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ABSTRACT

Reducing the vulnerability of spacecraft against space
debris impact requires a thorough understanding of the
processes involved in such collisions. This understand-
ing can be gained from the analysis of laboratory experi-
ments using accelerators capable of simulating space de-
bris impacts at the highest velocities currently achievable
on Earth. At Fraunhofer EMI, a number of two-stage
light gas guns are available that are capable of reach-
ing, depending on the gun, more than 9 km/s with rele-
vant projectile sizes. This paper focuses on the calibre
4 mm two-stage light gas gun, which features a great
number of diagnostic methods at target side, including
accelerometers, force and pressure gauges, high-speed
high-resolution spectroscopy and optical high-speed pho-
tography and video. The accelerator is described, and an
overview on instrumentation available to systematically
measure the occurring phenomena is given.
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1. INTRODUCTION

Micrometeoroid and space debris (MMSD) particles pose
a significant threat to manned as well as unmanned space-
craft. Small particles with sizes in the micrometre regime
can degrade components located on the spacecraft surface
[1, 2, 3]. Particles with sizes of one or two millimetres
can perforate typical unmanned spacecraft structure walls
and subsequently damage or destroy components inside
[4, 5, 6, 7]. Depending on the components relevance, this
can already lead to termination of a mission as reported
in [8]. Impacts of larger fragments lead to disintegration
of spacecraft parts [9, 10] or the whole spacecraft [11].

1.1. Penetration of Structure Wall vs. Functional
Damage to Equipment

The current approach to quantify the threat to spacecraft
posed by MMSD particles is to evaluate the probabil-
ity of no penetration (PNP) of the structure wall. For

manned pressurised modules, this approach is justified by
safety and operational considerations taking into account
the presence of crew onboard.

The perforation of an unmanned spacecraft’s external
structure does not necessarily endanger the mission, since
the mechanical strength of the structure is not a concern
when in orbit. An exception is the case of exposed key
equipment such as pressure vessels, for which an impact-
induced burst will lead to termination of the mission as
well as contribute to space debris generation and pollu-
tion of key orbits. Since a spacecraft’s key equipment is
often located behind a structure wall, a more favourable
approach to define the threat posed by MMSD particles is
to evaluate the risk of functional damage to such equip-
ment, as already done for example in military aircraft risk
analysis.

As this approach takes into account the intrinsic protec-
tion capabilities of the equipment, the threat to a spe-
cific configuration posed by MMSD particles is assessed
lower as with the current approach. Thus if functional
damage to equipment instead of penetration of the struc-
ture wall is evaluated during the design phase of a space-
craft, equivalent or better shielding capabilities can be
achieved with less structural mass. The reduced mass can
be utilised e. g. to decrease the overall spacecraft mass,
saving launch cost. Another option is to retain the overall
mass budget and increase the mass of other components,
e. g. fuel, which could result in a longer operational life-
time of the spacecraft.

1.2. Assessing Equipment Vulnerability

To evaluate the risk of functional damage to a spacecraft’s
equipment, a quantification of the equipment vulnerabil-
ity is required. This equipment vulnerability is a function
of the threat posed by the MMSD environment and the
spacecraft configuration. A comprehensive look at the
vulnerability of different spacecraft subsystems is nec-
essary to define the limit between tolerable damage and
failure.

To quantify the vulnerability of spacecraft structures to
micrometeoroid and space debris impacts, hypervelocity
impact tests are required. A number of such impact tests
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Figure 1. Example impact test on electronics. Experimental set-up (left) and rear (centre) and cut (right) view of the
damaged structure wall.

were conducted during a study performed in framework
of a European Space Agency Contract [12]. Results of
this test campaign are reported in [4, 5, 6, 7, 13, 14].

As an example, an impact test on electronics perform-
ing simple operations is presented here. The experiment
is described in detail in [5]. The experimental set-up is
shown in figure 1 (left). In this experiment, a diameter
4.5 mm aluminium sphere impacted and penetrated a rep-
resentative structure wall at 6.2 km/s, see figure 1 (centre
and right). The structure wall consisted of an aluminium
honeycomb sandwich panel (Al H/C SP) with multi-layer
insulation (MLI) attached to the front. The hole diame-
ters are 8.5 mm in the front face sheet and ∼60 mm in the
rear face sheet.

The mechanical damage to the equipment (shown in fig-
ure 2) consists of a single perforation hole in the lid and
some metallic spray on the printed circuit board. The hole
in the lid is located approx. 15 mm below the impact cen-
tre and has a diameter of 0.8 mm. The metallic spray
on the PCB is confined to a circle having a diameter of
17 mm.

The functional damage to the equipment is limited to
a temporary malfunction observed during impact. The
equipment suffered no permanent damage. During im-
pact, the electronics interrupted its work 0.68 ms after
impact, and automatically restarted 40 ms later. Figure 3
shows some signals recorded during the experiment.

This experiment demonstrates that there is a difference
between perforation of the structure wall and mechanical
damage to the equipment. The impact conditions are far
above the ballistic limit of the structure wall (which is
around 0.65 mm around 7 km/s), but close to the ballistic
limit of the e-box lid (a similar experiment with a slightly
smaller projectile – diameter 4.0 mm aluminium sphere
at 6.6 km/s – resulted in no perforation of the lid but one
detached spallation).

The experiment also demonstrates that there is a differ-
ence between mechanical damage and functional damage
to the equipment. The decision on how much functional

damage can be tolerated by a specific equipment device
can also depend on the criticality of the equipment. A
temporary malfunction might be tolerable for equipment
that is not vital for spacecraft survival. For key equip-
ment such as attitude and orbit control or communication,
probably a smaller risk of malfunction will be tolerated.

Figure 2. Example impact test on electronics. Mechani-
cal damage to equipment: casing lid (top) and PCB (bot-
tom).



Figure 3. Example impact test on electronics. Signals of
electronics recorded during the experiment.

This impact, if happened onboard a real spacecraft, would
most likely be characterised as an operational anomaly.
According to the current approach of risk analysis, such
an impact would be counted as penetration of the struc-
ture wall and associated with a potentially critical damage
to the spacecraft.

1.3. Reducing Equipment Vulnerability

An assessment of the individual vulnerability of equip-
ment will lead to identification of the most vulnerable
equipment. Thus besides the design of more robust
spacecraft structure walls, a logical next step to increase
the survivability of a spacecraft would be to harden its
equipment. Reducing equipment vulnerability requires a
thorough understanding of the processes involved in such
collisions. This understanding can be gained from the
analysis of laboratory experiments using accelerators ca-
pable of simulating space debris impacts at the highest
velocities currently achievable on Earth.

1.4. Facilities

Fraunhofer EMI operates a number of two-stage light gas
guns that differ in launch tube calibre and maximum at-
tainable velocity. The Space Light Gas Gun, for example,
is capable of accelerating projectiles having a diameter
up to a few millimetres to above 9 km/s, while the Extra
Large Light Gas Gun XLLGG can accelerate sabots with
a calibre up to 60 mm.

This paper focuses on the calibre 4 mm two-stage light
gas gun, called Baby Light Gas Gun or BLGG. How-
ever, many of the highlighted aspects are also valid for
the other two-stage light gas guns operated at Fraunhofer
EMI.

2. FACILITY DESCRIPTION

2.1. Working Principle

The Baby Light Gas Gun, or BLGG, is based on the two-
stage light gas gun principle [16, 17]. The corresponding
acceleration cycle is outlined in figure 4.

Figure 4. The two-stage light gas gun acceleration cycle.

Two-stage light gas guns drive their projectiles using gas.
As with all gas driven accelerators, a part of the driver gas
is accelerated to a similar velocity as the projectile. Con-
ventional guns use the combustion gases as driver, that
consist of CO2, CO, H2O, N2 and H2 for a nitrocellu-
lose based propellant. The kinetic energy of the gas Ekin,
which is defined by

Ekin =
1
2
m · v2 , (1)

can only be reduced by changing the mass of the gas m,
as the gas velocity v is given through the desired muzzle
velocity. The molecular weight of the gases listed above
is up to 44 g/mol for CO2. Thus for high velocity shots,
a considerable amount of the energy available is spent to
accelerate the driver gas. In light gas guns, a gas with
low molecular weight is used to drive the projectile, i. e.
either H2 or He. This allows for much higher muzzle ve-
locities (above 9 km/s for relevant projectile sizes) com-



pared to what is achievable using conventional powder
guns (about 3 km/s).

The acceleration cycle essentially comprises compres-
sion of the light gas in the pump tube through a piston
(first stage), and then utilising this highly compressed gas
to accelerate the projectile (second stage). The piston is
either driven by propellant gases (e. g. from a nitrocellu-
lose propellant), or by a high-pressure gas from a reser-
voir (e. g. nitrogen). In the high pressure section, pres-
sures above 1 GPa (10 kbar) are reached. A diaphragm
is often used to seal the launch tube from the pump tube
and prevent early acceleration of the projectile.

2.2. Gun Characteristics

The gun is shown in figure 5, a schematic sketch is shown
in figure 6.

Figure 5. The Baby Light Gas Gun.

Figure 6. Schematic sketch of the Baby Light Gas Gun.

The pump tube has a length of 0.9 m and an inner diame-
ter of 20 mm. The launch tube has a length of 0.8 m with
an inner diameter ranging from 4 mm up to 6 mm. The
gun is equipped with a number of sensors to allow for an
investigation of the two-stage light gas gun acceleration
process and calibration of numerical codes.

Using this gun, single projectiles with sizes from 0.6 mm
up to 3.0 mm can be accelerated. Currently, muzzle ve-
locities of 7 km/s have been achieved. Smaller projectiles
can be accelerated as particle ensembles, i. e. several hun-
dred particles are accelerated at the same time. Using this

technique, projectiles with diameters as low as 0.1 mm
have been accelerated successfully at the BLGG.

The blast tank has four long windows (0.5 m) along the
shot axis, allowing for optical diagnostics of the sabot
separation process. A high-speed camera is installed to-
gether with a flash light, providing shadowgraph images
as shown in figure 7. The camera is exposed twice so
that the projectile’s velocity can be measured close to the
launch tube.

The target chamber is made of stainless steel, having an
inner diameter of 0.5 m and an inner length of 0.5 m. A
rotary slide pump and a turbo molecular vacuum pump
are connected to the target chamber, allowing evacuating
down to 10−4 mbar.

To measure the projectile velocity, two independent sys-
tems are installed: a flash light detector that triggers upon
muzzle and impact flash, and two laser light barriers in-
tegrated into the blast tank.

Figure 7. Sabot separation process. Image is exposed
twice to allow for a velocity calculation.

2.3. Versatility

Using two-stage light gas guns, a great variety of projec-
tiles can be accelerated. For micrometeoroid and space
debris simulation, mainly spheres made of aluminium are
used. The influence of non-spherical shapes was also in-
vestigated using two-stage light gas guns, e. g. by [18]
and [19].

At the institute, a number of two-stage light gas guns are
available with launch tube calibres ranging from 4 mm to
60 mm. The sabot technique used with two-stage light
gas gun also offers the opportunity to investigate much
more irregularly shaped projectiles, e. g. kinetic energy
penetrators and models of larger objects, as the Apollo
capsule shown in figure 8.

3. TARGET INSTRUMENTATION

At target side, a great number of diagnostic methods are
available, including (but not limited to) accelerometers,



Figure 8. Sabot (left) and optical shadowgraph (right) of
a model of the Apollo capsule.

force and pressure gauges, high-speed high-resolution
spectroscopy and optical high-speed photography and
video. All instrumentation is movable and can be used
at any of the Institute’s accelerators.

All diagnostic methods are utilised as required by the cus-
tomer for his specific test campaign. Further diagnos-
tic methods can be incorporated if requested by the cus-
tomer.

3.1. Accelerometers

Two types of acceleration sensors are available at Fraun-
hofer EMI. For one, general purpose accelerometers are
available that can be attached to various locations of the
target. Such accelerometers can measure accelerations in
the order of 50 000 g with a bandwidth of 10 kHz.

For tests that require high frequencies and high acceler-
ations to be measured, a single-point laser vibrometer is
available. This device can measure acceleration, veloc-
ity and displacement up to 94·106 m/s2 (9.6 million g),
10 m/s and 163 mm, respectively, with frequencies up to
1.5 MHz. For lower frequencies and lower velocities, the
displacement resolution can be below 100 nm. Another
advantage of this device is that the only mass added to the
target is a small piece of reflective foil.

Both acceleration sensors were used e. g. by Ryan [20]
and Schäfer [21].

3.2. Pressure Gauges

A great number of pressure gauges is available at the in-
stitute to measure the pressure inside the target, e. g. pres-
sure vessels or fuel pipes and heat pipes as reported by
e. g. Putzar [6] and Schäfer [7]. Sensors based on differ-
ent measurement principles are available, e. g. piezoce-
ramic and piezoresistive.

3.3. High-resolution High-speed Spectroscopy

To investigate the radiation emitted during a hyperve-
locity impact, a high-resolution spectrometer with high-
speed streak camera is available (figure 9). The resolution
of the spectrometer is better than 0.5 nm, depending on
the configuration. The temporal resolution of the streak
camera is better than 2 ps.

Figure 10 shows a sample spectrum from a 4 mm diam-
eter aluminium sphere impacting an aluminium sheet at
5.6 km/s in vacuum.

Figure 9. Spectrometer (left) and streak camera (right).

Figure 10. Example time resolved high-speed spectro-
graph from a 4 mm Al sphere impacting an Al sheet at
5.6 km/s in vacuum.

3.4. High-speed Photography and Video

A great variety of optical high-speed imaging systems are
available at the institute. They are employed according
to experimental requirements. The fastest camera avail-
able can record up to eight images with an interframe
time down to 5 ns (up to 200 million frames per sec-
ond) with shutter times down to 5 ns. For slower pro-
cesses, high-speed video cameras are available with up
to 675.000 frames per second with shutter times down
to 1 µs. The images can be used for analysis purposes
as shown e. g. by Putzar [4]. Figure 11 shows examples



Figure 11. Sample high-speed imaging (time is with respect to impact on Al sandwich panel see [5] for details).

of a digital high-speed imaging sequence obtained dur-
ing the impact of a 4.5 mm diameter aluminium sphere
impacting a shielded electronics box at 6.6 km/s and 45◦

incidence (experimental details published in [5]).

3.5. Signal Recording

To record electrical signals, a number of oscilloscopes
and transient recorders are available at Fraunhofer EMI,
featuring high bandwidth (up to 2.5 GHz analogue band-
width with 20 GS/s) or high vertical resolution (up to 14
bits). These devices can be used to record sensor signals
from e. g. charge amplifiers for acceleration and pressure
transducers, but also to directly record the signals from
electronic components under investigation as presented
in [4] and [5].

4. CONCLUSIONS

The preferred approach to evaluate risk posed by the mi-
crometeoroid and space debris (MMSD) environment is
to evaluate the functional damage to equipment caused by
an impact of an MMSD particle, rather than evaluating
the probability of no penetration of the structure wall. It
has been demonstrated that there is a difference between
perforation of the structure wall and mechanical damage
to the equipment, and also between mechanical damage

and functional damage to the equipment. This difference
can be exploited to reduce a spacecraft’s structural mass
during the design phase. To evaluate the risk of functional
damage, thus to quantify the vulnerability of equipment,
hypervelocity impact (HVI) tests are required.

A description of the capabilities of the calibre 4 mm two-
stage light gas gun operated at Fraunhofer EMI is given.
An overview on the instrumentation that is available at
the Institute’s guns is given. Exploitation of the target
measurement readings obtained using the instrumenta-
tion described enables a systematic interpretation of the
occurring phenomena. This analysis allows comprehend-
ing the interaction between MMSD particles and satellite
equipment, which is important for an understanding of
the failure mechanisms of individual components.
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