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ARTICLE INFO ABSTRACT

Keywords: The impact flash from hypervelocity impact on thin (12.5 pm) Kapton film was observed. The projectile sizes

HYPGTVEIOCltY ranged from 0.1 to 1 mm, with speeds from 2 to 5 km s~! and penetrated the Kapton intact, leaving holes the

;‘ght'ﬂ“h same size as the projectile (to within measurement errors). The flash intensity (normalised to impactor mass)
apton

scaled with impact speed to the power 5.5. However, the data also suggest that at constant speed the intensity
scales with the area of the hole in the Kapton and not the projectile mass (i.e. with some property of the target
and not as a function of the projectile energy or momentum). Using two layers of Kapton, it was possible to
construct a Time of Flight (TOF) system, which used the time of the onset of the flash in each layer to produce
flight speeds accurate to within typically 1%. When compared to the projectile speed pre-impact, there was no
indication of projectile deceleration during passage through the Kapton film. In addition, when PVDF acoustic
sensors were placed on the Kapton film, they exhibited an electromagnetic “pick-up” signal from the impact of
projectile on the Kapton, confirming suspicions of signal interference from past work with acoustic sensors. The
ability of the light flash to provide accurate impact timing signals suggests the TOF system would be suitable for
use as a cosmic dust or debris impact detector in space (e.g. Low Earth Orbit).

Orbital debris
Impact speed
Time of flight

1. Introduction This light flash phenomenon has been reported since early on in

studies of hypervelocity impacts (e.g. [2]). It is an electro-magnetic

Hypervelocity impacts are high-speed impacts that occur naturally in
space as a result of the relative orbital speeds of objects around the Sun
or local bodies (e.g. planets and moons), see [1], for a review. The
impact speed is often in units of km s~!, which can exceed the speed of
the resultant compressive and tensile waves in the materials involved,
generating stresses which exceed the strength of the materials. This
causes them to behave as if strength-less during the early phases of an
impact. As a convenient boundary, impacts at speeds above 1 — 2 km s
are usually considered hypervelocity. As well as behaving as if
strength-less, hypervelocity impacts can involve melting and vapor-
isation of the materials involved, and can also generate an
impact-related light flash.

* Corresponding authors.

emission across a range of wavelengths including the visual. Reports
on the phenomena appear regularly in the literature, focussed on
different aspects of the flash and applications thereof. At high speeds
(order 20 km s~ 1), the presence of a flash as an indicator of an impact,
has long been proposed as a way to detect impacts of space vehicles on
the lunar surface (e.g. see [3]). Indeed, even though at a slower speed of
~2km s’l, the impact of the ESA’s Smart 1 spacecraft on the Moon [4,5]
was observed by this method [6,7]. Impact flash was also eventually
successful in detecting meteorites hitting the Moon [8] and is now a
standard method for obtaining the meteorite flux on the Moon (e.g., [9,
10D).

There have been many reports of light flash from laboratory
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Table 1

Summary of shots. All speeds are from the gun velocity measurement system.
The shot programmes define the target layout (see main text and Fig. 1 for de-
tails). PVDF sensors were present in programmes B and C. Of the 18 shots, 13
produced usable data.

Shot Shot  Speed Projectile Projectile Comment
Programme (km diameter density (kg
s (mm) and m~3)
type

A 1 5.23 1.0 mmst 420 7800 Good

A 2 4.89 0.5mmst304 7930 Good

A 3 4.98 0.1 mmst304 7930 Good

B 4 4.92 0.8 mm st 420 7800 Good

B 5 5.16 0.5mm st 304 7930 Good

B 6 - 0.1 mmst 304 7930 Projectile
didn’t reach
the target

B 7 - 0.3mmst 304 7930 Projectile
didn’t reach
the target

B 8 5.13 0.3mmst 304 7930 Good

B 9 - 0.5mmst 304 7930 Projectile
didn’t reach
the target

B 10 3.82 0.5mmst304 7930 Good

B 11 2.00 0.5 mm st 304 7930 Good

B 12 4.94 0.5mmst304 7930 Good

B 13 4.89 0.5mmst304 7930 Good

C 14 - 1 mm st 420 7800 Projectile
didn’t reach
the target

C 15 4.16 1 mm st 420 7800 Good

C 16 2.13 1 mm Titania 4510 O-ring failed,
lots of debris
hit Kapton

C 17 3.87 1 mm Titania 4510 Good

C 18 4.11 1 mm 2710 Good

Aluminium

experiments involving mm sized projectiles at speeds of typically 2 - 6
km s~! impacting thick (i.e. effectively semi-infinite) solid targets such
as rocks (e.g. [3,11]) and metals (e.g. [12]), powdered rock (e.g. [13]),
metal plates (e.g. [14,15]), ices (e.g. [16]), etc. The impact flash can also
be used to measure temperatures (e.g., [17]), and to look at fine struc-
ture in the flash to identify the plume constituents, study their time
evolution and conduct spectroscopy [18-26], etc.

In parallel, impact flash from sub-micron particles hitting various
surfaces such as metal [27-29] and ice [30] has also been reported. The
light flash from sub-micron impacts has indeed been used in dust de-
tectors in space to accurately flag the time of the impact, e.g., the PIA
instrument [31] mounted on the Giotto spacecraft which flew past
Halley’s comet in the 1980s [32]. In this case, accurate determination of
the impact time was important for time of flight (TOF) mass spectrom-
etry conducted on the ionised contents of the plasma plume produced in
an impact.

Since the early days of space-flight the hazard to space vehicles due
to natural cosmic dust has been known and studied (e.g. see [33], for a
recent review). However, spacecraft and their launch vehicles are a
source of small particle debris in space, and, in recent years, one of the
growing issues in sustainable use of space, has been the risk of impact on
space vehicles in Earth orbit due to debris from human activities in
space. Indeed, as use of space increases, this debris flux is an ever rising
one. This is particularly an issue in low Earth orbit (LEO, e.g. see [34], or
[35]), where, for some years now, it has been recognised that if the
density of debris sources increases, a multiplicative runaway cascade
event can potentially then occur generating more and more debris. This
so-called Kessler syndrome can arise because impact on another object
by a single piece of debris may, under certain conditions, result in
generation of more debris, which can then in turn go on to impact more
objects, generating more debris etc. (see [36]).
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Fig. 1. Diagram (not to scale) showing set-up of detectors. (a) Programme A
(shots 1 — 3). The black mounting plates hold the photodiodes (labelled A, B, C
and D). A and B look directly at the front of the Kapton film, whereas C and D
look sideways at the wall of the target chamber to detect any reflected light. (b)
Programme B (shots 4 — 14). A and B look directly at the front of the first
Kapton film, whereas C and D look directly at the front of the second Kapton
film. (c¢) Programme C (shots 14 — 18). The black mounting plates hold the
photodiodes (labelled A, B, C and D). In this set up, A and B look directly at the
front of the Kapton film, whereas C and D look directly at the rear of the Kapton
film. (Note that in all cases the black mounting plates had a central hole,
(diameter 3.5 cm, to permit passage of the projectile).

The damage caused to space vehicles by the impact of mm and cm
sized objects has long been studied. For example, in the 2010's, NASA
conducted the DebriSat experiment to see how impact by a cm sized
object can disrupt a whole satellite and produce a new source of further
debris [37]. However, the current flux of mm - cm sized objects in LEO is
uncertain. It cannot be observed optically or tracked by radar from the
ground (the most powerful radar systems can report the presence of, but
not track, objects down to 3 mm size in LEO), and fortunately at present
it is still low enough to require a large area detector operational for
several years to measure it in-situ.

There have been attempts to measure the flux in the mm size range in
LEO in-situ. In the 1980s, the NASA LDEF mission involved retrieving a
satellite after 5.7 years in orbit (using the space shuttle Columbia) and
much of its surface was scanned for impact features (e.g. see [38], or
[39]). Similarly, in the 1990s and early 2000s, solar panels and radiator
plates were retrieved from the Hubble Space Telescope and brought
back to Earth (again by the space shuttle) and their surfaces studied for
impact features (e.g. [40-42]). Indeed, even the windows of the shuttle
itself were regularly examined for impact features, helping to provide
flux measurements.
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Fig. 2. Typical view of the detector in the target chamber (here the two layer Kapton target from Programme B, see Fig. 1b for dimensions) as seen from the rear. The
second mounting plate with photodiodes positioned on its rear face is clearly visible, but the first plate is mostly hidden by the first Kapton layer. The direction of
travel of the projectile is shown with a red arrow. The detector sits in a hollow box lined with black non-reflective curtains on the top and sides. The ends are open to

permit entrance and egress of the projectile.

However, the retirement of the space shuttle fleet has meant that
such activities no longer occur. Instead in the 2010s, NASA developed
and deployed on the exterior of the International Space Station (ISS) as
an exploratory technology demonstration, a large area (1 m?) impact
detector called DRAGONS/Space Dust System (SDS, see [43-45]). The
SDS was a three-layer device, with a thin (25 um) Kapton front face,
which mm objects would penetrate, and a second Kapton film (again 25
um thick and 150 mm behind the first layer) immediately followed by a
metal plate to capture the penetrating particles. The two layers of
Kapton in the SDS would thus act as a TOF detector giving impact speed.
Use of acoustic sensors on all three layers (e.g. [46]), along with resistive
grids on the Kapton films (e.g. [44,47,48]), would allow identification in
real-time of the impacts and their location, thus permitting a direction of
flight to be found. This direction, combined with the known pointing
history of the ISS and the impact speed, was intended to permit an
orbital determination for the impactor, assisting in its categorisation as
orbital debris or cosmic dust. Calibration studies of the SDS showed that
impact location could be found to within 0.8 cm, and impact speed for
0.2 to 1 mm diameter projectiles was accurate to +18% [44]. Associated
modelling of the then currently estimated flux, suggested the SDS would
provide improved flux measurements for particles up to 0.2 mm in size
in just 1 year, but for 1 mm objects a 10 year mission would be required
to detect a single impact [44].

Unfortunately, the SDS failed after less than 1 month of operations
(see [49] for a discussion). During this time it did show that impacts on
the front layer could be detected, but even with a 1 m? exposed area, the
flux for larger particles (typically > 100 um) was too small to permit any
penetrations of the front film with an associated impact on the rear
layers.

One of the questions about the SDS TOF detection method, is
whether or not the penetration of the front film significantly decreases
the speed of the impactor. This would mean that the measured TOF
speed is lower than the pre-impact speed. At small impactor sizes,
deceleration will certainly occur. Indeed, at the smallest sizes there will
be a size regime where there is no penetration, then as projectile size
increases there will be penetration but disruption of the projectile, then
intact penetration accompanied by deceleration, and finally intact
penetration and no deceleration. But in which regime does the SDS
operate? A recent paper [50] has shown that for stainless steel pro-
jectiles of 1 mm diameter impacting a two layer Kapton target at 2 and 4
km s, there is no appreciable deceleration when penetrating the front
Kapton layer. The resulting speeds measured using polyvinylidene

difluoride (PVDF) acoustic sensors (similar to those on the SDS) on the
two layers were within 1% of the pre-impact speed. This is significantly
better than the accuracy reported by [44], with the only significant
difference being the thickness of the Kapton films (12.5 pm in [50], vs.
25 pym in [44]). It is not known, however, what happens to smaller
projectiles.

It was also suggested by [49] (from real data from the SDS) and by
[50] (in laboratory experiments), that the start of the acoustic signals on
the PVDF sensors can be preceded by a signal which was coincident in
time across all sensors. It was suggested by both set of authors that this
signal could represent some form of electromagnetic (EM) pick-up by the
sensors of the light flash from the impact on the Kapton.

In this current paper, we thus first look specifically at the light flash
from impacts on a 12.5 um thick Kapton film, using photodiodes to
detect the flash. Then we use two layers of Kapton (similar to the
arrangement in the SDS and that used by [50]), utilising the impact flash
on each layer to obtain a TOF speed between the two layers for a range of
projectile sizes and speeds. Finally we vary the projectile composition at
a fixed size and impact speed, to see how this influences the flash. We
also use data from PVDF sensors to determine if the EM pulse accom-
panying the flash can be picked-up by “acoustic” sensors.

2. Experimental method

The experiments were performed using the two-stage light gas at the
Univ. of Kent [51,52]. This can fire single projectiles into a large vacuum
chamber, held at between approximately 0.25 and 0.5 mbar during a
shot. The projectiles are initially carried in an isoplast sabot which is
discarded in flight. The projectile speed is measured in flight in the gun
by a variety of methods. The most accurate method is via passage of the
projectile across two laser light curtains with a known separation (499
+1 mm) between them. These laser curtains are each focussed onto a
photodiode read out by a fast digital oscilloscope at 400 MHz. For 0.2 -1
mm sized projectiles the obscuration of the laser light produces a suf-
ficiently strong change in photodiode output to measure the projectile
speed to within 1%. For smaller projectiles a second system is used
which uses the exit of the sabot from the launch tube to give a first time
point, followed by the impact of the sabot parts on a stop plate part way
along the range of the gun to give a second timing point. For 0.1 mm
diameter projectiles, this provides a speed estimate which is accurate to
within +5%.

The targets were sheets of 12.5 um thick Kapton, mounted onto
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Fig. 3. Example photodiode data vs time. (a) Shot 8, typical of programmes A
and B, where the signals in the raw data were —ve going in amplitude, but here
have been baseline subtracted and inverted for ease of display. Starting at to,
the front photodiode signals (A&B) initially rise sharply, and peak some 10 - 15
us later before falling back. Then at t; there is a second rise to a smaller second
peak due to the flash from the impact on the second layer of Kapton. The second
layer of photodiodes (C and D) rise a little when A and B start (i.e. they see the
front flash) and then fall slightly, before rising more sharply at t; when the
impact occurs on the second Kapton layer. (b) Shot 18, typical of programme C.
The photodiode signals are now +ve going in amplitude and show fine structure
in the first 30 ps. All photodiodes are looking at a single layer of Kapton (A and
B at the front of the Kapton, and C and D the rear). The signals rise to an initial
maximum in some 10 ps (as in earlier shots). A and B then decline, while C and
D remain at the maximum. There is then a later rise in all signals at t;. This
occurs in all shots in programme C and is some 40 - 45 ps after the impact on
the Kapton.

plastic frames. The sheets came in two sizes, either 25 cm x 25 cm, or 15
cm x 15 cm. The frames carrying the Kapton were mounted on metal
rods to separate the multiple layers by a known distance, and keep the
films at normal incidence to the projectile direction of flight.

The projectiles used in this work were mostly stainless steel (herein
st) spheres (st grade 304 or 420, of density 7930 and 7800 kg m™3
respectively) of diameter (d) 0.1 to 1.0 mm (the diameters are accurate
to typically 1.5% or less). When combined with a Kapton thickness (f) of
12.5 um, this gives an f/d range of 1/8 to 1/80. Two grades of stainless
steel were used, as the full range of sizes was not available in the lab-
oratory with a single grade. In two shots, 1 mm diameter spheres of
titania (titanium oxide) and aluminium were used.

In all shots, a projectile capture system was placed behind the target.
This had several layers of thick paper card followed by two layers of 3

International Journal of Impact Engineering 187 (2024) 104897

mm thick aluminium plates. The intention was to permit the projectile to
pass through the card layers and then stop it via an impact on the metal
back-plate. Any ejecta from the crater in the metal would likely be
captured by the card and not spray backwards onto the rear of the
Kapton targets.

The photodiodes were BPW 34, PIN Si photodiodes, made by Vishay
(for details see https://docs.rs-online.com/220c¢/0900766b80de9fc5.pd
f). They were mounted onto 3D printed black plastic sheets (to prevent
reflections) which were fixed to backing sheets of aluminium. The black
surface always faced the Kapton surface the photodiodes were looking
at. Photodiode readout was via pre-amps (type CA3140EZ) into a data-
acquisition system operating at 1 MHz, with 3000 data points per
photodiode per event. The system was triggered by the impact of the
sabot sections on the stop plate in the gun.

In a few shots, three PVDF acoustic sensors (type TE-FTD1-028 K)
were also used (the same type as in [43,50]). These were attached to the
Kapton film using adhesive. Two had an active area of 22.5 mm? and
were mounted on the front and rear face of a Kapton layer. The third had
an active area of 45 mm? and was mounted onto the rear of the frame
holding the Kapton. They were read-out via the same system as the
photodiodes, but without the pre-amplification stage.

Three shot programmes were carried out (A, B and C) with a total of
18 shots (see Table 1). In four of the shots, the projectile did not travel
down the gun and hit the target. This was mostly correlated with small
projectiles, which travelled slightly off-axis and hit the stop plate (which
was present to intercept the sabot). In one shot, an O-ring failed on the
piston in the gun. The piston is driven by the detonation of the shot-gun
cartridge, and compresses the light gas used to drive the sabot. When the
piston O-ring failed, the shot still launched a projectile to the target, but
at a slower speed than planned and it was accompanied by a cloud of
debris which tore the Kapton film and made interpretation of the data
impossible.

Each of the three shot programmes focussed on a different goal.
Programme A (three good shots) was to establish if the light flash could
be observed from impact on a single Kapton film, and establish what, if
any, reflection was present from the target chamber walls. The shots
were at a nominal impact speed of ~5 km s~ with a range of projectile
sizes. The set-up of the Kapton film layer and the photodiodes is shown
in Fig. 1a. The Kapton film had the 25 cm x 25 cm exposed surface area.

Programme B (6 good shots) was to determine if separate light
flashes could be observed from a dual-layer Kapton target and a TOF
(and hence speed) determined over a range of incident speeds and
projectile sizes. The set-up of the dual-layer Kapton target and the
photodiodes is shown in Fig. 1b, with a photograph in Fig. 2. PVDF
sensors were mounted on the second (rear) Kapton layer in these shots.
Both layers of Kapton had a 25 cm x 25 cm exposed surface area.

Programme C was to determine how the light flash from a single
layer depended on projectile mass (or composition) at a fixed impact
speed (~4 km s 1 and projectile size (1 mm). This used stainless steel
420 (density 7800 kg m’3), titania (density 4510 kg m’3) and
aluminium (2710 kg m~>). The detector set-up is shown schematically in
Fig. 1c. The Kapton film had a 15 cm x 15 cm exposed surface area. In
programme C, the plates bearing the photodiodes were mounted on the
same rods as the Kapton films to provide extra confidence in the relative
spacing and reduce any variations in viewing geometry.

Examples of the photodiode output are shown in Fig. 3. Unfortu-
nately, due to what was eventually identified as a floating earth issue in
a power supply, the nature of the photodiode output changed over the
course of the experimental programme. In programmes A and B, the
signals were negative going in amplitude as flash intensity increased
(with relatively short rise times, but longer decay times of variable
duration, see Fig. 3a), whereas in C they were positive going (again with
short rise times and moderate decay times, see Fig. 3b). However, this
did not affect the ability to determine the onset time of the flash signals.
Furthermore, in terms of signal intensity, no data from programmes A
and B (-ve signals) were used in the analysis of programme C (+ve
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Fig. 4. Holes in Kapton layers. (a) and (b) are front and rear views of the hole in the single Kapton layer in shot 17. (c) and (d) are front and rear views of the hole in
the second Kapton layer in shot 10. (c) and (d) have stronger lighting to show more clearly the melted rim around the hole along with the radial striations on the

surface of the Kapton.

Table 2

The (background subtracted) intensity (I) of the light flash seen on each photodiode is given, along with the associated uncertainty in the next column. An entry of “sat”
indicates that the photodiode saturated and the true peak intensity was not observed. The signals for photodiodes A and B in shot 4 just saturated and the values given
here (marked with an *) are extrapolations (the extrapolation method is described in main text).

Shot Speed (km s’l) Projectile Diameter (mm) Kinetic Energy (J) Ia (V) A (V) Iz (V) A (V) Ic (V) A V) Ip (V) A (V)

1 5.234 1 55.94 sat. - sat. - 0.3655 0.0007 0.4340 0.0007
2 4.868 0.5 6.150 0.3235 0.0007 0.223 0.0007 0.0575 0.0007 0.0730 0.0007
3 4.980 0.1 0.05149 0.1377 0.0007 0.0942 0.0007 0.0800 0.0007 0.1150 0.0007
4 4.925 0.8 25.36 0.83* 0.03* 0.77* 0.02* 0.5140 0.0007 0.3970 0.0007
5 5.157 0.5 6.902 0.6645 0.0007 0.6392 0.0007 1.1667 0.0011 1.2220 0.0011
8 5.131 0.3 1.476 0.0570 0.0007 0.0630 0.0007 0.0970 0.0007 0.0560 0.0007
10 3.816 0.5 3.779 0.0647 0.0007 0.0760 0.0007 0.1835 0.0011 0.1805 0.0011
11 2.000 0.5 1.038 0.0150 0.0011 0.0160 0.0011 0.0080 0.0011 0.0085 0.0011
12 4.941 0.5 6.336 0.3175 0.0011 0.3519 0.0011 0.2740 0.0011 0.2595 0.0011
13 4.892 0.5 6.210 0.4846 0.0007 0.5125 0.0007 0.2740 0.0007 0.2595 0.0011
15 4.158 1 35.30 0.3175 0.0007 0.2310 0.0011 0.3155 0.0007 0.3170 0.0007
17 3.846 1 17.46 0.3208 0.0007 0.2493 0.0007 0.3180 0.0007 0.2650 0.0007
18 4.109 1 11.98 0.3366 0.0011 0.2801 0.0007 0.3386 0.0011 0.3279 0.0011

signals) or vice-versa. Thus the analysis conditions were stable inside
each programme.

In the examples of photodiode outputs shown in Fig. 3, the time of
the onset of the flash is marked as ty. The flash intensity then increases to
a maximum, typically some 10 ps later (c.f. [24], report a rise time of 6
us for impacts on aluminium, and [15] report a peak after 2 — 3 us, again
for impacts on aluminium). The photodiode intrinsic rise time is of order
100 ns, so the observed rise time is associated with the evolution of the
flash itself.

Other structure can also be seen in the examples in Fig. 3. In Fig. 3a,
the photodiodes looking at the second Kapton layer respond immedi-
ately the first layer is hit, indicating that some light reached them
despite the shielding and blackout materials on the walls of the target

chamber. In some shots, it is also possible to observe a small signal when
the projectile hits the capture cell down-stream of the target (when
combined with the projectile speed, the time delay to these latter signals
matches that expected from the known physical separation of the de-
tector components given in Fig. 1). In shots 14 — 18 (programme C), two
new effects were observed in the data as well as the change from
negative to positive amplitude signals. First, the data showed fine
structure on the ps time scale. However, this matches the known RC time
response of the photodiodes and pre-amps, so it is this which is the likely
cause rather than fine structure in the flash itself. The second feature was
a rise in signal strength some 40 — 45 ps after the impact on the Kapton.
When combined with the projectile speed, these times did not match the
distance to any structure in the target. Furthermore, it was not observed
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Fig. 5. Top-down view of a Kapton layer with a mounting plate in front of it
with a central hole and two photodiodes looking at the Kapton. The red line
shows the projectile direction. The line of sight from the impact site on the
Kapton to the photodiodes is indicated, at an equal viewing angle p.
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Fig. 6. Ratio of flash intensity for each pair of photodiodes A/B and C/D inside
each shot in programmes B and C. If each photodiode in a pair, observed the
same flash with the same sensitivity, the ratios should all equal 1. The large
error bars on shot 11 reflect the low absolute magnitude of the signals in
that shot.

in the earlier shots - it is therefore unexplained.
3. Results
3.1. Hole size

The holes made in the Kapton films by passage of the projectiles were
circular to a high degree, with a rim around the hole, which mostly bent
inwards as seen from the front, and outwards as seen from the rear.
Example holes are shown in Fig. 4. The hole sizes were measured to
within +1% in all shots, except shots 1 — 3 and 15 where the film was
damaged and torn and had to be replaced before measurements were
made. The hole diameters track the projectile diameters to within the
uncertainties (1 — 2%) over the full range of projectile diameters (i.e. f/
d of 1/8 to 1/80). For 12.5 um thickness of Kapton this has been pre-
viously reported by [50] for an f/d = 1/80 in a single layer of Kapton.
However, [50], also observed that, for 1 mm diameter projectiles, the
hole diameter in the second Kapton layer in a dual layer target was a few
% larger than in the first layer. This was not observed here, although the
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projectiles used here in the dual layer target were 0.3 — 0.8 mm diameter
(i.e. smaller than in [50]).

3.2. Flash intensity

The light flash intensities in each of the 13 good shots are given in
Table 2. A typical signal is shown in Fig. 3a for shot 8. Shot 8 featured
two layers of Kapton, with 2 photodiodes (A and B) looking at the front
of the first layer, and two (C and D) looking at the front of the second
layer. The peak intensity is taken as the difference between the peak
height and the pre-flash baseline level, with the uncertainties being due
to the intrinsic noise in the system. Where (in programme B) there has
been a contribution from the flash on Kapton layer 1 in the signals
observed on layer 2 (as seen in Fig. 3a), this has been subtracted from the
data, and the intensity given for C and D thus represents that from the
impact on layer 2 alone.

3.2.1. Programme A

The data from photodiodes A and B in shot 1 (which were looking at
the front of the Kapton layer) were found to have saturated. Attempts to
exclude the saturated region and fit the remaining data to obtain an
estimate of the peak failed, due to the large degree of saturation. Thus
the data for shot 1 were not used in the intensity analysis.

Although data were obtained for the intensities on photodiodes A
and B in shots 2 and 3, it was realised that in these shots there were also
strong signals on photodiodes C and D which faced sideways and which
were shielded from a direct line of sight to the Kapton film. These signals
arose from reflections off the sidewalls in the chamber. Given that the
reflected signal strength was significant, the contribution from the re-
flections to the signals on A and B is thus considered unknown, so no
quantitative analysis was undertaken.

However, the results of programme A did reveal that the photodiodes
could observe flash signals, and that the ty identification (i.e. the
moment a light flash signal exceeds the noise threshold) was possible to
within 1 ps. It was also concluded that signals from impacts of 1 mm st at
5 km s~! would saturate the photodiode signals, so this combination was
avoided in later shots. Finally it was decided to surround the sides of the
targets with a blackout curtain in the subsequent programmes, to sup-
press reflections off the side walls of the chamber.

3.2.2. Programme B

This programme featured the dual-layer target (Fig. 2). During the
analysis, a detailed inspection of the signal shapes in shot 4, revealed
that the signals in photodiodes A and B (i.e., those looking at the front of
the Kapton layer) were on the border of saturation. Attempts were made
to reconstruct the signal shape and thus estimate the peak signal, by
fitting the data (with the saturated region excluded) by a 3rd order
polynomial. As a test, this was also done with the data from shot 5. Here
the peak intensity found from the 3rd order polynomial fit with the peak
data region excluded as in shot 4, gave a predicted peak intensity which
differed by +3.7% from the actual observed value. This suggests the
method gave a reliable estimate of the peak intensity, so the extrapo-
lated results for shot 4 are provided in Table 2, with an uncertainty given
by the extrapolation method accuracy.

The first step in the intensity analysis was to determine the relative
sensitivity of the photodiodes given that there was no absolute cali-
bration of each sensor. In all shots, the photodiodes pointing at the
Kapton observed the impact point of the projectile as shown geometri-
cally in Fig. 5, i.e. at a constant viewing angle f§ (77°). In programme C,
the second layer of photodiodes observe the rear of the Kapton film in a
mirror image of the set-up in Fig. 5. Given the characteristics of the
photodiodes, this angle of incidence on the photodiode (13° from
normal) should be within the 100% sensitivity region.

If, the projectile is indeed on the predicted central line of flight, all
photodiodes have similar response functions, the pre-amps are all
identical, and the impact plume is symmetrical, then, in any given shot,
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Fig. 9. Ratio of average layer 1 flash to the average layer 2 intensity in pro-
gramme B. No clear trend is observed.

the peak signal amplitude on each pair of photodiodes (A and B, and C
and D) should be equal. This is tested in Fig. 6, where the ratios A/B and
C/D are shown for each shot. In programme B, the data in Fig. 6 mostly
cluster around unity, with a mean of 0.97+0.07. This excludes the C/D
ratios in shots 4 and 8, which were noticeably >1. The data for shot 8 for
example, are shown in Fig. 3a, and the intensity of C clearly greatly
exceeds that of D. No explanation was found for this.

The data in Fig. 6 for programme C show more scatter, ranging from
1.0 to 1.4. This appears to arise from the sampling issue due to the RC
time constant identified earlier, and sets a limit on comparisons of data
for the intensity in programme C.

It was reported by [28] that flash intensity normalised to projectile
mass, scaled with impact speed to some power. Therefore in Fig. 7, the
intensities (I) normalised to projectile mass (m) observed by photodi-
odes A and B in the shots in programme B are plotted vs. impact speed as
measured by the gun (v). The values from shot 4 are excluded from the
fit as they were extrapolated rather than measured. The result was:

I/m= (112 +510) x v&>#27 2 = 0.7117, (€))

where intensity was in volts, mass in kg and speed in km s~'. The
associated goodness of fit criteria (the 2 value) indicates the fit was
reasonable even though the uncertainties on the coefficients in the fit are
relatively large. As a comparison, the extrapolated of the values from
shot 4 are also shown in Fig. 7, and lie slightly below the fit curve,
indicating that the extrapolation may be underestimating the true peak
values.

However, this form of the fit assumes that flash from a thin film is
behaving similarly to the flash from impact on a semi-infinite target. An
alternative hypothesis is that instead of scaling with projectile mass, at a
fixed speed the intensity depends on the area of the hole in the Kapton.
This could be because it depends on the amount and properties of the
target material vaporised in the impact, rather than being determined by
some function of the projectile’s energy or momentum. Since it was
shown previously by [50], and confirmed here (see Section 3.4) that the
hole size in the Kapton has the same diameter as the projectile to within
a few percent, we take the projectile cross-section as the hole size. This
hypothesis can be tested using shots 5, 8, 12 and 13 where the speed was
constant (~5 km s~ ) whilst projectile diameter varied from 0.3 to 0.5
mm. Accordingly, the intensity (I) in these shots is plotted vs. projectile
cross-section (A) in Fig. 8. The data in Fig. 8 are fit with a linear function
which yielded:
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Fig. 10. Programme C. (a) The average intensity on the front face (average of A
& B) and rear face (average of C & D). Despite the difference in projectile
density (and hence mass), the intensities are all similar despite the results of
programme B which suggested scaling with mass. (b) The ratio of the average
flash intensity seen on the front face to that on the rear face. In all three cases,
the rear face had a slightly greater intensity, but in each case this is within 1
sigma uncertainty of being equal.

Table 3

Speeds obtained from the light flash analysis compared to the measured gun
speeds. At is the time between the two Kapton layers. The “Difference” (right-
hand columns) is defined as (gun - flash) speed. The uncertainty in the flight
flash speed comes from the uncertainty in the time interval between layers
combined with the accuracy of the layer separation. The gun speed uncertainty
is £1%.

Shot At Light flash speed (km Gun speed (km Difference
1 1

(us) s) s kms ! %
4 113 4.912+0.032 4.925 0.013 0.26
5 108 5.1394+0.035 5.157 0.018 0.33
8 109 5.091+0.034 5.131 0.040 0.78
10 145 3.827+0.020 3.816 -0.011  -0.29
11 284 1.954+0.010 2.000 0.046 2.3
12 112 4.955+0.033 4.943 -0.012 -0.24
13 113 4.912+0.032 4.892 -0.020 -0.41
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I=—(0.18+0.15) + (3.46 + 0.85) x 10°A,r* = 0.7358, )

where I is in volts, A in m? and r? is the regression coefficient squared.
The result is indeed consistent with a linear relation between flash in-
tensity and hole area, although given the scatter on the data more ex-
periments are needed to confirm this (see Programme C below).

The intensities from photodiodes C and D were not fit, as from Fig. 6
the data appeared more scattered than for A and B. However, the
average intensity on Kapton layer 1 is compared to the average on layer
2 in Fig. 9 (excluding shot 4). As can be seen in Fig. 9, there is no general
trend; in three of the shots the flash from layer 1 has a greater intensity
than that from layer 2, but in two shots the reverse is true. It is not clear
if this represents some variability in the response of each pair of pho-
todiodes (A and B vs. C and D) which is greater than that between
members of each pair, or if some other factor is responsible.

3.2.3. Programme C

Given that the nature of the signals changed between programmes B
and C, it is not possible to directly compare the light intensities between
these two programmes. However, we can compare the intensities be-
tween shots inside programme C. This is done in Fig. 10a, where the
flash intensity is shown vs. projectile density (note that projectile
diameter was a constant 0.5 mm, and impact speed was ~4 km s1in
each shot). The data in Fig. 10a appear to have a flash intensity inde-
pendent of projectile density. Given that all three shots have the same
projectile diameter (1 mm) and equal speed (~4 km s’l), this again
suggests that the flash intensity is independent of projectile mass (and
thus momentum or kinetic energy) and scales with projectile cross-
section (i.e., with the area of the hole in the Kapton and thus with
target, rather than projectile properties).

In Fig. 10b, the average intensity on the front face of the Kapton film
(average of photodiodes A and B) is shown vs. that on the rear face
(average of photodiodes C and D). The data appear close to unity, with
the mean value across all three shots of 0.9234+0.055, i.e. the uncer-
tainty in the mean is less than the scatter in the data. This suggests that,
within the uncertainties in the experiments, the flash intensity is the
same when seen from the front or rear of the Kapton film.

3.3. TOF speed

The TOF data from programme 2 are given in Table 3. The TOF (At)
is that between the start of the light flash in each layer. Given that the
flash tg, in each layer of Kapton, can usually be identified to within a
single data-bin, the error on each individual time is typically +0.5 ps,
and thus the error on At (called dt) is 0.71 ps in most cases. However, in
shot 11 the signal amplitude is very small, and this led to a larger un-
certainty in time of 1.4 ps. The TOF speed was obtained from the layer
separation d (555 + 1 mm) divided by At. The uncertainty in the
resultant speed is dominated by the uncertainty in the time (which is
typically 0.6% compared to the 0.18% uncertainty in the distance). The
% uncertainty in speed is shown vs. speed in Fig 11a, where the data are
modelled by assuming that dt = 0.71 ps, layer separation (d) is 555 mm
(where the error in the layer separation (Ad) is 1 mm), and by treating
all errors as independent. The resulting prediction is shown (solid line)
vs. speed in Fig. 11a, and is extrapolated to 20 km s~!. From this pre-
diction, it can be seen that for typical orbital debris impact speeds (7 —
10 km s~1) the predicted uncertainty in the measured speed is still less
than 1%, and that even at higher speeds (15 km s~ 1) typical of cosmic
dust arriving from interplanetary space, the uncertainty is still only of
order 2%.

Given that the timing uncertainty is a property of the photodiodes,
the key design feature that can be easily varied is the layer separation.
This is done in Fig. 11b, where the simple model used in Fig. 11a is
adjusted for a range of layer separations d. For example, the SDS de-
tector flown in 2019 had a d value of 150 mm for example. Using the
light flash to determine the speed, and a Kapton layer thickness of 12.5
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cover a wide range. (b) A range of predictions are given for the % uncertainty in the speed for various values of the layer separation d.

um as used here, this gives a predicted speed uncertainty of just over 3%
at speeds of 7 km s}, compared to the 18% reported for acoustic
measurements of the TOF with SDS at that speed [44].

The speed in each shot obtained from the light flash signals is
compared in Fig. 12, to those from the gun’s normal speed measurement
system. This is for shots at similar speed (~5 km s~ 1) but where the
projectile size varied and f/d ranged from 1/24 (at 0.3 mm diameter) to
1/64 (at 0.8 mm diameter). In Fig. 12, the data are shown as the ratio
(gun speed) / (flash speed). If the two values are similar the ratio should
be one. A simple average of the data gives a mean of (0.9985+0.0048), i.
e. agrees with unity within errors, indicating no measureable decelera-
tion as a result of passage through the Kapton layer at 5 km s~*.

Fig. 13 shows the gun speed vs. the flash speed, for a fixed particle
size (0.5 mm diameter) at varying speed. A fit to the data yielded a

perfect fit to a straight line with y = x, and this line is shown in Fig. 13,
where the ratio (gun speed) / (flash speed) gives an average value of
(0.9966+0.0113), again compatible with unity within the error.

3.4. Flash signal on PVDF acoustic sensor

In programme B, three PVDF sensors were mounted on the second
Kapton film. One was on the front face (FK), one the rear face (RK) and
one on the rear of the frame (RF). Unfortunately, PVDF sensor RK started
to progressively fail (from shot 5 onwards), and gave a reduced signal for
the acoustic vibrations. An example of the PVDF outputs is given in
Fig. 14 for shot 4 where all three PVDF sensors still gave full responses to
test stimuli. In Fig. 14, it can be seen that the FK and RK PVDF sensors
show a signal at t; (when the impact on that layer of Kapton occurs) but
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Fig. 13. Results for gun speed vs. photodiode (flash) speed (using only data for
0.5 mm diameter projectiles, i.e. f/d = 1/40). The line of y = x is shown as
a comparison.

that the expected acoustic signals start slightly later. This initial signal is
taken as some form of EM pick-up from the pulse associated with the
flash. It is a broader peak than the acoustic vibration peaks, and, when
relaxing to the baseline level can overshoot before relaxing to the
original level. Given that this signal is not seen on the PVDF sensor
attached to the mounting frame, it appears to travel across the Kapton
surface and not through free space. In shot 4, the signal was stronger on
the front of the Kapton than the rear.

Of the seven shots in programme B, five showed an EM “pick-up”
signal on PVDF sensor FK (which performed well throughout the pro-
gramme) and two of these five (shots 4 and 5) also showed a signal on
RK. Given that RK was failing, the lack of a “pick-up” signal in later shots
is not necessarily significant. Of the 5 good signals on sensor FK, four
start with a +ve going oscillation, and one with an initially —ve signal.
The two shots without pickup signals (shots 8 and 12) were both at 5 km
s1, so this is not related to impact speed as several shots at that speed
did exhibit signals.

10
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3.5. Acoustic wave speed in Kapton

Given the timing of the flash, and the acoustic vibration signals it
should be possible to use the difference to calculate the speed of the
acoustic transmission in the Kapton, if the distance from the hole to the
sensor is known. Unfortunately, because one of the PVDF sensors on the
Kapton (sensor RK) showed signs of failing from shot 5 onwards, the
transmission times to the start of the signal are suspect in the later shots.
However, in shot 4, the transmission time between impact flash t0 and
the start of the acoustic signal on the PVDF sensors was 31 ps for FK and
49 ps for RK. The hole in the Kapton film was measured to be 6.1 and 9.4
cm from FK and RK respectively. The uncertainty in time was +1 ps, and
in distance was +1 mm. This gives the calculated Kapton acoustic vi-
bration transmission speed as 1968+71 m s7! (FK) and 1918+44 m st
(RK). The speed reported in previous work on 12.5 um Kapton films
using just acoustic (PVDF) signals and triangulation methods to deter-
mine the impact time, was 1898+35 m s 1 [50]1, compatible with the
results here.

4. Conclusions

The light flash from hypervelocity impacts on thin Kapton films has
been successfully observed using off-the-shelf photodiodes. The in-
tensity and start time of the flash were measured. The magnitude of the
flash scales with impact speed in the form I/m = av®, where p = 5.5. This
is compatible with impacts on solid targets, where values of p in the
range 1.5 - 6 are commonly reported at impact speeds of 1 -6 km s ™! (e.
g. see [4] for a review and Swift et al., 2011), although there are issues
with this. For example, it has previously been pointed out that such a
strong dependence on impact speed would fail when extrapolated to
speeds above 10 km s~!, because it implies that the fraction of the
impact energy emitted as visible light would exceed unity as speed
increased. Consequently, at higher speeds the dependence has to be less,
or even minimal (Swift et al., 2011). Additionally, as pointed out by
[29]) the light flash intensity depends on the ambient pressure in the
target chamber, and it is not clear if this also influences p.

Nevertheless, we note several points regarding impact flash intensity
from the present study. The first is that the scaling applies even though
the target films were very thin (with f/d ratio of 1/8 to 1/80), and there
is no appreciable loss of projectile energy during the impact (the pro-
jectile neither slows down nor changes size, i.e. does not lose mass,
during passage through the thin film). Secondly, the data support the
hypothesis that the absolute flash intensity at a given speed depends on
the area of the hole made in the Kapton (which is essentially the pro-
jectile cross-sectional area in the thin film), rather than with projectile
mass. Further, the intensity of the flash as observed on the front and rear
of the film being hit, appears the same (within uncertainties).

The good time resolution for the determination of the start of the
detectable light flash signals permits time resolution on the time of flight
between two Kapton layers to typically slightly better than 1 ps. This,
combined with good signal/noise levels, allows the transit time between
two Kapton layers to be sufficiently accurately determined that the
speed of the projectile can be found to typically +0.7%, even at speeds
of 5 km s™1. The physical separation of the layers can be found to +1
mm, suggesting that the separation could be reduced to of order 150 mm
with just 10% resulting uncertainty on the speed determination.

It was found that at speeds of 2 - 5 km s ™1, no projectile deceleration
was observed in the range of f/d of 1/24 — 1/64. Indeed, for 0.3 mm
projectiles no deceleration was observed at speeds of 5 km s~ and even
at 2 km s~! no deceleration was observed for a 0.5 mm projectile. Future
work to reduce the minimum projectile size (and hence extend the f/
d range) and to determine the lower speed at which flash can be
observed, would be beneficial.

The impact light flash event is also shown to produce signals on
nearby PVDF acoustic sensors. These appear to couple to the EM pulse
via the Kapton film. This confirms the suspicions in past work, with real
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response from RF accompanying the acoustic signals on RK and FK but it is very weak. (Note that to avoid overlapping data, RK and RF are offset by +0.1 and —0.1 V

respectively).

data from the SDS impact detector flown in space in 2019, [49] and in
previous laboratory experiments [50]. The characterisation of this signal
in the present work, will enable it to be recognised within real data from
PVDF sensors and allowed for during analysis. Indeed, if light flash
(photodiode) data were combined with acoustic (PVDF) data, a more
powerful dust impact detector can be envisaged which has accurate
timing, and can provide impactor speed and direction (using triangu-
lation of the acoustic signals on a layer of Kapton) to a high precision.

The experiments reported herein are for normal incidence impacts on
a simple prototype detector. A real space deployed instrument would
need further developments. For example, in space impacts will not all be
at normal incidence, unless some streaming effect is present (see [53],

11

for a discussion on oblique impacts in space). Here, the detector requires
a finite depth to have two well separated layers, and, given a finite
exposed surface area this implies a limited field of view, the NASA SDS
detector for example envisaged detecting impacts through both layers at
up to 30° from normal incidence. Thus, it would be sensible to test the
light flash response over such a range of inclinations. In addition, a
sealed unit should also be tested, such that the photo-diodes are internal
and not exposed to external light sources (such as the sun, Earth-light,
Moon-light, local light sources on the hosting spacecraft, etc.). To help
reduce ambient light levels in the interior of such a detector, the front
Kapton film could also be coated with a thin layer of an opaque coating,
such as palladium (see [54]). This would also have the benefit of
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reducing erosive effects due to atomic oxygen in LEO for example.
Modelling of the impact flash and extrapolation to higher impact speeds
than achievable in a light gas gun would also be desirable.

As stated above, an ideal detector would need to locate the impact
holes on both layers in order to get the flight trajectory of the impactor.
This is not only necessary to get the track length between the two layers,
but, when combined with the measured speed, provides the data
necessary to predict the orbit of the impactor (provided the pointing
history of the detector is known). The current light flash method does
not provide this information. However, by using PVDF acoustic sensors
on both layers, it is possible to obtain the necessary data (plus a resistive
grid on the front layer for hole size). Thus a flight model would use a
mixture of light flash and acoustic detectors to provide impact speed,
direction and size for the incident particle.

Taken together, the results presented here suggest that TOF speed
measurement systems using 12.5 um Kapton films, would potentially be
ideal for use in cosmic dust and space debris detectors in LEO, where
speeds will have an average of a few km s~ (debris) up to mean values
of 15 - 20 km s~ (interplanetary dust). Higher impact speeds are also
possible (e.g. from some cometary dust grains or interstellar dust which
can penetrate into the inner solar system).
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