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Abstract

The growing population of space debris in the near-Earth environment means there is an increased need for space-based detectors,
capable of measuring and distinguishing natural space dust and anthropogenic orbital debris populations, to monitor and quantify the
relative threat they pose. This has led to much research into the development of new detectors, including those based on time of flight
(TOF) designs which can give impact speed and direction. Kapton’s favourable properties (e.g. its low mass and ability to be manufac-
tured as thin films) and tried and tested space applications, suggest it may be suitable for use in TOF detectors where impactor speed is
measured by passage through several films with known separation. To test the measurement accuracy of such a detector, a prototype
Kapton based TOF space dust and debris detector was constructed, and impacted at 2 and 4 km s~'. For a Kapton film thickness of
12.5 um and projectiles of 1 mm in size, within experimental uncertainties of ~1%, there was no difference between incident projectile
speed (as measured independently) and that measured by the TOF detector. This, confirms that Kapton based TOF detectors are capable
of measuring particle speed to a high degree of accuracy, making them suitable for measuring the near-Earth particle environment.
© 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Interplanetary dust has major scientific value to the
space science community. It is largely thought to originate
from comets and asteroids, thus provides information
regarding the constituents, conditions, and processes tak-
ing place on these parent bodies (Griin et al., 2001;
Wozniakiewicz, 2017; Griin et al., 2019). It is even possible
that some of the dust can have an interstellar origin and
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thus offer insights into wider processes (e.g. Dorschner
(2001), Draine (2003), Strub et al. (2019)). As well as the
natural cosmic dust, ever since the first human activities
in space, in the 1950’s, an ever-increasing component of
the near-Earth dust environment is the population of
anthropogenic orbital debris (e.g. see Wozniakiewicz and
Burchell (2019) for a recent review). This population is
increasing significantly; in 2006 there were ~9000 pieces
of orbital debris greater than 10 cm in size being tracked
by the U.S Space Surveillance Network (SSN) (Liou,
2006), whereas in 2021 more than 22,000 pieces of orbital
debris were being tracked by the SSN (NASA, 2021a). This
trackable debris requires spacecraft to perform avoidance
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manoeuvres whenever a high-risk conjunction occurs
(NASA, 2020) to mitigate the risk of a catastrophic colli-
sion (NASA, 2021b). In addition, there is far more debris
<10 cm in size that cannot be tracked from the Earth, from
which spacecraft require shielding. As such, orbital debris
represents a significant threat to spacecraft, with even
millimetre-sized debris able to cause fatal damage due to
the high speed at which they impact (mean impact speeds
are in the range 7 to 14 km s ' in low earth orbit
(Kessler et al., 1989; Burchell et al., 2013)). To shield space-
craft from this threat, address the problem of orbital debris
and improve sustainability in space, an accurate measure of
the debris environment is required.

A corollary of the above is the need for space-based
detectors that can detect and differentiate between both
interplanetary dust and orbital debris. The best means of
achieving this is to measure the speed and direction of
the incident particle to determine whether the trajectory
matches that of an orbital debris particle, ~7 to 14 km
s~!, or an interplanetary dust particle, ~15 to 20 km s~
(Burchell et al., 2013) (the latter particles are in unbound
orbits originating from interplanetary space, hence the
higher mean speed). The speed and direction determination
of time of flight (TOF) style detectors make them popular
for application in space, with many TOF detectors previ-
ously used in space missions, including for example: the
Cosmic Dust Detector (CDD) (Berg and Richardson,
1969) flown aboard the solar orbiters Pioneer 8 and 9,
and deployed on the Moon in one of the Apollo 17 science
experiments as the Lunar Ejecta and Meteorites (LEAM)
instrument to detect meteorite and lunar ejeta impacts
(Berg et al., 1973); the SPAce DUSt (SPADUS) instrument
flown aboard the Earth orbiting Advanced Research and
Global Observation Satellite (ARGOS) in low earth orbit
(LEO) (Tuzzolino et al., 2001); the Cosmic Dust Analyzer
(CDM) flown aboard the Cassini spacecraft to sample dust
in interplanetary space and the Saturnian environment
(Srama et al., 2004); the Piezoelectric Dust Detector
(PDD) developed to fly on the 3U CubeSat ARMADILLO
in LEO (Brumbaugh et al., 2012). The CDD and SPADUS
detectors are based on thin films, with the basic principle
being to determine the particle transit time between two
films by measuring the physical phenomena produced in
hypervelocity impacts with the films, the production of
plasma, and depolarisation of the polyvinylidene fluoride
(PVDF) film, respectively. Due to its relevance to this
study, it is worth mentioning that PVDF has also been
used in a considerable number of past single layer impact
detectors in space missions, e.g. Vega to Halley’s comet
(Simpson et al., 1986), Stardust to comet Wild 2
(Tuzzolino et al., 2003), Cassini to Saturn (Srama et al.,
2004), and the solar sail demonstrator the Interplanetary
Kite-craft Accelerated by Radiation Of the Sun (IKAROS)
(Hirai et al., 2014).

Subsequently, more research in the area of dust and deb-
ris detectors has led to various other TOF designs being
developed by among others, NASA and JAXA (e.g.
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Burchell et al. (2013), Nakamura et al. (2015), Liou et al.
(2015), Hamilton et al. (2017), De Simone et al. (2019),
Schimmerohn et al. (2021)). All of these designs feature
either the use of polyimide films (12.5 um thick) and/or
acoustic detection of particle impacts to determine impac-
tor speed. Thus a study of the accuracy and capabilities
of detectors based on these features has value to this area
of research. In particular, the Debris Resistive Acoustic
Grid Orbital NASA-Navy Sensor (DRAGONS) developed
by NASA'’S Orbital Debris Programme Office (Liou et al.,
2015; Hamilton et al., 2017; Anz-Meador et al., 2019) and
an in situ debris measurement system being developed by
JAXA (Nakamura et al., 2015), focus on the use of Kapton
films as the detection surfaces. Kapton is a polyimide mate-
rial that has excellent thermal properties (capable of with-
standing both high and croyogenic temperatures),
mechanical properties, and radiation resistance (Berkebile
and Stevenson, 1981; Gouzman et al., 2019; Griseri,
2020). These properties make Kapton excellent for space
based applications and it has been flown on spacecraft
since the 1960’s in a wide range of applications including;
electrical wire insulation, photovoltaic modules, and most
commonly spacecraft and instrument insulation
(Berkebile and Stevenson, 1981; Henderson, 1989;
Finckenor and Dooling, 1999; Smith et al., 2016). One
drawback of its use in low Earth Orbit (LEO) is its suscep-
tibility to atomic oxygen erosion (Banks, 1990). However,
application of thin coatings of metals such as gold dramat-
ically reduce this problem permitting the use of Kapton in
LEO for prolonged periods. Therefore, its pedigree would
suggest that it is an ideal material for use in TOF detectors.
One crucial issue for such detectors is the accuracy with
which they can measure the speed of incident particles.
This paper presents results from a laboratory study on
the speed determination capabilities and accuracy of Kap-
ton based, acoustic TOF detectors.

2. Experimental method

A prototype TOF detector was constructed, comprising
two Kapton films, each 12.5 um thick (f), used as detection
surfaces, mounted on aluminium frames with a separation
(x) of 0.754 £+ 0.001 m, see Fig. 1a. The surface of each film
is 40 cm by 40 cm, comprising 1600 cm?. Three polyvinyli-
dene fluoride (PVDF) acoustic sensors were attached to
identical positions on each film, labelled A & E, B & F,
and C & G (Fig. 1b), with relative differences in location
on the scale of the uncertainty in the measurement
(0.001 m). This was achieved by manufacturing the proto-
type such that the frames were identical in size and directly
in line with one another, thus the bottom left corner of each
frame can be considered (0,0) of an x-y plane, with the sec-
ond frame displaced along the z axis (along the LGG barrel
axis) by x. Using this reference point it was possible to
measure the location of the sensors by hand. These sensors
are used to measure the time of impact. PVDF sensors were
used as they are thin and flexible enough not to substan-
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Fig. 1. (a) The prototype detector consisting of two Kapton layers (in
yellow) mounted on square aluminium frames (each 40 cm by 40 cm)
separated by horizontal aluminium struts, is shown positioned in the
target chamber. The spacing between the two layers (x) is marked with an
arrow. The projectile enters from the rear of the chamber at the far right,
and proceeds at normal incidence through the two layers (moving towards
the front left of the image). There are three PVDF sensors (each a white
rectangular shape, with data read out via a long “tail” leading to the edge
of the frame) on each Kapton layer. Sensors A, B and C are on the first
layer as seen by the projectile (sensor A is obstructed by a strut and its
location is marked by an arrow). Sensors E, F and G are on the second
layer. (b) The detector as seen from the front. Sensors A, B, C (front face)
are labelled in white text. Sensors E, F and G (grey text) are on the rear
plane.

tially constrain the films, and have been shown to provide
accurate timing measurements (e.g. Liou et al. (2006),
Corsaro et al. (2016)), which can determine impact location
with an average deviation of 0.8 cm (Hamilton et al., 2017).
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In addition to their favourable mechanical properties,
PVDF sensors do not require power (being piezoelectric),
making them excellent for use in space applications, where
power supply is limited. The prototype was mounted in the
target chamber on a lab jack insulated with a rubber mat,
which has been found to prevent transmission of any gun
vibration in past experiments. Hypervelocity impact testing
of the detector was carried out using the University of
Kent’s Light Gas Gun (LGG) (Hibbert et al., 2017). A sig-
nificant feature of the LGG relevant to this study is its
internal TOF speed chamber, positioned just before the
target chamber. This chamber is equipped with two 3
mW lasers and optics that provide light curtains transverse
to the projectile direction of flight. The lasers are 499 mm
apart, and each is focused onto a fast photodiode. Inter-
ruption of the light by passage of the projectile alters the
signal from the photodiode. Both photodiodes are read-
out on a fast digital oscilloscope (50 MHz sampling). The
relative timing of the interruptions to the two light signals,
combined with their known separation, provides a projec-
tile speed, v gg, to better than +1% (Burchell et al.,
1999) for velocities up to 7 km s~ '. In this experiment
1 mm diameter, d,,, stainless steel 420 (StSt420) spherical
projectiles were accelerated to speeds of ~2 and 4 km s~ !
at normal incidence to the detector, using a four-segment
discardable split sabot propelled by nitrogen and helium
gas, respectively. To suppress the low frequency vibrational
modes that are not of interest here, a four-pole 15 kHz
high-pass filter is applied in the PVDF preamplifier. The
output voltages of the PVDF sensors were recorded using
a standard laboratory PC running LabVIEW  Sig-
nalExpress, taking 12000 samples recorded at a rate of
2.5 MHz and triggered by the impact of the discarded
sabot on a stop plate located in the LGG blast tank. This
recorded all of the required acoustic information with a
precision of 0.4 us.

3. Results

Seven hypervelocity impact experiments were carried
out, with the incident projectile speed (vLgg) shown in
Table 1. To determine the speed of the projectile using
the TOF method, the impact time on each film is required
to calculate the time difference between impacts, At, and
thus the time taken to traverse the separation x, which is
equal to the flight path length. Using Eq. (1),

X

UZE’ (1)

the speed can be calculated directly from these quantities.

In each shot, three speeds were calculated, using the At
from each pair of sensors. The signal arrival time from each
sensor in a plane (A, B, C, and E, F and G) is different and
is not the actual impact time on that plane, as it includes a
time offset due to the transmission of the signal through the
Kapton to the sensor. However, the pairs of sensors in the
two planes (A & E, B & F, and C & G) are aligned behind
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Table 1
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Speed measurement results, showing speeds determined from pairs of sensors (vag, Ugr, vcg), the average speed measured by the TOF detector (TOF Avg.),
and the incident particle velocity as measured by the LGG’s light gate system (v;.gg). The value marked with a  * * is an anomalous value, which is caused
by a noise artefact present in the data. The value marked with a “**’ is the average recalculated excluding the anomalous value.

Shot vag (m s~ vgr (M s’l) veg (m s’l) TOF Avg. (m s’l) vLgG £1% (m s’l) AtorLGG (m s’l)
1 2081 + 9 2084 + 10 2085 £+ 10 2083 + 5 2084 14+22
2 2191 £ 11 2192 £ 11 2210 £ 11 2198 £ 6 2192 6+ 22
3 2124 + 10 2125 + 10 2174 + 10 2141 + 6 2132 9422
4 3937 £33 4470 + 43* 3872 + 32 4093 + 21 3900 193 + 44
3905 £ 23%* S 4+ 45%*
5 3770 £ 33 3780 + 30 3802 + 31 3784 £ 18 3779 S5+42
6 3740 + 27 3720 + 30 3783 + 31 3748 + 17 3740 8 + 41
7 2083 £ 13 2073 £ 13 2094 £+ 13 2084 £+ 8 2097 13+ 22
each other in the direction of flight, so the transit times
should be similar and the time difference between a pair ' I
o .. A E —

should be equal to the transit time of the projectile between 17 A
the two planes. The three individual estimates of the pro- 0 - — E
jectile transit time in a shot are then combined with the --——— AR
known separation x to provide three separate measure- —11 H
ments of the speed of the projectile between the two planes .I ' .
(vag, vpr, and vcg). These three values are then averaged S 025 1 B| F! —
(TOF Avg.) which can be compared to the speed measured = ' i /
upstream in the gun itself (v gg,) and the difference deter- & 000y — F
mined (ArorLGg). All values are presented in Table 1 (the § ~0.25 - | o= BF
associated uncertainties are discussed below). 4 ;

The arrival time of the signal at each sensor was taken as ‘ ;
the onset time of the largest peak to peak (P-P) amplitude, 0.2 1 Ci G — C
in the ﬁr.st set Qf peaks. The ﬁ.rst largest P-P amplitude was 004 '\'_ ,.,-'hl- Jl_ hobalk ,‘”: 3} G
used as it provides a systematic approach to onset determi- 'l] il b | i cG
nation. Similarly, it is the most easily identified point in —0.2 ‘
each trace, and it is assumed that this component of the ! T

.. . 800 1000 1200
acoustic signal would arrive at each of the sensors at the .
Time (us)

same relative time. Time of onset was identified by finding
the two adjacent peaks and troughs (or vice versa) with the
largest P-P amplitude and then following the trace back to
where this peak to peak oscillation began and taking the
time of onset as the first recorded data point on the slope,
above the noise level. This data point typically had a mag-
nitude of 0.03 V from the zero point, while the electronic
noise in the data acquisition system had a P-P amplitude
of 0.005 V. The first largest P-P amplitude, was used as
comparable or larger peaks later in time could be due to
reflections and/or the superposition of waves, thus not
being representative of the largest signal from the impact.
A typical set of signals is shown in Fig. 2. Note that it
was the relative magnitude of peaks in a given trace, e.g.
A, that were considered to determine the largest peak size,
due to these signals being raw data and thus not nor-
malised to account for the loss of signal intensity due to
signal spreading and attenuation in the Kapton film.
Fig. 2 shows a good example of this; here the impact
occurred 31 £ 1 mm from sensor A, 280 + 1 mm from
B, and 276 &= 1 mm from C, and it is clear to see that the
magnitude of the P-P amplitude for B and C is { the mag-
nitude recorded by A. Furthermore, only signal timing is of
importance to this study and this would always depend on
the relative magnitude of signals in a given trace.

Fig. 2. The key time period of a typical set of acoustic signals in an impact
(Shot 2 in Table 1) from each sensor, shown in pairs. Dashed vertical lines
represent the onset time for each sensor, with each onset time corre-
sponding to each sensor labelled for clarity. Small noise signals can be seen
in signals B, C, E, F and G, marked with black arrows.

The uncertainty in the onset time for each sensor, ot,
was taken as ot = 1 us, a little over twice the sampling pre-
cision. This helps account for the variation in signal shape
that causes signal onset times for sharp well-defined peaks
with no noise to be determined more accurately than for
broad and/or noisy peaks. The resulting errors in the tran-
sit times are combined with the uncertainty in the separa-
tion of the two planes of Kapton to yield the uncertainty
in the derived speed. Averaging the speed over all three
pairs of sensors was employed to further reduce these
errors. The uncertainty arising from signal peak shape is
indicated by the results for Shot 3 vcg and Shot 4 wvgF.
Clearer peaks such as those corresponding to A & E and
B & F in Shot 3 (see Fig. 3) gave velocities separated by
only 1 m s~! and much closer to v g than for the value
calculated from C & G, which had a larger absolute devia-
tion from v;gg. Data from Shots 1, 5, and 6 can also be
seen in Figs. 4-0, respectively further showing the variabil-
ity in signal shape between shots.
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Fig. 3. The region of interest of acoustic signals for Shot 3 in Tables 1 and
2. The sharper the start of the signal, the more accurate the determination
of the start time. Sensors A and E have sharp rise times, as do B and F.
However, the start of C and particularly G is less well determined leading
to a greater inaccuracy in the estimate of the flight speed based on sensors
C and G.
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Fig. 4. The key time period of acoustic information in Shot 1.

Shot 4 vgr (see Fig. 7) is an anomalous value caused by
non-acoustic noise in the signal making onset determina-
tion inaccurate. This non-acoustic noise may originate
from photons, and/or electrons and ions produced in the
plasma created in impacts. The variability of induced
plasma and light flash between shots is complicated, as is
the PVDF sensor response, and both of these aspects are
under further investigation in a separate programme.
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Fig. 5. The key time period of acoustic information in Shot 5, which
includes noise in the traces of F and G, marked with black arrows, and
similarly a small noise peak in E leading to a downward slope before the

acoustic information from the impact arrives. This noise did not
significantly effect the determination of the time of impact.
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Fig. 6. The key time period of acoustic information in Shot 6. Sensor E
shows a non-acoustic single noise peak with a small recover tail, marked
with a black arrow, before the oscillatory acoustic waves arrive. This noise
did not significantly effect the determination of the time of impact.

Non-acoustic noise can be distinguished from the data
due to its difference in profile. The acoustic data of interest,
exemplified in the aforementioned figures, has a negative-
positive, or vice versa, oscillatory form, characteristic of
the oscillations associated with the acoustic waves that
decay with time. In Fig. 7 we see the non-acoustic noise
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Fig. 7. (a) The key time period of acoustic information in Shot 4 showing
the noise artefacts contaminating this data set, shown occurring centrally.
The large non-oscillatory peaks in G and F are characteristic of non-
acoustic noise, as well as signals occurring across multiple sensors, even on
different films, at the same time, A, E, and G, as illustrated by the light
grey solid vertical line at 634 us. Black arrows mark small non-acoustic
noise peaks which did not effect signal onset determination. (b) Roughly
the same time period as in (a) only with all trace shown on the same plot
and the y-axis extended to show the full magnitude of the noise peaks.

artefacts that lead to the anomalous result in Table 1 and 2.
Unlike the oscillatory acoustic waves these are relatively
large, broad, single peaks followed by a recovery tail,
which contaminates the onset of signal F.

Other features characteristic of noise include: almost
identical signals detected by different sensors (which is
unexpected due to, for example, propagation effects which
result in differences in the observed signals), and signals
occurring across different spatial locations at the same
time. Fig. 7 shows both of these features with E and A (sen-
sors on different films) showing almost identical signals at
the exact same time as the non-acoustic noise in signal G,
illustrated by the light grey solid vertical line, further con-

Advances in Space Research xxx (Xxxx) xxx

firming this as a non-acoustic signal. Fig. 2, 5, and 7 also
show smaller non-acoustic noise features consisting of a
broader than expected single peak with a recover tail occur-
ring at the same time, marked with black arrows. Data
from Shot 6 also shows a non-acoustic noise feature in sig-
nal trace E, again a single peak with a small recovery tail,
Fig. 6.

Another source of noise are the small oscillatory peaks
which precede the acoustic data of interest in traces A, B,
and C, these can be seen in Fig. 3-6. These small peaks
are thought to be longitudinal acoustic waves from the
impact, which arrive before the shear waves (transverse
waves) of interest (the shear waves are of interest here since
they are of larger magnitude, making them easier to iden-
tify, and because the precursor longitudinal waves are not
always detected, see traces A, F and G in Fig. 6. To con-
firm that the relatively large peaks observed in the second
film, immediately preceding the largest peak which is taken
as the signal, are not an artifact of acoustic waves transmit-
ted through the prototype structure, tap tests, and a shot
with separate isolated films (Shot 7 in Tables 1 and 2) were
carried out. The tap tests involved striking the layers with
short sharp taps, and whilst signals could be observed in
sensors on the same layer as the tap, none were observed
in the other layer, indicating no transmission of signals
between layers. The experimental set up in Shot 7 was dif-
ferent to that of the other shots, in that the individual Kap-
ton film layers were no longer connected by a common
frame. They were still positioned parallel to each other,
750 + 2 mm apart and orthogonal to the direction of pro-
jectile flight, but stood on separate insulated mounting
platforms. The projectile and readout of the sensors were
the same as for shots 1-6, with the projectile speed given
in Table 1. The signals from the PVDF sensors (Fig. 8)
showed many features in common with the other shots,
in particular, they displayed the signals on the second layer
that immediately precede the largest amplitude signal. This
occurs, despite the absence of a connecting frame, indicat-
ing that transmission through the frame is not responsible.

It could be supposed that the preceding peaks are due to
co-moving gas accompanying the projectile after its release
from the sabot. To test this, an experiment with an empty
sabot was carried out; all experimental parameters were
kept consistent with the 1 mm StSt420 spherical projectile
shots at 2 km s™', except the sabot had no projectile
loaded. Thus when fired, the only thing to continue
through the stop plate and into the target chamber would
have been the co-moving gas accelerated in front of and
around the sabot, followed by later arriving gunpowder,
soot and possible debris from the first stage of the gun.
In this shot, only powder and soot hit the first film with
no noticeable debris coming down and nothing penetrating
the first film. The sabot attained a speed of 2176 m s~ '+4%
(the larger uncertainty is due to using the muzzle laser and
stop plate impact for timing instead of the light curtain sys-
tem) and the data corresponding to this shot is shown in
Fig. 9.
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Table 2
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Results for the wave speed in the Kapton film as calculated from the difference in path lengths and travel times for sensors on the same film. WSxp
corresponds to the wave speed calculated from the differences between sensors A & B, etc. WS is the average of all WS, values from each shot. The onset
times that determined the difference in travel time are the same as those used in calculations for Table 1. The separately measured value for the wave speed
is 1875 & 25 m s~ !. The value marked with a * * * is an anomalous value, which is caused by a noise artefact present in the data. The value marked with a

“** is the average recalculated excluding the anomalous value.

Shot WSap (m s~ WSac (m s WSgr (m s ) WSEG (m s WS (ms™})
1 1917 + 29 1868 + 39 1930 + 31 1889 + 42 1901 + 18
2 1913 + 23 1873 + 23 1916 + 24 1917 + 24 1904 4+ 12
3 1875 + 33 1828 + 25 1879 + 35 1967 + 29 1887 + 16
4 1694 + 112 1860 + 38 803 £+ 41* 1947 + 46 1576 4+ 33
1833 4 42%*
5 1938 + 46 2044 + 140 1922 4+ 44 1905 4+ 121 1952 4+ 49
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Fig. 8. The key time period of acoustic information in Shot 7. In this shot
the two film layers did not have a connecting structure, yet the signals on
the second film are similar to those where the connecting frame was used,
indicating that transmission via a frame is not the cause.

Only one set of peaks are observed in the data in Fig. 9,
which correspond to the powder and soot hitting the film.
Considering the onset time of these peaks, the data arrives
later in time than would be expected for a projectile or pre-
ceding gas blast, confirming that these arise from later
powder deposition and can not be mistaken for a projectile.
This suggests that there are no signals produced by co-
moving gas. No signals being detected in the second film
further confirms that no gun vibration is transmitted
through the insulated mounting, and similarly that no
acoustic signals from the impact on the first film are trans-
mitted through the detector structure to the second film.

In cases where the flight path of the projectile was not
perfectly normal to the detector, due to, for example, being
pushed slightly off axis by the sabot as it separated, slight
~mm deviations from the first impact location were
recorded on the second film, as measured by hand. Such

Time (ps)

Fig. 9. The full traces of the acoustic data recorded for the empty sabot
shot, showing only one set of peaks of low magnitude. These were on the
first film only (sensors A, B, and C), and were well after the expected
arrival time predicted from the sabot speed. These signals likely
correspond to the deposition of slower moving powder and soot.

a small deviation from the flight path would have a negli-
gible effect on x, a 5 mm difference in location correspond-
ing to ~0.01 mm difference in x, far smaller than the
uncertainty for this value. However, the relative difference
to the acoustic wave travel time through the Kapton in a
plane to the various sensors would be relatively larger, with
5 mm representing a 14% difference for a sensor to impact
distance of 35 mm. For these cases a correction to At was
made to account for the differences in travel times for the
acoustic waves in the Kapton film. These corrections were
calculated from the mm scale difference in wave path
lengths using the wave speed in 12.5 um Kapton film,
Uwave = 1875 £ 25 m s~ previously determined at Kent
in unpublished data. This known wave speed also allows
for an independent verification of the accuracy of the time
of impact measurements. By comparing the time of impact
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Fig. 10. Optical images of penetration holes viewed from the incident direction of the 1 mm stainless steel projectiles. (a & b) Holes in the 1* and 2™ films
have diameters of 1000 4 8 ym and 1003 + 8 um respectively, after impact at ~2 km s~' (Shot 2). (c & d) Holes in the 1 and 2™ films have diameters of
1010 + 12 um and 1037 + 8 um respectively, after impact at ~4 km s~'(Shot 5). The first films are blackened by the deposition of gunpowder/soot

generated by the first stage of the gun.

between sensors on the same film, e.g. A & B, and A & C,
and the difference in wave path lengths for each sensor, the
wave speed can be directly calculated from the experimen-
tal data. Thus, it can be considered that time of impacts
which return a wave speed of 1875 m s~ !, within uncertain-
ties, represent the same relative time of impact agreed by
multiple sensors, and represent an accurate measure of
the onset time. Accordingly, Table 2 shows the wave speeds
calculated from the difference in travel times between sen-
sors on each film, with WSup corresponding to the wave
speed calculated from the difference between A & B, etc.
In Shot 3, the larger inaccuracy in the start time of the sig-
nals from sensors C and G, has resulted in an absolute
value for the wave speed which deviates from the previ-
ously measured value in the Kapton film, more than other
sensor combinations. The anomalous result produced by
noise contamination can also be identified from this valida-
tion method. Shot 4 WSgr shows a significantly different
value from the measured wave speed, and a value for
WSgg all but within uncertainties, suggesting that E and
G are well determined while F has not been determined
accurately. Further to this WSsp has a small deviation
from the measured value suggesting that signal B may give
a less accurate onset time, the combination of B and F
would then lead to the anomalous result observed.
Previous work on the passage of projectiles through thin

films has suggested that at speeds in excess of a few km s,

the ratio of film thickness to projectile diameter (f': dy) is
critical in determining if the projectile undergoes disruption
in the impact process (e.g. Gardner et al. (1997)). For the
projectiles here, with a film thickness to projectile diameter
ratio f: dy = g, no disruption of the projectile is expected.
Inspection of the penetration holes in the Kapton films
used in the detector showed similar penetrations on both
films (Fig. 10) confirming that the projectiles were not
appreciably disrupted.

During penetration the projectiles melted the Kapton
films, producing melted and charred Kapton around the
circumference of the holes (see rough edges of penetration
holes in Fig. 10). As the projectile speed increases, the pres-
sure and friction induced during impact also increases
causing a larger amount of the Kapton to vaporize and
melt as evident from there being fewer and smaller fila-
ments of melted Kapton present in Fig. 10c and d than
in a and b. A view from the back of the 2™ film in Shot
5 shows that at higher speeds more of the Kapton is melted
and removed from the penetration hole, removing the fila-
ments, and thrown in such a way as to deposit it on the
back of the film (seen as black lines radiating from the pen-
etration hole in Fig. 11).

At both speeds, penetration holes in the first film had
diameters, given in Fig. 10, that are equal to dy,. This con-
firms that for Kapton a ratio of /: d),, = §; leads to a pen-
etration hole diameter, dy,, equal to that of the projectile
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Fig. 11. (a) Penetration hole, viewed from the rear, in the second film after
penetration of a 1 mm stainless steel projectile traveling at ~4 km s!,
(Shot 5). (b) Typical examples of how spherical and accurate to 1 mm the
diameters of the 1 mm stainless steel projectiles are. Three randomly

selected spheres from the 1 mm stainless steel supply were all 1000 + 8 pm.

Table 3
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(dw = dp), which represents the ultra-thin film limit (Hérz,
2012). dy, for the penetrations at ~4 km s~ ' in the second
film were larger than for 2 km s~'. The larger d, =
1037 £ 8 um in the second film could be indicative of more
Kapton from the first film being accumulated on the pro-
jectile, increasing its effective diameter. This would be char-
acteristic of the higher temperatures involved producing
more melted Kapton. All three shots at each speed, gave
similar results for d;, in the respective film layer to the
examples shown in Fig. 10, with the 4 km s~' impacts pro-
ducing larger diameters in the second film than the first
(1028 + 8 pum and 1033 4+ 8 um for the 3.90 and 3.74 km
s~! impacts respectively).

4. Discussion

There have been previous studies on hypervelocity
impacts into Kapton films, e.g. Neish et al. (1997) and
Nakamura et al. (2015), however these were at smaller par-
ticle sizes; 57 um to 400 um (f": dp = % to %) and 50 um to
516 um (f: dx = § to 1335), respectively. These studies lack
any treatment and discussion of the deceleration of projec-
tiles penetrating the Kapton films. Similarly, there is previ-
ous work in the literature that concerns larger projectiles,
similar to those used in this study (~ mm), penetrating thin
films (e.g. Horz et al. (1994), Gwynn et al. (1997), Horz
(2012)). Again these studies do not investigate or discuss
the speed of the projectiles post penetration. Previous work
on the deceleration of a projectile due to the penetration of
thin films is summarised in Table 3. The data in Table 3
reported that no deceleration was observed for the values
of f: dy considered here; however the previous work was
all at significantly smaller absolute size scales. The current
study herein, has significantly increased the absolute parti-

A comparison of the lack of deceleration for 1 mm stainless steel 420 (StSt420) projectiles penetrating Kapton films in this study, with the results of other
projectile-film combinations in previous works. dy:, f, and vj, stand for projectile diameter, target film thickness, and incident velocity, respectively.

Impact speed Projectile: Target dpr f fdy % Reference
(km s~ composition (qm) (pm) B
2&4 StSt420: Kapton 1000 12.5 0.013 <1% This work
1-5 Iron: Cellulose 0.6-3 0.07 0.02-0.12 <2% (Burchell et al., 1998)
2.5-7.5 Glass: PVDF 52-85 28 0.3-0.5 ~20% (Simpson and Tuzzolino, 1989)
4.3-11 + 120 nm Al 41-71 6 0.08-0.15 <5%
2.5 Fe: Mylar 2.3 2.4 1.04 13% (Capaccioni and McDonnell, 1986)
3 Fe 1.3 0.3 Parylene 0.3 4% (Pailer and Griin, 1980)
Al 1.9 + 0.075 Al 0.2 8%
Glass 2.0 0.19 9%
Polyphenylene 2.4 0.16 14%
2-12 Fe: Al 0.6-3 0.2-0.8 0.07-1.3 5-30% (Griin and Rauser, 1969)
Au 0.6-3 0.1-0.6 - -
Carbon 0.6-3 0.1 0.03-0.17 <2%
Nitrocellulose 0.6-3 0.05 0.017-0.08 <2%
2-10 Fe: 0.42 ym Parylene 0.3-6 0.58 0.10-1.93 5-40% (Berg and Richardson, 1969)
+ 0.1 yum Cu

+ 0.06 um Al
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cle size to mm sized particles (similar to the debris size of
interest in LEO) and used corresponding thicker films.
Extending the the projectile size, to mm sized, for penetra-
tions into Kapton films also confirms that an impact dam-
age equation for Kapton would need to attain d, = d,, at
or before dy/f = 80, a useful addition to the data used to
derive the impact damage equation for Kapton presented
by Neish and Kibe (2001).

With the TOF detector measuring the same velocity as
the LGG’s light-gate system within 0.5%, a value smaller
than the combined uncertainty of ~1%, no deceleration
was detected. Hence, the TOF system provides an accurate
measure of the speed of mm sized particles. This current
work is, however, for mm sized impactors. This agrees well
with the size regime of orbital debris which pose a signifi-
cant threat to spacecraft. There are, however, other consid-
erations to be allowed for. The first is a fuller speed range.
Orbital debris can impact at greater speeds than used here,
as will natural cosmic dust, which on average travels at
twice the speed of debris. When scaling the same
precision-based uncertainties to velocities of 10 km s
the uncertainty in v increases to 2%. However, for space
implementation a larger sampling frequency of 5 MHz
and or a more accurate determination of x would lead to
uncertainties approaching ~1%. Thus the system would
still provide accurate estimates of the impact speed.
Another complication lies in the shape of the debris and
its strength. Here a spherical stainless steel projectile was
used. However, the DebrisSat experiments (Cowardin
et al., 2019), have indicated that there are five main shapes
for debris arising from satellite fragmentation, including
fragile thin (paint) flakes. The behaviour of the latter in
particular, on penetrating the front film would need to be
established in future work (e.g. will they break up?). Also,
even for spherical projectiles, as the ratio of f:dp
increases, the work of Gardner et al. (1997) shows that
the penetration process changes. At some value of this
ratio, the interaction with the film will appreciably slow
the projectile (Table 3), and this may occur before the onset
of projectile disruption. Table 3 shows that deceleration
varies with film material and as such it is important to cal-
ibrate individual films and detectors for the detection of
particles with larger f: d,;, and this will be the subject of
future work.

5. Conclusion

The successful application of TOF detector systems as
orbital debris monitors relies on various properties, includ-
ing their ability to accurately determine the impact speed.
Here it has been shown that under ideal conditions, this
can be done to better than 1% accuracy for Kapton based,
acoustic TOF detectors. It is shown that 1 mm stainless
steel spheres traveling at speeds of ~ 2 and 4 km s~ ! do
not experience significant disruption or deceleration during
their passage through 12.5 4+ 0.2 um Kapton films. Further
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still, penetration holes for projectiles much larger than the
thickness of Kapton film, d,, > f, tend towards the ultra-
thin film limit of dy, = d,,;. More work remains to extend
this result to different impactor types and sizes, and to
determine and calibrate velocity loss for smaller particles,
among other objectives, but the general applicability of
the method is demonstrated making such detectors ideal
for space applications. For a real detector deployed in
space, which will experience non-normal impacts, the
actual resolution of both impact speed and direction will
depend on the accuracy of the determination of the impact
location on the films, which would be specific to the partic-
ular detector.
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