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Introduction:  Jupiter’s moon Europa is a target of 

high interest for Planetary Science because it could 

contain a liquid water ocean capable of supporting life 

beneath its icy shell [1].  There are two main questions 

that need to be answered to determine whether life 

could exist on Europa.   

• “How much energy is available to support life?” 

• “Are the necessary chemical components available 

to support life and if so, are indications of life pre-

sent?” 

A mission to Europa using ballistic probes could 

address these questions, as well as gain more infor-

mation on the thickness of the ice shell and depth of the 

anticipated liquid ocean.  An advanced high speed and 

hypervelocity (~1-5 km/sec) modeling approach can be 

used to consider a range of projectile configurations.  

One such configuration, an annular projectile which 

has been demonstrated at lower speed, could be de-

signed to produce a highly controlled pattern of ejecta 

that would provide information about the composition 

of the ice through in-situ measurement (ion/neutral and 

dust impact mass spectrometry) and possibly sample 

return.  Data from the high speed and hypervelocity 

impact modeling would also be useful in evaluating the 

possibility of high speed instrumented probes for in-

situ analysis including composition and seismic moni-

toring.  Previous instrumented probe studies relied on 

relatively low impact speeds (~200 m/s) [2].  The re-

sults of high rate, low temperature water ice experi-

mental tests and numerical modeling will be presented. 

Experimental:  The surface of Europa ranges from 

50K (-223 °C) to 140K (-133 °C).  At these very low 

temperatures, the properties of ice are very different 

from ice found on Earth.  Investigations of the basic 

physics of impact into cryogenic ice began under a 

small exploratory investigation in early 2013.  This 

project developed an approach to study the physics of 

projectile impact using a series of high rate mechanical 

property tests, small scale impact experiments and ad-

vanced computational models.  The mechanical proper-

ty tests demonstrated that pure water ice at 100K has 

almost 4 times the dynamic compressive strength of ice 

at 258K.  Also, the peak compressive strength of ice at 

258K shows higher rate sensitivity than ice at 100K.  

This significantly affects the penetration depth and 

peak loads involved in a projectile impacting ice, and 

could change the resulting pattern of ejecta.  Ballistic 

impact tests were performed on large blocks of ice 

chilled uniformly to 100K to provide validation for the 

computational models as well as to investigate different 

projectile geometries; an example is shown below. 

 
Modeling:  An advanced ice modeling approach 

that uses an incremental variational formulation was 

developed by Case Western Reserve University.  This 

formulation is based on a thermodynamic approach to 

constitutive modeling for the local behavior of ice and 

is implemented in the Optimal Transportation Mesh-

free (OTM) method [3].  In this approach, the constitu-

tive behavior is described through potentials (state 

functions) and dissipation pseudo-potentials.  Thus, 

stress at each material point can be derived from a sin-

gle incremental pseudo-potential at each time step.  

The effective response of ice is assumed to be rate and 

temperature dependent with failure and phase trans-

formation.  The close coupling between ice constitutive 

modeling and ice characterization at cryogenic temper-

atures and high rates, to better understand impact and 

penetration of projectiles into cryogenically cooled ice, 

is novel. 
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