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This study explores the ejecta dynamics of Plume-Surface Interactions (PSI). Utilizing radar
tomography, a pioneering technique, we achieved the first quantitative mapping of ejecta con-
centrations in PSI experiments, overcoming the limitations of conventional optical methods
hindered by the opacity of ejecta clouds. Our experimental setup is a Mach 5 jet impinging on a
bed of regolith within a vacuum chamber, simulating planetary landing scenarios. We explored
the impact of jet expansion on PSI phenomenology across different ambient pressure levels. In
moderate underexpansion (Pe/Pamb = 2.85 → 2.45) an initial surge in ejecta was followed by a
steady-state phase, whereas high underexpansion (Pe/Pamb = 338 → 13.6) conditions showed
a gradual increase in ejecta concentration near the nozzle. Post-test crater analyses further
underscored these differences, suggesting diverse erosion mechanisms. The moderate underex-
pansion condition yielded craters with sunken ridges and gentle slopes (15.6°), likely formed
by the collapse of a deep transient crater. In contrast, high underexpansion resulted in craters
with raised ridges and steep slopes (21.8°), indicative of viscous erosion.

I. Nomenclature

� = Forward Abel transform matrix
04 = Speed of sound at nozzle exit
U = Regularization parameter in tomographic reconstruction
AoA = Angle of Arrival
1 = Path-integrated measurements vector in tomographic reconstruction
V = Soil strength parameter
V= = Slope of the radar interferometer calibration curve
BPM = Binary Phase Modulation
�5, �50, �95 = Particle diameter at 5th, 50th, and 95th percentile
�2 = Crater diameter
�4 = Exit diameter of the nozzle
�̄ ? = Average particle diameter
X? = Particle volume fraction
Δq = Measured phase shift
Δd = Gas-particle density difference
3#2 = Molecular diameter of nitrogen
FMCW = Frequency-Modulated Continuous-Wave
�A3 = Densimetric Froude number
W = Heat capacity ratio
ℎ2 = Crater depth
ℎ4 = Nozzle exit height above the surface
ℎA = Reconstruction plane height above surface
ℎA8< = Rim height above surface
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 = Hypersonic similarity parameter
:� = Boltzmann constant
 =? = Knudsen number for particles
!fd = Finite difference matrix in tomographic reconstruction
!f�

(G, H) = Laplacian of Gaussian map of crater
¤< = Mass flow rate of the jet
"4 = Mach number at nozzle exit
MIMO = Multiple-In Multiple-Out
`4 = Dynamic viscosity at nozzle exit
=? = Particle number concentration
?0<1 = Initial ambient pressure
?4 = Static pressure at nozzle exit
PLA = Polylactic Acid
PSI = Plume-Surface Interactions
k2 = Crater slope
PTFE = Polytetrafluoroethylene
'4= = Nozzle Reynolds number
'4? = Particle Reynolds number
d = Fluid density
d1D;: = Bulk density of particles
d4 = Fluid density at nozzle exit
f = Normal stress
f� = Standard Deviation of Gaussian Filter
)4 = Temperature at nozzle exit
\ = Angle of repose
D4 = Velocity at nozzle exit
+2 = Crater volume
Ḡ = Reconstructed ejecta values in tomographic reconstruction

II. Introduction

Plume-surface interactions (PSI) refer to the set of complex physical phenomena caused by the impingement of an
exhaust plume on a granular surface, typical of a powered planetary landing. PSI are the cause of several hazards

for landing spacecrafts, including the formation of an opaque cloud of ejecta capable of blinding guidance systems, a
deep crater capable of burying or toppling the spacecraft, and supersonic ejecta, which can sandblast the spacecraft
and any nearby infrastructure[1–5]. Within the context of the the Artemis Program’s return of human missions to the
Moon, those hazards must be well-understood and mitigated to allow for safe future landings. The Starship Human
Landing System is two orders of magnitude larger and heavier than the Apollo Lunar Module, with correspondingly
more severe PSI hazards. PSI are challenging for experimental study because of the opacity of the ejecta cloud, which
limits the usefulness of conventional optical diagnostics for ejecta and cratering measurements [6, 7]. For ground-based
experiments, the most common mitigation technique involves a transparent splitter plate, which provides optical access
to the center of the crater [1–3, 8–12]. Although it allows real-time observation of the crater formation, this technique is
invasive, as it introduces a disturbance directly in the jet.

Our research is focused on the development and use of non-invasive diagnostic techniques to measure the concentra-
tion of the ejecta cloud. We use a Mach 5 jet impinging on a bed of regolith in a vacuum chamber as a reduced-scale
PSI experiment. By varying the pressure in the chamber, and thus the jet expansion ratio, we can replicate some of the
non-dimensional flow and erosion parameters characteristic of Lunar and Martian landings. The concentration of ejecta
is mapped using millimeter-wave radar tomographic interferometry, a novel measurement technique we developed that
is capable of measuring the concentration of an optically opaque cloud of airbone particles non-intrusively and at a high
temporal resolution (10 kHz). Prior works by the authors [13, 14] demonstrated the capabilities of millimeter-wave
interferometry to measure path-integrated ejecta concentration and its potential for tomographic measurements. For the
first time, we present quantitative measurements of ejecta concentration in a PSI experiment. Concurrent high-speed
imaging and 3D scanning of the post-test crater surface provide further information about PSI physics.
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III. Methods

A. Plume-Surface Interaction Experiment
The Plume-Surface Interaction facility used in this study has been described in previous works [13–15]. It consists

of a cold Mach 5 nitrogen jet impinging on a bed of regolith simulant. The jet is generated by a bell nozzle with an exit
diameter of 1 cm and an expansion ratio of 25. The nozzle is mounted on a vertical linear stage with a travel of 15cm,
in a normal orientation to the granular surface. The nozzle and granular bed shown in Fig. 1 are located in a 2375 L
vacuum chamber equipped with a 60 cm acrylic window providing optical access. A 38 L (10 gal) tank located above
the chamber and kept at ambient temperature feeds nitrogen to the nozzle through a solenoid valve. The mass flow rate
is regulated by varying the static pressure within the tank.

Fig. 1 Photograph of the PSI apparatus through the large-diameter window showing the cold gas nozzle (1),
granular media bed (2), radar (3), and reflectors (4). (Note: Rectangular reflectors were used during data collection

instead of the circular reflectors shown here, see Fig. 3.)

During the experiment, the jet is pulsed for a duration of 1 second to clear the 18ms initial jet transient and limit the
increase in ambient pressure due to the injected gas to 125 Pa at jet cutoff. Monodisperse glass microspheres with a
109 `m mean diameter were selected as a regolith simulant. Particle size distribution percentiles and other relevant
properties, such as the angle of repose, bulk density and solid volume fraction are given in Table 1. The parameters
varied in the experiment are the height of the nozzle exit plane above the surface he/De, the initial ambient pressure
Pamb, and the jet mass flow rate ¤<. Each of those parameters can take a low and a high value for a total of 8 distinct
combinations shown in Fig 2. In this paper, we report results for two combinations: high flow rate, high altitude, high
ambient pressure and high flow rate, high altitude, low ambient pressure.

Table 1 Properties of the glass microspheres used as regolith simulant, with size distribution from [14].

Parameter Value
�̄ ? (`<) 109
�5 (`<) 79
�50 (`<) 108
�95 (`<) 142
\ (°) 24
X? (%) 59

d1D;: ( :6.<−3) 1470
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� ��� = 800 ��

� ��� = 6.7 ��

� � �Τ = 10
� � �Τ = 3.3

��
=
8 .65

�/
�

��
=
0 .32

�/
�

Fig. 2 Parameter space of tested conditions. Highlighted in green are the two combination of parameters for
which results are reported.

A set of non-dimensional flow parameters relevant to PSI physics is presented in Table 2 for the current experiment
at low pressure and high flow rate. Jet flow physics are matched to a a nominal full-scale human lunar lander by
reproducing the Mach number Me, hypersonic similarity parameter K, nozzle Reynolds number Rep, densimetric Froude
number Frd and heat capacity ratio W. The exit pressure ratio Pe/Pamb decreases during experiment due to the increase
in ambient pressure. Nevertheless, the jet remains highly underexpanded (Pe/Pamb � 4), which results in a similar flow
structure despite the jet contraction, with a standing plate shock above the surface and surface pressures unchanged near
the stagnation point[15, 16]. For the high pressure case, the decrease in Pe/Pamb over the experiment is not significant
enough (2.85 → 2.45) to have a large impact on PSI physics.

Table 2 Non-dimensional flow parameters for the current experiment operating at ¤m=8.6 g/s and
Pamb = 6.7 Pa and whether they are matched to a nominal full-scale human lunar lander.

Dimensionless Parameter Reduced-Scale Matched/
Parameter Equation (Current Experiment) Unmatched
Mach Me = ue/ae 5 X

K K = W(W − 1)M2
e 14 X

Pe/Pamb - 338 (C = 0 B) → 13.6 (C = 1 B) X

W - 1.4 X

Ren Ren = deueDe/`e 3.6 × 105 X

Rep Rep = (deueD̄)/[`e (1 − n)] 8530 ×
Frd Frd = ue/(gD̄Δd/d)0.5 171.5 X

Knp Knp = kBTe/(cPedN2D̄/
√

2) < 10−2 ×
V V = (c + f tan \)/p 0.46 ×

Not all non-dimensional parameters representative of flow, erosion and granular physics can be simultaneously
reproduced on a sub-scale ground experiment [8, 17]. The high flow rate used in the experiment allows the non-
dimensional parameters most relevant to surface forces (Ren,Me, Frd, W, Pe/Pamb) to be matched with the full-scale
case. However, the combination of low jet temperature (< 50 K) and large particle size leads to a much lower Knudsen
number Knp in the experiment than at full-scale, which means that rarefaction effects will not be accurately captured.
The particle Reynolds number Rep is much larger in the experiment for the same reasons. Knp and Rep are more
closely matched to the full-scale case in low mass flow rate experiments ( ¤< = 0.032 6.B−1). In addition, non-cohesive
monodisperse glass microspheres are a significant simplification over the broad particle size distributions and highly
cohesive nature of Lunar and Martian soils [18–20], resulting in a lower soil strength V. This simplification was adopted
to allow comparison with numerical models of PSI, which usually assume spherical particles, as well as to facilitate
further analysis and interpretation of results.
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B. Tomographic mmWave Radar Instrument
The tomographic mmWave radar instrument used in this study is an upgraded version of a mmWave radar inter-

ferometer, whose operating principle, preliminary results, and calibration procedure have been described in previous
works [13, 14, 21]. It consists of a Texas Instrument IWR1443 frequency-modulated continuous-wave (FMCW) radar
illuminating an array of 7 plate reflectors. The radar chirps at frequencies between 77 and 81 GHz at a repetition rate of
10 kHz. The radar is enclosed in a Polylactic acid (PLA) and Polytetrafluoroethylene (PTFE) enclosure which shields it
from ejecta impact. A custom-made PTFE lens focuses the radar beam in the vertical direction to minimize secondary
reflections on the granular surface. The reflectors are aluminum plates with a height of 31.75 mm and a width inversely
proportional to the square of the radar-reflector distance in order to equalize the amplitudes of the reflector peaks. The
array is mounted on height-adjustable posts made of acrylic and PLA and covered in mmWave-absorptive foam to
reduce non-reflector clutter and secondary reflections. The phase of the signal reflected by each reflector provides the
value of the particle number concentration integrated along the radar-reflector propagation path, according to equation 1:

Δq = V=

∫ Reflector

Radar
=?3; (1)

With Δq the phase shift of the signal compared to an unladen propagation path, Vn the calibration constant of
the instrument for the ejecta material, and np the local number concentration of particles. The calibration constant
was measured to be Vn = (1.379 ± 0.043) × 10−7 °.#−1.m2 in [14]. A picture of the reflector array is shown in Fig.
3(a) alongside the corresponding signal measured by the radar shown in Fig. 3(b). The radar signal is presented as
a range-azimuth map: the color of each pixel represent the amplitude of the echo measured by the radar at a specific
azimuth angle-of-arrival (AoA) and range bin. The ability to resolve the AoA of incoming signals is implemented using
Multiple-In Multiple-Out (MIMO) binary phase modulation (BPM) [22] on the transmit antennas. AoA resolution is a
significant improvement over the previous iteration of the interferometer, which could only measure range, as it allows
more effective clutter rejection and better isolation between reflectors. The peaks corresponding to each reflector are
clearly identifiable in Fig. 3(b).

1245 37 6

1 2
4

5
3

7
6

(a)

(b)

Fig. 3 Reflector array (a), and corresponding range-azimuth map measured by the radar (b).

The instrument’s path-integrated measurements do not inherently reveal the spatial distributions of ejecta. To address
this, we have implemented a tomographic technique for reconstructing local ejecta concentrations. This technique, based
on multiple path-integrated measurements from reflectors, assumes an axisymmetric particle concentration distribution
around the jet axis, justified by the normal orientation of the nozzle relative to the surface. The axisymmetric assumption
permits the use of an Abel transform-based reconstruction technique[23, 24] to derive local concentrations from a
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sparse set of path-integrated measurements.The configuration of the reflector array used in our study is depicted in Fig.
4. The array defines a surface-parallel slice for reconstructing local concentrations within seven concentric regions.
We optimized the spatial arrangement of the array to maximize the angular and range separation between consecutive
reflectors, enhancing signal isolation in radar data.

Fig. 4 Locations of the path-integrated measurements arms and inverse Abel reconstruction regions.

The path-integrated measurements are converted to local concentrations using a Tikhonov regularization of the
onion-peeling algorithm first described by Daun [25], and implemented via the PyAbel Python package [26]. A non-
negativity condition within this technique prevents the generation of nonphysical negative concentrations, a potential
issue in noisy data scenarios. The overall equation of the Abel transform is given in Eq. 2, with Ḡ the reconstructed
ejecta values, � the forward Abel transform matrix for the chosen basis set (in our case, piecewise quadratic), 1 the
path-integrated measurements, U a regularization parameter and !fd the finite difference matrix.

Ḡ = arg min
G

(
‖�G − 1‖2 + U‖!fdG‖2

)
(2)

A preliminary 3-reflector setup described in prior work by the authors[14] served as a proof of concept. While it
was a significant step forward, the conventional onion-peeling tomographic reconstruction technique used then was
very sensitive to measurement noise, and the limited reconstruction area restricted the utility of the measurements. In
contrast, the current experimental setup with a 7 reflector array, coupled with an enhanced reconstruction technique,
overcomes these limitations to produce high-quality data. The details and results of this improved approach are discussed
in Sections IV.A and IV.B. For each set of experimental conditions, the concentration of particles was mapped in two
slices located at different heights above the surface: hr/De = 3 and hr/De = 6, in red and blue respectively in Fig. 5.

� � � �Τ = 3

� � � �Τ = 6

Fig. 5 Location of the measurement planes probed by the instrument above the granular surface.
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C. Post-test Crater Measurements
Evaluating how the properties of the crater vary with experimental conditions can provide additional insight into PSI

physics and provide an independent validation of ejecta measurements. To do this, we measured the depth, diameter,
volume and cross-section of the post-experiment crater. The measurement pipeline is presented in Fig. 6 and consists of:

• First, we use Azure Kinect 3D scanner in conjunction with the RecFusion software to scan the granular surface
(Fig. 6(a)), generating a triangular mesh of the crater with a resolution of 0.3 mm;

• The mesh is then converted to a topographic map of the form I = ((G, H) (Fig. 6(b));
• The depth of the crater is calculated by measuring the vertical distance between the lowest point on the map and
the undisturbed surface;

• We calculate the crater boundary (Fig. 6(c)) and perform a least-square circle fit, which provides the crater
diameter. Further detail on the crate boundary calculation will be given below;

• Finally, we measure the volume of the crater under the undisturbed surface (Fig. 6(d)). We generate a closed mesh
of the crater by intersecting the crater mesh with a plane coplanar with the undisturbed surface. The volume of
this closed mesh is then calculated using a signed sum-of-tetrahedra.

• Crater cross-sections are generated using ray-tracing, by measuring the position of mesh intersections with an
array of upward-pointing rays aligned with a diameter of the crater.

(a) (b) (c) (d)

[0,0]

Fig. 6 Intermediary steps of the post-test crater measurement procedure: physical crater (a), elevation map (b),
crater edge (c), sum-of-tetrahedra volume measurement (d).

There exist multiple definitions of crater boundaries which are not consistent across researchers and disciplines.
Turtle et al. [27] identifies 7 definitions of diameter in planetary impact craters; Stubbs et al. [28] use the elevation
contour located 5 mm below the undisturbed surface as the boundary in their PSI craters; Balakrishnan and Bellan
[29] define the crater boundary as the region of maximum volume fraction in the bulk granular materials. The most
commonly used crater edge definition uses the maximum rim height, which is undefined in craters with sunken rim.

In this work, we introduce a novel definition of the crater boundary as the region of minimum Laplacian around the
impingement point. This definition aims at capturing the abrupt change in slope between the flat undisturbed surface
and the crater itself. The key benefit of this definition is that it is based on surface topography exclusively,is independent
of the crater scale, and is not affected by a sunken or raised ridge. However, it can be disturbed by small-scale crater
features such as terraces or scanning artifacts such as Moiré patterns. Consequently, we use a Gaussian low-pass spatial
filter to remove those features before applying the Laplacian operator to the surface. The Laplacian of Gaussian (LoG)
is a commonly used edge detection algorithm in image processing [30–32]. The overall equation of the LoG filter is
provided in Eq. 3 with ((G, H) the input tomographic height map and !f�

(G, H) the filtered surface for a Gaussian
standard deviation fD. After the filter has been applied, the maximum of the LoG map is measured along a set of radial
cross-sections around the impingement point. The resulting set of points constitute the crater boundary.

!f�
(G, H) = f2

�Δ

[∫ +∞

g1=−∞

∫ +∞

g2=−∞
((G, H) exp

(
−1
f2
�

(
(G − g1)2 + (H − g2)2

))
3g13g2

]
(3)

IV. Results
In this section, we present the results of ejecta radar tomography and post-experiment crater measurements acquired

for the two experimental conditions described in Fig. 2, referred to as moderate underexpansion (Pamb = 800 Pa) and
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high underexpansion (Pamb = 6.7 Pa). To the authors’ knowledge, it is the first reported quantitative measurement of
ejecta concentrations in a PSI experiment.

A. Moderate underexpansion ejecta
The ejecta concentrations measured by the interferometer in the moderate-underexpansion case are presented in

Fig. 7(a) and (b) for the two tested heights above the surface, hr/De = 3 and hr/De = 6 respectively. The concentration
is depicted on a color map, where the y-axis represents the distance to the nozzle, and the x-axis denotes time. The
color intensity follows a logarithmic scale correlating with the particle number concentration (#.m−3), with a minimum
threshold at 108 #.m−3. The reconstructed ejecta distribution is axisymmetric, allowing the concentration in the 2D
slice probed by the instrument to be effectively summarized into a 1D vector at each measurement time. The boundaries
of the tomographic reconstruction regions are indicated on the plot as solid white lines. The jet end time at t = 1 s is
also plotted to provide temporal context. The concentration distributions in the two measurement planes show similar
features. First, a large initial ejecta surge is apparent, which manifests as a very high-density region moving outward
during the first 400 ms of the experiment. A snapshot from the high-speed camera recording of the surge is shown in
Fig. 8(a). The optical opacity of the ejecta cloud is evident in these images. The maximum density measured during the
surge is 3.75 × 1010 #.m−3 for hr/De = 3 and 2.45 × 1010 #.m−3 for hr/De = 6.

� � � �Τ = 6

(b)

� � � �Τ = 3

(a)

Fig. 7 Concentration of ejecta as a function of radial distance to the nozzle r and time for a measurement plane
height hr/De = 3 (a) and hr/De = 6 (b) for a moderately underexpanded jet

(he/De = 10,m = 8.6 g.s−1,Pamb = 800Pa).

� = 100 �� � = 600 ��(a) (b)

Fig. 8 High-speed images of ejecta in the moderate underexpansion experiment at t = 100 ms (a) (initial surge),
and t = 600 ms (b) (steady state).
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During the steady state regime (t > 400 ms), the measured ejecta concentration is one order of magnitude lower than
in the surge. This is clearly visible in Fig. 8(b), in which the ejecta cloud is less opaque than in Fig. 8(a). The center
bin (at r = 0 m) in Fig. 7 is completely empty, presumably due to the presence of the jet flushing particles down and
preventing any lingering ejecta. In addition, the concentration at high altitude is 2.5 times higher than at low altitude.
The radial distribution of ejecta at hr/De = 3 presents a gap, with little particles detected in the r = 0.10 m and r = 0.15
m bins. The gap is less severe in the hr/De = 6 measurement. We interpret those features as indication of particles
following an arced near-ballistic trajectory: particles cannot reach low altitude mid-bands because their emission angle
and initial velocity are too high. Those features are identical to those observed with the path-integrated centerline
measurements presented in [14] at hr/De = 3 and hr/De = 6: high concentration at low altitude during the surge, high
concentration at high altitude during the steady-state. The spatial resolution provided by the tomographic reconstruction
further supports the observation that particles are emitted at a high angle from the surface and follow a near-ballistic arc
during the steady-state regime.

B. High underexpansion ejecta
Ejecta tomography results for the high-underexpansion case are presented in Fig. 9 and corresponding high-speed

images in Fig 10. The behavior of the ejecta is different from the moderate-underexpansion case. There is no surge
nor steady-state regime: the ejecta concentration gradually increases over time and collimates toward the nozzle.
The data from the two measurement planes shows the same broad trends, with the exception that concentrations at
hr/De = 3 are 54% higher than concentrations at hr/De = 6 on average. The particle concentrations measured in the high
underexpansion case are of the same order of magnitude as the moderate-underexpansion steady state (∼ 109 #.<−3),
eventually exceeding them as the jet collimates, with maximums of 5.28 × 109 #.<−3 at hr/De = 3 and 3.5 × 109 #.<−3

at hr/De = 6.

� � � �Τ = 6

(b)

� � � �Τ = 3

(a)

Fig. 9 Concentration of ejecta as a function of radial distance to the nozzle r and time for a measurement plane
height hr/De = 3 (a) and hr/De = 6 (b) for a highly underexpanded jet (he/De = 10,m = 8.6 g.s−1,Pamb = 6.7Pa).

The high-speed footage provides further insight into the ejecta phenomenology. Over time, the cloud contracts
through an increase in the emission angle of the ejecta from the crater, going from near-horizontal at the onset of the jet
to near vertical at the cutoff, as in Fig. 10(a) and Fig. 10(b). A potential explanation is that as the crater forms, the
surface slope increases. In the viscous erosion regime expected at high underexpansion, particles are sheared parallel to
the surface: an increase in slope consequently results in a progressively higher ejecta angle over time. This could be
compounded by the contraction of the plate shock over the surface as the ambient pressure increases. This behavior
is fully in line with the trends previously observed in path-integrated measurements at similar expansion ratios in our
previous works [13, 14]. The presence of streaks in the ejecta cloud during the latter part of the experiment is notable in
Fig. 10(b). Other studies have also observed ejecta streaking in high-underexpansion jet impingements [10, 13].

9

D
ow

nl
oa

de
d 

by
 J

os
hu

a 
R

ov
ey

 o
n 

Ja
nu

ar
y 

5,
 2

02
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

4-
19

79
 



� = 400 �� ( a ) � = 800 �� ( b )

Fig. 10 High-speed images of ejecta in the high underexpansion experiment at t = 400 ms (a) and t = 800 ms (b),
showing streaks.

C. Post-test Crater
The cross-sections of the high underexpansion and moderate underexpansion post-test crater geometries are presented

in Fig. 11. The depth, diameter, ridge height and volume of the craters are reported in Table 3. The primary differences
between the two crater cross-sections can be seen in the rim and slope. The highly underexpanded crater has a raised
ridge, while the moderate underexpansion case has a 28% gentler slope and a sunken ridge. Notably, the moderate
underexpansion crater, despite being 15% shallower, has a 24% greater width compared to the high underexpansion
crater, leading to a 42% larger excavated volume.

Fig. 11 Cross-section of the post-experiment craters in the high underexpansion and moderate underexpansion
cases.

Table 3 Post-experiment crater properties for high underexpansion and moderate underexpansion cases.

Parameter %0<1 = 6.67 %0 %0<1 = 800 %0
Dc (mm) 208 ± 2 257 ± 8
hc (mm) 30 ± 0.7 25.4 ± 1.9

hrim (mm) +2.7 ± 0.2 −1.5 ± 2.7
Vc (L) 0.339 ± 0.007 0.483 ± 0.040

maxkc (°) 21.8 ± 2.0 15.6 ± 2.8

These differences are interpreted as indicators of distinct erosion mechanisms. Fig. 12 presents images taken in the
half-space jet impingement experiment described by Rubio et al. [10] as illustrations of the different erosion mechanisms
associated with PSI craters. For the moderate underexpansion scenario (Fig. 12(a)), the formation of the final crater is
attributed to the collapse of a previously deeper crater, boring through the surface and leading to a shallower angle of
repose. Conversely, in the high underexpansion case (Fig. 12(a)), the observed crater formation aligns with the process
of viscous erosion described by Roberts [33], shearing particles parallel to the surface.
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However, the highly underexpanded jet, as per Robert’s theory, is expected to create a ”donut” erosion pattern
characterized by maximum erosion in an annular band while sparing the centerline. However, this distinctive pattern was
not observed in our experiment. This deviation could be attributed to three main factors. Firstly, the central structure of
the crater might collapse during the erosion process due to the granular material’s low angle of repose reported in Table
1. Secondly, there might be a transition in the erosion mechanism from viscous shear erosion to another form, such
as diffusion-driven erosion or bearing capacity failure. Such a shift could result in erosion being concentrated at the
crater’s center, wiping earlier viscous erosion features. This transition can be caused by the contraction of the jet, and
the associated increase in ground pressure, as the ambient pressure increases during the experiment. Lastly, suspended
particles falling back down to the surface after the end of the jet can alter the crater geometry, possibly obscuring viscous
erosion features.

Fig. 12 Cross-section of the transient (i.e. with active jet) craters generated by moderate underexpansion (a)
and high underexpansion (b) supersonic jet in glass microspheres reported by Rubio et al. [10].

V. Conclusion
This study has analyzed the dynamics of ejecta production in PSI experiments and the resultant crater formation

under two jet underexpansion conditions: Pe/Pamb = 338 → 13.6 (high underexpansion) and Pe/Pamb = 2.85 → 2.45
(moderate underexpansion). Ejecta measurement were performed using radar tomography, a novel technique capable of
measuring the concentration of optically opaque ejecta clouds at a high temporal resolution. High-speed imaging and
post-test crater scanning complement the ejecta tomography. This diagnostic suite was used to study the underlying
physics of cratering and ejecta dynamics. We presented maps of quantitative ejecta concentrations, which are the first of
their kinds: to the authors’ knowledge, ejecta concentrations have never been measured in a PSI experiment before.

Our results highlight differences in ejecta behavior and crater formation between high and moderate underexpansion
scenarios. In the moderate underexpansion condition, we observed a pronounced initial surge in ejecta production fol-
lowed by a steadier, more homogeneous phase, with one order of magnitude lower concentrations: ∼ 1010 → 109 #.m−3.
The high underexpansion condition exhibited a gradual increase in ejecta concentration with a more focused distribution
around the nozzle, and maximum concentrations of 5.28× 109 #.<−3. Those measurements are consistent with previous
path-integrated measurements performed in similar conditions. The post-test crater measurements further reinforced
these distinctions, revealing different erosion mechanisms at play. The moderate underexpansion condition produced a
shallow, wide craters with sunken ridges, indicative that this crater was formed through the collapse of a deep transient
crater. In contrast, the high underexpansion condition resulted in craters with raised ridges and 40% steeper slopes,
aligning with a process of viscous erosion.

The techniques presented in this work are mature, and the detailed information they provides paves the way towards
an improved understanding of PSI physics. Quantitative ejecta concentrations are a rich dataset: they can be used to
evaluate surface erosion properties, through particle trajectory back-propagation as well as ejecta velocity and flux,
which are all critical parameters for evaluating PSI risks during planetary landings.The quantitative crater and ejecta
measurements presented here are valuable for the validation and calibration of numerical and theoretical models of
PSI. The usefulness of radar tomography is not limited to PSI experiments; It can be readily applied to any opaque
particle-laden gas flow, with possible areas of applications in meteorology, fire safety, and industrial powder handling.
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