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The interaction of a rocket exhaust plume with a particulate-laden surface creates a complex, multiphase flow field
that can destabilize the vehicle and damage nearby equipment. This study investigates two methods for capturing
the particulate dynamics of plume-surface interaction (PSI): optical fiber-based multi-resolution Mie scattering and
multi-dimensional X-ray radiography. Mie scattering was used to track PSI-interacted particles, trace their paths,
and measure velocities. While effective for the jet periphery and early PSI stages, the technique becomes limited as
the scattering cross-section increases over time due to particle displacement from the soil bed, causing the core to
become optically dense and appear as a luminous, opaque region. To address this, X-ray radiography was explored
as a complementary method for visualizing the optically dense core. PSI experiments were conducted with both
reacting and non-reacting jets to evaluate these approaches across a range of optical and flow parameters. The results
demonstrated the capability of the fiber-based multi-resolution imaging system to capture simultaneous fields of view at
varying magnifications (1x, 2x, 4x), and the ability of X-ray imaging to penetrate the optically dense plume, revealing
flow structures that would otherwise be obscured in scattering-based methods. Data were collected for various PSI
parameters, including three different heights above the surface, to analyze the ejecta properties and the plume’s temporal
evolution. These results provide the first imaging strategy capable of resolving flow structures over a wide spatial
dynamic range while also offering the first visualization of the optically dense core.

I. Nomenclature

= equivalence ratio

nozzle exit diameter

= height above particle bed
= mass flow rate

SRS
I

*Graduate Student, School of Mechanical Engineering
TDoctoral Student, School of Aeronautics and Astronautics
¥Doctoral Student, School of Aeronautics and Astronautics
$Postdoctoral Research Associate, School of Mechanical Engineering, AIAA Member. (Currently, Postdoctoral Fellow in the NASA Postdoctoral
Program)
fSenior Research Scientist, School of Mechanical Engineering
IResearch Full Professor, School of Mechanical Engineering
**Professor, School of Mechanical Engineering and School of Aerospace and Aeronautics (by Courtesy)
Tt§Senior Research Scientist Spectral Energies, LLC., ATAA Associate Fellow
#§Senior Research Scientist Spectral Energies, LLC., AIAA Associate Fellow
§§§Senior Research Scientist and CEO, Spectral Energies, LLC., AIAA Associate Fellow
MOptical Physicist, Advanced Measurements and Data Systems Branch, ATAA Member
**%Senior Technologist, Advanced Measurements and Data Systems Branch, AIAA Associate Fellow



II. Introduction

The phenomenon of plume-surface interaction (PSI) has garnered significant attention, especially with the renewed
focus on lunar exploration through NASA’s Artemis missions. When a high-velocity jet approaches a particulate-laden
surface, such as a lunar lander descending to the moon, two interconnected phenomena occur: crater formation and the
ejection of high-speed particles, together resulting in a complex multiphase flow [[1]]. These interactions can exert forces
on the lander, generate unexpected heat flux, and damage sensitive components, including optical windows, thermal
protection systems, and tracking sensors [2-H4]. Cratering caused by PSI poses additional risks to successful lander
touchdown. Craters formed by PSI can drastically alter the terrain of the landing zone, which can lead the lander to
exceed its tilt limits upon touchdown, endangering astronauts and scientific equipment, and contaminating surface
samples in designated research areas [5,|6]. The increasing mass of modern commercial landing systems necessitates
larger retro-propulsive boosters, making PSI an even more critical concern for upcoming missions [7].

Shock wave formation in the rocket exhaust plume is a key feature of PSI. In the near-vacuum environment of the
moon or low-pressure planetary atmospheres like Mars, the exhaust expands beyond the nozzle exit, creating a shock
train before impinging on the regolith surface [§]. Initially, the interaction resembles a steady impinging jet on a flat
plate, where critical flow structures such as plate shocks and tail shocks form [9]. Beneath the plate shock, high-pressure
recirculation zones, stagnation bubbles, and high-velocity ejecta develop [9]]. These flow structures interact with soil
erosion mechanisms, such as viscous erosion, and bearing capacity failure, resulting in a highly interconnected problem
involving plume flow, granular flow, and rarefied flow [10} [L1].

Research into the flow physics of PSI have relied on numerical, analytical, and experimental studies. In the 1960s,
Roberts [[12|[13] conducted pioneering analytical studies on plume impingement for the Apollo missions, constrained by
limited computational resources. Advances in computational power have since enabled detailed numerical modeling.
For example, Morris et al. [[14] used a hybrid solver to simulate PSI for a single and four-nozzle lunar lander, while
Chinnappan et al. [15] developed a two-way coupled gas-grain interaction model using the direct simulation Monte
Carlo (DSMC) method. Recent efforts by Cao et al. [16] introduced new methods to model multiphase flows involving
rarefied gases.

Experimental studies followed soon after Roberts’ numerical work. Landmark experiments by Land and Clark in
1965 investigated erosion dynamics and crater formation under vacuum conditions but failed to adequately characterize
ejecta due to dense clouds obstructing observation [17]. Subsequent studies by Metzger et al. [18] examined cratering
dynamics under subsonic and supersonic plumes. Recent experimental studies at NASA in low-pressure vacuum
environments have been documented by Refs. [2, 8} |10, [19-+24]]. Among these were the highly relevant studies by
Diaz-Lopez et al. [19] and Rubio et al. [2] where scaled, low-pressure experiments were performed and high-speed
imaging was used to analyze cratering and ejecta phenomena.

Imaging techniques such as computed tomography (CT) have been extensively applied to study exhaust plumes and
sprays, although they have limited ability to resolve complex particle-scale flow interactions. Furthermore, line-of-sight
path-averaged techniques often encounter limitations in optically dense or absorptive media [25H27]. In such cases,
X-rays offer significant advantages due to their ability to penetrate through dense media, enabling visualization of
ejecta and transient structures in exhaust jets [27]. X-ray CT, introduced in 1972 for clinical applications [28], has been
adapted for various research domains, including fuel spray and plume analysis. Key milestones include the first 2D
X-ray CT analysis of a fuel spray in 2003 [29]], 3D reconstructions of hollow-cone sprays in 2009 [30], and validation
of numerical models for two-phase flows [31]. Recent advancements, such as the multi-hole gasoline injection spray
imaging by Duke et al. [32] and the imaging of reactive solid propellants by Collard et al. [33], highlight the robustness
and versatility of X-ray diagnostics for complex flow environments.

This study seeks to address the current gap in experimental PSI research through two approaches. The first is
simultaneous multi-resolution planar Mie imaging using fiber scopes to track the flow at the particle scale. The second
is to utilize X-ray diagnostics to penetrate the dense ejecta cloud and visualize internal flow structures. By combining
advanced imaging methods with X-ray imaging, this work aims to provide novel insights into plume dynamics and
enhance the experimental dataset available for PSI studies. These methods are evaluated for plume impingement on a
particle bed using both a custom-made supersonic burner for the Mie imaging and a a cold gas jet for the X-ray imaging.



I1I. Experimental Setup
A. Multi-Resolution Visible Light Scattering Experiment

1. Imaging System

To capture the complex multi-phase phenomena, a set of three ultra-high-resolution fiber bundles with one million
fibers per bundle were used to combine images from various fields of view into a single view for 2D velocimetry
measurements at rates of up to 100 kHz. This method allows one camera chip to capture up to four different fields of
view, allowing for simultaneous, synchronized imaging of a range of scales from particulates to large ejecta structures.
The fiberscope ends were connected to camera lenses using threaded mounts. Two ends used a 200 mm lens and the
third end used a 105 mm lens. The camera used for this approach was a Phantom® TMX-7510 coupled with a 200 mm
lens at f/4. For this test campaign, the camera frame rate was set to 76 kHz at a full-frame resolution of 1280x800 pixels
and an exposure time of 1 ps. Each fiber bundle collected a different field of view within the flow using various camera
lenses, and each image was transmitted to the other end of the fiber to be imaged by the TMX camera. Each fiber was
viewing at an angle of < 15° from the imaging plane to minimize distortion. The fiberscope imaging layout is illustrated

in Figs. [T|and [2]
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Fig.1 Fiberscope imaging layout from the (left) top view and (right) side view.
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Fig. 2 Photograph of PSI test setup with fiberscopes.

The three views will be called “Closeup,” “Intermediate,” and “Full” to refer to the varying domain sizes captured in
each view. Table[I|below quantifies the lenses and f-stops used for the three different fiberscope views and their spatial
resolutions as measured by a USAF 1951 test chart.

Table 1 Fiberscope imaging and resolution parameters.

Lens [mm] f-stop Resolution [mm/px] Zoom

Full View 200 /4 0.140 1x
Intermediate View 105 /5.6 0.063 2.1x
Closeup View 200 /8 0.035 4.4x

Here, the zoom is computed relative to the full view. The f-stops were set to maximize signal levels while maintaining
focus for the whole field of view.

2. Laser Illumination System

To accurately measure the velocity of the ejecta from the PSI, the particle-image velocimetry (PIV) technique
was employed with planar laser-sheet illumination using the output of a frequency-doubled burst-mode laser. The
burst-mode laser was operated at 76 kHz with a 10.5 ms burst duration, yielding ~750 pulses, and the energy was kept
at ~1 mJ/pulse at 532 nm. A mirror was used to direct the laser beam parallel to the imaging plane. An f = 300 mm
plano-convex lens and an f = -50 mm cylindrical lens were used to create a laser sheet. The laser sheet was ~500 pm
thick with a height of 62 mm. The sheet height allowed for illumination of the entire field of view across the ranges of
jet heights with respect to the particle bed. Figure 3 below illustrates the orientation of the laser sheet optics.
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Fig. 3 Laser sheet optics for PIV measurements.

3. Hot-gas Supersonic Flow System

To emulate the PSI flow field, an under-expanded supersonic CHg4/air jet plume was created by a two-stage vitiated
combustor derived from Karpetis et al. [34]]. In the first stage, a lean CHy/air flame generated hot, vitiated combustion
products. This stage features essential components such as a combustion liner, a V-gutter for flame stabilization, and a
spark igniter for ignition. The hot and vitiated combustion products from the first stage are used in the second stage. By
adding CHy in the second stage, the remaining hot oxygen left over from the fuel-lean first stage is consumed. The
mixture generated in the second stage is then passed through a converging nozzle with a throat diameter of 3.5 mm.
Figure 4 details the components of the supersonic burner along with an image taken with a digital camera illustrating
the supersonic jet.

Additional components were added to ensure safe and remote operation of the supersonic burner. One such addition
was the instrumentation for condition monitoring during the burner operation. This includes first and second-stage
pressure transducers and temperature measurements at the exhaust of the second stage. Remotely operated mass flow
controllers (MFCs) were also integrated into an automated data acquisition system (DAQ) to control flow into both the
first and second-stage fuel inlets and the first-stage air inlet. The DAQ also allowed for remote monitoring of pressure
transducer and thermocouple data along with the capability to set up an automated firing sequence that was synchronized
with both the imaging and laser illumination systems.
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Fig. 4 a) Cross-sectional annotated view of the supersonic burner. b) Broadband chemiluminescence of the
supersonic jet.

Table 2] shows the burner mass flow rates and equivalence ratios (¢) used for all of the PSI tests. These parameters
were chosen after determination of conditions that created the most stable supersonic jet.

Table 2 Final Burner Flow Parameters.

Air m [g/s] Stage 1 CH, m [g/s] Stage 2 CH, m [g/s] Stagel ¢ Stage2 ¢
3.7 0.14 0.31 0.68 2.14

Timing the camera, laser, and burner was a crucial step in ensuring that the PIV captured the exact moment the
plume hit the surface of the particle bed. To do this, the high-speed camera was used as the master clock to trigger the
laser from the camera exposure signal. The camera was connected to the DAQ using a relay and was triggered by a
LabView® Virtual Instrument (VI). In the VI, an auto sequence was created to trigger the camera as the combustion
gases were exiting the nozzle of the burner.

4. Testing Parameters

The test parameters for this multi-resolution imaging setup covered a range of variables important for PSI testing.
The first is A/D, which is the height of the nozzle above the particle bed divided by the nozzle exit diameter, where D is
3.5 mm for the current burner. This variable has been shown to affect ejecta trajectories and velocities in prior work
(L 8L .

The other key variable that was varied in this campaign was the particle size. For these tests, solid soda lime glass
microspheres with a fluorochemical coating were used. The fluorochemical coating increased the hydrophobicity of the
spheres, which prevented clumping due to moisture. Two microspheres of different sizes were used. The first had a
median diameter of between 8 and 12 microns ("small" particles), and the second had a median diameter of between
65 and 75 microns ("large" particles). This variation in size enabled the investigation of the influence of particulate
size on ejecta velocities and trajectories. The size of the particulates is on the same scale as the size of Martian and
lunar regolith while still maintaining a large enough diameter to avoid handling issues with the particulates. Having
two different size ranges also allowed for the particulates to be mixed together ("mix" particles), which created a size
distribution that would better resemble lunar regolith than uniform particle size [35]]. Table [3]below summarizes the test
matrix for these tests.



Table 3 Test Matrix.

Particle Type h/D

Test 1 Small 3
Test 2 Large 3
Test 3 Mix 3
Test 4 Small 10
Test 5 Large 10
Test 6 Mix 10
Test 7 Small 18
Test 8 Large 18
Test 9 Mix 18

B. X-ray Radiography Setup

1. X-ray Diagnostic System

The X-ray system was comprised of three radiography systems where each system includes an X-ray tube source and
detection system, as shown in Fig. |5l The Varian® RAD-60 sources had rotating tungsten anodes and two selectable
focal spot sizes of 0.3 mm and 0.6 mm with an emission half-cone angle of 12°. The high-flux sources generated X-rays
with a spectral range from 10 keV up to the operating voltage between 40 kV and 120 kV. The rotating-anode sources
allowed for kHz-rate imaging for 0.1-1.0 s. The 50x50 mm?, 150 im thick cesium iodide scintillators (Hamamatsu®
J8978, J6677-01, and J8734) were used to convert the X-ray photons to visible light photons for collection by the
cameras. Light from the scintillators was reflected up towards the cameras using a 50x50 mm? square reflecting prism.
This configuration reduced the number of background X-rays on the detector. The configuration also allowed for
multiple viewing angles around the object of interest and a small footprint for the lead enclosure used to protect users
from exposure to radiation. Images were captured at a resolution of 1920x1200 pixels with a repetition rate of 1 kHz and
exposures on the order of 1 ms with three separate cameras (Phantom® VEO640s, MIRO R321S, and MIRO M320s).
The spatial resolution is often determined by measuring the 10% to 90% width of the edge spread function obtained by
imaging a fast-rising edge [36]. Prior work using this method found the spatial resolution of this system to be 350 pm
[37].
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Fig. 5 a) Top view of the X-ray setup and b) cross section of imaging setup.

Figure [6] shows reference images of a screw head and thread that were used for camera focusing. Images from the
X-ray sources with larger anodes (Views 1 and 2) appeared less focused. In testing, this was resolved by configuring the
X-ray sources to the smaller focal spot size, leading to improved image quality. A stage holding the screw in Fig. [6] was
introduced in the test area, positioned halfway between each source and its corresponding detector, to facilitate precise



alignment and later hold the test sample. Considering the conical geometry of the beam and the detector size (50 mm),
this arrangement resulted in a reconstruction volume of a cylinder measuring 25 mm in diameter and 25 mm in height.

Fig. 6 Representative screw thread images from the X-ray sources. Left to right; View 1, 2 and 3.

2. Particulate Optical Density Measurements

When imaging a plume, a powder with sufficient absorption of X-rays must be used. To test the optical density (OD)
of the various powders, a test jig containing path lengths between 1/16” and 1/2”” was designed and 3D printed. The
CAD for the jig is below in Fig. [7]along with a picture of the jig partially filled with tungsten powder.

Fig. 7 X-ray path length test jig design (left) and test jig partially filled with tungsten powder (right).

The effect of the jig walls was subtracted by partially filling it so that an empty region would appear in the image
along with the filled region at the bottom. Two particulates were tested for X-ray absorption: the silica glass microspheres
described in[[TIZA-4] and tungsten powder with a mean diameter of ~100 um. The tungsten particulate size was chosen to
ensure visibility in the X-ray testing environment. While lunar regolith has a variety of sizes, the data gathered from
CT of the ejecta would serve to develop a scalable model for different particulate sizes. The test jig was filled with
material and placed inside the test area. The glass microspheres were selected to match the corresponding scattering
PSI experiment. Images were taken with the X-rays to measure OD with respect to media thickness. The resulting
images are shown below in Fig. [8] labeled with the path length of each section.

From these images it was concluded that glass microspheres have too low of an absorption to appear when finely
dispersed in air. The tungsten particles exhibit a notably high OD compared to the silica glass, making them much
more suitable for absorption of X-rays. The use of tungsten prohibited direct comparison with the PSI scattering study
conducted as part of this research. However, this work still provides cursory information on the PSI "inner core"
interaction, highlighting details that may not be captured by the Mie scattering measurements.



Fig. 8 X-ray radiography of glass microspheres (left) and tungsten powder (right). Measurements in red denote
the width of the powder bed in that section.

3. Cold-gas supersonic flow system

The hot-gas supersonic stream was extensively utilized in the laser-scattering experiments. However, integrating
this system into the X-ray imaging setup proved challenging due to space constraints at the X-ray imaging station. To
address this limitation, a cold-gas thruster was used as an alternative for studying the optically dense core of the PSI,
particularly during the mid-to-late stages of the interaction.

To create the necessary conditions for a PSI, a cold supersonic jet was used to simulate the supersonic exhaust of an
extra-terrestrial lander. To do this, a nitrogen bottle was attached to a supersonic nozzle which operated with an exit
Mach number of = 3 with a plenum pressure of 250psi. The nozzle has a supersonic area ratio of 4, a throat diameter of
~ 2.5mm, and the contour is shown in figure[9] The effective pressure ratio is ~ 18.7 which leads to an exit pressure of
19.7 psi, leading to a slightly underexpanded condition to minimize any additional shock diamond formation near the
exhaust. A regulator was placed on the nitrogen bottle to supply nitrogen at that pressure to the nozzle. A manual ball
valve was also added between the regulator and the nozzle for control of the supersonic flow during the experiment.
Figure [T0|below illustrates the fluid systems used for this test period.
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Fig. 9 Supersonic nozzle contour.
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4. Testing Parameters

The only independent variable for the X-ray experiment was A/D, and the same values as the Mie scattering
experiment were investigated. The nozzle height was manually adjusted to the 4/D heights of 3, 10, and 18 above a
circular bed of tungsten powder approximately 3 mm deep and 2.5 cm in diameter. The plenum pressure for the nozzle
was kept constant at 250 psi. Valve actuation and X-ray triggering were timed and operated manually, with the X-ray
source serving as a trigger for the cameras, and the jet being operational for the entirety of the X-ray exposure which
was on the order of a quarter of a second. To ensure that the PSI event was adequately captured, the camera captured
multiple seconds of images. The cameras were set to record at 1 kHz with an exposure of 990 u1s using a 50 mm lens at
f/1.8 to maximize signal.

IV. Results and Discussion

A. Mie Scattering Results

1. Raw Data Analysis

An initial qualitative analysis was conducted on the raw data from the Mie scattering experiment to demonstrate
how the variable 4/D and particle size changed the ejecta flow field properties. Figure[IT]illustrates the initial impact of
the three different particle sizes at approximately the same time after plume impingement at an 4/D of 3. Although there
are changes in the ejecta shape due to the structure of the particle bed surface, there are no major visible changes in the
ejecta plume cloud structure due to the particle size, which may otherwise be important in interactions in low gravity
and vacuum environments. Another interesting feature of the interaction is the development of the ejecta cloud over
time, as shown in Fig. [12]
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Fig. 11 a) Test 1: small particles. b) Test 2: large particles. c) Test 3: mixed particles. The white arrows

indicate the location of the jet plume.
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Fig. 12 Multi-resolution views of Test 4 at #/D=10: a) full view, b) intermediate view, and c) close-up view using
small particles. White arrows indicate location of the jet plume.

The selected images in Fig. [I2] demonstrate similar features to those of previous PSI studies where a strong flow
shock initiates the formation of the ejecta cloud, shown by the bright angled region in all three images. However, as
time increases, a more dispersed ejecta cloud is formed, which causes more haze within the last frame.

The final variation that was studied was the effect of //D. Figure[I3]illustrates the mixed particle size for an A/D of 3,
10, and 18, which correspond to Tests 3, 6, and 9, respectively. These frames were collected at approximately the same
point in time after impingement.
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Fig. 13 From top to bottom, comparison of Tests 3, 6, and 9 using a mix of particle sizes at different #/D
indicated: a) full view b) intermediate view c) close-up view. White arrows indicate the location of the jet plume.

There are several observed effects that increased A/D appears to have. Firstly, increasing the #/D seems to decrease
the ejecta angle. Additionally, the dust cloud, after the initial impact, seems to form more quickly at a higher //D. At a
higher 4/D, the plume hitting the surface of the bed may be larger in diameter, which may cause the particles to spread
in a more uniform fashion.

2. PIV Analysis

Ejecta velocities were analyzed using the time-resolved PIV algorithm (LaVision® DaVis 10.2) [38]]. The cross-
correlation window size, which determines vector density, was adjusted based on the camera field of view (FOV).
For close-up, intermediate, and full views, the interrogation windows were set to 16x16, 24x24, and 32x32 pixels,
respectively. The maximum expected displacement was set to 8 pixels, based on preliminary analysis of ejecta motion
per frame. To reduce noise in static illuminated areas, background subtraction was performed using the first image
of each set. A geometric mask was applied to focus measurements on regions of interest (ROI) where ejecta plumes
formed adjacent to the main jet center-line. The analysis captured the initial jet plume impingement and its subsequent
ejection of particles. The time-resolved velocity evolution of the ejecta plume for Test 5, which used large particles and
an h/D of 10 is shown in Fig. [T4]

As indicated by the vector fields, particles moved away from the plume and increased in velocity over time, consistent
with expected behavior. During this ejection phase, localized pockets of higher velocity formed within the plume, with
maximum velocities ranging between 12-16 m/s. The white particles featured on the left of the ROI in Fig. [T4]are silica
particles which were likely aspirated into the nozzle after shutdown on the previous test.
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Fig. 14 Time resolved plume evolution for the intermediate view for Test 5 at #/D=10. The vertical image
interval is 303 ps and the horizontal image interval is 909 ps. The images are composites of the ROI, where PIV
analysis was performed and the results were displayed on a color scale, overlaid onto the corresponding source
image. The velocity field corresponds to the region it is overlaid on.

The average velocity profiles for each //D ratio are depicted in Fig[T5] It is worth noting that the average profiles do
not appear to follow the expected trend, and this was evident across all tests. It is expected that ejecta velocity would
decrease as //D increases, as the jet plume would expand and lose momentum, imparting less energy over a larger area.
There are a couple of possible explanations for this observation. One possibility is that the converging nozzle is a
small hole in a much larger flat brass face, which could be interacting with the flow at small 4/D, locally increasing the
pressure and suppressing the velocity. Another explanation is that this may be a result of averaging velocity profiles
within the ROI. The averaging may mask variations within the plume, making the profiles less representative of the
plume’s true dynamics.

13
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Fig. 15 Averaged velocity profiles based on the far view. From top to bottom: #/D=3, 10, 18. The dashed white
lines indicate the experimental ground level, and the white arrow indicates the location of the jet plume for the
h/D=18 test.

Of particular interest were the results of the average vorticity vector fields across all test environments. The averaged
field consistently revealed a shear layer separating two regions of high vorticity. The presence of the shear layer
corresponds to some of the simulation results found in Ref. [14], where the computed gas pressure profiles suggest a
shear layer would be present in this same location. The averaged vorticity field from Test 5, at an 4/D of 10, is depicted
and annotated in Fig. [[6] Furthermore, the shear layer was characterized by what appears to be oscillatory behavior.
Within the shear layer are multiple cells of low to no vorticity separated by areas of higher vorticity that connect zones 1
and 2. The average vorticity fields for the far view in all test cases are shown in Fig. The angle of the shear layer
changes with particle size, suggesting that this phenomenon is highly coupled to the mass of the particles in the ejecta
cloud.
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Fig. 16 Averaged vorticity field at the far for Test 5, #//D=10. Vortex regions 1 and 2 are separated by the
oscillatory shear layer (3), with the cells indicated by the red arrows.
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Fig. 17 Averaged vorticity fields at the far view for all test cases. From top to bottom: 8-12.5 pm particles, 65-75
pm particles, mixed particles. From left to right: #/D=3, 10, 18. White arrows indicate the location of the jet

plume.
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B. X-ray Absorption Results

Preliminary tests were conducted at three 4/D ratios to visualize global ejecta density using X-ray imaging and
compare these results with the Mie scattering data. The nozzle produced a Mach 3 jet at its exit, but shock trains and
shear layers significantly reduced the jet core velocity as it interacted with the dust clouds under various /D conditions.
Figure [I§]shows six selected frames from one camera for each of the //D test conditions to demonstrate how the ejecta
plume changes with time. These frames were spaced by 10 ms each, i.e. every tenth frame captured by the camera, and
begin with the moment the jet makes contact with the surface, illustrated in false blue color to increase contrast. The
speed of PSI development varied with 4/D. At h/D = 3, the event concluded by 50 ms, while for #/D = 10 and /D = 18,
significant particulate activity persisted, indicating longer event durations. The test at #/D = 10 displayed a more abrupt
plume development than the other cases, potentially influenced by differences in sample surface geometry. Further
experiments are required to confirm this observation.
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Fig. 18 Time resolved progression of ejecta plume following the impingement of a cold nitrogen jet. From top to
bottom: h/D=3, 10, 18. Red arrow indicates position of nozzle over the sample.

Figure [I9]provides a side-by-side comparison of ejecta plumes captured using laser-scattering and X-ray imaging
at i/D = 3, approximately 40 ms after jet contact with the surface. The laser-scattered image appears opaque due to
high particle density in the view which obscures plume core features. In contrast, the X-ray image clearly resolves flow
features within the ejecta plume core, providing direct evidence of the dust cloud core formation—features that have not
been previously identified in experiments. It should also be noted that the visible scattering is a planar measurement,
while the X-ray absorption is line-of-sight. This is likely a significant reason as to why the images look so different, as
the structures revealed by the X-rays are three-dimensional, but are being projected onto a 2D image. It is also possible
that the difference in particle size and density between the experiments affected the appearance of the images. The
tungsten particles are larger and nearly 8 times denser than the silica glass alternative. This puts the mass of the tungsten
particles at 25x that of the large silica particles and over 8700x that of the small silica particles. Thus, it is expected that
with these differences, there would be significant discrepancies in the particle behavior across the experiments. While
these results are preliminary, they demonstrate the potential of X-ray imaging for studying PSI phenomena. Further
improvements are necessary to optimize the method and will be explored in future studies. These include:

* Enhancing the scintillator and light collection system, possibly with an image intensifier for increased signal-to-

noise ratio (SNR).

* Improving temporal resolution for better capture of transient phenomena.

* Optimizing the X-ray source alignment and positioning for better image quality

* Integrating a high-speed supersonic jet.

* Selecting dust particles that better match regolith properties for more accurate plume simulation.

* Optimizing the tomographic setup, allowing the use of CT to better discern the differences between the planar and

line of sight imaging methods for the two experiments.
These refinements are essential for further characterizing flow behavior in the ejecta plume core. This initial effort
highlights X-ray imaging as a viable technique for accessing otherwise obscured regions of PSI.

16



Fig. 19 Ejecta plumes imaged at #/D=3 for 532 nm laser illumination at intermediate view (left) and X-ray
(right) at ~40 ms after jet impingement.

V. Summary and Conclusions

This preliminary investigation provides some valuable insights into the current understanding of PSI, and future
steps to be taken in order to further assist in modeling. The conclusions are as follows:

This study introduced multi-view scattering imaging at 1x, 2x, and 4x zoom levels, enabling simultaneous
observation of PSI interactions across multiple spatial scales. With a temporal resolution of 76 kHz and the
potential to reach >100 kHz, this method provides a detailed assessment of fluid-particle interactions across
varying spatio-temporal scales.

Preliminary results revealed flow structures and phenomena consistent with predictions from prior simulation
work. Prior simulation work suggests that a shear layer is formed upon impingement of the jet on the surface, and
Mie scattering testing revealed a corresponding shear layer, demonstrating that these tools show reasonable results
overall.

Further optimization of the imaging system is needed to more accurately characterize velocity profiles of the
ejecta plume with changes in 4/D.

Scattering-based measurements faced limitations during the later stages of PSI due to the high density of dust
clouds, which rendered visible light ineffective for imaging. To overcome this challenge, X-ray imaging was
developed as an alternative diagnostic approach.

Preliminary X-ray imaging results demonstrated the ability to penetrate opaque dust clouds. This method proved
effective in capturing and characterizing complex flow structures within the core of the ejecta plume, which were
otherwise obscured by excessive scattering in visible-light experiments.
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