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We have developed a laboratory experiment to simulate ice surface environmental
conditions on Europa and other icy worlds. The project studies the possible formation of ice
penitentes in a vacuum environment, while controlling background pressure, ice and wall
temperatures, ice chemical compositions, and incident photon flux. The experiment consists
of two separate apparatus: a static testbed in which illumination conditions remain fixed,
and a diurnal testbed in which a motorized linear stage sweeps a solar simulator source
across the ice surface to simulate diurnal variations. The static testbed primarily serves as a
platform for short-term tests at temperatures from 200K to 273K with moderate vacuum (10
Pa to atmospheric), while the diurnal testbed can achieve cryogenic temperatures down to
80K and a vacuum of 1x10-4 Pa. Preliminary results show the formation of sublimationdriven ice structures at Earth-like temperatures and moderate vacuum conditions close to
the equilibrium vapor pressure curve for pure water.
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reflectance (unitless)
Single Layer Insulation, made from aluminized Kapton or mylar
Ultra-Violet
Thermocouple

I. Introduction

I

CE penitentes, or penitent ice formations, are needle-like structures observed on high-altitude terrestrial glaciers
and snowfields at scales ranging from centimeters to a few meters. 1 (Figure 1) Penitentes are known to form by a
sublimation process driven by incident solar radiation, and therefore can only form in atmospheric conditions of low
relative humidity (though critically, penitente formation is inhibited at zero relative humidity). The incident solar
flux warms the ice at, or just beneath, the surface, to liberate water molecules and excavate the surface. Once a field
of penitentes has started to form, the troughs between them deepen as scattering of incident photons from the
sidewalls cause focusing of the flux in the trough bottoms, thereby increasing the temperature and sublimation
efficiency within the troughs.1-4 This creates a feedback cycle, further deepening the troughs.
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Recent work5,6 has raised the question of whether such structures could exist
on the surface of Europa or other icy bodies in the solar system. The possible
presence of meter-scale penitents or other formations has been an important
consideration for landing spacecraft on ice-covered ocean worlds.7
In an effort to gain insight into the physics of penitente formation, we have
developed the Europa Penitent Ice Experiment (EPIX), which can simulate a
wide range of pressure, thermal, and illumination conditions ranging from Earthlike to near Europa-like. The EPIX experimental apparatus consist of a diurnal
illumination testbed, and several static testbeds. The diurnal testbed provides a
meter-scale bulk ice sample at 80K minimum temperature and 1x10-4 Pa Figure 1. Ice penitentes on
background pressure, and uses a cryogenic mechanical stage to sweep a light Earth, approximately 1m tall
source across the ice for the diurnal solar cycle. The static testbeds provide a (https://commons.wikimedia.org
fixed surface-normal illumination geometry, and temperatures between 200K to /wiki/File:Penitentes_Upper_Ri
273K, with rough vacuum from <10 Pa to atmospheric pressure. Both testbeds o_Blanco_Argentine.jpg).
can deliver a maximum solar flux approximately equal to that at Earth.
The EPIX project seeks, in part, to develop empirical scaling laws for penitente growth rate as a function of
incident flux, ice temperature, background pressure, and concentration of chemical impurities within the ice. We
intend to compare our results to published scaling relations for Earth-like conditions,2,3 and ultimately determine the
likelihood of penitent ice formation on icy worlds such as Europa and Enceladus. This document presents the
engineering details of the experimental apparatus, with discussion of capabilities and limitations for simulating the
ice surface environment on Earth and on extraterrestrial worlds.

II. Static Testbed
The static testbed consists of a 0.3m diameter cylindrical aluminum chamber, with an outer fluid cooling jacket.
Figure 2 shows a diagram and photograph of the apparatus. A recirculating fluid chiller pumps coolant through the
jacket to maintain a wall setpoint temperature within ±1K, with a minimum temperature of 200K. The cooling
jacket was also designed for liquid nitrogen plumbing, in place of the chiller, to perform experiments at cryogenic
temperatures.
Near the chamber top, an aluminum ring is welded to the inner surface, protruding approximately 2 cm radially
into the chamber. This provides an attachment surface for a conductively-cooled aperture plate. The aperture limits

h = Aperture dist. from ice
q = Beam spread angle
d = Spot diameter
t = Ice thnickess

Figure 3. Static testbed cross
section showing optical angles
and distances.
Figure 2. Static testbed chamber details.
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the radial extent of incident radiation such that the light strikes only the ice surface, and does not shine directly on
the chamber walls. Figure 3 shows a cross-sectional diagram of the chamber illumination geometry. Various
combinations of aperture size and lamp distance can be used to control the spot size and radiative optical flux.
An 80W halogen lamp provides the illumination source. It points vertically downward at the ice surface and
shines into the chamber through a UV-transparent fused silica window (Thorlabs WG42012). The entire aluminum
apparatus is anodized black and bead blasted to minimize stray light reflections, and to minimize corrosion issues
when using salts or acids in the ice mixture.
The static testbeds employ an instrument suite to measure ice temperatures, background chamber pressure,
light flux, and surface morphology changes. Four embedded thermocouples measure bulk ice temperature at
different vertical locations: at the chamber floor, two in the ice interior, and near the ice surface. These
thermocouples are mounted to a low-conductivity vertical post, as shown in Figure 2, to provide a measurement of
the vertical temperature gradient through the ice.
Another set of thermocouples measure the horizontal temperature gradient at the ice surface. Figure 2 shows this
arrangement, which consists of five TC’s mounted to a horizontal Teflon rod with 2 cm spacing. Each TC passes
through a ⅛” diameter stainless steel tube, which mounts to a vertical through-hole in the Teflon rod with a soft
tensile spring. This arrangement allows each TC tube to move vertically when pressed onto the ice surface, in order
to conform to irregular surface features and guarantee contact between the thermocouple tip and the ice. The
assembly mounts to a vertical stainless-steel tube, which passes through an O-ring seal fitting in the chamber lid.
This fitting allows vertical translation motion of the probes while under vacuum, as well as rotation about the
vertical tube axis, thereby allowing the probe to move out of the light path and avoid casting shadows on the ice
surface while not actively taking measurements. To acquire surface temperature data, the user rotates the probe
towards the center of the chamber and presses it down onto the ice surface.
Chamber background pressure measurement consists of an analog rough vacuum gauge and an Instrutec
MicroBee CDM900 transducer with 1 to 1000 Pa range, mounted to the chamber lid.
An in-situ camera provides optical access to the interior of the chamber for monitoring of ice surface
morphology changes. We have successfully used a Logitech C920 webcam in the chamber, mounted to a moveable
tube through an O-ring fitting, with wires passing through the tube to a USB vacuum feedthrough on a flange
adapter. If continuously operating, this camera functions well (without modification or active heating) with
cryogenic ice and wall temperatures. We have used it successfully with 80K wall temperatures in the static testbed,
with the camera mounted on a post from the room-temperature lid. However, if the camera is powered down in cold
conditions, the electronics fail to function sufficiently to restart without applied heat. We have also tested a higherresolution Amscope MU1400 (14 Megapixel) camera, which requires heating via an adhesive Kapton film heater
attached to the housing to function in cryogenic test conditions. Work is currently underway to implement 3D stereo
reconstruction of the ice surface from camera data to quantify morphological changes.

III. Diurnal Testbed
The EPIX diurnal testbed consists of a rectangular vacuum chamber with an inner cold box, 50 cm x 120 cm as
shown in Figure 4. The 6061 aluminum coldbox is type III hard anodized to minimize corrosion issues that would
otherwise result from the addition of acids and/or salts to the ice. Tubular G-10 standoffs support the coldbox at the
four corners and provide thermal isolation to minimize conductive losses to the chamber floor. Radiative isolation is
provided by single-layer insulation (SLI) on the inner surface of the chamber wall. A single-stage GiffordMcMahon cryocooler mounts through a flange in the chamber floor and conductively draws heat from the cold box
through a flexible, double-sided copper thermal strap (SHI cryogenics CH-110). At each end of the thermal strap,
where it attaches to the cold box, a 100W resistance heater attaches to the underside of the strap using the same bolts
which hold the strap to the coldbox. Graphite foil provides thermal interface material at all of the interfaces in this
region. A Lakeshore model 336 temperature controller drives the heaters, using temperature feedback from a
temperature-sensitive diode attached to the cold box underside approximately 5 cm from the thermal strap. Thermal
gradients across the coldbox wall thickness are negligible, and we expect low thermal resistance between the ice and
coldbox floor for ice frozen in place that conforms to the coldbox. The interface between the diode and coldbox
floor provides the only significant resistance, and the setpoint temperature based on feedback from this diode
controls the ice floor temperature to within 2K.
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Figure 4. Diurnal testbed cutaway diagram. Red dots show thermocouple locations. Purple region shows the
approximate region of illumination, with the edges representing ‘sunrise’ and ‘sunset’ as the linear stage scans the
LED housing across the surface. Due to limitations with illumination on a flat surface, ‘sunrise’ and ‘sunset’
correspond, from an incident flux standpoint, to approximately 8:45 AM and 6:15 PM.
A mechanical linear stage mounts inside the cold box to sweep the light source across the ice for diurnal
variation. This is an Igus SHT-EWM-HTX stage with 800 mm linear travel. This unit uses a stainless-steel acme
lead screw with threaded nut on the carriage made from a proprietary plastic. For cryogenic operation, we modified
the unit by re-tapping the carriage nut threads after immersion in liquid nitrogen to increase the tolerances on the
thread dimensions, and we unclamped one end of the guide rails to allow for axial thermal expansion to prevent
bowing of the rails. The unit uses no lubrication. The lead screw attaches to a stepper drive motor, external to the
vacuum chamber, via a rotary vacuum feedthrough. A hollow stainless steel intermediate drive shaft connects the
lead screw to the feedthrough using two shaft collar unions, allowing for slight misalignment between the lead screw
axis and the feedthrough axis.
Limit switches on both ends of the cold box provide input for controlling the stepper motor motion. A micro
stepper driver is programmed to move slowly in one direction for the day cycle, and rapidly in the other direction to
reset for the next day. The LED source remains on and constant during the entire cycle to avoid temporal effects
due to warm-up time of the LED’s and housing when they are switched on after being off. The rapid portion of the
cycle takes approximately one minute, and delivers negligible optical/heat flux to the ice surface as it passes over the
ice. From a point on the ice surface, perceived sunrise occurs from the same direction each day. The system can be
programmed for any day length up to approximately 9 Earth days. Europa’s day is equal to 3.55 Earth days.
Because the angle of the light wedge does not cover 180 degrees, we set the stage speed to match the angular rate of
travel of the light source over a point on the surface to that on Europa. Thus, for a point on the surface, the light
appears at an angle approximately 40o above the horizon (roughly 8:45AM equivalent) and passes overhead at the
same rate that the sun would appear to pass overhead from the surface of Europa at the equator. The light vanishes
at an equivalent time of 6:15PM, whereas true sunset would cause the sun to vanish below the horizon at 9PM.
The light source housing mounts beneath the linear stage carriage using standoff screws, and attaches to a flat
panel radiator above the carriage using SLI-covered aluminum I-shaped posts. As such, the radiator contacts only
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the LED housing. This configuration provides
a weak thermal conduction path from the
LED’s to the carriage, and a strong conduction
path from the LED’s to the radiator. High
emissivity black paint covers the radiator
upper surface, providing radiative thermal
coupling to the cold box lid and the means to
cool the LED’s. Single-layer aluminized
Kapton insulation (SLI) with effective
emissivity approximately 0.05 covers the
bottom surface of the radiator, as well as all
surfaces of the LED housing, except the lightemitting slit openings, to limit thermal-IR
radiation only to that coincident with the
primary emitted light. As mentioned above,
SLI also covers the inner chamber wall and
outer cold box wall to minimize radiative
transfer from the warm chamber walls to the Figure 5. Notional heat flow map in diurnal testbed. White
coldbox. Figure 5 shows a notional map of arrows indicate radiation, yellow arrows indicate conduction.
Radiator couples to cold box lid to maintain LED bar temperature,
heat flow through the system.
The light source for the diurnal testbed and this heat conducts through the cold box walls to the thermal
consists of an array of LED’s soldered to a strap (green) to the cryocooler. LED’s radiate directly to ice, and
metal-core printed circuit board (MCPCB), this heat conducts through the ice to the coldbox floor. Arrow
which was custom-fabricated by Cofan, Inc. sizes do not necessarily indicate relative power.
Figure 6 shows photographs of the source and
radiator. The MCPCB provides a thermally
conductive backplane to draw heat from the LED’s. This is the
primary means of heat loss from the LED’s. The LED’s also
radiate heat to the ice surface. (There is no convection in the
vacuum environment.) The MCPCB mounts inside of an
aluminum housing using mechanical attachment with graphite
thermal interface material at the interface. An aluminum cover
plate completes the housing to block light emission from the
LED’s, allowing it to pass only through small slits directly over
each LED. The following section will discuss the effect of these
slits on the optical swath output by the source.
The LED elements consist of LED-Engin LZ1-00CW02 white
LED’s and LZ1-00R702 near-Infrared (NIR) LED’s. These
mount to the MCPCB in a single row of alternating visible and
NIR LED’s, approximating a line source of mixed spectra,
focused into a 50o half-angle wedge. The Light Sources section
describes the spatial and spectral flux distribution of this source
compared to the solar flux. Separate power supplies drive the
NIR and visible LED’s, allowing for adjustment of relative flux
between the two wavelength regions.
Figure 6. LED Source for diurnal testbed.
Top: assembled LED housing with SLI and IA. Instrumentation
beam standoffs attached. Center: Radiator
The diurnal testbed uses an array of four embedded bottom surface (facing ice, covered with SLI
thermocouples (TC’s) to obtain a vertical profile of ice except at mounting locations). Bottom inset:
temperature near the chamber center, plus an additional seven closeup of LED array elements with cover
TC’s embedded near the ice surface to obtain horizontal gradients removed showing alternating visible and NIR
along the long and short chamber axes. Several additional TC’s LED’s mounted on MCPCB. This array
are distributed throughout the system approximately located as resides beneath the slotted cover in the top
shown in Figure 4 for monitoring system health and thermal image, with one LED beneath each slot.
performance.
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Six Amscope MU1400 cameras view the ice from multiple angles, with four along the long sidewall (two per
long wall), and one on each end facing towards the chamber center. These mount to the aluminum coldbox wall
using Kapton-coated magnets on either side of the wall. These cameras provide real-time imagery and time-lapse
photography for temporal reconstruction of the growth or excavation of surface ice features. SLI covers the camera
housing, and adhesive Kapton film heaters apply heat to maintain a temperature of approximately 240K using
external PID controllers with attached thermocouples for temperature feedback.
Background chamber pressure is
measured using an MKS 972B DualMag
Transducer, which uses a combination
micro pirani and cold cathode inverted
magnetron, with a range from atmospheric
pressure to 10-6 Pa. This transducer is
known to have poor accuracy at pressures
above 70 kPa, so an Instrutec 133 kPa
capacitance manometer is employed for
monitoring this range.
For both the static and diurnal testbeds,
we measured total radiated flux with a
Coherent brand LabMax-Top laser power
meter with a PM10 sensor head, which is a
thermopile type device. The radiated flux
of the diurnal LED source was measured as
a function of distance from the source and a
function of input electrical power.
Measurements were taken directly under the
source in the “noon” location. Net measured
fluxes ranged from 1380 W/m2 to 40 W/m2.
For the static testbed, flux was controlled
by varying the distance between the lamp
and the target; net measured fluxes were as
high as 5100 W/m2. For the static testbed,
the flux is modulated by varying the
distance between the source and the ice or
by adding filters.

IV. Hardware Performance and
Design Discussion
A. Thermal Performance
Figure 7 shows predicted system
temperatures from Thermal Desktop
modeling, along with a plot of measured
temperatures at the locations marked with
red dots. The model over-predicts the LED
bar temperature and radiator temperature,
indicating greater radiative losses from the
LED’s and/or radiator than assumed. This
is likely due to imperfect SLI shielding of
the complex-shaped assembly, or lack of
knowledge of the thermal emissivity of the
anodized aluminum coldbox lid, which can
vary from approximately 0.5 to 0.9 for
undyed coatings depending on surface

Figure 7.
Modeled temperature map and experimental
measurements. Diurnal testbed with light source in center of
chamber, using a 75 mm solid ice slab with 80W input power to
light source. Top pane shows overall system temperature outputs
from the model. Middle pane shows the ice and coldbox walls only
with zoomed color scale.
Bottom pane shows measured
thermocouple temperatures over a two-day diurnal cycle.
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finish and anodizing recipe.8,9 For this analysis, we used values of  =  = 0.85, for optical absorptivity/ thermal
emissivity of the anodized surfaces, since our type III anodize coating is among the thickest available oxide layers.
During the diurnal cycling as the linear stage moves, we see a step change in LED and radiator temperatures near
2hr and 42hr. These times mark the end of the diurnal cycle, at which time the stage reaches one end of the chamber
and rapidly moves back to the other end to begin the next day. Note that here we use a 42 hour diurnal cycle to best
match the true solar flux from sunrise to sunset on Europa, as described in the diurnal testbed section.
While the stage moves slowly near the end of the cycle, the radiator maintains approximately steady-state
radiative transfer with the chamber lid. This creates a local warm region on the lid above the radiator. As the stage
begins its rapid motion, the radiator moves into a colder lid sink environment, increasing radiative transfer and
cooling down before it re-establishes steady state at the beginning of the next slow cycle. The LED temperature
increases when the stage moves back to the starting point due to heat leaks associated with electrical feedthroughs at
this end of the chamber, and extra SLI around the feedthroughs and end cameras that reflects emitted light and
thermal radiation back to the LED source, creating an effective warmer radiative sink environment. The effect is
exacerbated by the fact that the thermocouple measuring radiator temperature is near the edge of the radiator that is
closest to the chamber end at the end of the rapid motion (the right-hand edge in the figure). While the TCs are wellsecured to the radiator and LED bar, it is also possible that a tiny shift in their position – and thus thermal
connection to the element they are sensing – may be occurring each cycle and affecting the measured temperatures.
At the ice surface, we see a diurnal temperature variation of approximately 2K, and a vertical gradient of 2.2K
through the 7.5 cm ice layer (29 K/m). For this test and the Thermal Desktop simulation, we use solid ice formed
from degassed deionized water, frozen in place 7.5 cm thick, with some compressional cracks formed during
freezing. The water was degassed in place immediately before freezing by pumping rough vacuum until boiling
occurred for 10 minutes. At cryogenic temperatures, ice thermal conductivity (k) varies strongly with temperature,
as shown in Figure 8.10 The model does not account for this variation, but rather uses a fixed value for k of 5.4
W/m-K in this case at the temperature 130K.
Later experiments involving granular ice will have much lower k
and density () values11, due to inter-particle voids, and we expect
much higher thermal gradients and diurnal variation. Galileo thermal
emission observations of Europa show up to 40K diurnal variation and
suggest that the surface may have very low thermal inertia, indicating
this type of low-density granular ice.12. Low thermal inertia ice
supports a much steeper vertical temperature gradient, as incident solar
radiation at the surface does not dissipate into the bulk material as
quickly. This may have strong effects on the development of
vs.
sublimation-driven surface features, and is the subject of ongoing Figure 8. Ice thermal conductivity
10
temperature
for
solid
ice.
experimental and computational work.
B. Light Sources
Penitentes form in response to solar illumination, and the absorbance/ reflectance/ transmittance of ice is
strongly wavelength-dependent.13 It is therefore important to consider the spectral distribution of optical flux onto
the ice surface in our experiments. Figure 9 (bottom panel) shows a reflectance spectrum of three different types of
terrestrial ice. Coarse (grain size ~1 mm) snow made from pure water ice, fine (grain size ~200um) snow, and
exposed glacier ice. The decrease in reflectance at short wavelengths for the glacial ice is mostly due to lightabsorbing impurities at the ice surface. The spectrum can be divided into three distinct regions. At wavelengths
shorter than approximately 800 nm, the ice is highly reflective, mostly independent of morphology. At wavelengths
800-2500 nm, the reflectance depends strongly on the morphology. This is likely where much of the radiative
forcing occurs for penitente formation. At longer wavelengths, the ice is strongly absorbing regardless of
morphology.
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The diurnal testbed uses an LED light source,
which delivers energy in very narrow wavelength
regions. We have designed the source to deliver
an appropriate amount of relative flux in each of
the three wavelength regions discussed above,
compared to the solar spectrum. The top panel of
Figure 9 shows the estimated spectral flux at
Europa conditions reaching the ice surface
compared to solar blackbody flux, and the
embedded table shows the relative flux in our
three spectral regions of interest. The visible
LED’s provide the short wavelength flux, and the
NIR LED’s provide the intermediate range.
Thermal long-wave flux radiates from the source
and surrounding warm components as blackbody
radiation from the portion of the LED housing Figure 9. Top: LED source spectral flux distribution.,
that is not covered with SLI, and its magnitude is calculated using manufacturer LED spectral emission and
calculated based on the measured housing optical efficiency data for visible/NIR, and blackbody thermal
temperature and unshielded area. The radiator is radiation based on measured housing T and unshielded area.
sized to maintain an LED bar temperature of Top table shows percentage of total incident flux in each of
370K with an ice base temperature (heater three spectral regions: (highly reflective ice in the UV/Visible,
setpoint) of 130K. During testing with 7.5 cm moderately absorbing ice depending on morphology in the nearthick ice, TC-measured temperatures read IR, highly absorbing ice in the Mid-longwave IR).
approximately 335K and 125K, indicating Bottom: Ice reflectance spectra for different types of terrestrial
stronger coupling of the LED housing to the ice. Bottom table shows total absorbed energy, integrated
surroundings than anticipated (as discussed in the across the studied spectrum using equation 1.
thermal performance section). The change from
370 to 335K changes the fraction of incident energy in the long-wave IR from 6% to 4% of the total incident energy,
indicating that moderate changes in the radiator efficiency or LED power do not drive large changes in the relative
IR flux.
The reflectance spectrum of an extraterrestrial penitente field is unknown. However, the effect of an absorbed
photon on the surface or shallow subsurface layers will be to raise the temperature of the impacted area, regardless
of wavelength. The importance of wavelength is to determine the likelihood that the incident photon will reflect,
absorb at the surface, or penetrate to the subsurface. To quantify the effect of the narrow-band LED source, we can
estimate the total energy flux absorbed by our three ice types for solar vs. LED incident spectra.:

(1)
The table in Figure 9 (bottom panel) shows the results of
this calculation. Fine-grained snow shows the largest
discrepancy (40%) between energy absorbed from solar and
LED sources, due to the higher reflectance in the near-IR,
which contains much of the LED energy. We plan to test
for differences by comparing morphology development in
the static testbed using a discrete LED source against the
broadband halogen source, with special attention to ice
types with high reflectance in the near-IR region.
For the static testbed, we calculate spectral flux based on
blackbody emission from the lamp at the manufacturerclaimed color temperature of 2950K, accounting for
window transmission attenuation from Thorlabs data
(Figure 10). Note from the table that this system shows a
bias towards excessive flux in the longer wavelengths

Figure 10. Static testbed estimated spectral
flux reaching ice surface. This is calculated using
manufacturer lamp color temperature and window
transmission data. Colored regions correspond to
those in Figure 9.
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compared to the solar spectrum. The experiment has proportionally more energy in the regimes where ice
absorptivity depends strongly on surface morphology and where ice absorbs most light regardless of surface
properties, and proportionally less energy in the highly reflective spectral region. The effect of this difference is
unknown, though we expect it would enhance ice surface feature growth rates. Other published experiments to grow
penitentes in ambient air at Earth-like conditions have shown penitente formation using similar illumination
sources.4

V. Preliminary Results and Ongoing Work
Figure 11 shows a photograph from the in situ camera in the static testbed after approximately 36hr illumination
at Earth-like flux, 258K (-15oC) surface temperature, and 100 Pa background pressure. Before illumination, the ice
surface was flat and clear, and was frozen in place using degassed, deionized water. The bulk ice surface sublimated
down approximately 2 cm, creating a bowl-shaped depression centered beneath the lamp. This indicates that the ice
structures are likely excavated from the bulk ice. This cannot exclude redeposition to build structures upward, but
the bulk trend is sinkage.
Figure 12 shows a photograph from the diurnal testbed after 30 days of diurnal cycling at a surface temperature
of approximately 130K, 3x10-4 Pa background pressure, and Europa-like incident photon flux. In this test, we see
only slight surface morphology changes, with no clear formation of penitente-like structures. All surface textures
present after 30 days were also present immediately after freezing of the ice.
Figure 13 shows the expected surface sublimation rate versus surface ice temperature14,15, from kinetic theory.
This indicates a difference of approximately 10 orders of magnitude in mass sublimation rate between 130K and
260K. Hobley et. al.3 estimated penitente heights on Europa based on maximum sublimation depths at these
temperatures using a similar kinetic theory approach. Here, we make a rough estimate based on extrapolation of
preliminary observations of surface feature formation in the static testbed. The maximum rate of surface feature
formation observed during experiments was approximately 1 cm in 12h, or 15 m/year, for 268K solid ice under
vacuum with an Earth-like photon flux. Assuming that the feature formation rate (i.e. penitente growth rate) scales
as sublimation rate (1.75x10-11 Europa/ 0.49 Earth) gives a rough estimate of 5x10-10 m/year feature growth on

Figure 11. Sublimation-driven ice structures.
Formed after 36h irradiation of solid ice in static
testbed. 100 Pa vacuum, 1300 W/m2 light flux,
-15oC ice temperature.

Figure 12. 130K ice before (top) and after (bottom)
30 day exposure to diurnal Europa-like flux in diurnal
testbed.
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Europa. For a surface age of 50 million years, this gives a
maximum feature height of 5 cm, or 2.5 cm maximum with half
illumination time for the diurnal variation. This calculation does
not account for the lower solar flux at Europa, however the
sublimation rate is driven by surface temperature, and the
formation of penitentes may be influenced by light penetration
depth and vertical temperature gradients.3 Such temperature
gradients are largely a function of ice thermal inertia properties,
and we must therefore proceed cautiously with such extrapolation
estimates for Europa.
Sublimation alone is not necessarily sufficient for the
formation of penitentes, as existing formation models show
growth in collisional atmospheric pressures, and predict spacing Figure 13. Ice sublimation rate vs. surface T.
which does not
and feature size based on fluid boundary layer thickness. 2,3 Such Note this is gross sublimation,
15
account
for
redeposition
fluid boundary layers require a fully collisional regime, which
does not exist in the low pressures at Europa’s surface, where mean free paths for particle collisions can be on the
order of kilometers. Also, formation of penitentes could be much more rapid for low density and/or thermal
conductivity ice such as granular or layered ice, and there is evidence that this may exist on Europa. 12
The theory and preliminary data suggest that there will not be significant excavation by sublimation at the
surface of the ice at Europa temperatures for practical laboratory timescales. Therefore, future experiments will
mostly use intermediate thermal conditions between Earth-like and Europa-like, at which we expect observable
sublimation effects due to the accelerated sublimation rates associated with higher temperatures and higher light
flux. Ongoing work will also study the effect of ice thermal properties on surface feature formation, necessitating
experiments using low density and low thermal conductivity materials, as well as incorporation of compositional
impurities in the ice.16 We also intend to study the effects of flux spectral distribution using LED’s and optical
filters with the halogen source on the static testbed. This will quantify any differences in ice morphology between
the relatively narrow-band LED sources versus broadband sources. The diurnal testbed will provide long-duration
tests for regimes of interest identified by the static-illumination tests. From these long-duration tests, we will attempt
to generate empirical scaling relations and determine regimes of pressure, temperature, ice physical composition,
and ice chemical composition that can lead to the formation of sublimation-driven surface ice features, such as
penitentes.
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