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Abstract-The wavelength dependence and temporal evolution of the hypervelocity impact
self-luminous plume (or “flash”) from CO, ice, water ice, and frozen Martian and lunar
regolith simulant targets have been investigated using the Kent two-stage light-gas gun. An
array of 10 band-pass filtered photodiodes and a digital camera monitored changes in the
impact flash intensity during the different phases of the emitting ejecta. Early-time emission
spectra were also recorded to examine short-lived chemical species within the ejecta.
Analyses of the impact flash from the varied frozen targets show considerable differences in
temporal behavior, with a strong wavelength dependence observed within monitored near-
UV to near-IR spectral regions. Emission spectra showed molecular bands across the full
spectral range observed, primarily due to AlO from the projectile, and with little or no
contribution from vaporized metal oxides originating from frozen regolith simulant targets.
Additional features within the impact flash decay profiles and emission spectra indicate an
inhomogeneity in the impact ejecta composition. A strong correlation between the density of
water ice-containing targets and the impact flash rate of decay was shown for profiles
uninfluenced by significant atomic/molecular emission, although the applicability to other
target materials is currently unknown. Changes in impact speed resulted in considerable
differences in the temporal evolution of the impact flash, with additional variations
observed between recorded spectral regions. A strong correlation between the impact speed
and the emission decay rate was also shown for CO, ice targets. These results may have
important implications for future analyses of impact flashes both on the lunar/Martian
surface and on other frozen bodies within the solar system.

INTRODUCTION multiple, interacting processes
evolving ejecta.

short-lived light flashes are produced

within the

W) Check for updates

rapidly

The temporal evolution of impact flashes is typically
monitored in the laboratory using photodetectors

from high-speed lunar impacts are so energetic that
they are frequently observed by modest facilities
(Dunham et al. 2000; Cudnik et al. 2003; Suggs et al.
2014; Avdellidou and Vaubaillon 2019). In order to
understand the complex phenomena within such
impact ejecta, laboratory measurements are utilized to
more closely observe these impacts and identify the

(Eichhorn 1976; Burchell et al. 1996; Ernst and Schultz
2003, 2004, 2007; Bergeron et al. 2006; Lawrence et al.
2006; Tsembelis et al. 2008; Ernst et al. 2011; Goel et al.
2015; Yafei et al. 2019) or high-speed cameras (Kondo
and Ahrens 1983; Schultz 1996; Ernst and Schultz 2007;
Schultz et al. 2007, Mihaly et al. 2013, 2015; Tandy
et al. 2014; Schultz and Eberhardy 2015), revealing
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multiple phases of the radiating impact ejecta. These
phases primarily comprise a rapid jet or plasma phase;
a slower, expanding vapor cloud; and molten or high
temperature ejecta that are dependent on specific impact
parameters (Ang 1990; Yang et al. 1992; Kadono and
Fujiwara 1996; Schultz 1996; Sugita et al. 1998; Sugita
and Schultz 1999; Ernst and Schultz 2004, 2007; Schultz
et al. 2006; Tsembelis et al. 2008; Ernst et al. 2011;
Bruck Syal et al. 2012). Several studies have also
utilized spectroscopic instrumentation to further analyze
the composition of the rapidly evolving ejecta plume,
allowing determination of prevalent atomic and/or
molecular species (Gehring and Warnica 1963; Jean and
Rollins 1970; Schultz et al. 1996, 2007; Sugita et al.
1998, 2003; Sugita and Schultz 1999, 2003a; Lawrence
et al. 2006; Tandy et al. 2014; Schultz and Eberhardy
2015; Verreault et al. 2015).

Previous impact experiments into ices have
determined the importance and degree of melting,
vaporization, and ionization within the ejecta

(Timmermann and Griin 1991; Burchell et al. 1996;
Schultz and Mustard 2004; Schultz et al. 2007; Bruck
Syal et al. 2012; Rager et al. 2014). It is likely that these
highly energetic impacts drastically alter the physical
and chemical properties of icy bodies and could play a
significant role in the evolution of planetary surface
composition and the areas of space in their vicinity
(Pospieszalska and Johnson 1991; Timmermann and
Griin 1991; Burchell et al. 1996; Martins et al. 2013).
The temporal changes in the emission and the transient
chemical species generated from these frozen targets,
therefore, warrant further investigation.

This study investigates the wavelength dependence
and temporal evolution of hypervelocity impact flashes
from CO, ice, water ice, and frozen Martian and lunar
regolith simulant targets. An additional analysis of
corresponding early-time emission spectra assesses
contribution from specific atomic/molecular species
within the initial ejecta. Variations in the observed
phenomena with impact speed are also reported.

METHOD

A two-stage light-gas gun (Burchell et al. 1999) was
used to horizontally accelerate 3.0 mm 7075 aluminum
spheres into various frozen targets with their surface
aligned at 90° to the shot line (horizontal impact). The
impact speed was selected by varying the amount of
gunpowder and gas pressure in the gun’s pump tube.
The majority of experiments used an impact speed
between 4.5 and 5.0 km s™!, with the exact speed
measured to better than 1% for individual shots. The
target chamber was evacuated to typically 50 mbar
during each shot. This pressure is higher than typical
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Fig. 1. A 100 mm diameter, stainless steel can containing a
frozen ~50:50 mixture of finely crushed CO, ice and JSC-1
Martian regolith simulant. (Color figure can be viewed at wile
yonlinelibrary.com.)

vacuum conditions employed by some other impact
flash experiments (e.g., Tandy et al. 2014; Schultz and
Eberhardy 2015) and will reduce the mean free path of
the ejecta. This will cause an increase in ablation of the
high-speed ejecta, with a higher proportion of emission
from the resulting high temperature vapor (Sugita and
Schultz 2003b). Consequently, the overall nature and
behavior of the observed impact flash may differ from
laboratory  experiments utilizing lower ambient
pressures. Frozen targets containing a combination of
water ice, CO, ice, and regolith simulants were prepared
and compressed into 100 mm diameter, stainless steel
cans, as illustrated in Fig. 1.

The chemical compositions (percentage by weight)
of the JSC-1A lunar simulant (McKay et al. 1994) and
JSC-1 Martian simulant (Allen et al. 1998) are
summarized in Appendix A. The average grain size of
the lunar and Martian regolith simulants is
approximately 188 and 325 um, respectively. Targets
containing ice and regolith simulant were thoroughly
mixed during preparation to ensure an even distribution
of materials within the target. A fine spray of water was
required to bind the regolith simulants to the finely
crushed CO, ice before refreezing the mixtures
(Avdellidou et al. 2017). Targets were stored at
approximately —140 °C prior to impact to prevent
significant CO, ice sublimation (for ~30 min on
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average). Targets were then exposed to room
temperature for approximately 10 min while the impact
chamber was evacuated. Given an approximate
sublimation rate of 2% per hour for typical dry ice
pellets, this would correspond to approximately 0.33%
of the sample. However, this is likely an overestimate,
as the ice is compressed within a steel with only the
target surface exposed to the ambient air within the
vacuum chamber (i.e., a smaller surface area).
Furthermore, the sublimation of the target surface is
partially dependent on the heat transfer from the
residual air, which decreases relatively rapidly once
evacuation begins. Despite the relatively small loss due
to sublimation, rapid thermal diffusion within the
sample during evacuation would cause the target
material excavated during impact to be at room
temperature.

The approximate, average densities of targets
containing water ice were determined by preparing
multiple samples on a smaller scale (approximately 2.5
cm’) and measuring their volume and mass using
Vernier calipers and a top pan balance, respectively.
Densities of 0.92, 1.32, and 1.73 g cm ™ were calculated
for the 100% water ice, 50% water ice/50% JSC-1
Martian regolith, and 50% water ice/50% JSC-1A lunar
regolith samples, respectively. The percentage relative
standard deviation of the calculated densities was 3.4%,
4.8%, and 2.0%, respectively. Densities for targets
containing CO, ice could not be acquired using this
method due to rapid sublimation during measurements.
It was also not possible to determine changes in
densities for targets containing CO, ice during
evacuation of the target chamber. Approximate
densities for these materials were determined by
comparing emission decay data with those from targets
containing water ice during subsequent analyses
(detailed later). Table 1 summarizes the target material
and projectile speed used within each impact
experiment.

Impact Flash Decay Measurements

Initial experiments monitored the impact flash
intensity and decay across 10 spectral bands (between
355 and 950 nm) wusing an array of identical
photodiodes with a spectral width of approximately
300-1100 nm. The photodiodes were arranged in two
banks, with different optical/IR band-pass filters and
encased in a protective aluminum box. The arrangement
of each photodiode within the box, including the band
center, transmission efficiency, and spectral width of
each filter, is indicated in Fig. 2. The broader spectral
width (60 nm) of the 400 nm filter was utilized to
capture the strong, aluminum atomic emission at 394
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Table 1. Frozen target material and projectile speed for
each impact experiment. All experiments were carried
out using a horizontal impact orientation (target at 90°
to the shot line).

Impact

Shot speed

1D Target material and percentage composition (km s

S1 100% CO; ice 4.77

S2 100% water ice 4.51

S3 50% CO, ice/50% JSC-1 Martian regolith 4.61
simulant

S4 50% water ice/50% JSC-1 Martian regolith 4.66
simulant

S5 50% CO, ice/50% JSC-1A lunar regolith 4.73
simulant

S6 50% water ice/ 50% JSC-1A lunar regolith 4.31
simulant

S7 100% CO; ice 4.92

S8 100% CO; ice 5.01

S9 100% CO; ice 4.84

S10  50% CO, ice/50% JSC-1 Martian regolith 4.89
simulant

S11 50% CO, ice/50% JSC-1 Martian regolith 491
simulant

S12 50% CO, ice/50% JSC-1 Martian regolith 4.78
simulant

S13 50% CO, ice/50% JSC-1A lunar regolith 4.86
simulant

S14  50% CO, ice/50% JSC-1A lunar regolith 4.74
simulant

S15  50% CO; ice/50% JSC-1A lunar regolith 4.81
simulant

S16 100% CO; ice 4.03

S17 100% CO; ice 4.85

S18 100% CO; ice 5.73

S19 100% CO; ice 5.50

and 396 nm. The photodiode box was placed within the
target chamber and positioned slightly below the shot
line and approximately 650 mm from target surface, as
indicated in Fig. 3. Photodiodes were mounted
approximately 5 mm apart with a field of view diameter
of approximately 25 cm at the point of impact. Two
small alignment lasers within the box were used to
ensure the photodiodes’ field of view (FOV) were
directed at the center of the target before each shot. The
alignment accuracy was determined to be <0.1°. This
accuracy, coupled with the large photodiode FOV,
ensured each channel recorded the same impact-induced
emission. The output of each photodiode was connected
via an electrical feedthrough to a high-speed data
acquisition system. Triggering was achieved from the
moment of impact of the discarded sabot segments onto
a stop-plate with a polyvinylidene difluoride (PVDF)
sensor attached. This resulted in approximately 100 ps
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Photodiode Bank 1
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10 nm width 10 nm width 10 nm width 10 nm width 10 nm width
850 nm 440 nm 630 nm 513 nm 355 nm
Photodiode Bank 2
60 nm width 10 nm width 10 nm width 10 nm width 10 nm width
400 nm 800 nm 905 nm 700 nm 950 nm

Fig. 2. Arrangement of two photodiode banks with band-pass filter spectral widths (above), transmission efficiencies (inside), and
center wavelengths (below). (Color figure can be viewed at wileyonlinelibrary.com.)

Target chamber

Photodiode
array box

1

Frozen Projectile
Target )
Steel rod
extension system
FastCan
camera

——  _  Viewingport

windows

Fig. 3. Arrangement of the frozen target, photodiode array box, and FastCan camera during impact flash decay measurements
(not to scale). (Color figure can be viewed at wileyonlinelibrary.com.)

of pre-impact data from the photodiodes before the
projectile impacted the target. The resulting emission
intensity data have a time resolution of 1.0 ps.

The impact flash intensities across different spectral
bands for shots S1-S6 and S16-S19 were measured using
the photodiode array. The resulting data for each spectral
band was adjusted to account for the quantum efficiency

of the photodiode (~0.5 across all wavelengths) and
normalized according to the transmission efficiency at the
central wavelength of each band-pass filter (shown in
Fig. 2). The inherent background voltage of each
channel’s baseline was then slightly raised or lowered to
approximately 10.0 mV (through addition or subtraction
of a specific value, independent for each channel) to allow
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Optically thick

ejecta E

Frozen E

Target i

\ I E
19 mm

Steel rod E
extension system E
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Target chamber

Optically thin ejecta

/ emission

Projectile

@Photodiode I_

trigger

a

Spectrometer slit

—{ |[¥— field-of-view
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IsoPlane spectrograph

|

Viewing port
windows

Fig. 4. Arrangement of the frozen target, IsoPlane spectrograph, PI-MAX 4 camera, and photodiode trigger during early-time
emission spectra measurements (not to scale). The spectrometer slit width provided a field of view of 2 x 91 mm (width X height)
positioned 19 mm in front of the frozen target surface. (Color figure can be viewed at wileyonlinelibrary.com.)

a direct comparison of the relative intensities of each
spectral band.

Additional photographs of the impact flash were
recorded through a window in the target chamber
approximately 1.1 m and 15° from the projectile shot
line using a FastCan digital video camera (as shown in
Fig. 3). The camera utilized a 50 mm Nikon f1.2 lens
with a resolution of 1024 x 360. As the camera was
unable to be externally triggered, it was operated
continuously at a frame rate of 2800 frames/s and
selected frames (showing the impact flash) extracted
post-shot.

Early-Time Emission Spectra

Optical emission spectra of the initial impact ejecta
cloud (within ~15 ps) were recorded through a side
window of the impact chamber (at 90° to the shot line)
using a Princeton Instruments ultra-fast, PI-MAX4
intensified camera and IsoPlane spectrograph (as shown
in Fig. 4). A 600 g mm™" diffraction grating blazed at

500 nm was utilized within the spectrometer providing a
spectral width and resolution (FWHM) of approximately
60 and 0.2 nm, respectively. Consequently, data from
three individual shots (using identical impact conditions)
were combined to produce emission spectra covering a
full spectral range of 470-640 nm. The spectral range of
the three segments was 468.7-530.9, 528.9-590.8, and
584.0-645.6 nm, respectively. Small variations in the
baseline intensity of each segment were adjusted by
adding/subtracting a constant factor to slightly increase/
decrease the overall intensity of the segment as required.
The emission spectra were restricted to targets containing
CO, ice and CO, ice/regolith mixtures, due to weak
emission from the water ice targets and limited
experimental time with the spectrometer system.

The PI-MAX4 camera utilized a Nikon AF-S micro
Nikkor 105 mm lens focused at the center of the target
chamber. The spectrometer slit width was set to 250 um
providing a field of view of 2 X 91 mm (width X height)
positioned 19 mm in front of the frozen target surface
to minimize obscuration from fast-moving, solid/liquid
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Fig. 5. Impact flash decay measurements over 10 spectral
bands from a 3 mm Al projectile impacting a solid CO, ice
target at 4.77 km s~!. The wavelengths shown are the central
wavelengths of each band-pass filter, as indicated in Fig. 2.
(Color figure can be viewed at wileyonlinelibrary.com.)

ejecta during the camera exposure, as indicated in
Fig. 4. The system was triggered from the initial impact
flash using a photodiode placed within the target
chamber, approximately 150 mm from the target
(shown in Fig. 4). The camera exposure time was set to
10 us with the trigger delay time (response delay from
the photodiode) dependent on the target. The average
variation in the trigger delay for each target material
was + 0.9 us. Previous work wusing similar impact
conditions showed that the ejecta present within the first
microsecond is typically optically thick (Heunoske et al.
2013). Fortunately, the trigger delay within these
experiments effectively ensured that all spectra
measured optically thin ejecta and exclusively observed
spectra in emission.

RESULTS
Preliminary impact flash measurements showed
reproducible temporal behavior of the individual

photodiodes, allowing a comparison between channels.
Figure 5 shows the impact flash decay of each
photodiode over the first 2 ms for a pure CO, ice target
(shot SI1) indicating variation across the different
spectral bands. Additionally, Fig. 6 shows three
sequential FastCan camera images (exposure time
approximately 0.35 ms) corresponding to frames in
which the impact emission was visible during shot S1.

A subsequent examination of the impact flash in
individual photodiode channels for different target
materials indicated considerable variation in both the
peak intensity and decay profiles of the ejecta emission.
Furthermore, these variations were shown to be
different for specific spectral bands. This is illustrated in

J. D. Tandy et al.

C

Fig. 6. Photograph sequence (a—c) of the impact flash from a
3 mm Al projectile impacting a solid CO, ice target at
4.77 km s~'. Images were acquired using a FastCan camera
aligned approximately 15° from the projectile shot line,
operating at 2800 frames/s, corresponding to an exposure time
of ~0.35 ms. Exact timings of each frame relative to the
impact time could not be acquired due to the inability to
externally trigger the camera. The bright area on the left side
of image (b) is due to specular reflection from the steel can
containing the frozen target. The edge of the steel can is also
observed as the circular feature in image (b). (Color figure can
be viewed at wileyonlinelibrary.com.)

Fig. 7, which shows the variation in impact flash decay
profiles of the six target materials for all photodiode
channels except those with filters centered at 400 and
630 nm (note the differences in the voltage scale for
each channel). The 400 nm channel was not used for
this comparison due to the different spectral width of
the band-pass filter (60 nm in comparison to 10 nm for
all other filters). The 630 nm photodiode data were also
not included due to the extremely low intensities
consistently measured by this channel.

Despite variations in temporal behavior between
targets, Fig. 7f shows a uniform decay profile for all
materials. These data were used to calculate decay
exponents (o) for each material using the method
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Fig. 7. Impact flash decay measurements from a 3 mm diameter Al projectile impacting six different target materials, as
indicated in Table 1 (shots S1-S6). The central wavelengths of the eight spectral bands shown are (a) 355 nm, (b) 440 nm, (c)
513 nm, (d) 700 nm, (e) 800 nm, (f) 850 nm, (g) 905 nm, and (h) 950 nm, respectively. (Color figure can be viewed at wileyonline
library.com.)
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Fig. 8. Decay curves and corresponding decay exponents (o)
using the 850 nm photodiode data for each frozen target.
(Color figure can be viewed at wileyonlinelibrary.com.)
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Fig. 9. Decay exponent (x) versus target density for 100%
water ice, 50% water ice/50% Martian regolith simulant, and
50% water ice/ 50% lunar regolith simulant targets. The best-
fit equation indicates a linear relationship.

outlined by Ernst and Schultz (2003) with the resulting
decay curves shown in Fig. 8.

Decay exponents obtained for each water-
containing target showed a strong correlation to the
measured target densities, as shown in Fig. 9.
Equivalent data points were not plotted for CO,-
containing targets, as accurate density values could not
be determined due to rapid sublimation during
measurements.

An analysis of the variation in decay profile with
impact speed was also undertaken. Figures 10, 11, and
12 compare the flash decay profiles from shots S16-S18

J. D. Tandy et al.

for the 440, 513, and 630 nm photodiode channels,
respectively.

Decay exponents («) for four CO, ice impacts at
varied impact speeds (shots S16-S19) were calculated
using the 850 nm photodiode channel measurements.
These a values showed a strong correlation to the
impact speed, as shown in Fig. 13.

Early-time emission spectra were also recorded and
combined (as described in the Methods section) for pure
CO, ice (shots S7-59), CO, ice and Martian regolith
(shots S10-S12), and CO, ice and lunar regolith
(S13-S15) targets, which are shown in Figs. 14, 15, and
16, respectively.

Further analysis of the data revealed differences in
the emission spectrum in different areas of the camera
CCD, corresponding to different vertical positions
within the ejecta. The CO, ice impact data were
subsequently binned into 15 segments (rows of CCD
pixels) corresponding to a field of view of
approximately 2 x 6 mm (width x height). Figure 17
indicates the different emission spectra of shot S7 for
two of these segments showing the strongest emission.

DISCUSSION

The impact flash decay observed across the different
spectral channels shown in Fig. 5 indicates a variation
in both the peak intensity and temporal behavior of the
emission. Although normalized for photodiode quantum
efficiency, it is difficult to provide a fully quantitative
comparison of the peak flash intensity across the
different channels, as the photodiode array was not
calibrated to take into account additional variations
between photodiodes (e.g., sensitivity, filter efficiency,
etc.). Indeed, a precise, quantitative analysis of the peak
emission across the spectral bands covered by each
photodiode is beyond the scope of this article.
Nevertheless, the photodiode data suggest that certain
spectral regions (e.g., around 440 and 800 nm) emit
more in the initial 250 ps than others (e.g., around 400
and 630 nm).

Figure 5 also shows that, in general, the emission
decay profile is similar in the majority of the photodiode
channels and returns the baseline at around 1.5 ms. The
figure also indicates that most channels peak between
approximately 70 and 100 ps after impact. The observed
emission should be primarily due to thermal radiation
from the hot, expanding gas cloud present after the
initial jetting phase. The uniformity in the majority of
decay profiles is consistent with a cooling blackbody
within an expanding gas cloud (Ernst and Schultz 2004;
Schultz and Eberhardy 2015). Figure 6 illustrates this
rapid expansion and cooling of the ejecta within the
sequence of impact flash photographs and indicates that
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Fig. 10. Impact flash measurements of the 440 nm photodiode channel for a 3 mm diameter Al impact onto a CO, ice target at
three different impact velocities. The insert in the top right of the figure shows the difference in emission profile within the first
0.4 ms. (Color figure can be viewed at wileyonlinelibrary.com.)
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Fig. 11. Impact flash measurements of the 513 nm photodiode channel for a 3 mm diameter Al impact onto a CO, ice target at three
different impact velocities. The insert in the top right of the figure shows the difference in emission profile within the first 0.4 ms.
(Color figure can be viewed at wileyonlinelibrary.com.)


www.wileyonlinelibrary.com
www.wileyonlinelibrary.com

2310

Photodiode Voltage / V
o
(@]
|

J. D. Tandy et al.

0.4+

Photodiode Voltage / V

0.2

0.0 T T

1
1
1
1
1
1
1
1
1
0.6 )
1
1
)
1
1
1
1
1
1
1

—4.03 km/s
—4.85 km/s
—5.73 km/s

|
00 05 10 15 20

! ! ! ! ! ! ! | ! |

T
25 30 35 40 45 50

Time (ms)

Fig. 12. Impact flash measurements of the 630 nm photodiode channel for a 3 mm diameter Al impact onto a CO, ice target at
three different impact velocities. The insert in the top right of the figure shows the difference in emission profile within the first

0.4 ms. (Color figure can be viewed at wileyonlinelibrary.com.)

-0.8 5

4.0
1 y =-0.961x + 2.921

-1.2 1
R?=0.9981

14
164
18
20

Decay Exponent

2.2
2.4

-2.6 4 u

-2.8

T T T T T T T T
40 42 44 46 48 50 52 54 56 58
Impact Speed (km/s)

Fig. 13. Decay exponent (o) versus impact speed for 100%
CO, ice targets. The best-fit equation indicates a linear
relationship.

the increase in photodiode intensities to their peak is
primarily due to an expansion of the radiating area
exposed to the detectors.

A similar study by Ernst and Schultz (2004)
examined the peak emission intensity during spherical

Pyrex impacts into pumice dust targets using six
calibrated photodiodes with various band-pass filters.
The resulting data showed the maximum intensities for
the filtered photodiodes to be approximately the same,
with no clear trend between wavelength and peak
emission intensity. Conversely, Yafei et al. (2019)
observed considerable variation in the peak intensities
of four photodiodes monitoring different wavelengths
(400, 500, 600, and 700 nm) during impacts of Al
projectiles onto Al plates. This suggests that the
projectile and/or target materials play a pivotal role in
the relative strength of the emission across the visible
and near-IR spectrum.

Figure 5 also shows inconsistencies in the integrated
intensities and peak times between photodiodes. Two
notable exceptions are the 400 and 513 nm channels,
which peak at 25 and 4 ps, respectively. Analyses by
Ernst and Schultz (2003) of impact emission decay using
photodiodes concluded that the overall impact flash
decay time primarily provides information regarding the
physical nature of the target’s surface, whereas the peak
emission time is related to the properties of the
impactor. This implies that the observed variation in
peak intensity time in these two channels is likely linked
to atomic/molecular emission involving aluminum.
Figure 14 shows that one of the strongest emission
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Fig. 14. Emission spectrum of a 3 mm 7075 Al projectile
impacting a solid CO, ice target using a camera exposure time
of 10 ps. The spectrum comprises data from shots S7, S8, and
S9 (468.7-530.9, 528.9-590.8, and 584.0-645.6 nm, respectively)
with trigger delay times of 2.5, 1.4, and 2.1 ps, respectively.
Atomic/molecular assignments of the major emission lines/
bands are indicated above. Observed Fe lines are most likely
impurities originating from the stainless steel can.

bands in the observed spectrum is due to AlO between
approximately 508 nm and 525 nm, coinciding with the
spectral range of the photodiode channel centered at
513 nm. Additionally, the photodiode centered at
400 nm would capture the strong Al atomic emission
lines at 394.4 and 396.2 nm. These AI/AIO emission
lines/bands have been observed in previous impact
experiments (Schultz 1996; Schultz et al. 1996;
Heunoske et al. 2013; Tandy et al. 2014; Verreault et al.
2015) and all other Al atomic and AlIO molecular
emission would fall outside of the spectral regions
covered by the remaining photodiodes. Yafei et al.
(2019) also observed an earlier peak in the decay profile
for the band-pass filtered photodiode centered at
400 nm, which would capture the aforementioned Al
atomic emission.

Schultz (1996) first measured the impact-induced
emission spectrum from a dry ice target and primarily
observed AIO emission bands, from rapid impactor/
target reactions within the ejecta cloud, and a strong Na
atomic emission line at ~590 nm commonly observed
from projectile impurity vaporization in impact
experiments (e.g., Sugita et al. 2003; Tandy et al. 2014;
Schultz and Eberhardy 2015). Figure 14 indicates that
the same spectroscopic features are detected in this
study, with strong AlO molecular emission between 484
and 525 nm (Pearse and Gaydon 1976) and a strong Na
atomic line at 589.2 nm (Kramida et al. 2019).
Additional  atomic/molecular emission lines/bands
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Fig. 15. Emission spectrum of a 3 mm diameter 7075 Al
projectile impacting a solid 50% CO, ice/50% Martian
regolith simulant using an exposure time of 10 ps. The
spectrum comprises data from shots S10, S11, and S12
(468.7-530.9, 528.9-590.8, and 584.0-645.6 nm, respectively)
with trigger delay times of 7.2, 7.3, and 9.9 ps, respectively.
Atomic/molecular assignments of the major emission lines/
bands are indicated above. The full intensity of the Na atomic
emission line at ~590 nm is not shown to allow weaker
emission lines/bands to be seen.

deriving from various sources are also observed. The Zn
atomic emission line at ~578 nm originates from the
projectile (7075 aluminum contains approximately 6%
zinc), while multiple Fe lines are most likely impurities
originating from the stainless steel can. Additional,
weaker bands are also seen throughout the spectrum
but cannot be conclusively assigned to specific atomic/
molecular species.

One might expect CO bands from vaporized CO,
ice target material to also be observed in emission.
These bands have been previously detected in several
other impact experiments using a variety of projectile
and target materials (Schultz 1996; Schultz et al. 2007,
Schultz and Eberhardy 2015). Three band heads of CO
that are potentially evident within Fig. 14 are the 0-1,
0-2, and 0-3 (V' — v*) B' £—A4" Il vibronic transitions, at
483.5, 519.8, and 561.0 nm, respectively (Pearse and
Gaydon 1976). However, additional spectroscopic
measurements for this projectile-target system would be
required to conclusively assign these bands due to their
very low intensities.

The significant difference in the spectral bands
shown in Fig. 17 (corresponding to different vertical
positions within the radiating plume) may explain slight
inconsistencies in the emission spectra of shots S7-S9,
where certain lines or bands may have been expected to
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Fig. 16. Emission spectrum of a 3 mm diameter Al projectile
impacting a solid 50% CO, ice/50% lunar regolith simulant using
an exposure time of 10 ps. The spectrum comprises data from
shots S13, S14 (468.7-530.9, 528.9-590.8, and 584.0-645.6 nm,
respectively), and S15 with trigger delay times of 4.5, 5.5, and
4.9 ps, respectively. Atomic/molecular assignments of the major
emission lines/bands are indicated above. The full intensity of the
Na atomic emission line at ~590 nm is not shown to allow
weaker emission lines/bands to be seen.
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Fig. 17. Emission spectra of two data segments originating
from shot S7 using a camera exposure time of 10 us with a
trigger delay time of 1.4 ps. (Color figure can be viewed at
wileyonlinelibrary.com.)

be more/less intense. For example, the relative intensity
of the Fe lines observed in these spectra is not
completely consistent with the Einstein coefficients for
these transitions. Indeed, one might expect other strong
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Fe lines (e.g., at ~532 nm) to be observed within the
spectral region covered by Fig. 14 if the impact energy
was evenly distributed throughout the radiating ejecta.
The observed variation in emission within the ejecta
may therefore provide an explanation for these slight
inconsistencies. Sugita and Schultz (1999) also proposed
that self-absorption of opaque, fine-grained debris/
droplets may be responsible for inconsistent atomic
emission intensities, which would likely exhibit strong
blackbody radiation. Given the relatively low
background shown in Fig. 17, it seems unlikely this is a
primary cause of the observed intensity variations.
Additionally, it is possible that the specific transitions
measured in the current study provide a preferential
decay pathway for the atomic/molecular species to
dissipate their internal energy within the expanding
ejecta cloud.

The mixed CO, ice and Martian regolith spectrum
in Fig. 15 show a significant reduction in the AlO and
Zn emission in comparison to the pure CO, ice target
spectrum. Other weak emission features are also
observed at approximately 582.7, 610.6, and 632.0 nm
(indicated by an asterisk). These bands cannot be
conclusively assigned, but approximately correspond to
emission bands of FeO, CuO, and MgO, respectively
(Pearse and Gaydon 1976), which could potentially
originate from metal oxides within the Martian regolith,
although these assignments are extremely tentative.
Interestingly the, mixed CO, ice and lunar regolith
spectrum in Fig. 16 shows a slight increase in AlO
emission in comparison to Fig. 15, but shows no
evidence of any bands corresponding to metal oxide
emission.

The reduced projectile emission observed in Figs. 15
and 16 correlates with an increase in trigger delay time
of the spectrometer, with the lowest AlO emission for
the Martian regolith-containing target corresponding to
the largest average trigger delay. This observation is
consistent with the most intense projectile emission
occurring during the short-lived jetting phase
immediately after impact (Sugita and Schultz 1999;
Schultz and Eberhardy 2015). The apparent
disappearance of the bands potentially corresponding to
FeO, CuO, and MgO in Fig. 16 might be explained by
the reduction in metal oxide composition (except for
CaO) within the lunar regolith simulant (Appendix A).

The relative proportion of emission lines/bands
originating from the projectile and target materials at
different stages after impact has been previously
investigated (Sugita and Schultz 1999; Schultz and
Eberhardy 2015). Schultz and Eberhardy (2015)
concluded that, at distances relatively close to the point
of impact, early-time emission spectra (within the first
20 ps after impact) are dominated by projectile emission
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caused by high-speed jetting. Given the short exposure
time and positioning of the spectrometer system, the
strongest lines/bands within emission spectra of this
study should therefore originate from the projectile,
which is confirmed by the relative intensities in Fig. 14.
Sugita et al. (2003, 2004) showed the relative intensity
of such optical emission is strongly controlled by the
partition function and the degrees of electronic
excitation and ionization. Furthermore, the specific
electronic excitation energies were shown to govern the
relative intensities between emission lines from identical
elements and the degree of ionization shown to
primarily control the intensity ratio of emission lines
between different atomic species. The apparent lack of
clear spectral signatures other than AlO indicates that
the majority of the emitting species within the self-
luminous plume originate from the aluminum projectile,
with little or no contribution from vaporized species
from the target material. This may be due to insufficient
energy from the relatively small-scale impact to ionize
or electronically excite the necessary quantity of target
material. The spectra also show little evidence of an
underlying high temperature, blackbody background,
suggesting that the detected ejecta/condensates
(originating from the vapor plume) are relatively cool.
This is expected given the position of the spectrometer,
which would allow considerable expansion and cooling
of this material before entering the specific field of view
of the PI-MAX4 camera (Fig. 4).

Figure 7 illustrates the considerable differences in
the relative peak emission for the various target
materials within each photodiode channel. Despite these
deviations, a few general conclusions can be made
(when using aluminum projectiles):

1. The average peak emission intensity of the 100%
water ice is considerably lower than the other targets.

2. The average peak emission intensity is higher when
using CO, ice (rather than water ice) within the
target.

3. The average peak emission intensity is higher for
targets containing the lunar regolith simulant in
comparison to the Martian regolith simulant.

4. The primary emission peak occurs slightly later for
targets containing lunar or Martian regolith
simulant.

The FastCan camera photographs in Appendix B
(recorded for shots S1, S2, S5, and S6) also confirm the
general trend that targets containing CO, ice yield
brighter impact flashes in comparison to those that
contain water ice.

These trends may potentially be explained by the
relative densities of the different target materials: the
measured densities for the water-containing targets
show an increase in density from pure water ice to
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frozen Martian regolith to frozen lunar regolith, and
CO, ice has a higher density (between 1.4 and
1.6 g cm™ from Hiring et al. 2007) than water ice. The
delayed emission peak of the regolith-containing targets
could also be explained by the increased obscuration
caused by the ejecta from these materials. A higher
proportion of the pure ice targets (water or CO,) will be
vaporized upon impact, meaning a reduction in the
solid debris obscuring the initial flash. Ejecta from
regolith-containing targets would therefore need to
expand further before the maximum emission intensity
could be detected by the photodiode array.

The range of decay exponent (a) values shown in
Fig. 8 reflects the considerable variation in the
properties of the six target materials and correlates well
with the general trends observed for the peak emission
intensities:

1. The relative rate of decay of the 100% water ice
emission is considerably longer than the other
targets.

2. The relative rate of decay is shorter when using
CO5 ice (rather than water ice) within the target.

3. The relative rate of decay is shorter for targets
containing the Ilunar regolith simulant in
comparison to the Martian regolith simulant.

The o values of the mixed water ice and lunar/
Martian regolith simulant targets also compare
favorably with the decay exponent obtained by Ernst
and Schultz (2003) for a frozen perlite target (o =
-1.02).

Figure 9 shows a strong, linear correlation between
the decay exponent and target density (for water ice-
containing targets), with a decreasing for increasing
target density, as previously noted by Ernst and Schultz
(2003) for sand, pumice, and perlite targets. Their
examination of frozen and unfrozen perlite targets also
showed a greater excavation efficiency in particulate
targets, corresponding to a smaller o (longer rate of
decay) for the unfrozen sample. The Martian regolith-
containing targets of this work were observed to break
apart much more easily during preparation, with the
mixed CO, ice and Martian regolith targets requiring
slightly more water to effectively bind the materials.
The greater particulate nature of the Martian regolith-
containing targets (in comparison to the lunar regolith)
is likely related to the larger average grain size and is
also reflected in the considerably smaller o values shown
in Fig. 8. A future study examining the correlation
between grain size distribution and decay exponent is
therefore warranted to ascertain the importance of this
parameter in the emission decay for various target
materials.

Despite the strong correlation between decay
exponent and target density observed, several factors
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are known to contribute to the impact flash decay.
First, the porosity of the target has been shown to
significantly alter the emission decay and duration
(Ernst and Schultz 2003, 2007; Schultz et al. 2005) with
highly porous particulate targets reducing the flash
lifetime by more than two orders of magnitude.
Although it is difficult to assess the exact porosity of
the frozen, mixed ice, and regolith targets, the average
grain size for the Martian regolith simulant used in this
study was considerably larger than the lunar simulant,
which may correlate to a decreased porosity within the
frozen targets. This would imply a slower emission
decay in the Martian regolith-containing targets in
comparison to those containing lunar regolith, which is
supported by the alpha values shown in Fig. 8.
However, the precise correlation between grain size and
porosity upon impact for frozen targets has not been
established meaning a clear correlation between porosity
and decay exponent cannot be determined for the target
materials used in this study. Indeed, the simulants used
do not reflect the true grain size distribution for either
Martian or lunar regolith, but were utilized for their
chemical similarity. It is also likely that the relative
composition of the mixed ice regolith targets would
affect this parameter and should be investigated further
to examine a possible correlation between decay
exponent and the percentage of regolith used within the
frozen target. Second, the difference between solid and
particulate targets has been shown to reduce peak
emission duration by a factor of two (Ernst and Schultz
2007). Given that all targets within this study were
frozen into a solid block, it seems likely that this
parameter should not have significantly affected the
measured decay exponents.

Third, the volatile content of the target is also
understood to influence the blackbody radiation that
contributes toward the impact flash lifetime (Ernst and
Schultz 2003; Schultz et al. 2005). An increased volatile
content generally yields a greater radiant energy for a
volatile-rich projectile-target system like Al onto CO,
ice. This manifests itself in the more intense AlO
emission bands from the pure CO, ice target (Fig. 14)
in comparison to the mixed regolith-ice target spectra
(Figs. 15 and 16). If volatile content were the major
factor in the determination of the decay exponent, one
would expect the o value for the pure CO, ice to be
smaller (i.e., longer decay time) than the equivalent
values for the two mixed CO,-regolith targets, as the
overall heat of vaporization/sublimation for regolith-
containing targets should be considerably larger.
Figure 8 illustrates that this is not the case with the
pure CO, ice a value (—1.751) greater than the mixed
CO, ice and Martian regolith value (—1.347), but less
than mixed CO, ice and lunar regolith value (—2.434).
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However, the observed pure water ice o value (—0.196)
is considerably smaller than both the mixed water ice

and regolith decay exponents (Martian = —0.904 and
lunar = —1.650) despite the intensity of the emission for
water ice Dbeing considerably weaker (Fig. 7).

Additionally, the o values for the CO, ice-containing
targets are all lower than the equivalent values for the
water ice-containing targets, which fit an increased CO,
vapor content within the ejecta plume in comparison to
water vapor when using the same impact parameters.
These observations suggest that an increased content of
vaporized material may cause a slower decay in
emission, but is likely one of several contributing
factors as previously shown by Eberhardy, Ernst, and
Schultz (Ernst and Schultz 2003, 2007; Schultz et al.
2005; Schultz and Eberhardy 2015).

The decay exponents and best-fit equation of Fig. 9
were subsequently used to estimate densities for the
CO, ice-containing target materials of 1.61, 1.39, and
1.99 g cm™ for the 100% CO, ice, 50% CO, ice/50%
Martian regolith, and 50% CO, ice/50% lunar regolith
targets, respectively, with a relative standard deviation
of 2.8% (determined from the R* value of Fig. 9). The
density value determined for the 100% CO, ice target is
in good agreement with the typical density of dry ice at
room temperature (~1.5 g cm™, Hiring et al. 2007)
suggesting that the method is relatively precise and
could potentially be a useful tool to determine the
composition of an unknown target material. However,
considerable further investigation would be required to
determine the applicability of this method for different
target materials given the other contributing factors
discussed above.

Additional variations were also observed in the
shape of the decay profiles (Fig.7), with certain
photodiode channels showing secondary peaks at times
greater than 0.8 ms after impact. Indeed, three decay
profiles (two in the 355 nm channel and one in the
905 nm channel) show secondary peaks with a larger
emission intensity than the initial peak. Initially, one
might think that these later emission peaks (generally
between 0.8 and 1.8 ms) provide evidence of a secondary
impact onto the target. If this was the case, a secondary
peak should occur at approximately the same time within
all photodiode channels and Fig. 7 illustrates that this is
not observed. Furthermore, no additional impactors (>50
microns in size—the lower detection limit) were detected
by the time-of-flight system during any of these shots.
The spectral variations shown in Fig. 17 also suggest that
the composition of the ejecta within the first few
microseconds after impact is inhomogeneous with
radiating atomic/molecular species localized to specific
areas. Indeed, Schultz and Eberhardy (2015) successfully
measured differences in emission spectra resulting from
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multiple components of the ejecta/condensates passing
through the field of view of their spectrometer system
while tracking the ejecta’s evolution.

One possible explanation for these secondary peaks
would be due to reflected vapor phase emission from
ejecta/debris that have impacted the target chamber
walls. Given the shortest distance from the target to the
chamber wall, a minimum ejecta/debris velocity of
approximately 2 km s™' would be required to produce
the secondary emission at ~l ms in the observed
photodiode decay profiles. This velocity is certainly
achievable given the rapidly expanding ejecta/condensate
emission shown in Fig. 6. The diverse range of speeds
and trajectories of the reflected luminous parcels may
also explain the varied timings of secondary peaks in
different photodiode channels. However, it is not
currently clear whether such contributions from reflected
ejecta/debris would be sufficiently bright to cause
observable secondary peaks within the first few
milliseconds after impact.

Another potential explanation for the additional
peaks could be the presence of “pockets” of emitting
material embedded within the more dense ejecta. These
“pockets” would be initially obscured from the field of
view of each photodiode, but would become visible as
the ejecta expands into the target chamber. This
explanation is supported by the previously discussed
segmented emission spectra, which suggests an
inhomogeneous composition of the observed -ejecta.
This is also supported by the high-speed images of
Schultz et al. (2007) that show small pieces of self-
luminous impact melt that emerge from the growing
impact crater cavity after the initial impact flash.

A third explanation is that the emission is actually
generated during the expansion of the ejecta. This could
potentially occur from physical and/or chemical processes
within the ejecta creating emitting atomic or molecular
species, or from a secondary reflected shock produced from
the interface between target material and steel can.
Interestingly, the secondary peaks were only observed for
targets containing lunar or Martian regolith simulant,
suggesting that the target composition may be critical to
their occurrence. A more detailed spectroscopic study
would be required to clearly understand the wavelength
dependence of these secondary emission peaks and
conclusively determine their origin.

Impact speed has also been shown to significantly
affect the behavior of ejecta emission. Sugita et al.
(2003) observed a strong dependence on impact speed
for the total intensity of optical emission between 435
and 650 nm for copper impacts onto dolomite targets
and showed that the flash intensity was approximately
proportional to the fifth power of impact speed,
between 2 and 5.5 km s™'. Previous studies by Eichhorn
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(1975, 1976) also showed a strong correlation between
emission rise time and impact speed for iron and
aluminum impacts onto tungsten and gold targets using
a Van der Graff accelerator. Figure 13 indicates a
similar trend for emission decay rate with a strong,
linear correlation between the impact speed and decay
exponent for CO, ice targets, with a decreasing for
increasing impact speed. This observation warrants
considerable further investigation to determine if similar
trends are also observed for different target materials.
However, additional information can be ascertained by
examining the change in emission profile with increasing
impact speed.

Interestingly, the 5.73 km s~ profile in Fig. 12 strongly
resembles that of a previously observed flash decay from a
30°, 5.7 km s™' impact into sugar using a 0.64 cm Pyrex
sphere (Ernst and Schultz 2007). Figures 1012 clearly
indicate the three-component behavior of the impact flash
reported by Bergeron et al. (2006), Lawrence et al. (2006),
and Ernst et al. (2011). These components consist of (1) an
early-time spike, (2) a generally broader peak, and (3) a
longer decaying signal. Previous studies have shown that
the second of these components typically dominates the
emission signal (Ernst and Schultz 2004; Ernst et al. 2011;
Yafei et al. 2019). However, Figs. 10-12 indicate that this
may not be the case at lower velocities, with the flash
decaying immediately after the initial spike for the impact at
4.03 km s~

Ernst et al. (2011) previously reported an increase
in intensity of the initial spike with increasing impact
speed for oblique impacts. They concluded that changes
to this component correlate to an alteration in the
interaction duration between projectile and target.
Lower impact speeds allow a longer interaction, while
higher impact velocities break up the projectile more
efficiently into emitting fragments. The data shown in
Figs. 10-12 are consistent with this explanation, with
the initial component becoming more prevalent at
higher impact speeds. These figures also indicate that
the changes in intensity of this component are
wavelength independent.

Additionally, Figs. 10-12 suggest that higher impact
speeds, corresponding to a greater impact energy,
maintain the duration of the initial spike, but delay the
peak emission intensity of the second component. The
magnitude of this delay is also shown to be wavelength
dependent, with the 513 nm photodiode channel
exhibiting a comparatively reduced extension in the
maximum intensity of the second component as impact
speed increases. As previously discussed, this channel
corresponds to the spectral region of strongest molecular
emission, which appears to alter the behavior of the
decay profile. In the majority of photodiode channels,
the temporal behavior of the second component is
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primarily determined by the expansion time of the
radiating ejecta cloud: the emission intensity increases to
a peak as more radiating fragments are visible to the
photodiode array. The signal in the 513 nm channel
peaks and decays more quickly, which is consistent with
a signal dominated by AlO molecular emission. The
reduced extension in peak intensity for the second
component indicates that AlO emission does not
significantly increase as the ejecta cloud expands, which
is consistent with the short lifetime of optical molecular
emission and projectile-containing species primarily
forming and emitting during the initial jetting phase.

At higher velocities relatively more radiating
material is excavated from the target, meaning a lower
proportion of emitting ejecta will correspond to the
atomic/molecular emission from projectile-containing
species. This implies that at a sufficiently high velocity,
the AlIO molecular emission would no longer dominate
the second component of the 513 nm channel and
would appear more similar to decay profiles at other
wavelengths. Additionally, this suggests that band-pass
filters must be sufficiently narrow and centered at a
wavelength corresponding to a peak in atomic/
molecular emission in order to detect similar behavior.
It is also worth noting that the impact flash is also
highly dependent on the angle of impact (Schultz 1996;
Schultz et al. 1996, Sugita and Schultz 1999; Yafei et al.
2019), and will likely alter the decay profile for impacts
into frozen targets.

CONCLUSIONS

This study illustrates the considerable benefits of
spectroscopically examining impact ejecta, which show a
strong and varied wavelength dependence on several
impact parameters, with atomic/molecular emission
influencing the temporal evolution of the ejecta flash.
Future investigation of this wavelength dependence
utilizing a fully calibrated photodiode array may yield
more reliable absolute detector intensities, which could
be used to determine the temporal evolution of the
gjecta temperature. Emission spectra from Al impacts
into CO; ice and simulant-based targets show consistent
contributions from AlO originating from the projectile.
There appears to be very little or no emission that
originates solely from the target material (e.g., CO
emission), perhaps due to insufficient energy from the
relatively small-scale impact. Despite this, these
observations may provide a useful comparison for
future observations of impact flashes on the Moon,
Mars, and other frozen planetary bodies with a high
surface composition of water or CO, ice.

The occurrence of multiple peaks within the impact
flash decay profiles and differences in the segmented
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emission spectra indicates an inhomogeneous ejecta
composition, as previously identified by Schultz and
Eberhardy (2015) for impacts into powdered dolomite
targets. A future comparison of flash decay profiles and
emission spectra at different ejecta trajectories may
therefore provide additional information regarding
potential compositional changes at different locations
around a crater site and determine a broader range of
emitting atomic/molecular species present within the
ejecta plume. The apparent strong correlation between
target density and the rate of decay of the impact flash
(in spectral regions without significant atomic/molecular
emission) warrants further investigation using varied
projectile and target materials. Such studies may assist
in the determination of an wunderlying cause and
potentially allow subsequent analyses to determine
approximate densities of an unknown target material.

Changes in the initial flash intensity due to an
increase in impact speed were shown to be wavelength
independent. A strong, linear correlation is also shown
between impact speed and decay exponent for CO, ice
targets. Additionally, an increase in impact speed
appears to maintain the duration of the flash’s initial,
short-lived peak, but alters the temporal behavior of
the secondary rise in emission intensity and its
subsequent decay. These features also show a
wavelength dependence, indicating further influence
from strong atomic/molecular emission. These
observations highlight the importance of using a wide
range of impact parameters in both laboratory
experiments and modeling when investigating complex
ejecta phenomena.
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APPENDIX A
Chemical composition of JSC-1A lunar (McKay et al.

1994) and JSC-1 Martian (Allen et al. 1998) regolith
simulants.

JSC-1A Lunar JSC-1 Martian

simulant simulant
Component % weight % weight
SiO, 47.7 43.5
Al,O3 15.0 23.3
TiO, 1.6 3.8
Fe,0; 3.4 15.6
MnO - 0.3
CaO 10.4 6.2
K,0 - 0.6
Na,O 2.7 2.4
P,0s5 - 0.9
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APPENDIX B B

C
.
Impact flash photographs recorded from a 3 mm diameter Al projectile impacting solid targets of (a) CO, ice, (b) water ice, (c)
50% CO, ice/50% JSC-1A lunar regolith simulant, and (d) 50% water ice/50% JSC-1A lunar regolith simulant, corresponding to
shots S1, S2, S5, and S6, respectively. The frame with greatest emission intensity for each target material was selected for
comparison. Each photograph has an exposure time of approximately 0.35 ms, although exact timings of each frame relative to

the impact time could not be determined. The bright area on the left side of images (a), (b), and (c) are due to specular reflection
from the steel can containing the frozen target. The edge of the steel can is also observed as the circular feature in these images.



