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A B S T R A C T

The exploration of icy moons and other icy regions such as permanently shadowed lunar craters, Martian polar 
caps or comets is of great scientific interest, as they might offer life-friendly environmental conditions or can 
serve as resource deposits for human exploration. In contrast to conventional melting probes, this work presents 
a laser ice drill, which drills a 6.15 mm diameter hole in the ice and drives the resulting gases and non-volatile 
additives from the bottom of the hole to the surface for analysis purposes. To demonstrate the concept, various 
types of ice with dust fraction up to 96.6 wt% were drilled in a laboratory setup. The tests were carried out at 
vacuum pressures in the 100 Pa range and ambient temperature. The drilling depth was simultaneously tracked 
with a laser rangefinder, so that a depth assignment of the ejected substances was possible. During the drilling 
tests, melting speeds of up to 1.7 m/h at 12.7 W laser power were achieved in pure granular ice and 1 m/h at 
19.7 W in clear ice. In dusty ice, however, even higher drilling speeds were achieved without increasing the laser 
power. The melting rates of all drilling experiments are simulated in good agreement with a thermal model.

Nomenclature

A [m2] irradiated spot area
cp [J/kg ⋅ K] heat capacity of ice
Edrill [J] drilling energy
Ein [J] energy introduced into the ice
Eloss [J] energy losses
h [J/kg] sublimation enthalpy of ice
m [kg] ice mass
mprobe [kg] ice sample mass
p [Pa] ambient pressure in vacuum chamber
psubli_ice [Pa] sublimation pressure of ice
PL [W] laser power
s [m] drilling depth
t [s] time
Tsubli_ice [K] sublimation temperature of ice
vdrill [m/s] drilling speed
V [m3] volume of ice
Vprobe [m3] volume of ice sample
ΔT [K] temperature difference
η [− ] loss due to reflectance on ice surface
ρ [kg/m3] density of ice sample
ρreal_ice [kg/m3] density of dusty ice sample, considering only the ice content
ωdust [− ] dust fraction in ice sample

Acronyms/Abbreviations

AUV Autonomous Underwater Vehicle

SIPR Subsurface Ice Probe
DLP Direct Laser Probe
SIPR Subsurface Ice Probe
SNAP Systems Nuclear Auxiliary Power
RTG Thermoelectric Radioisotope Generator

1. Introduction

The exploration of ice in the solar system is of great interest. Whether 
it is ice in lunar craters to supply astronauts with water [1] or the mining 
of water ice in asteroids to produce fuel [2,3]. In addition, ice worlds 
such as Europa and Enceladus with their supposed oceans under the ice 
sheet are of great interest to science [4], since they can potentially 
harbour life. Accordingly, various melting probes have been developed 
and tested on glaciers, Greenland Ice Sheet and in the Antarctic to 
prepare them for the exploration of ice worlds and their oceans.

The melting probe IceShuttle Teredo is designed to melt its way 
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through the ice crust of an icy moon to the ocean below and deploy an 
autonomous underwater vehicle (AUV) there. The AUV will study the 
ocean and use the melting probe as a port for energy supply and data 
transmission [5]. Similarly, the SPINDLE melting probe will deploy an 
AUV into the water beneath the ice to collect samples and search for life 
[6]. Other melting probes carry payloads on board to explore the ice.

For example, the Cryobot carries a camera to explore the ice struc
tures and sediments and a UV spectrometer to search for biostructures 
[7]. The IceMole uses a hollow ice screw at the tip of the melting head to 
collect samples. Thus, subglacial samples were collected from the Ant
arctic brine body of the Bloodfalls [8]. In contrast, the Subsurface Ice 
Probe (SIPR) pumps the meltwater through a Teflon tube to the surface 
for analysis. This creates an open melt channel, allowing the cable for 
energy, data and water transport to be unspooled from above. Field tests 
in the Greenland Ice Sheet and at the Athabasca Glacier showed drilling 
speeds of 1 m/h with a heating power of 250 W and a probe diameter of 
7.5 cm [9]. The Recoverable Autonomous Sonde (RECAS) reached a 
depth of 200.3 m with an average drilling speed of 1.85 m/h during field 
tests in East Antarctica. It had a diameter of 180 mm and a maximum 
heating power of 8.82 kW [10]. The Ice Diver achieved melting speeds of 
2.4 m/h with a heating power of 2.15 kW respectively 6.6 m/h at 4.5 kW 
and a melting head diameter of 6.5 cm in field tests in the Greenland Ice 
Sheet [11]. The 12 cm diameter Cryobot melts its way through the ice at 
0.35–0.6 m/h using a 1 kW melting head. To do this, it uses either the 
heated melting head or a hot-water jet nozzle, which jets previously 
heated water onto the ice [7]. The 25 cm diameter VALKYRIE melting 
probe also uses these two melting modes. With 5 kW heating power, it 
achieves a drilling speed of 0.9 m/h in hot-water jetting mode during 
field tests in the Matanuska Glacier [6]. The energy supply was ensured 
via laser, which was guided from the surface to the sample via a fiber 
optic cable and irradiated the melting head from the inside. The fibre 
optic cable is unspooled inside the melting probe [6]. The internal 
spooling mechanism is necessary because the melting holes behind the 
melting probes refreeze. As a result, the melting probes move through 
the ice in their own bubble of meltwater. This bubble also serves as a 
water source for the hot-water jetting mode [12]. The THOR melting 
probe was used to simulate a 700 m descent in a water bath at − 0.5 ◦C 
with a hot water jet system [13]. Stone et al. [12] has demonstrated with 
several miniaturized melt samples in a cryovacuum chamber at approx. 
80 K and a pressure of 0.13 Pa that refreezing of the ice channel also 
occurs under vacuum conditions. His experiments also showed a higher 
melting rate in the hot-water jetting mode compared to contact heating 
with a melting head. Paula do Vale Pereira et al. [14] were also able to 
observe the closing of the drill channel during melting tests with various 
melting probes at ice temperatures of 79 K–253 K in a vacuum. Further 
melting tests in compact snow and ice under cryovacuum conditions 
were carried out by Kömle et al. [15,16]. And melting tests under at
mospheric and vacuum conditions at temperatures between − 25 ◦C and 
− 55 ◦C were performed by Treffer et al. [17]. Talalay et al. [18] also 
conducted melting tests in ice with different melting head shapes, 
heating powers and temperatures between 223 K and 263 K (see 
Table 1).

Experiments by Kaufmann et al. [19] showed that a good thermal 
contact between the tip of the probe and the ice is necessary. Under 
terrestrial conditions, this is always provided by the formation of 
meltwater. Under vacuum conditions, however, the ice sublimates. The 
lack of meltwater therefore minimizes the thermal contact and slows 
down the progress of the probes. For better thermal contact with the ice, 
the IceMole uses its hollow screw at the tip of the melting head to pull 
itself against the ice. This also enables the IceMole to move upwards 
through the ice against gravity, as tests in the Morteratsch Glacier have 
shown [20]. With a cross-sectional area of 15 × 15 cm2 and a heating 
power of 2.4 kW at the melting head and a further 2.4 kW in the side 
heaters, a melting speed of 1 m/h was achieved. The Direct Laser Probe 
(DLP) directed the laser light of a 1070 nm ytterbium fiber laser directly 
onto the ice for better coupling of the melting probe to the ice [6]. This 

drilled a hole in the ice where the drill head with a diameter of 3.2 cm 
fits in. With 2.5 kW laser power, 12 m/h melting speed were achieved in 
a 1 m block of ice and later 22 m/h with 5 kW (see Table 1). Here, the 
laser outlet window of the fiber was pushed into the hole in order to 
ensure a constant and close distance to the ice surface. This was neces
sary to minimize the layer of water between the laser head and the ice 
and thus minimize absorption losses in the water.

Drilling tests at ambient temperature without moving the laser were 
carried out by Sakurai in 2016 [21]. Here, a CO2 laser with a spot 
diameter of 4 mm was used to drill through a 13 cm block of ice. The 
holes were drilled horizontally to ensure drainage of the produced 
meltwater. This enabled a drilling speed of 2.9 m/h to be achieved with 
6.28 W laser power. Mah et al. [22] also drilled holes in clear ice samples 
with a maximum length of 30 cm. He used a collimated 1064 nm laser 
beam with a spot diameter of 30 mm and achieved drilling speeds of 9 
m/h at 1 kW and 75.6 m/h at 10 kW laser power. The tests were 
designed in such a way that the melt water flowed continuously out of 
the borehole.

Dust layers in the ice were also drilled through with melting probes. 
For example, Kömle et al. [16] drilled through layers of dusty ice with a 
thickness of a few centimetres using a 60 mm melting probe and heating 
power of between 85 and 115 W. In the process, the melting head 
temperature increased and the melting rate slowed down. The IceMole 
was also able to drill through 3 obstructive layers of sediment and sand 
in the Morteratsch glacier [23].

The main problem of melting probes in the context of extraterrestrial 
exploration is their high power and thus mass requirement. Nuclear 
energy sources are proposed as a solution to this problem. For 
VALKYRIE, a compact nuclear reactor system (Systems Nuclear Auxil
iary Power: SNAP) or a Topaz reactor with an average output of 20–100 
kW is proposed [24].

A small nuclear reactor on the surface of the ice is also proposed for 
the IceMole, which supplies the IceMole with energy via a cable [25]. 
Also thermoelectric radioisotope generators (RTG) for melting are pro
posed [26]. The Cryobot was also envisaged to use the thermal power of 
an integrated RTG for melting [27]. The melting speed of the probes is 
determined by the available thermal power, the ice properties, thermal 
connection and probe diameter. While the thermal connection is well 
solved by encapsulating the melting probes in the ice, using ice screws, 
hot-water jets or lasers, the probe diameter poses a greater problem. Due 
to the spool mechanism and the transport payloads (AUV, camera, 
spectrometer, filter, etc.), it cannot be reduced as desired. In order to still 

Table 1 
Summary of several melting experiments and the drilling speed achieved under 
laboratory conditions with different sample diameters, heating powers, power 
integration technologies into the ice and ice temperatures.

Published by Velocity 
[m/h]

Heating 
Power 
[W]

Probe 
diameter 
[mm]

Melting 
technology

Laboratory 
environment

Zimmerman 
2001 [7]

0.28 200 80 contact 
melting

vacuum; 
− 20 ◦C ice

0.59 1100 46 vacuum; 
− 195 ◦C ice

Stone 2023 
[12]

0.45 2590 70 contact 
melting

vacuum; 
− 190 ◦C ice

0.7 hot water 
jet

Treffer 2006 
[17]

0.087 600 115 contact 
melting

vacuum; 
− 55 ◦C ice

0.125 atmosphere; 
− 25 ◦C ice

Talalay 2019 
[18]

1.4–2.9 2400 55 contact 
melting

atmosphere; 
− 20 ◦C ice

Stone 2018 
[6]

12 2500 32 Laser 
melting

atmosphere; 
− 26 ◦C ice22 5000

Sakurai 
2016 [21]

2.9 6.28 4 Laser 
melting

atmosphere; 
0 ◦C ice
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ensure high volumes with small probe diameters, the melting probes are 
very long (Iceshuttle Toredo 6.75 m long [5]; Spindle 8 m long [2]), 
which detrimentally influences the design of both the transfer and the 
lander spacecraft. Apart from the dimensions of melting probes and their 
high-power consumption, the mass of the envisaged cable can also 
constitute a mission deal breaker for remote sites like Enceladus. The 
cable either restricts the possible exploration depths to only hundreds of 
meters or, depending on conductor cross section, exceeds the mass 
budget of the spacecraft.

This paper presents a new concept that enables high melting speeds 
despite low power requirements. For this purpose, a laser will be used 
which is stationed on the surface of the ice. Due to the low ambient 
pressure on icy moons [28], comets, Pluto [29] and the polar caps of 
Mars [30], and the exposed ice in these locations, it is possible that the 
laser could sublimate a hole in the ice. Cardell predicts that due to the 
low gravity of Mars and the low temperatures of the ice, the flow of the 
ice will not close the borehole to a depth of 3 km, whereas on Earth the 
flow of the ice would close a borehole at a depth of >300 m [31]. 
Accordingly, deeper boreholes could be possible on the icy moons. The 
water vapor generated during drilling flows towards the surface and can 
be collected there for later analysis or can be analysed using continuous 
measurement methods such as mass spectrometry or cavity ring down 
spectrometry (see Fig. 1). In order to be able to allocate the analysis data 
to a corresponding depth in the ice, the borehole depth is determined 
continuously with a laser rangefinder during the entire drilling process. 
The drilling laser operates at a wavelength of 1550 nm. At this wave
length, there are low reflections on the surface of the ice according to 
ECOSTRESS Spectral Library [32,33] and high absorption in the ice 
[34]. This enables a good thermal coupling into the ice. Due to the high 
absorption in the ice, the zone in which the energy is released is kept 
small, thus minimizing losses via heat conduction. The concept allows 
hole diameters of less than 1 cm and therefore a rapid drilling progress 
with low power requirements. Despite the fact that the sublimation 
enthalpy is 8.5 times higher than the melting enthalpy, the small hole 
diameter ensures a lower energy requirement. Furthermore, the system 
mass of an ice exploration mission can be highly reduced, as no 
kilometre-long cables are needed for the power supply and data 
connection between the melting probe and the lander.

However, the concept cannot take an UAV into an ocean under the 
ice. It is solely designed to analyse the ice crust. Obstacles cannot be 
avoided either. To conquer this issue, a preliminary exploration with 
radar instruments such as the SHARAD Instrument on the Mars Recon
naissance Orbiter [35] would be recommended. Alternatively, a new 

borehole could be drilled into the ice with a minimal angular deviation 
from the previous one. As the energy requirement is low, it should be 
possible to drill several boreholes in order to obtain a three-dimensional 
image of the additives in the ice crust and the ice density.

The experiments carried out here can only reflect the conditions on 
the icy moons to a limited extent. However, the ice samples were 
composed on the basis of knowledge about the surface composition of 
some icy moons and Mars. Since cryovolcanism prevails on some icy 
moons (Enceladus [36] and Europa [37]) and a continuous bombard
ment of charged particles also knocks ice grains out of the crust on 
Ganymede [38], the surfaces of the icy moons mentioned here are 
covered by deposits of granular ice. These presumably become denser 
with increasing depth and thus pressure due to their own weight. 
Therefore, samples of granular ice with different grain sizes and clear ice 
samples are examined in the following experiments. Due to the high 
silicate content of 55 %–80 % on Callisto [39], samples with different 
dust contents are also tested.

The following table provides an overview of the assumed ice grain 
sizes, as well as the prevailing temperatures and pressures. According to 
Murphy et al. [40], the sublimation temperature was determined ac
cording to the pressure and added to the table. It can be seen that the 
environmental conditions on the icy moons are close to the sublimation 
line of water ice. Accordingly, the experiments in the laboratory are also 
carried out close to the sublimation line (also added to the table).

This paper first presents the concept and the experimental concept 
verification setup. Clear ice samples were drilled with different laser 
powers under vacuum conditions, as well as granular ice with different 
densities and grain sizes. It could be shown that depth tracking is 
possible during the drilling process. To test whether dust in the ice poses 
an obstacle to the drilling process, ice samples with different types of 
dust, grain sizes, densities and with dust mass fractions of 50–96.6 wt% 
were subjected to the drilling tests. Due to the high dust concentrations 
of these ice samples, other fields of application arise in addition to icy 
moons, Pluto and the polar caps of Mars, such as comet ice and ice in 
lunar [49] and Mercury craters [50]. The measurement results obtained 
are then compared with a thermal model and subsequently discussed.

2. Materials and methods

2.1. Test bench setup

A laser (ELM-20) from IPG with a wavelength of 1550 nm is used to 
drill into the ice. It has a spot diameter of 4.1 mm and a divergence angle 
of 0.49 mrad. A beam expander (BXZ-1550-1-4x) from Wavelength 
Opto-Electronic is used to expand the beam by a factor of 1.5. This laser 
beam is collinearly combined with the laser beam of a laser rangefinder 
via a dichromatic mirror (DMLP1000 from Thorlabs). The laser of the 
rangefinder (PC LA-100-OEM) from Hillos has an elliptical spot with the 
dimensions of 4 × 5 mm2 at a distance of 10 m and a wavelength of 655 
nm. Both laser beams are guided through a borosilicate sight glass 
(110GS040) from Pfeiffer Vacuum. In the vacuum chamber, both laser 
beams are directed vertically into the respective ice sample via a silver- 
coated mirror (PF10-03-P01) from Thorlabs (see Fig. 2). In order to 
sublimate the ice with the 1550 nm laser, the pressure in the chamber 
must be below the triple point of water. In order to maintain this pres
sure despite the constant addition of water vapor by the laser, a dual- 
stage vacuum pump (VRD-65) with a displacement speed of 65 m3/h 
from Hositrad is used. The pressure is monitored using a Pirani sensor 
(PT R43 131 A) from Pfeiffer Vacuum.

2.2. Conduct of the experiment

2.2.1. Ice samples
Three different types of ice samples are used for the drilling tests. For 

the first type, demineralized water is frozen in a sample tube to obtain a 
clear ice sample with some air bubbles. For the second type of sample, 

Fig. 1. Lander with ice laser drill, which sublimates the ice and creates a vapor 
plume. This plume can be analysed by additional instruments on the lander. A 
laser rangefinder collinear to the drilling laser measures the borehole depth and 
assigns the measurement results to a depth in the ice.
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demineralized water is sprayed into a liquid nitrogen bath similar to 
Pommerol et al. [51] and Klinger et al. [52]. A pneumatic ZERSTAUB 
M5 B atomizer with Venturi effect was used to generate water droplets in 
order to produce shock-frozen spherical grains in the range between 
<0.1 mm and 5 mm. This size of the ice particles is in the order of 
magnitude expected on the icy moons (see Table 2). With the help of a 
sieve tower consisting of nine stackable components, the ice grains were 
separated into different size classes. The stainless-steel sieves used for 
this had the following mesh sizes: 5 mm, 2 mm, 1 mm, 0.77 mm, 0.5 mm, 
0.33 mm, 0.2 mm and 0.1 mm. The sieving process was supported by 
manually shaking the tower and rinsing with LN2. The contents of the 
sieve stages were poured into separate sample tubes and temporarily 
stored in the freezer until drilling. The third sample type also consists of 
granular, sieved ice, which is mixed with various types of dust to form an 
inter-mixture according to Poch et al. [53]. The dust types were cooled 
before mixing and are listed in Table 3. The mass fraction of the dusty 
material in the dust-ice samples ranged from 50 wt% to 96.6 wt%.

Before drilling the samples with granular ice, the filling level in the 
sample tube and its mass are measured in order to determine its density. 
To prepare the dusty ice samples, the dust and ice fractions are weighed 
and mixed together with liquid nitrogen until the liquid nitrogen had 

evaporated. The dust-ice mixture is then filled into the sample tubes and 
its volume and mass are determined.

2.2.2. Laser power measurement
As the drilling laser is guided through a viewing port and via a 

mirror, there are absorption losses in the laser power. The losses due to 
insufficient reflection of the mirror are caused in particular by ejected 
material from the drilling process which contaminates the mirror sur
face. Therefore, the laser power is determined before and after each 
drilling attempt series and an average value is determined for the test 
evaluation. For all laser power measurements, the ice sample is 
temporarily replaced by a laser power meter (S425C-L) from Thorlabs.

2.2.3. Drilling process
The ice samples are stored in a freezer at approx. − 20 ◦C before 

measurement. For the drilling tests, they were placed in the vacuum 
chamber at room temperature and then evacuated. When the vacuum 
chamber is evacuated, the water ice sublimates and cools the ice sample 
surface. As soon as the pressure is in the range of 100 Pa, the drilling 

Fig. 2. Optical setup of the drilling laser and laser rangefinder (left); Schematic of the test bench setup for drilling ice samples in a vacuum with a laser, including 
borehole depth measurement using a laser rangefinder (right).

Table 2 
Ambient conditions of selected celestial bodies and vacuum chamber conditions.

Celestial 
body

Surface 
pressure

Surface 
temperature

Sublimation 
tempera-ture at 
surface pressure

Particle 
diameter

Europa 1E-7 Pa 
[41]

110–130 K 
[42]

136 K 0.005 to 1 
mm [42]

Callisto 7.5E-7 Pa 
[43]

85–160 K 
[44]

143 K 0.2 to 0.5 
mm [39]

Ganymede 1E-5 Pa 
[45]

75–150 K 
[44]

152 K 0.05 to 1 
mm [38]

Mars About 
600 Pa 
[46]

134 K–310 K 
[47]

273 K 1 to 40 mm 
[48]

Vacuum 
chamber

About 
100 Pa

250 K–273 K 253 K <0.1 to 5 
mm

Table 3 
Additives mixed with granular ice for sample preparation.

Type of dust Grain size Mass fraction in the dust-ice mixture

Basalt 0.5–1 mm 
0.1–0.6 mm 
<0.3 mm 
<0.2 mm

75 wt% 
90 wt% and 75 wt% 
75 wt%; 66 wt% and 50 wt% 
75 wt%

Quartz 0.1–0.6 mm 
0.1–0.25 mm 
<0.2 mm

96.6 wt%; 90 wt% and 75 wt% 
95 wt%; 90 wt%; 75 wt% and 50 wt% 
75 wt%

Garnet 0.4–0.8 mm 75 wt%
Granite 0.5–1 mm 

0.1–0.3 mm 
<0.1 mm

75 wt% 
90 wt% and 75 wt% 
75 wt%

Copper <0.045 mm 75 wt%
Pumice <0.25 mm 96.6 wt% and 75 wt%
Bentonite <0.063 mm 50 wt%; 78 wt% and 89 wt%
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laser is switched on. This causes the pressure in the vacuum chamber to 
rise again. The higher the laser power used, the greater the increase in 
pressure. As only the top of the cylindrical ice sample comes into contact 
with the vacuum, only this is cooled, while the lower part of the ice 
sample heats up. According to Feistel and Wagner [54], an ice temper
ature of − 20 ◦C prevails in a vacuum at 100 Pa. With a reference ice 
sample, which was evacuated together with the clear ice sample to be 
drilled, it was possible to measure − 23 ◦C at a depth of 1 cm below the 
surface and 0 ◦C at a depth of 1 cm above the reference sample bottom. 
The measurement was carried out using three thermocouples frozen at 
different depths. During drilling, the formation of meltwater at the 
bottom of the clear ice sample due to the warm environment and no 
contact to the vacuum was also observed.

During evacuation, the laser rangefinder measures the distance to the 
ice surface and thus determines the starting point for the drilling pro
cess. As soon as the drilling laser drills into the ice, the borehole depth is 
measured. When the drilling laser reaches the bottom of the sample, a 
constant distance to it is usually measured. However, if there is a liquid 
water reservoir at the bottom of the sample, water rises in the drill 
channel as soon as it is drilled into. As a result, the laser rangefinder 
measures any depth between the sample surface and the sample bottom. 
If the drilling test is continued, the measured depth increases again until 
the laser beam of the laser rangefinder finally reaches the bottom of the 
borehole (see Fig. 3 blue curve).

2.2.4. Post-processing
The average drilling speed in the respective ice sample is required for 

the evaluation. The data from the laser rangefinder is used for this (see 
Fig. 3). The distance is measured every 0.5 s, whereby occasional errors 
in the laser rangefinder - due to unsuitable reflectivities of the borehole 
bottom, and the deflection mirror - reduce the measurement frequency. 
The missing distance values due to the error output are reconstructed in 
0.5 s time intervals using the remaining data by linear interpolation. The 
drilling speed between the successive distance points is then deter
mined. As the drilling speed is quite slow, and the value of the laser 
rangefinder can fluctuate by 2.7 mm around the true distance value, the 
drilling speed is subject to strong noise. Therefore, the average speed of 
all speed increments is determined for further consideration.

2.3. Thermal model

The laser power, the sample density and the ice temperature have a 
major influence on the melting rate. In order to interpret the drilling 
results and to deduce implications for the use on extra-terrestrial bodies, 
they are simulated using a thermal model. For this purpose, an energy 
equilibrium 

Ein =Edrill + Eloss (1) 

is set up, in which the energy Ein is introduced into the ice by the laser 
power PL for a certain time t via the spot area A of the laser. 

Ein =(1 − η)⋅PL⋅t (2) 

A fraction of the energy is reflected by the ice surface and is not 
available to the drilling process. According to Meerdink et al. and Bal
dridge et al. [32,33], the reflectance η for ice is 1.6 % at a wavelength of 
1550 nm. For a bulk of ice particles, the reflectance also depends on the 
particle size. According to Poch et al. [55], the reflectance for a bulk of 
ice particles with a size of 67 μm at a wavelength of 1550 nm is 8.5 %. 
The energy applied to the ice is used as the drilling energy Edrill to heat a 
certain volume of ice with the heat capacity cp and the mass m from its 
current temperature by the temperature difference ΔT to the sublimation 
temperature and to sublimate this volume of ice mass m with the sub
limation enthalpy h. 

Edrill = cp⋅ΔT⋅m + h⋅m (3) 

The energy loss Eloss is caused by heat conduction. Mass that is 
heated does not have to sublimate immediately. However, it can do so in 
the next time step if laser power is applied again. In the meantime, it can 
transfer its energy to the ice below or next to it via thermal conduction. If 
heat is conducted into the ice underneath, it is preheated and sublimated 
in the next or subsequent time step. The energy is not lost here. How
ever, if it is conducted into adjacent ice that is not captured by the 
drilling laser in the future, this energy is lost. The loss via heat con
duction is neglected for the modeling of the drilling experiments carried 
out here for the following reasons. 

1. The laser impact zone is very flat. According to Warren et al. [28], ice 
has an absorption coefficient of 3441 m− 1 at 1550 nm. According to 
Lambert Beer’s law, 90 % of the laser power is absorbed within 0.7 

Fig. 3. Drilling progress in clear ice at different laser powers. Blue curve: Drilling into a liquid reservoir at the bottom of the ice sample, resulting in temporarily 
incorrect borehole depth measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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mm and 99 % of the laser power within 1.3 mm. With a spot diameter 
of 6.15 mm, this theoretically results in an ice disk with heat input, 
which only has a narrow edge strip where heat can be dissipated to 
the surrounding ice.

2. The ice is cooled by sublimation of the ice, as there is no external 
cooling system in the experimental setup. This means that the tem
perature of the ice surface is directly on the sublimation line ac
cording to the ambient pressure. Any energy input leads to 
sublimation and a temperature difference cannot be established. As a 
result, there is no temperature gradient in the experiments that could 
cause heat conduction.

The sublimation temperature Tsubl_ice depends on the ambient pres
sure p. The mean value of the pressure that was measured for each 
drilling attempt was in the range of 80 Pa–250 Pa. According to equation 
(4), which is used to calculate the sublimation pressure of ice psubl_ice, 
this corresponds to sublimation temperatures of − 62 ◦C to − 53 ◦C. 

psubl_ice = exp
(

9.550426 −
5723.265

Tsubl_ice
+ 3.53068 ln

(
Tsubl_ice

)

− 0.00728332⋅Tsubl_ice

)

[40] (4) 

As a first approximation, an average sublimation temperature of 
− 57.5 ◦C is used. Furthermore, the laser energy introduced is used to 
sublimate the ice, which achieves the desired drilling progress. The 
sublimation enthalpy h is also dependent on the ambient pressure. Ac
cording to Feistel and Wagner [54] at the previously specified pressure 
(80 Pa–280 Pa) it reaches values of 2835 kJ/kg to 2837 kJ/kg [54]. At a 
sublimation temperature of − 57.5 ◦C a sublimation enthalpy of 2836 
kJ/kg is given. Lastly, the mass which has to be vaporized to generate 
the hole is determined by the volume of ice V vaporized per time unit t 
and its density ρ. The volume V can be calculated from the irradiated 
spot area A and the drilled depth, i.e. the drilling progress vdrill. 

m
t
=

V
t

⋅ρ = A⋅
s
t

ρ = A⋅vdrill⋅ρ (5) 

Based on this, the following equation can be used to calculate the 
drilling speed vdrill. 

vdrill =
(1 − η)⋅PL(

cp⋅ΔT + h
)
⋅ρ⋅A

(6) 

Since the ice samples were stored in the freezer at approx. − 20 ◦C 
before being measured, their temperature is above the sublimation 
temperature. During the evacuation process, ice evaporates and cools 
the ice surface down further. However, the ice that is not in contact with 
the vacuum continues to be warmed up by the ambient temperature. As 
a result, the energy required to raise the ice temperature to the subli
mation temperature, as given in equation (6), can be neglected. The 
equation is therefore simplified as follows: 

vdrill =
(1 − η)⋅PL

h⋅ρ⋅A
(7) 

The fact that the ice temperature is close to the sublimation tem
perature means that no temperature gradients can arise due to the 
heating of ice, as it sublimates immediately instead of heating up when 
energy is introduced. Due to small to no temperature gradients, heat 
conduction in the ice is only very small or non-existent and is therefore 
neglected.

Various thermal models have been developed for simulating the 
progress of melting probes inside ice, starting with the one developed by 
Aamot [56]. The equation presented here is a simplified form of Aamot’s 
melting equation, with the difference that the sublimation enthalpy is 
used and the reflection losses of the laser are taken into account as well. 
As shown below, the test results for clear ice samples and granular ice 
can be well recalculated. Applying equation (7) to dusty ice samples 

does not yield the correct drilling speeds (see Fig. 13). Assuming that 
only the sublimation of ice causes the drilling progress the mass of the 
dust can be neglected. This leads to the following equation: 

ρreal ice =
mprobe⋅(1 − ωdust)

Vprobe
(8) 

As a result, the density of pure ice ρreal_ice in the sample is signifi
cantly lower. Here, ωdust is the dust fraction in the sample with the 
volume Vprobe and the total weight mprobe. If this new ice density is used 
in equation (7), a good agreement can be achieved for dust mass frac
tions <90 wt% between calculated and measured drilling speeds.

3. Results

3.1. Clear ice and granular ice

Fig. 3 shows the drilling progress in clear ice at different laser 
powers. During the measurements, the laser rangefinder occasionally 
reported errors because the reflectivity of the drilling ground in clear ice 
is low. No depth could be determined for these errors. The 19.7 W curve 
was created using 3520 depth measurements, all of which were suc
cessful. For the 17 W curve, 60 depth measurements out of 8033 failed. 
For the 14.4 W curve, 74 out of 4434 depth measurements were not 
possible, and for the 8.8 W curve, 8 out of 4238 depth measurements 
failed. Fig. 4 shows a drilled ice sample. The conical drilling channel that 
results from the Gaussian intensity distribution in the laser spot is typical 
here. At the bottom of the sample is a ceramic plate that stops the 
drilling progress and protects the sample tube from being drilled 
through. The hole diameter on the surface was subsequently measured 
on the basis of photographs for some of the clear ice samples. This was 
on average 8.5 mm.

The drilling progress in granular ice could also be tracked during the 
drilling process. Various ice samples with a depth of 10.4–25 cm were 
drilled through completely or partially. Some samples were not perfectly 
aligned to the drilling laser, which is why they were drilled through 
diagonally with the channel hitting the wall of the sample tube. The 
mean drilling speed was therefore only determined using the available 
distance-time curve. The grain size varied from <0.1 mm to 5 mm. The 
bulk density of the granular ice samples ranged from 295 to 497 kg/m3. 
Fig. 5 shows an example of the drilling progress in granular ice at 
different laser powers, densities and grain sizes. In contrast to the dril
ling in clear ice, there are almost no error outputs from the laser ran
gefinder in the recorded drilling progress. An average hole diameter on 
the surface of 7.6 mm was subsequently measured for some samples 
using photographs.

During the tests, it could be seen that the generated water vapor 
blows some ice particles out of the borehole. It was also observed that 
the particle flow from the borehole increased as the size of the ice grains 
used in the samples decreased. The particle flow was visible when the 
laser rangefinder irradiated the ice grains as they were blown out of the 
borehole, as shown in Fig. 6. The snapshots were taken for granular ice 
samples with different grain sizes.

3.2. Dusty ice

Ice samples with a dust mass fraction of 50–96.6 wt% were drilled. 
The bulk density of the ice-dust mixture varied between 494 and 1215 
kg/m3. Quartz, basalt, granite, bentonite, pumice, garnet and copper 
were used as additives, having densities mainly in the range of 
2400–3950 kg/m3, with copper extending the range to 8960 kg/m3. The 
following Fig. 7 shows some samples during the drilling test inside the 
vacuum chamber.

It was observed that the dust is blown out of the borehole by the 
generated water vapor. Even copper particles with their high density of 
8960 kg/m3 were blown out of the borehole. The dust particles reached 

M. Koßagk et al.                                                                                                                                                                                                                                Acta Astronautica 237 (2025) 460–475 

465 



the deflection mirror and partially settled there (Fig. 8, left). The 
deflection mirror was located approx. 33 cm above the ice sample. 
Further dust particles were deflected by the deflection mirror in the 

direction of the vacuum chamber’s viewing port and deposited in the 
flange socket in front of the viewing port (Fig. 8, right). The particle 
stream was partially illuminated by the laser rangefinder, which made it 

Fig. 4. Drilled clear ice sample.

Fig. 5. Drilling depth plotted over time for various samples of granular ice with different heights. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)

Fig. 6. Snapshots of the drilling attempt in samples with granular ice. Grain sizes: 2–5 mm (a), 0.33–0.5 mm (b), 0.1–0.2 mm (c), <0.1 mm (d). The current drilling 
depth can be identified by the laser rangefinder shining in the sample. Blown-out ice particles can be seen, which are illuminated by the laser rangefinder. The visible 
output of ice particles increases with decreasing grain size.
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visible (Fig. 7).
Tracking the drilling progress in dusty ice was not always successful. 

In particular, ice samples with small dust particles caused the deflection 
mirror to become covered with these particles, which meant that depth 
measurement was no longer possible. The dusty mirror also absorbed a 
part of the laser power required for the drilling process. Especially 
bentonite with a grain size <63 μm lead to a rapid contamination of the 
mirror and thus to a loss of depth measurement and a reduction in laser 
power. The mass fraction of dust in the ice played a minor role in the 
power loss. The drilling depth achieved was mainly independent of the 
dust fraction or dust grain size. However, the maximal drilling depth 
declined at a dust mass fraction of about 90 %. Only little progress could 
be made in the dust-ice mixture with a dust mass fraction of 96.6 %. It is 
assumed that the mixture was not sufficiently homogeneous, so that 
areas of pure dust were drilled into that could not be penetrated further. 
Poor mixing is also suspected in the 89 wt% bentonite dust-ice sample. 

Here, the laser did not penetrate the ice at all (Fig. 9a). An average hole 
diameter on the surface of 9.9 mm was subsequently measured for some 
samples using photographs.

Below, two basalt-ice samples and two quartz-ice samples were cut 
open after drilling. Their depth-time curves are shown in Fig. 10. All 
samples were drilled through, even though for some samples the depth 
measurement failed during the drilling process.

Fig. 11 shows an example of the drilling progress in dusty ice at 
different laser powers, dust content and grain sizes. During drilling in a 
66 % basalt dust-ice mixture, the laser rangefinder determined the dis
tance 709 times. In one attempt, the distance measurement was not 
successful. For drilling into a 50 % quartz dust-ice mixture, 1139 dis
tance measurements were performed, of which 3.3 % were unsuccessful. 
These occurred most frequently in the range around 260 s, 420 s and 
540 s, reaching moving average error rates of 20 %, 8.9 % and 8.9 % for 
over 100 measurements. The corresponding gaps are clearly visible in 

Fig. 7. Dust-ice samples during the drilling process: a: 50 wt% basalt ice mixture with <0.3 mm dust grain size, average laser power 2.34 W; b: 50 wt% quartz-ice 
mixture with 0.1–0.25 mm dust grain size, average laser power 10.6 W; c: 75 wt% quartz-ice mixture with 0.1–0.25 mm dust grain size, average laser power 9.6 W; d: 
90 wt% quartz-ice mixture with 0.1–0.25 mm dust grain size, average laser power 10.3 W. The dust particles are blown out of the hole and illuminated by the laser 
rangefinder. The scattered light from the red laser rangefinder illuminates the surface of the sample and penetrates into the gap between the sample tube and the 
sample material. In the 50 wt% quartz-ice sample b, light shines through the sample material, giving an indication of the current drilling depth. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Deflecting mirror contaminated with dust from drilling samples (left). Dust was deflected from the deflecting mirror into the flange socket of the laser viewing 
port (right).
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the diagram. The drilling into a 90 % quartz-ice mixture was tracked 
with 830 measurement attempts. 47 % were successful. Starting at 150 s, 
the error rate in the moving average of 100 measurement attempts rises 
from 0 % to 100 % and then falls to a local minimum of 66 % at 300 s. 
The drilling in a 75 % basalt-ice mixture was tracked with 1249 mea
surement points. Up to 130 s, the error rate is 2 %. Subsequently, it rises 
to 100 %.

3.3. Measurement results and comparison with the thermal model

The following Fig. 12 shows the average drilling speeds of all dril
lings in clear ice, granular ice and dusty ice over the average laser 

power. As can be seen, the average drilling speed increased with the 
laser power. Higher drilling speeds were also achieved in samples with 
granular ice than in samples with clear ice. This is due to the lower 
density of the ice bulk, which means that less energy is required to 
sublimate a certain volume of ice. The drilling progress in dusty ice 
samples was even faster than that of granular ice, although the total 
sample densities were higher than those of clear ice due to the some
times quite high dust fraction. Furthermore, the drilling speeds for ice 
according to the thermal model in equation (7) are illustrated. The 
reflectivity used in the thermal model of the ice varies between 0 % and 
10 %. In the thermal model, a mean density of 918 kg/m3 for clear ice 
and a mean bulk density of 433 kg/m3 for granular ice was used. The 

Fig. 9. Drill samples after the drilling attempt from above. a: 89 wt% bentonite-ice mixture, <0.063 mm dust grain size, <1 mm ice grain size; b: 78 wt% bentonite- 
ice mixture, <0.063 mm dust grain size, <1 mm ice grain size; c: 50 wt% basalt-ice mixture, <0.3 mm dust grain size, 0.5–0.77 mm ice grain size; d: 90 wt% quartz- 
ice mixture, 0.1–0.2 mm dust grain size, <1 mm ice grain size; e: 75 wt% granite-ice mixture, 0.5–1 mm dust grain size, 0.77 mm ice grain size; f: 75 wt% basalt-ice 
mixture, 0.1–0.6 mm dust grain size, 0.77 mm ice grain size; g: 75 wt% garnet-ice mixture, 0.4–0.8 mm dust grain size, 0.77 mm ice grain size; h: 75 wt% granite-ice 
mixture, 0.1–0.3 mm dust grain size, 0.77 mm ice grain size.

Fig. 10. Drilled and cut in half samples. a: basalt particles <0.3 mm; ice particles <1 mm; 66 wt% dust. b: basalt particles <0.3 mm; ice particles <1 mm; 75 wt% 
dust. c: quartz particles 0.1–0.25 mm; ice particles <1 mm; 50 wt% dust. d: quartz particles 0.1–0.25 mm; ice particles <1 mm; 90 wt% dust. The samples were 
drilled from the left-hand side. Accordingly, a conical shape of the drill channel can be recognized. At the lower end of the samples, the ceramic plates that protected 
every sample tube can still be partially seen in a and c. If the drilling laser was still switched on after the entire sample had been drilled through, the ceramic plate 
reflected the laser beam diffusely upwards, causing the channel to widen, starting from the bottom. This can be seen in b and d.
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measured bulk densities of the ice samples with granular ice, on the 
other hand, ranged from 295 to 497 kg/m3.

If the density of each sample and the respective mean laser power are 
used to calculate the respective drilling speed and this is then plotted 
against measured drilling speed, the following Fig. 13 is obtained. For 
clear ice, a surface reflectivity of 1.65 % was chosen, and for granular ice 
and dusty ice a reflectivity of 8.5 %. For the clear ice samples and the 
granular ice samples, the drilling speeds can be well adjusted with the 
theoretical model for ice close to the sublimation temperature (equation 
(7)). The sublimation enthalpy was determined based on the average 
pressure, which was recorded over the entire drilling process. The 
drilling speed in dusty ice samples could not be determined with this 
approach. In the case of the dusty ice samples, only samples were 
selected whose hole progress could be tracked at least to a depth of 78 % 
of the sample depth. Furthermore, one drilling attempt was rejected due 
to strong inhomogeneities in the ice-dust distribution; another was 
rejected due to extremely fluctuating depth measurements.

The following diagram (Fig. 14) shows those drilling speeds. Here, 
the density of the dusty samples was adjusted according to equation (8)
and calculated according to equation (7). This means that a large part of 
the results of the dusty samples can now also be modeled to a good 
approximation. As before, only samples were considered which could be 
tracked with the laser rangefinder to a drilling depth of at least 78 % of 
its sample length, showed no relevant inhomogeneities in the mixture 
and no strong fluctuations in the distance measurement. The deviating 
data point at 2.5 m/h measured drilling speed/4.1 m/h calculated 
drilling speed belongs to a 90 % quartz-ice sample with 0.1–0.25 mm 
dust grain size. Due to the heavily contaminated deflection mirror, only 
an average of 10.3 W of the original 20 W laser power reached this 
sample for drilling. The drilling velocity of another 90 wt% quartz-ice 
sample with a dust grain size of 0.1–0.6 mm was measured at 3.73 m/ 
h and calculated at 3.68 m/h. A clean mirror was used here, which 
meant that 8.8 W of the 10 W emitted were available for the drilling 
process and used in equation (7).

Fig. 11. Depth-time diagram recorded with the laser rangefinder for two basalt-ice and quartz-ice mixtures. Gaps in the path-time curve show that the laser ran
gefinder was no longer able to determine the depth correctly due to the mirror contamination. Instead, the laser rangefinder returned error values or the distance to 
the mirror. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 12. Average drilling speeds determined with a laser rangefinder in clear ice, ice with different grain sizes and ice with different dust mixtures. The lines show the 
drilling speeds predicted by the thermal model from equation (7) at 100 % and 90 % laser absorption in clear ice with a density of 918 kg/m3 and granular ice with a 
bulk density of 433 kg/m3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

4.1. General measurement errors

Every parameter in equation (7) (drilling speed, sample density, 
reflectivity) is prone to measurement errors. Possible reasons for errors 
in determining the speed are imperfect alignment of the two laser beams 
and a contamination of the deflection mirror. Furthermore, other 

processes not taken into account, such as laser scattering due to dust 
flow or the blowing out of ice grains, can influence the drilling process.

4.1.1. Imperfect alignment
For optimal accuracy the beams of the drilling laser and the range

finder have to be aligned perfectly collinear. As the power distribution in 
the beam of the drilling laser is Gaussian the resulting channel has a 
slight conical form. Therefore, even a slight deviation in the alignment 

Fig. 13. Calculated drilling speed according to equation (7) plotted against the measured drilling speed. Drilling speeds of clear ice samples, granular ice samples and 
dusty ice samples are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 14. Calculated drilling speed according to equation (7) plotted against the measured drilling speed. Drilling speeds of clear ice samples, granular ice samples and 
dusty ice samples are shown. The drilling speed of the dusty ice samples was calculated using the pure ice density of the samples (equation (8)). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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can lead to underestimating the drilling speed, since the rangefinder 
does not reach the true bottom of the drilling hole, but hits the side wall 
of the drilling hole. We estimate that drilling speed errors of up to − 15 % 
can occur here.

4.1.2. Contamination of the mirror
In the thermal model an average laser power is used. This is calcu

lated from measurements of the laser power taken before and after each 
drilling. If there is early contamination of the mirror, leading to an early 
loss of laser power, the calculated drilling speed will be higher than the 
real one. Late dusting of the mirror has the reverse effect. This leads to 
an estimated error in the range of ±20 %. The different reasons for the 
contamination are as follows.

Occasionally, material in the form of water droplets, which are 
ejected from the clear ice samples, reaches the deflecting mirror and 
thus reduces its reflectivity.

In the case of granular ice samples, it was observed that ice particles 
were blown out of the hole by the water vapor generated at the bottom 
of the hole. The smaller the ice particles used, the more ice particles 
were blown out of the borehole (see Fig. 6). Demineralized water was 
used to produce the ice. However, this still contains some impurities that 
remain on the mirror surface when the ice grain or water droplet is 
sublimated or vaporized by the drilling laser shining on the mirror.

In the case of dusty samples, the dust is driven out of the hole during 
the drilling process and thrown against the deflection mirror above the 
drill sample. This causes the mirror to be sandblasted to a certain extent, 
which reduces its reflectivity (see Fig. 8). However, its reflectivity also 
decreases because particularly small dust particles adhere to the mirror.

4.1.3. Sample density
The density is necessary to calculate the theoretical drilling speed. 

The density itself is calculated using measurements of the sample vol
ume and its weight. The sample diameter could be determined fairly 
accurately whereas errors determining the sample height could occur. 
On the one hand the surface of the sample is not completely flat, on the 
other hand the ceramic plate at the bottom, which is used to protect the 
sample container from the laser, creates a cavity. This is taken into ac
count for the calculations. But small amounts of ice could accumulate 
below the ceramic plate during the filling procedure leading to a higher 
weight but not contributing to the sample mass and thus falsely 
increasing the density. We estimate that the error in determining the 
reference density is in the range of 2 %–6 %.

Furthermore, higher melting velocities than theoretically possible 
can be achieved in clear ice samples because the ice was not completely 
free of air bubbles. We estimate that this can reduce the density 
measured with the laser drill by up to 6 %.

In dusty ice samples, an inhomogeneous mixture could lead to more 
ice or more dust being drilled than determined by the mean value, so 
that the actual drilling speed deviates from the theoretical value. The 
sample tubes have a diameter of 28 mm and the drilling laser has a 
diameter of 6.15 mm. This means that the laser can only sublimate 
approx. 5 % of the sample for density determination. The overall 
composition of the sample is not fully captured by the drilling laser. 
Inhomogeneities that lie outside this zone can therefore not be taken 
into account. This effect is exacerbated if a sample could not be 
completely drilled through. In this case, local inhomogeneities that have 
a higher density, for example, and increase the overall density of the 
sample would not be detected by the laser drill and therefore contribute 
to a lower density determination. The samples were only not drilled 
through completely if the deflection mirror became so clogged with dust 
that depth measurement was no longer possible. In this case, the drilling 
process was aborted. We estimate that the inhomogeneities account for 
an error of ±5 %.

4.1.4. Ice reflectivity
The reflectivity determines how much laser power is available for the 

drilling process. However, this value varies depending on the grain size 
of the bulk material [55]. The reflectivity of the dust sample is influ
enced by the dust fraction. As only the ice content is sublimated, only its 
reflectivity was considered. In both cases, a reflectivity of 8.5 % was 
assumed. We estimate that the error in the correct laser reflection 
determination is in the range of − 8.5 %–50 %.

4.1.5. Other not considered drilling processes
Higher melting rates than calculated can also occur if the drilling 

process is supported by blowing the ice and dust grains out of the 
borehole. In this case, the particles are not removed by sublimation, but 
by blowing them away, for which no laser power is required. The 
extended thermal model shows that this effect must be taken into ac
count, at least for dusty ice samples, which is why only the pure ice 
density of the dusty samples is used for the calculations.

In dusty ice, a stream of dust moves towards the mirror while dril
ling. This leads to scattering of the laser light, which further hinders the 
drilling process and reduce the drilling speed. We estimate that up to 5 % 
of the laser light is lost due to the scattering process in the laboratory 
tests.

The pressures were measured at the lid of the vacuum chamber. The 
real pressure at the bottom of the borehole could have been higher and 
could have increased further with the progression of the borehole, since 
this long thin channel might represent a certain flow resistance to the 
water vapor. Accordingly, the sublimation enthalpy also changes in a 
range from 0 to 1 %. In the case of dusty ice samples, the additives can 
absorb laser energy while they are lying on the ground and carry it with 
them when they are blown out. This effect is estimated to be very small, 
as the heat capacity of ice is at least twice as large as that of the addi
tives. As a result, the additives heat up faster than the ice at the same 
laser irradiation. However, this creates a temperature gradient that 
causes a heat flow in the direction of the surrounding ice. In addition, as 
soon as this ice, which is close to the sublimation point, is sublimated, 
the adjacent dust particle is also blown out by the water vapor.

4.2. Effects of uncertainties on the overall measurement result

Not all measurement errors occur at all ice types, and even if they do 
occur, they are not always equally pronounced. Overall, a measurement 
uncertainty of ±5 % is assumed for the determination of the laser spot 
area. The total uncertainty is determined for all subsequent measure
ment uncertainties according to Gaussian error propagation. The 
calculated speed based on the measured ice density is subject to a 
relative uncertainty of ±13 % for clear ice. For granular ice samples, the 
relative uncertainty is ±16 % and for dusty ice samples ±56 %. This is 
also clearly reflected in the distribution of data points in Fig. 14. The 
measurement points for clear ice samples and granular ice samples are 
much closer to the diagonal than the measurement points for granular 
ice samples. The measurement point (2.5 m/h, 4.1 m/h) is even higher 
than the calculated relative uncertainty at 64 %. The determination of 
the drilling speed is relevant for mission planning. Here it can be used to 
establish time and energy budgets for reaching specific drilling depths. 
The relative uncertainty for density is relevant for measurements on a 
celestial body. This is because the drilling speed can be used to create a 
depth-resolved density profile of the drilled ice layer. Due to the high 
measurement frequency and slow drilling speed, the depth resolution is 
in the millimeter range. According to Gaussian error propagation, the 
relative uncertainty for density determination is ±19 % for clear ice and 
granular ice and ±57 % for dusty ice. Perfect alignment of the drilling 
laser and distance lasers can minimize the relative error to ±11 % for 
clear ice and granular ice. If the degree of reflection is also determined 
perfectly before and during drilling, the density of all ice types can be 
determined with a relative uncertainty of ±7 %.
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4.3. Possible applications of a laser ice drill

A combination of laser drill and rangefinder as presented here, in 
conjunction with gas analysis and dust analysis systems (see Fig. 15), 
could be a possible payload for lander missions to icy celestial bodies. 
The composition of the gas at the borehole outlet could be analysed 
using a mass spectrometer or a cavity ring down spectrometer, for 
example. Non-volatile particles could be filtered out of the water vapor 
stream using an electrostatic separation process (see Fig. 15) to protect 
the laser optics and collect the dust for further analysis. This could 
involve drilling into dusty ice at set depth intervals. The dust from each 
depth section is collected and immediately analysed or filled into sample 
tubes for later analysis on site or on Earth. This technique could also be 
used on a comet mission. Drilling into comet nuclei seems possible 
because nuclei consist of a mixture of solids and frozen volatiles. For 
example, 75 % [57] of the mass of Comet Halley consists of 
non-evaporable material, while the rest is water or other volatile sub
stances such as CO2 or CO [58]. Choukroun et al. gives a refractory to ice 
mass ratio of 3:1 or greater for the comet nucleus of 67P/Churyumov-
Gerasimenko [59]. This corresponds to a dust mass fraction of 75 % or 
greater in the experiments carried out in this study. Pätzold et al. gives 
an upper limit of 7:1, which corresponds to a 87.5 % dust mass fraction 
[60].

Since the presented experiments successfully drilled through ice with 
a dust mass fraction of at least 90 %, the use on comets seems possible. If 
no layers without ice are present, the entire cometary nucleus could 
theoretically be drilled through and a complete cross-section of the dust 
and ice properties of the comet’s nucleus could be obtained. The only 
limitation in this case appears to be the beam expansion of the drilling 
laser and the associated decrease in the drilling progress.

Drilling into permanently shaded lunar craters could also be possible. 
For example, Luchsinger et al. [61] determined a water ice mass fraction 
of 8.2 % in Cabeus crater. While the spectral modelling Li et al. [62] 
shows that ice mass fractions of up to 30 % may be present in some lunar 
craters.

With regard to the water content in the Martian soil, drilling appears 
to be possible at higher latitudes, as water contents of up to 13 % have 
been estimated from orbital near-infrared reflectance spectra [63]. At 
the landing site of the Phoenix lander, pore ice with a proportion of 30 

± 20 % by weight was detected during digging, which was trapped 
between the grains of the soil [64]. However, since the average surface 
pressure of 610 Pa [46] is at the triple point of water, depending on the 
actual ambient pressure at the drilling site, meltwater could also be 
produced instead of a steady water vapor and particle stream. The 
southern plateaus, where the surface pressure is between 82 and 480 Pa 
[65], are more preferable in this case.

However, ice layers with less dust, such as the polar caps of Mars, 
Pluto or icy moons such as Enceladus or Europa, can be easily drilled 
into. Here it is possible to detect the additives at a specific depth and the 
density of the ice by calculating a density profile from the measured 
drilling speed using equation (7). An exception to this is Saturn’s moon 
Titan, whose surface pressure of 1.5E5 Pa is far too high for a subli
mation process [66].

4.4. Deep drilling

In the first experiments on laser drilling in granular ice and dusty ice 
presented here, maximum drilling depths of 25 cm were achieved. If the 
ice cover of an icy moon is to be examined or a comet nucleus drilled 
through, holes several kilometers deep must be drilled. This raises the 
question of whether the drilling progress observed here can be main
tained in the long term. This will most likely not be the case, as the 
following mechanisms, which only come into play at greater depths, 
counteract the drilling progress.

A first mechanism is the pressure build-up in the borehole due to the 
constant laser-induced sublimation. Due to the pressure gradient be
tween the sublimation front and the vacuum above the borehole exit, the 
generated water vapor can flow out. The longer the ice channel through 
which the water vapor flows, the greater the flow resistance. This causes 
pressure to build up at the bottom of the borehole, which increases the 
sublimation temperature further and further. As a result, the ice must be 
heated far above the ambient temperature until sublimation occurs. In 
extreme cases, the pressure can exceed the triple point of the ice. Melt 
water would then form at the bottom of the borehole, absorbing the laser 
power and using its energy to melt the ice evenly in all spatial directions. 
No more material would be extracted from the borehole, which would 
end the progress of the borehole. Excessive pressure build-up could be 
avoided by drilling only at intervals from a certain depth. The pause 
times would serve to give the gas time to flow out of the hole and reduce 
the pressure gradient between the bottom of the hole and the outlet. This 
method would save a lot of laser power, but would considerably delay 
the drilling process.

Another possible mechanism is the clogging of the borehole channel 
with ice. It is assumed that the water vapor cools down as it rises in the 
hole and partially resublimates on the hole wall before escaping. As long 
as the drilling laser is in operation, the borehole channel is flooded with 
laser light. Every deposit at the edge of the borehole, which is presum
ably only as large as the diameter of the drilling laser, is illuminated by it 
and sublimates again. This would cause laser energy to be applied that 
should actually be used to advance the hole. This would slow down the 
progress of the hole at the edge of the hole and the drill hole would 
become more and more pointy. The generated water vapor, on the other 
hand, can also be so hot that it melts the drill hole beyond the laser 
diameter. In this case, too much energy would be absorbed during the 
sublimation process, which is a sign of an inefficient drilling process. 
Random measurements have shown that the exit holes in the clear ice 
samples have an average diameter of 8.5 mm, the granular ice samples 
have an average diameter of 7.7 mm and the dusty ice samples have an 
average diameter of 9.9 mm. As the laser spot diameter was only 6.15 
mm, this could be an indication that the borehole was widened by the 
rising water vapor.

Furthermore, from a certain depth, the borehole will be closed by the 
pressure of the ice above it. On earth, boreholes can be drilled to depths 
of 300–350 m without drilling fluid, which keeps the borehole open. The 

Fig. 15. Possible laser ice drill configuration with electrostatic dust filter to 
protect the laser optics and to collect and analyse dust samples.
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ice temperature, drilling speed and permissible borehole alteration also 
play an important role here. Talalay et al. [67] simulated that borehole 
depths of 230 m can be achieved with a maximum borehole constriction 
of 0.5 mm at ice temperatures of − 20 ◦C on earth. If the ice is − 50 ◦C 
cold, almost 500 m can be reached. However, due to the low gravity of 
the icy moons and the even lower temperatures, much greater drilling 
depths should be achieved before the inflow of the borehole becomes a 
problem. Cardell et al. [31] predicts that a 3 km borehole is possible 
without inflow from the Martian polar ice caps.

The surface temperatures on the icy moons are close to the subli
mation temperature. Nevertheless, this can be considerably lower in 
areas not exposed to the sun. Here, the ice must first be heated up to 
sublimation temperature with the laser before it sublimates. Accord
ingly, heat losses can occur that reduce the efficiency of the drilling 
process. According to the heat capacity of the ice, heating the ice by 100 
K would amount to around 7 % of the sublimation enthalpy. With regard 
to heat conduction losses, reference should be made to the work of 
Ulamec et al. [68], who determined the drilling efficiency of melting 
probes as a function of melting speed and ice temperature. Schüller and 
Kowalski [69] determined the efficiency as a function of the melting 
probe length. In order to be able to apply the results to the laser ice drill, 
it can be regarded as an extremely short melting probe as a first 
approximation. Accordingly, the losses are considerably lower than with 
conventional melting probes. Whereas with a melting probe the melting 
head and the jacket conduct the heat into the surrounding ice, with a 
laser it is only emitted through a small, narrow laser-irradiated zone 
similar to the melting head.

4.4.1. Initial considerations for a possible mission
The testing of drilling very deep holes could initially be carried out in 

the Arctic or on a glacier. While it is possible to drill vertically in 
Antarctica and thus demonstrate drilling to very great depths, only 
shallow drilling depths can be demonstrated in glaciers. Here, drilling 
parallel to the glacier surface could promise longer boreholes. At both 
demonstration sites, however, a vacuum bell must be used, which is 
rammed into the ice with the open side facing down. This can then be 
used to create a vacuum of about 1 mbar, which is necessary for the laser 
drilling process described here. If a crevice is drilled into a glacier, air 
can enter the borehole, causing the vacuum to collapse. This must be 
prevented by appropriate drilling direction planning.

When using the laser drill on icy moons, the areas where the ice is 
warmest should be used. This can save a few percent, which would 
otherwise have been needed to heat the ice to sublimation temperature.

For drilling ice in permanently shaded craters on the Moon and 
Mercury, a lander with a laser drill can land there and take direct gas and 
dust samples from the borehole. However, alternative solutions to solar 
cells must then be used to ensure a power supply. Landing the lander on 
the crater rim offers the possibility of supplying the lander with power 
via solar cells. The laser drill can be aimed at a point in the crater over a 
long distance and drill a hole there. However, the laser beam widens 
slightly until it reaches the crater bed, which means that the maximum 
laser intensity and thus drilling speed cannot be achieved. Furthermore, 
remote sensing methods must be used to analyse the hole ejecta from the 
crater rim.

When drilling into dusty ice, care must be taken not to drill into a 
layer that is free of ice. If the top layer is free of ice, it can be overcome or 
removed using conventional drills for thicker layers or brushes or 
blowing systems for very thin layers of dust.

In experiments, dusty ice with a grain size of up to 1 mm was suc
cessfully drilled. Whether larger dust particles can be ejected from the 
borehole has not been tested. For safety reasons, a landing site should be 
sought where the grain size of the dust is ≤ 1 mm. Non-evaporable 
obstacles larger than the laser beam diameter are not blown out of the 
borehole. These heat up and cause the surrounding ice to evaporate. As a 
result, stones sink further and further into the depths. Gas continues to 
rise to the surface and can be analysed. Whether dust lying beneath the 

stone can be transported out was not tested. The stone reduces the 
drilling speed according to its size. Overall, drilling into stones should be 
avoided, which is why preliminary exploration of the subsoil with radar 
instruments, for example, is recommended.

If water-bearing gaps are drilled into, the water inside them is 
vaporized until it is exhausted. The drilling process is then continued at 
the lower end of the gap. Drilling into gaps may be desirable if the entire 
contents of the gap are to be examined. However, if the gap contains too 
much water to be vaporized, the drilling process ends at this point. If the 
laser ice drill encounters liquid water, depth measurement is not 
possible. In this case, only the last depth measurement before reaching 
the gap can be used as an indicator of the gap’s position. Once all liquid 
water has evaporated, distance measurements can be taken again and 
the width of the gap at the drilled location can be measured.

Tables 4 and 5 below summarise some parameters of a possible laser 
ice drill payload. The performance data is based on equation (7). The 
hardware data is based on a preliminary design draft derived from the 
laboratory equipment used and lasers of similar power. The specifica
tions for the dust separation system, consisting of two 1 m long 
condenser plates and a high-voltage system, are based on design cal
culations that should lead to the acquisition of such a system. Since the 
laser drill is only suitable for determining density and lifting sample 
material, the Philae lander’s Ptoloemy mass spectrometer/gas chro
matograph is listed as a reference system for analysing gas additives. The 
Perseverance rover’s PIXL alpha particle X-ray spectrometer is listed as 
the reference system for dust analysis. A dust separation system and 
devices for analysing the dust are only required when drilling dust- 
containing ice, which significantly reduces the mass for a possible 
mission to an ice moon compared to a mission to a comet or lunar crater.

5. Conclusion

A new method for drilling into celestial bodies was presented. The 
drilling tests with samples of clear ice, granular ice and dusty ice in the 
laboratory setup have met our first expectations. The results showed that 
a large number of celestial bodies can be drilled into as long as there is 
some ice in the ground and the pressure is below the triple point. The 
drilling speed is directly proportional to the laser power and indirectly 
proportional to the ice density. Accordingly, the drilling speeds increase 
with increasing dust content. A system derived from the laboratory setup 
is suitable for determining the depth-resolved ice density in an energy- 
efficient manner. Furthermore, the measurement results indicate that 
dust samples and water vapor samples could be lifted from the depth 
with this system for further analysis.

In order to clarify questions of borehole stability, deep borehole 
drilling or simulations would have to be carried out. Tests in the cryo
vacuum chamber can provide indications of possible heat conduction 
losses that could occur when drilling below the sublimation line.

For robust use on celestial bodies, proper dust separation should be 
implemented to allow proper dust sample analysis and, more impor
tantly, to protect the laser optics from contamination.

Table 4 
Preliminary data for a possible laser ice drill.

instrument mass volume power 
requirement

destination

Laser ice drill 4 kg 15 x 20 
× 15 cm3

150 W Icy moons, Pluto, polar 
caps on Mars, comets, 
ice-filled craters on the 
moon and Mercury

Ptolemy [70] 4.5 
kg

25 x 33 
× 11 cm3

10 W

electrostatic 
dust 
separation

6 kg 25 x 15 
× 130 
cm3

100 W Comets, ice-filled craters 
on the moon and 
Mercury

PIXL [71] 10 
kg

21.5 x 27 
× 23 cm3

25 W
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Table 5 
Performance of a possible 20 W laser ice drill, based on measurements of the 
here presented study. The laser aperture is 6.15 mm and the full divergence 
angle of the laser beam is 0.327 mrad.

Drilling speed in clear ice ≤0.9 m/h

Drilling speed in granular ice with 500 kg/m3 ≤1.6 m/h
Drilling speed in granular ice with 300 kg/m3 ≤2.6 m/h
Drilling speed in dusty ice with 50 % dust mass 

fraction and a total density of 500 kg/m3
≤3.1 m/h

Maximum possible dust content in ice 90 %
Maximum possible dust particle size tested in 

ice
1 mm

Obstacles that should be avoided Water-bearing gaps, stones, layers 
of dust with ice content <10 %
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