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Abstract

Ejecta velocity distribution is an important property for controlling asteroid surface evolution
and for changing the size frequency distribution of asteroids and planetary dusts. Recent asteroid
explorations revealed that boulders on an asteroid surface had a wide size frequency distribution.
On the other hand, many studies on ejecta velocity distribution for cratering experiments used fine-
grained homogeneous targets. Thus, to study the ejection process of various-sized boulders on
rubble-pile asteroids, we conducted impact experiments using gas guns at impact velocities of 100
m s to 4 km s? on targets with various-sized glass beads, and analyzed boulder trajectories in
three dimensions to clarify the effect of grain size on ejection velocity distribution. The results

showed that the ejection velocity, v,, decreased as the bead size increased, and the ejecta velocity

1

scaling law was improved to —% = kz’(r"%)_m including the bead radius, a; 1, is the initial

JoR

position of the bead, g is the gravitational acceleration, R is the crater radius, and k," and u’

are, respectively, 0.58+0.02 and 0.62+0.02 for the low-impact velocity range (<200 m s*) and

0.61+0.07 and 0.57%0.04 for the high-impact velocity range (>1 km s*). Using our improved

ejecta velocity scaling law, we calculated the landing points of ejected boulders and concluded that
boulders with radii > 0.34R could not be ejected outside the final crater. Moreover, when the
Urashima crater on asteroid 162173 Ryugu was formed on the surface, boulders up to 64 m in
diameter may have been ejected beyond the escape velocity of Ryugu to become tiny monolithic

asteroids.
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1. Introduction

1.1. Background

Impact crater formation is a major process that resurfaces asteroids and affects their surface

evolution. During the crater growth process, subsurface materials are excavated and ejected from

the impact crater. Ejected materials whose ejection velocities exceed the asteroid’s escape velocity

would escape from the parent body, thus creating the numbed of new small bodies and dusts, some

of which could strike Earth as meteorites. On the other hand, ejected materials whose ejection

velocities are smaller than the asteroid’s escape velocity would deposit on the asteroid surface.

Since the area deposited by the ejecta is generally larger than that excavated by the cratering process,

the ejecta deposition process also affects the asteroid’ surface evolution. Therefore, the velocity

distribution of ejected materials would determine whether the ejecta is deposited on the asteroid

surface or escape from the asteroid. The distribution is thus a very important factor in asteroid

surface evolution and changes the size frequency distribution of asteroids and planetary dust.

To speculate on planetary-scale impact phenomena based on laboratory experiments, it is

necessary to study the scaling laws for ejecta velocity distributions (Housen and Holsapple, 2011).

Oberbeck and Morrison (1976) conducted impact experiments using fine-grained quartz sand as a

target. They divided the ejecta curtain into blocks of different heights using ladder-like slits, and

observed the trajectory of each cluster using a high-speed video camera to determine the ejection

velocity. They found that the ejection velocity decreased as the distance from the impact point
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increased. Cintala et al. (1999) observed the trajectory of individual ejecta particles by illuminating

the ejecta curtain with a sheet light source and taking flash photography. The ejecta velocity

distributions obtained in their experiments followed a power-law-type scaling law for ejecta

velocity based on the dimensional analysis by Housen et al. (1983). Hermalyn and Schultz (2011)

used quartz sand with a diameter of 1 mm as a target and recorded the crater formation process

using a high-speed video camera to analyze the ejection velocity by Particle Tracking Velocimetry

(PTV). Moreover, Tsujido et al. (2015) conducted impact experiments using quartz sand with a

diameter of 500 um, recorded the ejecta curtain by a high-speed video camera, and tracked each

particle at the outer edge of the ejecta curtain on the images to determine the ejection velocity. In

these two studies, the scaling law for ejecta velocity distribution was obtained for various

projectiles with different densities and sizes. Thus, the ejection velocity distribution characterized

by the slope of power-law-type relationship between the initial position and the ejection velocity

was found to slightly depend on the projectile density: The slope became greater for low-density

projectiles.

Recent asteroid explorations observed that some asteroids, such as Itokawa, Ryugu, and Bennu,

were covered with various-sized boulders and that the surfaces included a lot of boulders ranging

from several meters up to decameters. Those surface boulders had a power-law-type size frequency

distribution in a wide range of boulder sizes, and respective power law indices of -3.1 and -2.7

were obtained for Itokawa (Michikami et al., 2008) and Ryugu (Michikami et al., 2019). However,
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those experiments introducing in the previous paragraph used only fine-grained targets whose

single grains were smaller than 1 mm, which was less than the projectile size. How the size

frequency distribution of the target grains affected the scaling laws for the cratering process has

not been explained. Thus, it is necessary to elucidate these effects on the ejecta velocity scaling

law in order to study resurfacing and the process by which boulders escape rubble-pile bodies.

Several cratering experiments using coarse-grained targets have been conducted to investigate

the effect of grain size; actually, the size ratio of the target grain to the projectile is crucial. For

example, Gittler et al. (2012) conducted impact experiments on the armoring effect using glass

bead targets (0.2-30 mm in the diameter) and a glass sphere projectile (1-8 mm in the diameter).

They found that the crater diameter suddenly halved when the size ratio of the target grain to the

projectile changed from 1 to 10. Barnouin et al. (2019) also conducted impact experiments using a

1:1 size ratio of the target grain to the projectile and found asymmetries in the crater shape and the

ejection angle as well as large scattering in the ejection velocity at a given ejection position. The

asymmetries and scattering could be caused by the initial interactions between the projectile and

the target grain. Yasui et al. (2021) focused on the size distribution of the target grains and

conducted impact experiments using mixed targets with equal masses of glass beads 0.1, 1, 3, and

10 mm in diameter. They found that at low impact velocities, the crater size of the mixed target

was slightly smaller than that of the homogeneous target with a diameter of 0.1 mm. As described

above, few studies on ejecta velocity have focused on ejecta grain size, and the effect of grain size
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on the scaling law of ejecta velocity distribution is still unclear.

In April 2019, an impact experiment was conducted on the asteroid Ryugu by a Small Carry-on

Impactor (SCI) aboard the spacecraft Hayabusa2 (Arakawa et al., 2020). Although the surface of

Ryugu was covered by regolith and boulders with a size frequency distribution up to 160 m

(Michikami et al., 2019) and the SCI-aimed region was filled with meter-sized boulders, the SCI

crater was found to have formed in the gravity-dominated regime and the crater size was the same

as that expected from the crater size scaling law for a dry-sand target: The armoring effect due to

the large boulders was not recognized. Therefore, it is expected that the excavation flow during

SClI crater formation is almost the same as that induced in a homogeneous fine-grained target. This

excavation flow ejected boulders up to 1 m in diameter out of the crater, and a boulder about 6 m

remained in the crater (Honda et al. 2021). Both the ejected boulders and the remaining one were

expected to move with the crater excavation flow. Thus, to simulate the elementary process of

boulder movement on Ryugu by the SCI impact in the laboratory, it is suitable to use a granular

target composed of single particle size called a homogeneous target on which various-sized

particles simulating boulders are set.

Therefore, in this study, we clarified the scaling law for the velocity distribution of boulders

ejected by excavation flow induced in a homogeneous target. In particular, we investigated the

effect of boulder size on ejecta velocity distribution. We also estimated the maximum boulder size

that could escape from the parent body by cratering based on the ejecta velocity distribution
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considering the effect of boulder size.

1.2. =a-Scaling theory

Ejecta velocity distribution was studied by using the n-scaling theory summarized by Housen

and Holsapple (2011). This theory allowed us to extrapolate our results to planetary-scale impacts.

In this section, we summarize the scaling law for ejecta velocity distribution in the crater formation

process.

Figure 1 schematically illustrates the ejection process during crater formation. The n-scaling

Fig. 1

law is based on the assumption of a point source approximation, and it is also assumed that cratering
process does not depend on parameters related to projectile properties, r,, v;,and p, individually,
but rather depend on the quantity of C, which is defined by the combination of these parameters,
C =nuitpy”, €Y
where 7,, v;, and p, are the impactor radius, impact velocity and impactor density,
respectively; v and p are constants obtained from laboratory experiments. C is a coupling
parameter. Introducing this coupling parameter, C, the ejecta velocity, v,, can be described as

follows according to the n-scaling law,

v - v,—1/u
_Ozkl lﬁ(&) l ' 2)
Vi "o \Pp

where p, and r, are the target density and initial position of an ejecta particle, respectively; k,

is a constant obtained from laboratory experiments. In addition, the crater radius R in the gravity-

7
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dominated regime is expressed as follows in the m-scaling law,

(2+u-6v)/[3(2+p)] _
Py 1/3 _ Pt gmp u/(2+up)
R (—) H, <—> —] , 3)

m/ Pp ;2
where g and H; are gravitational acceleration and a constant obtained from laboratory
experiments, respectively. From the above equations, the scaling law for the ejecta velocity

distribution in the gravity-dominated regime can be written as,

Vg _k, (@)_I/H’ @

Jor R

k, = k1((471/3)1/3H1)_(2+“)/2“.

Impact cratering experiments using homogeneous sand targets have confirmed that the ejecta
velocity distribution can be well approximated by Eq. (4), (e.g., Tsujido et al., 2015). However, Eq.
(4) does not include the effects of ejecta particle sizes, especially for particles large enough
compared to the crater radius. Moreover, the effects of the size distribution of ejecta particles are
not included either, although both effects would be important on the real asteroid surface. We now
are not sure whether the ejecta scaling law is still valid for targets with ejecta particles whose sizes

cannot be ignored or for targets composed of ejecta particles with a size distribution. Therefore,

here we studied the effects of particle sizes on the ejection velocity distribution.

2. Experimental methods
2.1. Impact experiments

We conducted impact cratering experiments by using a one-stage vertical gas gun at Kobe

8
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University and a two-stage vertical gas gun at ISAS/JAXA. Both apparatuses have a large vacuum
chamber with large transparent windows on the sides in which the target is set, enabling us to
observe the crater formation process.

The two apparatuses have different impact velocity ranges. We performed relatively low-
velocity impact experiments ranging from 101 to 191 m s* at Kobe University and relatively high-
velocity impact experiments ranging from 1.93 to 4.42 km s at ISAS. At Kobe University, we
used a spherical projectile made of stainless steel (SUS) with a diameter of 3 mm. The densest
impactors in asteroids could be iron meteorite parent bodies and/or orbiting boulders with the
density like iron meteorite. By using this type of projectile, we can study the upper limit of the
density effect on the cratering processes. The vacuum chamber was evacuated below 10° Pa before
the shot. At ISAS, we used spherical projectiles made of SUS with diameters of 1 mm and 2 mm.
The vacuum chamber was evacuated below 4 Pa before the shot.

We used glass beads with a median diameter of about 100 um as a target. The angle of repose
and the bulk density of the glass beads were 23 + 1° and 1.42 g cm™, respectively; the estimated
porosity was 43% due to the grain density of each glass bead, 2.5 g cm™. A container 28 cm in
diameter and 10 cm in depth was used to prepare the target, and it was filled with the glass beads.
To prepare a smooth surface that matched the height of the container, the target surface was
flattened by using a metal plate.

To study the effects of particle sizes on the ejecta velocity distribution, we used colored beads
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of various sizes (Fig. 2). We used five types of colored beads, which we call tracer beads, with

diameters of 3, 5, 10, 17, and 30 mm. We chose these diameters because the minimum of 3 mm is

enough larger than 0.1 mm of target fine glass beads and the maximum of 30 mm is slightly smaller

than the crater rim radius in this study. They were large enough to be tracked in high-speed images,

and the differences in their sizes were large enough to investigate the dependence of velocity

distribution on size. All tracer beads numbered 1-50 were placed on the target surface except for

the impact point, which was just below the gun muzzle. We placed the tracer beads within the final

crater area closer to the high-speed cameras because they were hidden by the ejecta curtain and not

visible when placed on the far side of the impact site from the cameras. The tracer beads were

placed in a grid or randomly, with the distance between them at least as large as the particle radius,

so that they did not collide with each other during ejection. To determine the initial positions of the

tracer beads accurately, we buried them to half of their volume, so that we could measure their

positions accurately by the camera images before the shot. Due to the limited number of colors

available, it was not possible to paint each bead with a different color, so we placed tracer beads

with different colors next to each other as much as we could. The combination of tracer bead sizes

depended on the experiments as shown in Table 1.

Additionally, we also studied the effect of buried depth of a tracer bead on the ejection velocity.

In our standard tests, a hemisphere of tracer bead was buried in fine glass beads target. In order to

study the effect of buried depth of a tracer bead, several additional experiments were conducted for

10
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a tracer bead put on the target surface without burial depth and for a tracer bead completely buried

in the target. Large tracer beads with the diameter of 10 and 17 mm were used to control the depth

accurately.

After the target preparation, the target container was set in a vacuum chamber, which was

evacuated before the shot.

2.2. Observation

One of the purposes of this study was to three-dimensionally track ejecta particles, so it was

necessary to observe and track the same particle using two cameras. We used two synchronized

high-speed cameras triggered by a velocity meter. These cameras enabled us to obtain the three-

dimensional trajectories of the tracer beads. The cameras were positioned appropriately to observe

the entire target surface and the movement of all tracer beads (Fig.3). The line of sight of one

camera crossed that of the other at angles from 45° — 90°, and the plane including these two lines

of sight had an angle against the target surface from 30° — 90°. The parallax caused by these angles

was large enough to analyze the high-speed images in order to obtain three-dimensional trajectories.

High-speed images were taken at 2000 — 10000 frames per second; the image fields were 1024 x

768 and 1920 x 1080 pixels, so that the image resolution was from 0.18 — 0.28 mm/pixel. The

exposure time was set at 20 — 330.7 us. In each experiment, the target surface was illuminated by

bright LED lights to identify the tracer beads. Since the tracer beads were colored brightly, it was

11

Fig. 3




214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

easy to trace their trajectories during the crater formation process. The colors helped us to identify

and track the same particles by the two cameras to obtain a three-dimensional view.

The crater rim diameter, D.,, Wwas measured by using a digital caliper and by analyzing

photos taken from the top of the impact crater. We measured it in four directions and used the

average as D,. The crater size scaling laws are conventionally constructed for crater radius, R,

but not for rim radius, Rsim, in Fig.1. So, we estimated the crater radius, R, from the crater rim

radius, Rym = Dyim/2, by using the previous measurements for similar fine glass beads target of

R = Ry /1.23 (Yasui et al., 2021). Moreover, it is well known that the transient crater slightly

deforms to be the final crater and widens in the diameter for fine glass beads target. The ratio of

the final crater diameter to the transient crater diameter for glass bead targets has been studied by

Yamamoto et al. (2006) and it was obtained to be 1.05 for the target composed of 72 um sized glass

beads target.

2.3. Analytical methods

2.3.1. Determination of tracer trajectory in three dimensions

To obtain the position of a tracer bead in a three-dimensional coordinate system, it is necessary

to define the coordinate system in the target chamber. In this study, we used as reference an acrylic

box of 40 x 30 x 30 cm with grid lines to determine the three-dimensional scale. The grid interval

was prepared from 2 to 5 cm according to the size of the area to be recorded by the cameras. The

12



233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

reference box was placed in the target chamber before the shot and removed after the calibration;

the box was recorded as still images by the two high-speed cameras. The reference images allowed

us to define the origin as one of the corners of the box, and then we defined the three-dimensional

coordinate system: The xy axes were defined on the bottom of the reference box and the z was

defined as the axis perpendicular to the xy plane. When the camera positions were shifted

accidentally, the reference box was recorded again for recalibration.

The three-dimensional(3D) trajectory of the tracer bead is determined by means of stereo vision.

First, we obtained the position of the tracer bead in two-dimensional (2D) pixel coordinates from

the images recorded by the cameras (Fig. 3a, b). Then, we converted these 2D pixel coordinates of

the tracer bead into the 3D coordinates defined above (Fig. 3c). The camera projection matrix

necessary for this conversion was determined from pairs of intersection points of grid lines of the

reference box mentioned above. By using the method, we could determine the location of a tracer

bead within 0.3 mm as typical error.

Next, to determine the trajectory of the tracer bead, we selected 7-30 images during the ejection

process in which the tracer bead could be clearly observed by both cameras, then analyzed the 3D

coordinates on each image. The initial position of the tracer bead in the 3D coordinate system was

measured from the image before the shot by using same method. In each experiment, we placed

10-50 tracer beads on the target surface, but it was impossible to analyze the trajectories of all

tracer beads because many of them were hidden by the ejecta curtain. Therefore, we analyzed the

13
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3D coordinates of 1-7 tracer beads whose trajectories could be observed by both cameras in each

experiment.

2.3.2. Determination of ejection position, velocity, and angle

Figure 4 shows the ejection vector of a tracer bead and parameters. To obtain the ejecta velocity
distribution, it is necessary to determine the initial position r, and the ejection velocity v, for
each tracer bead. We defined the initial position r, as the distance between the impact point of the
projectile, (x;, y;, z;), and the ejection position of the tracer bead, (x,, yo, zo), Which was analyzed
by the method described in section of 2.3.1.

The ejection velocity of a tracer bead, v,, is determined from the relationship between the
measured displacement and time. Therefore, we analyzed the trajectories of the tracer beads after
the impact in the xyz coordinate system and determined the xyz components of the ejection

velocity, vy, vy, and v,. The v, is determined by the following equation:

Vo = \/vxz + 1,2 +v,2. (10)
By using each component of the ejection velocity obtained by the above method, the ejection angle,

0, is determined according to the following equation:
vZ

JVE+ V8

The azimuthal angle, ¢, between the ejection vector projected on the xy plane and the x axis

@ =tan?!

(11)

defined in Fig. 4 is calculated by using an impact point, an ejection point, and ejection velocity as

14
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. — v
-7V -1 ] (12)
Xi — Xo Uy

¢ = |tan

3. Results
3.1. Observations of crater formation

Figure 5 shows a series of images of the crater formation in run number 210317-8. At 1 ms after
impact, the ejecta curtain has an inverted cone shape near the impact point. As time passes, the
growth of the ejecta curtain is partly prevented by the tracer beads. At 3 ms, the ejecta curtain
reaches 3 tracer beads positioned near the impact point and becomes separated by the tracer beads,
and hole-like open spaces above them are formed. At 10-70 ms, the tracer beads are lifted off and
ejected from the target surface after the ejecta curtain passes. The open spaces above the tracer
beads grow larger and larger, and thus a ray structure develops in the ejecta curtain. At 110 ms, the
crater growth has already stopped and the ejecta curtain begins to deposit on the surface while it
keeps the ray structure. The ejected tracer beads start to fall or deposit on the target surface. At 180
ms, the ejecta curtain goes outside of the container and all ejected tracer beads deposit on the target
surface. The crater left on the surface has a cone shape with deposition rim, and it was found that
the crater rim radius did not change regardless of the presence or absence of the tracer beads (Yasui

etal., 2021).

15
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3.2. Scaling of ejecta velocity distribution

All the experimental data for the ejection velocities of tracer beads are summarized in Table 2.
In order to avoid a projectile direct collision onto a tracer bead, a tracer bead was put at ro larger
than a, so that the data with large a/R distributed near the crater rim and the data with smaller a/R
distributed even at smaller ro in Fig. 6. While we could not measure the ejection velocities of tracer
beads put near the impact point < 0.18 because the beads were hidden in the ejecta curtain at the
observable area by high-speed cameras. Figure 6a shows the ejecta velocity distribution of tracer
beads obtained in the low-velocity experiments, and it indicates the relationship between the initial
position normalized by the crater radius, r,/R, and the ejection velocity, v,, normalized by \/g_R
The symbol color shows the ratio of the radius of the tracer bead to the crater, a/R. Although the
ejection velocity decreased exponentially with the increase in the normalized initial position
following Eqg. (4), the ejection velocity decreased systematically when the bead size increased. This
means that the ejecta velocity distribution would depend on the beads size.

The initial position 7, is the distance from the impact point to the center of the bead (Fig. 1),
but it is unclear whether 1, is a suitable distance for the scaling of ejecta velocity distribution or
not, since the diameter of the tracer beads is too large to approximate it at a mass point and is at
least 30 times that of the surrounding target beads (100 um). Hence, we replotted Fig. 6a regarding
the initial position of the tracer beads: The size range of the tracer beads was introduced for each

velocity datum in Fig. 6b and 6c; the size range is described by outer and inner edges, which are

16
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defined as 1, + a and r, — a, respectively (Fig.1). Then, we clearly notice that the outer edge of
the tracer beads has a very good correlation between ejection velocity and initial position
irrespective of bead size, although the inner edge looks scattered. But it is unclear why the outer
edge of a tracer beads is suitable for the initial position to scale the tracer beads with different sizes,
so this physical mechanism should be studied quantitatively by using numerical simulations in the
future. Qualitative considerations for the following improved scaling relationship are given in the
discussion section.

Therefore, we recalculated the relationship by using the initial position, r, + a, which means
the distance from the impact point to the outer edge of the bead, instead of r, (Fig. 6c). Asaresult,
the normalized ejection velocity was well scaled by r, + a, and it did not depend on the bead size

anymore. This improved relationship is written by the Eq. (4) with ry + a instead of r,
+ _1
1% T a 1
0 = k2I< 0 ) H .

Jor VR

We determined the constants k,’ and u' by using the least-square method to be 0.58+0.02 and

(13)

0.62+0.02, respectively. The results for the high-velocity impact experiments are also plotted on

Fig. 6d, e, f and we also recognize that r, + a can scale the ejection velocity well.

Figure 7 shows the velocity distributions of tracer beads obtained for the low- and high-velocity

impact experiments. The ejection velocities of the high-velocity experiments are also well

described by Eq. (13); that is, the size of a tracer bead is scaled by r, + a, though the high-velocity

data are slightly scattered compared with the low-velocity data. The slope of the velocity

17
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distribution differs between them; the slope is steeper for the high-velocity impact. We determined
the constants k,” and u’ by using the least-square method to be 0.61+0.07 and 0.57+0.04,
respectively, and u’ for the high-velocity impact was 0.05 less than that for the low-velocity
impact: u' could depend on the impact velocity. But, k," would be the same value in both
velocity ranges within the errors.

Tsujido et al. (2015) found that u depended strongly on the projectile materials and that the
penetration depth could, depending on the projectile material, cause the difference in u. Thus, we
speculate that the penetration depth could depend on the impact velocity causing the difference in
u'. Cintala et al. (1999) and Anderson et al. (2007) measured ejecta velocity distributions for sand
targets and obtained p values from the slope of the distribution; they are 0.58 (+0.05) for Cintala
et al. using Al projectile with the velocity from 0.8 to 1.9 kms™ and 0.58 (40.11) for Anderson et
al. using glass bead projectile with the velocity from 0.3 to 1.7 kms™. Unlike our results, they did
not find clear velocity dependence on p in their velocity range below 2 kms™, which may be due
to errors. Although the density of their projectiles is 2.5~2.7 gcm™ and rather smaller than that of
our SUS projectile of 7.8 gcm™3, the p' for our high-velocity impacts is almost consistent with those
of their studies. This may mean that the density dependence on u found in low velocity (Tsujido et
al., 2015) is weakened or disappeared in high-velocity range >~2 kms™. Therefore, our p' could be

applicable to other projectiles with the density like rocky materials.
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3.3. Ejecta curtain pattern

Figure 8a shows a snapshot of the ejecta curtain taken by the high-speed camera at 10 ms after

the impact (Run 210318-1). You can see several oval holes appearing on the curtain, and the oval

holes look grey compared to their surroundings. We notice that the tracer beads are fixed to the

bottom each hole. The area surrounded by a dotted rectangle on the curtain image is magnified and

displayed on the right, showing that the tracer beads are placed at the bottom of the oval hole in

this image. This oval hole should be a forbidden zone formed by a tracer bead: The ejecta flow was

stopped by a tracer bead positioned at ro with the radius of a so that the fine glass beads did not

eject into the grey zone in Fig. 8b. Fig. 8b shows a schematic illustration of the ejecta curtain at the

timing described in Fig. 8a. The forbidden zone caused by the tracer bead is shown by a grey color,

and the ejecta curtain shape is shown in the cross section together with the tracer beads at the initial

position and the speculated moved positions A, B, C with the ejection velocity of vo(ro-a), vo(ro),

and vo(ro+a), respectively. The front view of the ejecta curtain with an oval hole caused by a tracer

bead is shown at the left. The tracer bead is positioned at A, B, and C in the forbidden zone

according to each ejection velocity. If the tracer bead has the ejection velocity, vo, ejected from ro-

a, the bead is positioned at A, and it appears at the top of the oval hole. Similarly, if the tracer bead

velocity is vo(ro), the bead is positioned at B, and it appears at the center of the oval hole. In fact,

the tracer bead appeared at the bottom of the hole, so the ejection velocity of the tracer bead should

be vo(ro+a) and it strongly supports our improved scaling law.
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3.4. Ejection angle, azimuthal angle

Figure 9a shows the relationship between the initial position normalized by the crater radius,

1o/R, and the ejection angle, 8, of each tracer bead; these data include the results of both high-

and low-impact velocity experiments. The ejection angle is within 50-60° in the r,/R range of

0.1-0.4. As the ry/R is larger than 0.4, the 6 decreases gradually to 30° although the 6

depends slightly on the a/R. Tsujido et al. (2015) found that the maximum of the ejection angle

at each initial position decreased with increasing distance from the impact point from 50° to 30°.

Our decreasing trend of the ejection angle at the initial position > 0.4R is similar to their results,

though the 6 around r,/R = 0.4 is about 55°, which is larger than that of Tsujido et al. (2015)

due to the difference in the target material.

The ejection angle of a larger tracer bead looks smaller and the 6 could be changed with a/R

systematically. Therefore, as with the scaling of the velocity distribution, we replotted the ejection

angle with (r, + a)/R as the horizontal axis. As a result, the ejection angles for various a/R are

well scaled in this figure, as shown in Fig. 8b. The ejection angles can be fitted by the equation,

T'0+a

o= —15.3( ) +60.4. (14)

This scaling does not depend on the impact velocity, unlike the case with ejecta velocity distribution.

Afew pointsat (ry + a)/R around 1 appear to drop from Eqg. (14). This might be due to the effect

of the crater edge: Part of the large tracer beads was set outside the crater radius at the initial
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position, so that part was not pushed by the excavation flow, and then the ejection angle of the
tracer bead might shift to become smaller than the angle of the excavation flow.

Figure 10 shows the relationship between the initial position normalized by the crater radius,
/R, and the azimuthal angle, ¢, of each tracer bead. All ¢ are very small, within 0°-10°,
regardless of the initial position, and the ¢ did not depend onthe a/R systematically. Therefore,

the tracer beads eject radially from the impact point.

3.5. Rotation speed and effect of burial depth on ejection velocity

We made additional experiments to study the rotation speed of a tracer bead with a radius of 5
mm. Figure 11 shows the snapshots taken by the high-speed camera for the crater formation process
made at the impact velocity of 152 ms™. A tracer bead ejected from the crater is successively
recorded; the time after the impact of the projectile on the target surface is shown on each panel.
We recognize that the ejecta curtain is split by the tracer bead and the tracer moves with the eject
curtain embedded to the lower part of the bead. The tracer bead is painted in a striped pattern with
white color, so we could measure the duration necessary for a half rotation. In this shot, the rotation
speed is about 19 rad s? and the ejection velocity estimated from Eq. (13) is 1.27 ms™, so the
rotational kinetic energy and the translational kinetic energy are calculated to be 3.3x10° J and
1.27x1073 J, respectively. The energy partitioned into the rotational one is only 0.3 % of the total

Kinetic energy including the translational one. We also notice that the rotational direction of the
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tracer bead is in the reverse direction, so called backspin. This rotational direction could be a hint

to consider the reason why the tracer bead ejects at the velocity described in Eq. (13).

Figure 12 shows the ejecta velocity distribution obtained for the tracer beads not buried and

completely buried in the target surface. It is noted that the ejection velocity for tracer beads set on

the target surface called on-target bead is systematically smaller than that calculated from Eq. (13)

for tracer beads buried a half of them even though the initial position is scaled by ro+a/R. The

ejection velocity of on-target bead is reduced to about 70 % of that calculated from Eq. (13) at each

initial position. While the ejection velocity for a tracer bead buried completely called buried bead

is slightly larger or almost on the line of Eq. (13) though there is only one data point. These results

clearly show that the buried depth affects the ejection velocity when the buried depth is shallower

than a half of the tracer bead, and the ejection velocity may not change at the buried depth deeper

than a half of the bead.

4. Discussions

4.1. Effect of the crater edge

In the ejection angle distribution obtained in this study, we found the size effects of tracer beads:

The ejection angles of large tracer beads departed from the linear function and decreased (Fig. 9b).

Housen and Holsapple (2011) discussed that the ejection velocities of particles ejected from the

region near the crater edge departed from the power-law dependence. They modeled this behavior

22



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

by assuming that the ejection velocity goes to zero at distance 7, = 1.23R and adding

(1 —r1y/1.23R)? to Eq. (2) for granular matters:

1
-1
Vo To [ Pt # To \’
v, ka lrp <pp> l (1 1.23R) ' (15)

In this study, we used this model to modify the ejection velocity and angle distributions near the

crater edge (Fig. 13). The modified equations of ejection velocity distribution for low- and high-

Fig. 13

impact velocity and the ejection angle distribution are described as follows:

1

v Ty + a\ w ro + a\’?!
0 :kZI(OR )M<1_1023R> ’ (16)

ro+a

o + a>0'1 1

0= (_6'4 1.23R

+ 58.7) (1 -
We chose the power law index of p to be 0.1 for the ejecta velocity distribution of both high- and
low-impact velocity, and this p of 0.1 can extrapolate these data toward the rim appropriately (Fig.

13a). The same p was used for Eq. (17) to fit the data in Fig. 13b though p=0.3 was adopted for

granular matter in Housen and Holsapple (2011).

4.2. Effect of rotation on the ejection velocity

The rotational Kkinetic energy was about 0.3 % of the total kinetic energy including the
translational kinetic energy, and the rotational direction of the tracer bead was observed to be
reverse direction (Fig. 11). Based on this evidence, we speculated that the tracer bead was mainly

accelerated by fine glass beads flowing closed to the outer edge of the tracer bead (see Fig. 14)
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because the backspin of the tracer bead may occur by the upward torque exerted on the outer edge

of the tracer bead (Fig. 1; Fig.14). Moreover, the fine glass beads flow close to the inner edge might

escape upward from the surface without pushing the tracer bead, so that the fine glass beads flow

of inner edge could not contribute the acceleration of the tracer bead enough. This may be the

reason why the tracer bead has a velocity slower than that of the surroundings at ro. But

unfortunately, it is difficult for us to explain the quantitative mechanism of the scaled distance

described as ro+a in the improved scaling law. The geometrical relationship between the tracer

bead and target fine glass beads should be important as is noticed for the burial depth effect on the

ejection velocity. The momentum coupling between the tracer bead and the target fine glass beads

was weaker for on-target bead, which is similarly to that occur at the inner edge of the tracer bead:

A part of momentum of the fine glass beads flowing toward the tracer bead escapes from the target

surface and the ejection velocity is reduced. However, the detail study to clarify the scaling of

(ro+a)/R for tracer bead with the radius a is the future work, and we will study it using numerical

simulations.

4.3. Boulder movement from the inside the crater

In this section, we discuss boulder movement from inside the crater during the crater formation

process on rubble-pile asteroids. Boulders with initial ejection velocities higher than the escape

velocity would escape from the asteroid and release into space to become a new tiny asteroid, while
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boulders whose initial ejection velocities lower than escape velocity would land on the surface.
Moreover, according to Eg. (16), we expect that a large boulder inside the crater could not move
outside the crater, depending on its initial position. For example, an lijima boulder on asteroid
Ryugu with a diameter of 6 m moved only 2.6 m from its initial position, which was inside the SCI
crater with a diameter of 14.5 m (Honda et al., 2021). Then, we calculated the landing points of
boulders of various sizes ejected from inside the crater, and we also calculated the maximum size
of a boulder that could escape from Ryugu during crater formation.

The landing point of a boulder with a ballistic trajectory can be calculated given the ejection
velocity, v,, and the ejection angle, 8. We define L as the distance between the impact point and
the inner edge of the landed boulder (Fig. 1), and L is written as,

Vo2 sin? 26

L=rp+———q, (18)
g

and Eq. (16) is substituted in Eq. (18);

1 2

To + a)‘w( To + a)‘“ _
1-— 2 — 1
R 123k sin 26 a, (19)

L=T0+R kzl(

where we notice that L is independent of the surface gravity, g. Fig. 15

Figure 15 shows the contour plot of the landing point L normalized by the crater radius R,

which is calculated by using Eq. (19) with the constants k," and x' for the high-impact velocity.

The data at the initial position ry/R < a/R are not meaningful because the projectile collides with

a boulder with radius a. Thus, we excluded the area above the line shown by a/R = ry/R.

Moreover, when part of the boulder is beyond the crater rim at the initial position a/R > —1,/R +
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1.23, the boulder might not move. Thus, we also excluded the area above the line shown by a/R =

1.23 — ry/R. We then found that the boulder with a/R > 0.615 is never ejected from the crater.

We can predict the normalized landing position, L/R, using the contours of Fig. 15. For example,

it is recognized that a boulder with a/R = 0.15 can be ejected out of the crater rim with the initial

position r,/R < 0.62, and a boulder with a/R = 0.3 ejected from r,/R = 0.62 lands on the

inside of the crater at the landing position L/R = 0.7. As the crater rim corresponds to L/R =

1.23, we expect the boulder to land on the area out of the crater rim at L/R = 1.23. Thus, this

contour shows that the maximum boulder size that can be ejected beyond the crater rimis a/R =

0.34: The maximum boulder size is simply proportional to the crater radius.

Applying Fig. 15 to the SCI crater with a diameter of 14.5 m, the maximum diameter of a boulder

that can be ejected fully out of the crater from a position 2.5 m from the crater center is 5 m. The

largest boulder ejected outside of the SCI crater was observed to be ~1.7 m (Honda et al., 2021).

Moreover, an lijima boulder with a size of 6 m was not ejected from the SCI crater, but moved 2.6

m inside the crater, and the moving distance calculated from this model is ~3 m, which is in good

agreement with the observational result. Fig. 16

Finally, we discuss the size of a boulder that could have escaped from Ryugu's gravitational field

during the formation of the SCI and Urashima craters. Figure 16 shows the ejecta velocity

distribution for grains with a size of a/R = 0.04—0.40. The horizontal lines represent the

normalized escape velocity for Ryugu corresponding to the radii of the SCI and Urashima craters.
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A dotted line is the normalized ejection velocity for the SCI crater corresponding to the escape
velocity of Ryugu, vesc/\/ﬂ. Ryugu's escape velocity is 0.37 m s*, its gravitational
acceleration is 0.15 mm s* (Watanabe et al., 2019), and the SCI crater radius is 7.25 m. Therefore,
the normalized escape velocity can be calculated as vesc/m = 11. A dash-dotted line is the
normalized ejection velocity for the Urashima crater corresponding to the escape velocity of Ryugu,
Vesc/v9Rurashima, @nd it is calculated to be 2.5 for the 145 m radius of the Urashima crater. When
the normalized boulder radius, a/R, is larger than the normalized initial position, r,/R, the
projectile collides with the boulder directly, so we omit these ejecta velocities from this figure. In
the case of the SCI crater, boulders could escape from Ryugu’s gravity field when the normalized
ejection velocity is greater than 11 and the initial position necessary for escaping is very close to
the impact point: r,/R < 0.10 for a/R = 0.09 and r,/R < 0.15 for a/R = 0.04. Moreover,
the boulders inside the SCI crater with a/R > 0.09, where a > 0.65 m, never escape from
Ryugu. On the other hand, in the case of the Urashima crater with a diameter of 290 m (Hirata et
al., 2020), boulders less than 64 m could escape from Ryugu to become new asteroids. The
formation of a large crater such as Urashima is one of the mechanisms of generating new tiny

monolithic asteroids, with sizes of dozens of meters, from boulders on rubble-pile asteroids.
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Figure captions

Figure 1. Schematic illustration of the ejection process during crater formation. The parameters

related to the m-scaling theory are introduced.

Figure 2. Image of the target used in run number 210318-1. Fifty-two tracer beads 3 mm in

diameter were placed on the target surface. High-speed cameras were taken from the upper side of

this image.

Figure 3. Snapshots from high-speed cameras taken from (a) the front and (b) the top at 2 ms after

the shot. Trajectories of tracer beads are shown by circles with the same colors (run number:

201002-6). (c) The 3D trajectories of the tracer beads shown in (a) and (b). The tracer beads are

identified by numbers from 1 to 6.

Figure 4. Schematic illustration of the ejection vector of a tracer bead. The parameters analyzed in

this study are introduced. The x axis is defined as the line connecting the impact point with the

initial position of the tracer bead. The y axis is perpendicular to the x axis on the target surface.

The z axis is perpendicular to the xy plane.
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Figure 5. A series of high-speed images of the crater formation process for run number 210317-8.

The label in the upper left corner of each image indicates the time passed after the impact.

Figure 6. (a) Ejecta velocity distribution described by the relationship between the initial position
normalized by the crater radius, r,/R, and the ejection velocity, v,, normalized by \/g_R for the
low-velocity impact experiments. The solid lines show the results calculated from Eq. (13) for
a/R=0.04, 0.15 and 0.3. (b) Ejecta velocity distribution described by the relationship between (1, —
a)/R, and vo/\/g_R. (c) Ejecta velocity distribution described by the relationship between (r, +
a)/R, and vo/\/g_R. The solid line shows the result fitted by Eqg. (13). (d) Ejecta velocity
distribution scaled by r,/R in the horizontal axis for the high-velocity impact experiments. The
solid lines show the results calculated from Eg. (13) for a/R=0.04 and 0.15. (e) Ejecta velocity
distribution scaled by (r, —a)/R in the horizontal axis for the high-velocity impact experiments.
(f) Ejecta velocity distribution scaled by (r, + a)/R in the horizontal axis for the high-velocity
impact experiments. The symbol color shows the tracer bead radius normalized by the crater radius,

a/R, in all six panels.

Figure 7. Ejection velocity distributions of tracer beads. Blue and red symbols indicate the results

for low-velocity and high-velocity impact experiments, respectively. The symbol size corresponds
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to the relative size of the tracer beads. The solid lines show the results fitted by Eq. (13).

Figure 8. (a) A snapshot of the ejecta curtain for run number 210318-1 taken by a high-speed

camera at 10 ms after the impact. The dotted rectangular area is enlarged and shown at the right

side; a tracer bead is seen at the bottom of the hole on the ejecta curtain. (b) Schematic illustrations

of the ejecta curtain growing with the tracer brads shown by the cross section and the front view.

On the illustration of the cross section, a tracer bead is shown at the initial position and at three

different positions (A, B, C) corresponding to each ejection velocity depending on the distance

from the impact point (ro-a, ro, ro+a). The forbidden zone is colored grey, where a tracer bead

stopped the flow of fine glass beads, and the number density of fine glass beads are much smaller

than that of the surrounding density. The illustration of the front view can be compared with Fig.

8a to confirm the tracer bead position: The position C is achieved.

Figure 9. (a) Ejection angles of tracer beads described by the relationship between the initial

position normalized by the crater radius, r,/R, and the ejection angle, 6. (b) Ejection angles of

tracer beads described by the relationship between (r, + a)/R, and 6. The solid lines show the

results fitted by Eq. (14). The symbol color and relative size show the tracer bead radius normalized

by the crater radius, a/R, in two figures.
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Figure 10. Azimuthal angles of tracer beads described by the relationship between the initial

position normalized by the crater radius, 1,/R, and the azimuthal angle, ¢. The symbol color and

relative size show the tracer bead radius normalized by the crater radius, a/R.

Figure 11. (a) Successive images of ejection of a tracer bead taken by the high-speed camera shown

at every 30 ms. The rotation of the tracer bead was observed together with the ejecta curtain growth.

(b) Selected enlarged images of the tracer bead in Fig. 11a. WS labelled on the bead is a white

stripe painted on the bead to recognize the rotation, and it enabled us to determine the rotation

direction and the rotation speed of the bead.

Figure 12. Ejection velocity distributions of tracer beads with different buried depth. The dotted

line is fitted by a least square method for the data of tracer beads put on the surface. The solid line

is calculated by Eq. (13). The closed symbol was derived from the tracer bead buried completely.

Figure 13. (a) Ejection velocity distributions of tracer beads obtained for the low- and high-

velocity impact experiments. The solid curves show the results fitted by Eq. (16). (b) Ejection angle

distribution of tracer beads. The solid curve shows the result fitted by Eq. (17). The symbol color

and relative size show the tracer bead radius normalized by the crater radius, a/R, in two figures.
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Figure 14. Schematic illustration showing the ejection and the rotation mechanism of the tracer

bead.

Figure 15. Contour plot of the normalized landing point, L/R, changing with the normalized

boulder radius, a/R, and the normalized initial position, r,/R. The color shows the value of L/R.

The ranges of a/R > r,/R and a/R > —1r,/R + 1.23 are not drawn.

Figure 16. Ejecta velocity distributions for boulders with sizes of a/R = 0.04-0.40. The dotted

line represents the normalized ejection velocity for the SCI crater. The dash-dotted line represents

the normalized ejection velocity for the Urashima crater.
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Table1 Click here to access/download;Table;Table 1.docx %

Table 1. Experimental conditions and results according to crater rim radius

Projectile diameter Projectile mass Impact velocity Crater rim radius Diameter of tracer
Run number 2r, [mm] my, [mg] v; [ms? Ruim [mm] beads [mm]
200309-3 3.0 112 144.1 46.0 3,5
200309-4 3.0 112 133.3 43.6 3,5
200309-5 3.0 112 165.6 46.0 3,5
200309-6 3.0 112 175.4 46.7 3,5
200310-1 3.0 112 161.3 45.4 5
200310-2 3.0 112 138.9 42.6 5
200310-3 3.0 112 115.7 41.3 5
200312-1 3.0 112 161.3 45.4 5
200312-2 3.0 112 125.3 44.1 5
200312-3 3.0 112 188.0 48.7 5
200312-5 3.0 112 104.6 39.1 5
200930-2 1.0 4.2 2129 46.8 5
201001-1 1.0 4.0 4417 56.5 10
201001-2 2.0 335 4132 96.1 10
201002-6 2.0 335 4098 99.5 10
201117-3 2.9 112 178.6 49.7 10
201126-1 3.0 112 190.8 50.0 10
201126-2 3.0 111 171.8 44.6 10
201126-3 2.9 111 140.1 43.1 10
201130-1 3.0 113 162.3 47.4 17

201130-2 3.0 113 147.5 44.0 17



201201-10
201204-1
201204-2
201207-1
201207-2
210106-1
210106-6
210112-1
210112-2
210112-6
210118-6
210317-8
210318-1
210318-4
210716-1
210716-2
210718-1
210718-2
210718-3
210718-4

3.0
3.0
3.0
3.0
2.9
3.0
2.9
3.0
3.0
3.0
3.0
1.0
2.0
2.0
3.0
3.0
3.0
3.0
3.0
3.0

112
112
113
112
111
113
111
113
113
112
113
3.9
33.3
334
113
113
112
112
112
112

133.0
101.2
115.9
181.2
154.8
146.2
165.6
180.5
184.5
108.7
147.1
4419
1925
1943
163.9
181.2
174.8
174.2
156.7
154.3

85.3
40.6
44.2
49.9
43.9
445
94.3
100.0
98.9
79.9
943
55.2
82.3
83.4
48.9
48.6
50.9
49.9
46.9
48.0

10
17
17
30
30
17
17
17
17
17
10
10

10
10
10




Table2 Click here to access/download;Table;Table 2.docx %

Table 2. Experimental results for ejected tracer beads

Bead Initial Ejection . Azimuthal
. . . Ejection
Run number  Bead 1D Diameter position veIoc_lty angle angle
[mm] [mm] [ms] o [°]
[°]
Low-velocity experiments
200309-3 1 5 8.5 2.1 54.7 1.0
2 3 14.8 1.4 54.6 5.2
200309-4 1 5 6.3 2.9 54.4 1.4
200309-5 1 3 12.4 2.0 56.7 0.5
2 5 13.4 1.4 55.6 1.4
200309-6 1 3 13.7 1.9 53.6 5.3
2 5 12.6 1.8 53.5 1.9
200310-1 1 5 13.9 1.4 53.7 0.9
2 5 17.6 1.0 52.8 4.3
3 5 8.1 2.8 53.9 3.2
200310-2 1 5 6.3 2.9 56.1 0.5
2 5 9.0 1.9 54.1 1.1
200310-3 1 5 6.8 2.2 55.9 0.3
2 5 9.5 1.8 54.9 2.7
3 5 12.7 1.2 56.7 0.1
200312-1 1 5 18.3 1.0 53.8 5.4
2 5 26.3 0.6 51.8 8.2
3 5 15.8 1.0 54.9 1.8
4 5 21.8 0.8 50.7 0.7
5 5 23.2 0.7 48.2 2.9
200312-2 1 5 22.1 0.6 53.1 4.2
2 5 19.0 0.7 495 6.4
3 5 8.4 2.8 51.7 4.1
200312-3 1 5 10.6 2.2 55.4 5.6
2 5 16.9 1.3 53.2 0.8
3 5 19.1 1.0 59.8 2.6
4 5 16.3 1.3 55.6 1.0
5 5 22.0 0.9 54.2 1.4
6 5 17.7 1.2 54.7 0.5
200312-5 1 5 7.0 2.1 55.0 10.7
2 5 11.6 1.1 55.4 4.1
3 5 7.8 1.9 52.8 3.7



201117-3
201126-1
201126-2
201126-3
201130-1
201130-2
201204-1
201204-2
210106-1
201207-1
201207-2
210716-1
210716-2

210718-1
210718-2

210718-3

210718-4

201201-10*
210106-6*
210112-1*
210112-2*
210112-6*

210118-6**

High-velocity experiments

200930-2

R R R R R R NRP ORNRPEPNRRNRRRRRRRRRERPRERRER N

1
2
3
4
5
6

o1 o1 o1 o1 o1 Ol

16.9
13.6
24.8
20.7
28.0
22.3
26.9
27.8
24.7
25.8
17.0
23.8
23.0

9.9
18.9
14.3
18.1
14.8
125

8.0

8.5
12.1
27.0
27.0
23.8
17.6
18.1
17.8
22.9
16.4

9.5
11.7
15.0
16.9
18.9
19.7

0.6
0.9
0.5
0.7
0.4
0.5
0.4
0.3
0.3
0.4
0.7
0.4
0.4
3.1
0.8
1.2
0.8
1.0
1.3
2.9
2.9
1.7
0.6
0.6
0.3
0.4
0.4
0.4
0.2
0.9

3.3
2.1
1.3
1.2
0.9
0.8

52.7
54.7
51.9
50.7
43.6
48.1
46.4
48.1
43.1
43.0
44.8
37.7
34.9
53.0
52.9
52.0
51.3
525
53.7
534
53.6
54.3
50.1
49.8
41.7
55.4
52.8
54.2
45.6
38.0

54.3
55.2
49.9
50.3
50.9
524

2.1
5.1
1.2
1.2
2.4
0.7
3.2
1.3
1.1
4.0
2.0
5.9
3.2
3.0
2.0
1.1
1.2
1.6
0.4
2.8
1.5
2.3
1.8
1.3

1.9
5.6
2.0
0.1
1.7
6.6



201001-1

201001-2

201002-6

210317-8

210318-1

210318-4

o O A W DN P W W DN PO 0N PO oo DN PN DN

o o1 o1 o1 o1 o1 o1 O1 O

5

24.2
17.0
25.3
16.4
16.1
34.3
22.7
16.9
21.7
33.2
40.7
34.2

8.6
154
23.0

8.9
24.4
15.0
24.4
31.0
33.3
334
26.4
335
27.6
25.2
26.9

1.0
1.4
2.5
6.0
4.6
24
2.7
4.0
3.3
1.5
1.2
1.6
3.5
2.0
1.0
4.4
0.8
6.0
2.9
2.0
1.7
1.7
24
1.7
2.2
2.6
24

51.8
53.8
56.6
57.4
58.8
51.6
57.0
50.0
56.4
57.1
56.7
52.0
46.8
48.4
51.5
43.9
52.1
59.2
54.3
52.6
511
52.9
54.1
53.6
55.5
55.0
54.9

0.0
2.6
0.3
0.9
6.4
0.7
0.9
4.1
6.0
0.0
2.6
4.4
1.7
3.0
3.7
2.2
3.1
0.1
1.1
2.3
2.5
0.5
0.4
0.5
0.1
1.6
1.0

* The tracer bead was put on the target surface.
** The tracer bead was completely buried in the target.





