02 1.79E+02 4.10E+03 5.09E+03
-10to -9 7.81E+01 3.70E+01 8.60E+00 1.10E+02 5.17E+01 1.18E+03 1.47E+03

-9 to -8 1.30E+01 6.16E+00 1.43E+00 1.84E+01 8.62E+00 1.97E+02 2.45E+02
-8 to -7 1.32E+00 6.25E-01 1.45E-01 1.87E+00 8.75E-01 2.00E+01 2.48E+01
-7 to -6 9.46E-02 4.48E-02 1.04E-02 1.34E-01 6.27E-02 1.43E+00 1.78E+00
-6to -5 1.47E-03 6.94E-04 1.62E-04 2.07E-03 9.71E-04 2.22E-02 2.76E-02

» Intermediate level and less frequent impacts, which can be considered as discrete events. These
impacts lead to a temporary loss of the scientific data, due to a disturbance level relatively high when
compared to the equipment accuracy. This concerns particles with an impact frequency between 1
impact per day and 1 impact per month.

* Rare but high level impacts. Such particles lead at least to a temporary loss of the spacecraft
attitude. These particles have an impact probability lower than 1 impact per year. This type of impacts
is out of the scope of the present study, which focuses more on micro-vibration aspects.

As a consequence, the typical in orbit impact conditions taken into account are those corresponding
to a flux between 1 impact per hour and 1 impact per month. Thus, the relevant in orbit impact
conditions for Gaia are a micrometeoroid mass between 10~ kg and 10" kg, and a velocity ranging
from 11 to 72 km/s.

3. Test Description and Data Analysis

The primary objectives of the main impact test campaign are the investigation of impact-induced
wave propagation in simple and complex structures and their vibrations during long times after the
impact event. Test configuration is inspired by previous preliminary measurement of vibration HVI
induced in CNES and CEG study (see [3]). The wave propagation data are used primarily for validation
of hydrocode impact simulations in view of generating the excitation function. The vibration data are
exploited primarily for comparison against FEM predictions of the impact-induced vibrations in
structures.
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3.1 Test Description
3.1.1 Test facilities

Tests are performed with 2-stage light gas guns. Test facilities and light gas gun operation are
described in [4]. The targets are settled at the end of the launch tube in a vacuum chamber where it is
hold in place with very low frequency boundary conditions (to be as close as possible to the orbital
mechanical free-free conditions).

Vibratory environment induced on different tested structure is recorded thanks to both Kistler and
Endevco acceleration sensors. These to types of sensor allow having a large spectrum of sensitivity and
resonance in order to emphasize large frequency and level ranges phenomena. On single panels, two
accelerometers are set up. Five accelerometers are set up for assemblies. A laser Vibrometer is also
available to measure the velocity response of the structure close to the impact point. This measurement
is helpful for determining the equivalent force induced at the impact location (see Fig. 4. ).

Kistler Sensors

Impact location

Laser velocimeter cell

AAANRNNa 00 L TR RNA g L

i

Fig. 4. Instrumentation illustration on impacted targets

3.1.2 Impact conditions

The ideal testing impact conditions would be to launch particles with a size which is largely smaller
and faster than what is today possible to launch with the available technology. The smaller are the
particles for a given launch velocity the harder it is to control the travel of the projectile in the launch
tube. To solve these difficulties, a sabot is used to keep the particle along the tube axis. The range of
impact conditions which are used for this study varies between 0.8 mm and 1.5 mm. The launching
speed goes from 3.5 km/s to 7 km/s and the incidence at impact is normal to the target front face. Due
to the limited number of targets, all of them sustain multiple impact events, which means that targets
are not necessarily impacted at the same location. The synthesis of test matrix followed during the test
campaign is presented in Table 2. The effects of impacts on targets are illustrated on 0
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Table 2. Synthesis of test matrix

Number of | Number ) . Impact condictions range
Target type Size Materials - - -
targets tested | of tests Velocity Particle size
Aluminium (1-2mm), SW panel

Small single (Skin CFRP 0.5-1mm - HC 3.4km/s-

targets 6 12 250x250mm Aluminium 20-30mm), CFRP 5.7km/s 0.8mm-15mm

plate
) Aluminium (2mm), SW panel

Large single 2 6 600x400mm (Skin CFRP 0.5mm -HC | 2-3km/s- 1.5mm

targets - 6.8km/s

Aluminium 20mm)
Aluminium (1-2mm), SW panel

Small 6 o | 250x250x250mm | (Skin CFRP 0.5-1mm - HC | K™ | 6 gmm-1.5mm

aseemblies L 5.2km/s
Aluminium 20-30mm)
Aluminium (2mm), SW panel

Large 2 4 | 600x400x600mm | (Skin CFRP 0.5mm - HC | 45Km/s- 1.5mm

assemblies . 6.5km/s
Aluminium 20mm)
Total 16 31

296_fs Tem 4864 Tem B

Fig. 5. Impact holes on different targets (a) SW panels — Impact effects (b) Aluminum panels — Impact effects

3.2 Test Set-Up Validation

Test set-up is validated to ensure the fact that the environment measured during tests on selected
targets is precisely the dynamic response of the undisturbed structure. However, two major sources of
perturbation have been identified. The first one is the mechanical shock and vibration transmitted to the
whole impact facility including the impact chamber mainly induced by the ignition and combustion of
the gun powder, the encounter of the sabot parts with the sabot catcher, and the interaction (i.e.
encounter) of the blast wave with the facilities' tank walls. The second source of perturbations comes
form the direct blast pressure effect induced by the hot hydrogen gas that is expelled into the blast tank
and burns as it mixes with the residual oxygen contained in it.

3.3 Test Data Analysis

The synthesis of the analysis of the HVI test results examines the coherence between the different
tests, which allows a rich analysis of the differences between tests of phase one and two. The influence
of parameters is also studied.
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The materials: the most important effect is the local stiffness of the impacted part of the target.
The multiplication by two the skin thickness generates level ten times higher on the first modal
response, whereas the thickness of Honeycomb has a reduced influence (except on the overall thickness
of the target, which means the frequency of its modes). This explains why impacts on aluminum target
are difficult to analyze given very high levels induced.

The projectile property has a second order influence: the size and the velocity play as squared on
first mode response (proportionality with the area impacted and with kinetic energy). Results do not
allow being more precise. More tests are needed to determine the precise law governing these
parameters, especially by using more important velocity range for more comparable tests.

The covering of the target provide an absorbing effect by keeping a part of the projectile energy
which implies a reduction of levels induced on the low frequency modal response. This is particularly
the case for solar cells whereas MLI covering has about no influence. The effect of covering mass can
also lead to frequency shift which has been observed for solar cells influence.

HVI implies an excitation of the first overall modes of the different assemblies which leads to
vibratory perturbation of the spacecraft. This excitation of low frequency modal content highly disturbs
its performance in terms of instruments line of sight. The various interfaces lead to both damp high
frequency content (which confirms the need to concentrate on low frequency domain) and level the
effect of the impact wherever it occurs.

Marble drop impact (performed prior to HVI) can be considered as a first approach to recreate with
a non destructive experiment the effect of HVI on a structure. Excluding the influence of local stiffness,
the conclusions drawn from such experiment are the same as for HVI tests. But the effect of the impact
does not allow creating the specific response of an HVI which implies a different distribution of
excitation in the frequency domain.

4. Simulations
4.1 Objectives of Simulations

The main objective is to apply the modeled excitation induced by the impact on actual Gaia
spacecraft structure in order to get a preliminary approach of the consequence of this type of excitation
The use of dedicated software to treat the problem might be time and resource consuming as no specific
model of the spacecraft exists in the correct format. The model is dedicated to NASTRAN software.
Consequently, for availability reasons, the study will be conducted with the help of NASTRAN
software to simulate levels of response induced by impacts. The model specifications are the following:

» The elements used for target modeling are typical elements representative of satellite system
model used, for instance, in satellite micro vibration analysis. The structural part is modeled with two
dimensional shell elements (CQUAD, CTRIA). Substructures are linked to each other with dedicated
and typical bounding elements.

* Size of elements is representative of common model. It has been emphasized that the excitation
induced by impacts is usually consistent with high frequency content at the source point. Mesh size is
probably the most limiting factor for the high frequency representation of impact consequences across
the structure. But as said earlier, interfaces between sub-structures will dampen the highest content and
only the most disturbing frequencies will remain.

» The excitation is introduced in the model as an effort. Given the projectiles size (less than 2mm
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for HVI and quite punctual for bullet impact) the input excitation is applied at a punctual location of the
model, corresponding to a GRID point of the mesh.

* The solution is obtained with a modal transient response (SOL 112). This is an indirect solving
of the transient response of the structure which means that modal analysis has been performed prior to
solving transient excitation with modal basis.

The analysis have been made in free — free conditions (which means without interface clamping)
representative of orbital conditions.

4.2 Conclusions on Modeling

Impact location: as multiple impacts have been made on the same target on different impact points
located off centre along the horizontal median line of the target. The loading was thus applied at these
different locations which introduces a certain degree of variability in the results that could lead to mode
excitability modification (especially when the excitation is made at characteristic points such as panel
middle). If HVI generated model loads are applied close to the symmetrical target center, first modes
response are not coherent with test results. Symmetry may be perfect for FEM but it is not the case in
reality and first modes can highly respond in tests configuration and be passive for modeling. As a
consequence, simulations loads should not be applied too close to target symmetric point or axis to see
the first measured modes appearing.

Modal truncation: the calculations are made through a transient modal response, which means that
the shock induced transient response is calculated over the modal spectra. Calculation times are shorter
than with respect to direct solving, nevertheless, the response is sensitive to the modal truncation, which
means the frequency range on which the modal calculation is applied. The preliminary rules that could
be set out to deal with modal truncation are the following:

*  The modal truncation should be large enough to take into account the main frequency response
of the structure and the frequency content of the excitation.

* The impacted part should be detailed enough to absorb the applied load frequency content.
High frequency content is quickly subject to attenuation when transmitted to the rest of the structure
through links. The main objective is to emphasize low frequency content transmission which consists in
the main source of instability for spacecratft.

0(a) emphasizes that for a given FEM and a given applied load, modal truncation has no effect on
low frequency modal response.

Injected energy: the underlying physics behind HVI is the quantity of injected energy in the
structure converted in mechanical load. HVI are associated to very short duration excitation and the
influence of excitation duration keeping the same injected energy is studied in this section. The energy
injected in the model is numerically calculated at impact location:

E, :!)'F(t).\/(t).dt (1)

To estimate representative aspect of this energy criterion, different excitation functions (with very
different frequency contents) have been applied to the same target modeling (see O(b)). The main
conclusion drawn by the study: when analysis modal truncation is lower than main frequency content of
the excitation (which is usually the case for spacecraft study where frequency truncation is lower than
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1kHz), the shape and the main frequency content of the applied loads have relative reduced influences
as far as the same energy is injected.

] 00S — 20N
summmmn 5US-430N

| Mbdél fruncation 30kHz
| mmmwwnn Modal truncation 1kHz |-

EDHI

Fig. 6. (a) Effect of modal truncation on SRS response of target 11 modeling - (b)Effect of excitation function on Target 11
response as injected energy is kept

4.3 Tested Targets Correlation

The purpose of the correlation is to adjust FEM parameters to correlate as well as possible the test
data measurements with the model simulations. The different parameters adjustable are in order of
critical criterion: excitation shape, excitation level, links stiffness and links configuration. Materials
characteristics are not considered as adjustable parameters: target constituting materials used for this
study are clearly identified. The correlation is made in different stages to use with a maximum of
efficiency the test data available.

» The first stage consists in characterizing the excitation function in terms of force introduced in
the model.

* This excitation function is then adjusted to model (considering previous section conclusions)
and correlated with test results on single panel targets. This preliminary adjustment provides
corresponding frequency content and SRS coherent level distribution.

*  Damping is introduced in the modeling as a modal damping applied on the frequency range. It
is directly derivate from experimental results.

* Finally, correlation is made on assemblies with adjustment of links characteristics (stiffness and

geometry).
4.4 Extrapolation to Gaia Spacecraft
4.4.1 Extrapolation of excitation function

The first step of this process final part is the empirical extrapolation of the excitation function to
orbital impact conditions. This extrapolation is made on preliminary principle with estimation of
velocity close to impact location (measured experimentally with laser velocimeter) and target displaced
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mass due to HVI. Only the elastic wave is considered, the plastic wave effect, damped very quickly in
the structure, is treated as elastic. The velocity of the impacted target is assumed to be equivalent to a
pulse and approximated by polynomial-exponential decay function. This extrapolation is based on
previous study (see [8] and [9]).

The objective is to have a realistic but preliminary estimation of the HVI equivalent force imposed
at impact location. This extrapolation is thus made trough momentum quantity derivation of target
displaced mass.

dv() d

dt ma(Atz.e"“)z mi2Ate”t — AL’ e @)

where m is the target mass displaced by impact and V(t) is target velocity extrapolated form test
measurement and parameterized by A and 3 coefficients.

The estimation of injected force is more complex when the impact location is made on composite
material (sandwich panels) which is the case for Gaia main walls and also for target sample used during
test campaign. The fact that, depending on target impact conditions, projectile energy is mainly
absorbed either by front sheet or by rear sheet of sandwich panel has to be taken into account.

For sandwich panels (Aluminum honeycomb 20mm tick between two 0.5mm thick CFRP face
sheets), the front/rear sheet application force criteria is based on experiment and is determined by
momentum quantity Pp of projectile. Above a momentum quantity limit, once significant penetration of
the front face sheet has been achieved, the predominant degree of excitation occurs in the rear face
sheet. This limit is determined by velocity measurement close to impact location. Increasing Pp when
the velocity excitation peak starts to decrease, the rear face sheet in considered as the excitation face.

« IfP,>1.82g.m/s, the force should be applied to rear sheet. In that case, the target displaced mass
is equal to m=0.0597.107kg and velocity coefficients are equal to:

A=13.01-3.839P, +0.378P”  B=1.0574-0.249P, +0.0247P,’ (3)

F=m

+ If P,<1.82g.m/s, the force should be applied to front sheet. In that case, the target displaced
mass is equal to m=0.0215.10"kg and velocity coefficients are equal to: )
A=9.2667-0.14268P, +17.938P,? B =2.903-1.486P, +0.798P,*

F in this expressed in N when Pp is expressed in g.m/s, t in ps and displaced mass in 10° kg. The
validity of this extrapolation is set to particles whose diameter is lower than 0.8mm. The fragmentation
behavior with larger projectiles differs and does not allow realistic extrapolation.

For sandwich panels, the excitation function is extrapolated from the experiments (red curve on Fig.
7. 4mm radius particle at 6 km/s, which represents an impact that statistically occurs once a year) to
in-flight conditions which statistically occurs once a day on the overall structure of Gaia (blue curve on
Fig. 7. , 4.4.10° m radius particle at 20 km/s). As in-flight impact conditions are very different from
test conditions, it should be noticed that the extrapolation tends to be less precise for this range but
remains an acceptable preliminary estimation.

4.4.2 Gaia Finite Element Model

The second part consists in the application of the extrapolated loads on Gaia FEM. The model used
for HVI process application is the most updated FEM available considering project development:
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Fig. 7. Extrapolated force derived to in flight conditions

* The model of the platform structure (called service module structure: SVM) is the BRD model.
This model does not contain sunshield model whose influence in orbital condition is assumed low on
frequency range studied. The model is taken in empty tanks configuration.

* The model of the optical instrument containing optical bench (called Payload module: PLM) is
the most updated SRR model which especially contains the line of sight angular variation calculation
taking into account movement of every optical parts of the instrument (6 mirrors, focal plane, BAM and
RVS). An overall view of the model is presented on Fig. 8. for instrument model detail.

Fig. 8. Overall view of Gaia FEM
The extrapolated forces described in section 4.4.1 are applied to four points of Gaia finite elements
model, two points on the service module and two points on the payload module (telescope) to have a
complete preliminary estimation of line of sight deviation effect (see Fig. 8. ).

4.4.3 HVI Criticality on Gaia Performance

The specifications of Gaia performance are defined, for telescope line of sight angular variation, in
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terms of RMS value on an acquisition time (RPE criteria) and in terms of frequency content evolution
(AHFD criteria). These criteria are given by Gaia project performance analysis and are specific to
mission needs (see Table 3. ).

Table 3. Gaia Line of Sight stability specification

1 44
RPE =3. —Ia(t)zdt
449

AHFD = jPSD(f) —sinc?(fTz)df

v 1+ L (nas)
2fAt

Along scan direction Across scan direction

10 milli-arc-second
(mas) (30) over 4.4s

5 milli-arc-second

(mas) (3c) over 4.4s

100 micro-arc-second

(nas)

3.4 micro-arc-second

For the four impacted points, line of sight deviation is calculated for daily event excitation and for
yearly event excitation as defined in Fig. 7. . Results are presented in Table 4. for each performance
criterion. It is important to notice that for the analysis, overall inertia momentum transfer to spacecraft
is not taken into account. The spacecraft rigid movement induced by HVI has been subtracted for line
of sight stability calculation. Only structural dynamic response is kept.

Table 4. Effects of daily and yearly extrapolated HVI force on Gaia line of sight disturbance

Along scan direction | Across scan direction Along scan direction | Across scan direction
Impact AHFD AHFD Impact AHFD AHFD
locations LA (e (pas) LS (e (pas) locations LS (e (pas) LS (e (pas)
11 0.0070 0.0013 0.0519 0.0094 11 1.2850 9.3656 0.1853 1.3474
12 0.0050 0.0014 0.0563 0.0135 12 0.8939 9.9207 0.1824 1.8694

13 0.0247 0.0022 0.0716 0.0121 13 27.6328 78.6848 2.3629 11.9528

14 0.1494 0.0089 0.2336 0.0395 14 168.5059 | 254.4265 || 10.6511 27.8976

Spec 5 3.4 10 100 Spec 5 34 10 100
Daily Event Yearly event

As it could have been expected, line of sight stability is all the more compromise as the impact
occurs close to optical bench (I3 and I4 impacts induce more perturbation than I1 and 12 impacts).
Nevertheless, impacts on SVM generate in test conditions levels of line of sight response which
overpass AHFD specification. This means that even if impact occurs far from measurement part of the
spacecraft (PLM), performance can be seriously affected. Propagation considerations can not justify
this aspect as PLM and SVM parts are linked with interfaces which are sufficiently flexible to induce
high damping of frequency content induced by HVI. The explanation is given by modal content of the
structure which is stimulated by energy brought by impact. Overall spacecraft low frequency modes are
responding inducing line of sight disturbance. On flight line of sight variations are associated to low
displacement which mainly implies low damping factors (less than 1%) and largely contributes to loss
of stability performance.
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The results show that Gaia will not be disturbed by daily hyper velocity impact effect, but bigger
particles (which statistically impact the spacecraft once a year and which are representative of impact
conditions tested during this study) will potentially strongly disturb Gaia line of sight stability. As a
consequence, with these preliminary conclusions, mission should expect re-configuration need due to
HVI events inducing loss of system performance.

5. Conclusion

This study allows validating the process of hypervelocity impact effect estimation on spacecraft
dynamic stability. Test validation made on representative target (with respect to Gaia structure) allows
both a study of impact and target parameters effect on overall dynamic response of the structure and an
extrapolation of the equivalent force introduced by the impact. Then, a theoretical study on material
response to projectile enables the extrapolation of this impacted force to orbital conditions. This force is
finally implemented on Gaia finite elements model to give the estimation of line of sight disturbance
induced by this type of impact. Line of sight response is compared to specification asked for this
specific mission. The process has demonstrated that daily impacts will have in orbital conditions a very
reduce influence on Gaia performances. The stability specification will be exceeded for impacts similar
to test conditions, which is corresponding to yearly event.
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