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Introduction:  In order to understand the impact 

histories related to the asteroid formation processes, it 
is very important to study the impact craters found on 
the surfaces of asteroids. So, we should study the crater 
formation mechanism and establish the formation the-
ory of the impact crater based on the physical mecha-
nism. From recent spacecraft explorations, many aster-
oids were found to have low density and be porous 
bodies [1]. Porosity has an important effect on the cra-
ter formation: void spaces were crushed due to impact 
pressure and large craters with a compaction layer be-
low the surface were formed [2]. So, the crater for-
mation mechanism on porous materials is important to 
understand the impact histories of asteroids. The target 
internal structure changing with time during the crater 
formation process has not been studied yet by laborato-
ry experiments because it is difficult to observe the 
target interior by visible light. In some previous works, 
impact experiments were conducted by using porous 
transparent silica aerojel to visualize the target interior 
[e.g., 3]. However, the density of aerojel is much 
smaller than those of asteroids, so the craters formed 
on the aerojel are quite different from those found on 
asteroids. Thus, we can’t use the aerojel to simualate 
asteroids. 

In this study, we tried to visualize the interior of 
target during crater formation process by using a flash 
X-ray generator to study the elementary processes of 
crater formation. And, we observed the projectile pene-
tration and the cavity expansion in the target. 

Experimental Methods: We prepared porous gyp-
sum targets having cylindrical shape with two different 
sizes,  a diameter of 34 mm and a height of 65 mm, 
and a diameter of 64 mm and a height of 70 mm. Im-
pact experiments were conducted by a two-stage H-gas 
gun in ISAS, JAXA. The impact velocities were 1.9-
2.4km/s (low velocity) and 5.6-6.4km/s (high velocity) 
by using three types of projectile, stainless spheres 
(s.s.) with diameters of 1.6 and 3.2 mm, aluminum (Al) 
sphere with 3.2 mm, and nylon (Ny) sphere with 3.2 
mm.  

We set two flash X-ray generators at the voltage of 
about 300 kV to take two images at different times for 
one test by using two imaging plates. Multiple images 
were obtained from several tests at same impact condi-
tion and different trigger timings from 0 to 250 µs. The 
trigger timing was controlled by a piezo-gauge.  

Results: The observation of projectile penetrating 
the porous gypsum interior and the growth of the crater 
cavity was succeeded by using a flash X-ray. 

Crater mode. Figure 1 shows the time sequence of 
projectile penetration and cavity formation recorded on 
X-ray images. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 At the kinetic energy of projectile smaller than 400 
J (s.s. projectile with a diameter of 1.6 mm at high ve-
locity, and Al and Ny projectiles at low velocity), the 
projectiles collided the target surface and deformed 
like a disk shape. Furthermore, the hemispherical cavi-
ty was formed in the target on Fig. 1a. At the kinetic 
energy larger than 850 J (s.s. projectile with a diameter 
of 3.2 mm and Al projectile at high velocity), the pro-
jectiles deformed and destructed, and the hemispheri-
cal cavity was formed in the target, accompanied with 
some elongated pits on the cavity front on Fig. 1b. Fi-
nally, the target was destructed to many pieces.  

Crater cavity depth and diameter. We measured 
the crater cavity depth, d (shown on Fig. 2), the en-
trance diameter, D, and the maximum diameter, Dmax, 

a) 

b) 

Figure 1:  Flash X-ray images. a) Hemispherical cavi-
ty. b) Hemispherical cavity with destruction. The pro-
jectile was accerelated from left side. The targets have 
a diameter of 34 mm and a height of 65 mm.  
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changing with time. As a results, the d and Dmax in-
creased with time until ts, where ts is defined as the 
stopping time of the cavity growth. The ts is estimated 
to be 20 µs for s.s. and Al projectile, and <10 µs for a 
Ny projectile. On the other hand, the D kept increasing 
with time because some fragments began to eject from 
the target surface around ts. In the case of destruction, 
the d increased again at 60 µs because some small bro-
ken projectiles continued to penetrate the target indi-
vidually from the surface of crater cavity and formed 
elongated pits along their trajectories.  
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Discussion:  
Drag coefficient of projectile. We calculated the 

drag coefficient, Cd, which controlled the motion of 
projectile penetration by a decerelation model. The 
equation of decerelation model could be written as 
follows [3],  
                           d(t) = ln(vi!t +1) /! ,                    (1)  
                             ! = !Cd" trp2 / 2mp ,                      (2)  
where vi is the impact velocity in km/s, ρt is the target 
density, and ρp and mp are the projectile density and 
mass, respectively. The fitted lines by using Eq. (1) are 
also shown in Fig. 2. We fit the data between 0 µs and 
ts. As a result, the Cd was determined to be 2.3-3.9, 
about 2-4 times larger than those obtained for other 
porous materials such as aerogel [e.g., 3], ~1.0. We 
know that the Cd depends significantly on the shape of 
the projectile [e.g., 4]. In this study, we observed the 
deformation and disruption of original projectile by 
using flash X-rays, so this might cause the higher Cd. 

Implications for crater scaling laws. We applied 
our experimental results to a crater scaling law ex-
pressed the relationship between transient crater vol-
ume, Vc,r and  time [5].  The scaling law could be writ-
ten as follows, 
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where K2 is the specific constant, µ and ν are scaling 
parameter, and πt is the scalint time, expressed as vit/rp. 
Figure 3 shows the calculated results. All data has al-
most merged, and the slope of the fitted line changes as 
the πt increases. This shance occurred at the πt corre-
sponding to ts. We can obtain the empirical equation 
between 0 µs and ts as ρtVcr(t)/mp=0.27πt

1.10. We can 
obtain the constants related to the scaling parameter, µ. 
From the calculation, µ is 0.58. The µ is required by 
the  crater formation theory to be between 1/3 and 2/3, 
so our obtained µ value is within this range. This ob-
tained value is similar to that estimated values for po-
rous gypsum, 0.5 [6], while it is larger than that for 
non-cohesive sand, 0.41 [5]. The µ expects to decrease 
as target porosity increases. Thus, our obtained value is 
larger than that for non-cohesive sand, regardless of 
the fact that our targets have higher porosity than that 
of sand. 
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Figure 2:  An example showing the relationship be-
tween the crater cavity depth normalized by a diam-
eter of projectile, d/Dp, and the time, t. In the case of 
destruction, solid circle means the cavity depth in-
cluding the longest pit extending at the forehead of 
the cavity, and open circle means the depth of crater 
cavity. 
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Figure 3:  ρtVcr(t)/mp vs. πt. The vertical lines  mean 
πt corresponding to ts for each impact condition. 
Solid symbols represent the data before ts, and open 
symbols represent the data after ts. 
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