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Abstract

®

CrossMark

The detection and characterization of lunar resources, including water ice, is a key area of
interest for a new generation of lunar missions. The electrical properties of water ice in the
extremely low frequency range support its detection by means of in-situ permittivity
measurements. A new type of miniaturized subsurface permittivity sensor is presented, which is
under development for the PROSPECT package on the Luna-27 lander mission. Here, the
sensor concept is described, key design features are presented and possible operations modes
are introduced. The expected accuracy for measurements of the relative permittivity along the
borehole is ~10-15% and depends mainly on the accuracy of borehole geometry models.
Laboratory test results from a prototype sensor on a water ice/simulant mixture at cryogenic
temperatures are presented, demonstrating the capability to detect water ice at 125 K. The
improved capabilities of the flight design are discussed, operational modes are explained and
alternative electrode configurations for lunar landers and rovers are proposed.

Keywords: Moon exploration, permittivity sensor, lunar water, in-situ measurement

(Some figures may appear in colour only in the online journal)

1. Introduction

1.1. Background

The identification and utilization of lunar resources such as
water ice has become part of the focal areas of a new gen-
eration of lunar missions. Spacecraft like the Lunar Recon-
naissance Orbiter (LRO) (Spudis et al 2013) provided evid-
ence for lunar water, predominantly present in permanently
shaded polar regions. The LCROSS impact in Cabeus crater
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(Colaprete et al 2010) provided ground truth at that specific
location, indicating a water content of 5.6 & 2.9% by mass
present in the impact ejecta. In particular, the lunar polar areas
are thought to harbor significant amounts of water ice, which
are of considerable interest for both science and exploration.
Prospecting for lunar ice resources requires suitable sensing
methods that can operate reliably in the harsh lunar envir-
onment. Desired instrument properties for space applications
typically include small size and mass, low power consump-
tion, wide non-operational/operational temperature range and
low complexity.

The PROSPECT package (Trautner et al 2018), which is
scheduled for launch in 2025 aboard the Russian Luna-27
mission to the lunar south pole region, includes a miniatur-
ized sensor for measuring the dielectric constant of lunar sub-
surface materials by means of low frequency alternating cur-
rents injected into the regolith. Water ice shows a distinctive
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signature in the frequency domain especially at extremely low
frequency (ELF), and can be detected and quantified via the
measurement of the dielectric properties of lunar soil. The
ProSPA laboratory that is part of PROSPECT will determine
the volatile content of a sample taken from a certain depth
via evolved gas analysis. The measurement of the subsur-
face dielectric constant supports the interpretation of this gas
analysis data, as it helps to estimate sample mass, compac-
tion and ice quantity using relationships derived from Apollo
sample analysis. The PROSPECT permittivity sensor presen-
ted here draws from heritage of past instruments, including
permittivity probes on Huygens (Ferri et al 2002), Rosetta
Philae (Seidensticker et al 2007), and early subsurface per-
mittivity sensor prototypes (Trautner et al 2004). Its miniatur-
ized design enables the integration in the ProSEED drill rod of
PROSPECT that is used to acquire subsurface samples from
down to 1 m depth.

1.2. Electrical and physical properties of lunar regolith

The lunar surface is covered by a fragmental layer of broken,
melted, and otherwise altered rock material called regolith.
The bulk of this regolith consists of small particles <1 cm in
size (McKay et al 1991), which can generally be referred to as
soil. A fraction of larger pebbles or cobbles may be embedded
in the soil. The electrical properties of the lunar surface mater-
ials are those of silicates, characterized by extremely low loss
and low electrical conductivity. In the total absence of water,
the DC electrical conductivity ranges from 10~ mho m~" for
lunar soils to 10~ mho m~! for lunar rocks at 300 K in dark-
ness. The relative dielectric permittivity e, for lunar materials
is approximately

e =1.9° (1

where p represents the bulk density in g cm™3. The relative
dielectric permittivity is dominantly controlled by bulk density
and is independent of chemical or mineralogical composition
(Carrier et al 1991). Analysis of Apollo samples has shown
that lunar soils and rocks typically exhibit a different range of
dielectric constant. Using the relationship

z4+12.2

=1.92
P z+ 18

2

where z is the depth in cm (Carrier et al 1991), we obtain
& = 2.51 for a near-surface density of 1.44 g cm™> at 5 cm
depth to &, = 3.23 for a bulk density of 1.83 g cm™3 at the
maximum PROSPECT drilling depth of 100 cm. Lunar rocks
on the other hand exhibit a dielectric constant of ¢, = 4 and
higher (Olhoeft and Strangway 1975) and at the same time
have a significantly higher conductivity.

From an electrical point of view, dry lunar regolith can be
represented by an excellent isolator of moderate dielectric con-
stant, with a small fraction of embedded bodies of a size larger
than a few millimeters, that exhibit a higher dielectric constant
and a significantly higher conductivity.

An in-situ measurement of the dielectric constant along
the wall of a borehole can therefore be expected to allow

determination of the soil density over depth, and observed
local enhancements of the complex permittivity should allow
to infer the presence of subsurface rocks or rock fragments.
The presence of water ice significantly alters the elec-
trical properties of lunar regolith. In pure form, ice exhibits
a high dielectric constant with a pronounced ELF frequency
response that is highly dependent on temperature (Petrenko
and Whitworth 2002). In mixture with lunar regolith simu-
lants the dielectric constant is lower than with real lunar rego-
lith but still shows the characteristic response over both fre-
quency and temperature. Experiments with mixtures of lunar
soil simulants and water ice at cryogenic temperatures (Nurge
2012) show a significant increase of ¢, in the frequency range
below 100 Hz. Lunar subsurface ice is stable over geologic
timescales at temperatures around 110 K and can be found at
shallow depths accessible by PROSPECT (Paige et al 2010,
Schorghofer and Aharonson 2014, Hayne et al 2015, King
et al 2020, Reiss et al 2021). An in-situ measurement of the
dielectric constant versus frequency and temperature therefore
allows to detect the presence of water ice in lunar regolith.

1.3. Permittivity sensor heritage and concept

In the terrestrial environment, and also in many planetary
environments, the conductivity of materials of interest (solids,
plasma, etc) is sufficiently high so that electrode to medium
contact becomes a relevant error source for the measurement
of the complex permittivity. A quadrupolar measurement is
required to enable an accurate measurement under these con-
ditions (Wenner 1916). This principle was applied in several
examples of space instrumentation, including the Huygens
Atmospheric Structure Instrument’s (HASI) Mutual Imped-
ance Probe (Ferri et al 2002) and the permittivity probe of
the SESAME package on Philae (Seidensticker et al 2007).
The lunar environment, on the other hand, is characterized
by a high vacuum and regolith with extremely low DC/ELF
conductivity in the range of ~1071mhO m~! (Carrier et al
1991), similar to good terrestrial isolators. This allows to
assume an injected electrode current as almost purely capacit-
ive and significantly reduces the electrode-medium interface
issues present in the aforementioned environments. It allows
to perform measurements with acceptable accuracy also with
a single electrode measurement, as long as the contact of the
electrode to the medium is characterized to a sufficient degree.
An early prototype for a permittivity sensor integrated in a
mole-type carrier (Trautner ef al 2004) demonstrated the cap-
ability to measure the dielectric constant of isolating materials
with a single electrode by monitoring the AC electrode current.
The PROSPECT permittivity sensor is based on this concept,
and uses a single electrode integrated in the ProSEED drill rod
of the PROSPECT package (Trautner et al 2018).

2. Sensor description

2.1. Measurement principle

The sensor performs its function by measuring the AC cur-
rent emitted from an electrode into the surrounding medium.
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For the PROSPECT sensor, the detection of water ice at cryo-
genic temperatures is among the key objectives, therefore a
frequency range from 1.5 Hz to ca. 100 Hz was chosen. Meas-
urement frequencies are not applied in sequence (as it was
done for the HASI and SESAME instruments) but applied con-
currently, which allows to minimize the sensor complexity and
associated mass, dimensions and power consumption.

A digital signal generator provides a square wave voltage
signal of 1.5 Hz with 50% duty cycle. According to the Fourier
theorem, this type of signal can be represented by

4N (sin(27 (2k— 1)ft)
x<t)_v%2( 2k—1 )

k=1

4 ( 1. 1.
=v_ (sm (wt) + 3 sin (Bwt) + 5sin (Swt) .. ) 3)

where w = 27f and v is a magnitude scaling factor. With f=

1.5 Hz, this signal includes frequency components at 1.5 Hz,

3.0 Hz, 4.5 Hz etc. with magnitudes that are decreasing with
1

2k—1)
When the voltage signal components x (¢) are applied to a
capacitor with complex impedance

Zo,=~i*Xo = — L o)
where
wi = (2k— 1)2xf (5)
and
Car—1) = Co*e(a-1) (6)

where Cy is the capacitance in vacuum without dielectric, and
€(2k—1) 18 the dielectric constant of the capacitor’s dielectric at
frequency f*(2k—1), the magnitude of the resulting capacitor
current is described by
) x(1) . }
lic| = == = 8vfCy (sin (wt) g1 + sin (3wr) 3
C
+sin(Swr)es +...). @)

It therefore follows that the capacitor current magnitude is con-
stant for all included frequencies, if the capacitance is constant
over the frequency range of interest, as is the case for vacuum.
If the capacitor is filled with a medium of ¢ that varies with
frequency, this will lead to a variation of the currents over
frequency, and a measurement of the currents will allow to
determine the dielectric constant vs. frequency of the medium
in the capacitor. A sequence of discrete samples allows to
derive a dielectric spectrum via Fourier analysis.

2.2. Mechanical design and accommodation

The permittivity sensor consists of two main hardware ele-
ments, an electrode carrier assembly (ECA) and a printed cir-
cuit board carrier assembly (PCA). The ECA is accommod-
ated in the front part of the ProSEED drill rod, about 40 cm

Baseplate

Carrier l

Guard l
electrode

Spacer

Main
electrode

Cap l °
l
'

Figure 1. Permittivity sensor electrode elements and integration in
ProSEED drill rod.

from the drill tip, right above the sampling mechanisms that
occupy the drill’s front section. The ECA includes sensing
electrode, guard electrode, structural and mounting elements,
and the coaxial cable that connects the ECA to the PCA, which
accommodates the electronics.

The PCA consists of the printed circuit board and of struc-
tural elements that allow installation in the upper end of the
drill rod. The PCA shape ensures an adequate distance of the
electronics from the drill-integrated harness in order to min-
imize noise and crosstalk levels.

The complex geometries of ECA and PCA will be real-
ized by additive manufacturing using polyether-ether-ketone
(PEEK) for isolating parts and conductive PEEK for the elec-
trodes. Only the back plate of the ECA will be machined
from aluminium. Figures 1 and 2 illustrate the ECA and PCA
design.

2.3. Electronics architecture

In the PROSPECT permittivity sensor, a square wave signal
is generated using a digital oscillator. This signal is filtered
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Figure 2. Permittivity sensor electronics embedded in mounting
structure for ProSEED drill rod integration.

using a first order 50 Hz low pass in order to limit the res-
ulting peak magnitude of the cumulative capacitor current
in the time domain. The resulting signal is then applied to
the sensing electrode via a current measurement resistor Ry;.
The low pass output is also used for the guard signal that
reduces parasitic capacitance on the printed circuit board,
in the harness, and in the electrode carrier structure. The
electrode current is measured via the voltage across the res-
istor Ry;. This voltage is then amplified and made available
at the sensor output. It is conditioned and sampled via an
analogue input of the ProSEED electronics unit (Trautner
et al 2018) and stored in a dedicated data structure as part
of the ProSEED data pool. A block diagram illustrating the
PROSPECT sensor design is shown in figure 3. The sensor
output signal in time and frequency domain are shown in
figure 4.

The sensor electrode emits a small AC current of few
pA through an isolating electrode cap that protects the elec-
trode from electrostatic effects and mechanical stress during
drilling. The emitted current crosses the gap between cap sur-
face and borehole wall and penetrates the subsurface regolith.
The electric circuit is closed via the drill rod and lander chassis.
Parasitic capacitances Cp; (in electronics) and Cp; (in elec-
trode), as well as the capacitance of the electrode cap Cg_cap
are constant and are measured as part of the sensor calibra-
tion. The gap dimension depends on borehole characteristics,
and the fill state of the auger flutes of the drill. The auger gap
can be emptied by rotating the drill without forward thrust, or
can be filled to a high degree by using a high drilling speed.
The optimal modes for permittivity sensor measurement will
be tested during the ProSEED drill test and qualification
campaigns.

The sensor electronics design utilizes only three active
semiconductor components with small pin numbers and pack-
age footprints, which simplifies space qualification for an
extended temperature range. Key characteristics of the sensor
are summarized in table 1. The geometry of the electric field
that governs the emission of the electrode current is shown in
figure 5.

2.4. Sensor operations concept

The operation of the permittivity sensor includes calibration
measurements in vacuum as well as measurements performed
when the sensor’s electrode is at or below lunar surface level.

For calibration, the drill deployment is stopped in a posi-
tion where the electrode is exposed to vacuum and no space-
craft structures or lunar materials are close to the electrode.
The signals measured in this position constitute the reference
for a dielectric constant of 1. The drill deployment is then
resumed and subsurface measurements are performed at cer-
tain depth intervals during the drilling process. For these sub-
surface measurements the drilling process is interrupted. The
filling fraction of the auger gap with drill cuttings can to some
extent be controlled via different drill rotation modes by apply-
ing different speeds and vertical thrust. The cuttings cone that
builds up at the surface is monitored by the ProSEED ima-
ging system as part of the PROSPECT operations (Trautner
et al 2018), allowing an estimate of the volume and density
of excavated soil. For measurements in soil, the permittivity
sensor can take either single point measurements or an azi-
muth scan along the drill rod rotation.

Single point measurements are performed at a specific
depth and single drill rod azimuth direction. This is envisaged
to be employed predominantly for ice detection, where meas-
urements are taken over an extended timeframe to allow aver-
aging of multiple measurement results and for exploiting the
temperature dependence of the ice/regolith mix.

For the azimuth scan, the drill is moving through a full rota-
tion in steps of 45° (8 positions), 22.5° (16 positions) or 15°
(24 positions). Measurements taken at these azimuth positions
allow to construct a three-dimensional map along depth, cor-
responding to an electrical image that provides information on
borehole shape, average dielectric constant and inhomogen-
eous inclusions such as rocks. The number of steps in azimuth
and depth depend on operational constraints such as available
time and energy.

For the detection of subsurface ice, the sensor can be used in
two different operation modes described in the following. Ice
detection via both modes will be enhanced to provide quantit-
ative results and constraints by employing models for the soil
temperature and the electrode to soil interface.

2.4.1. Ice detection in time/temperature mode.  Here, the
temperature dependency of the dielectric constant in ice-
bearing regolith is exploited. The drill is stopped and measure-
ments are taken at periodic intervals. Between measurements,
the drill rod heaters are activated in order to progressively
warm up the drill rod and the adjacent regolith. The change
of the signal in the frequency domain is analyzed, revealing
the presence of ice in the form of an increasing signal mainly
at the low frequency end of the spectrum.

2.4.2. Ice detection in reference subtraction mode. In this
mode, measurements are taken only during a short time inter-
val, typically a few seconds. For the analysis in the frequency
domain, calibration measurements taken in vacuum or in dry
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Figure 3. Permittivity sensor block diagram and path for emitted signal from electrode via regolith.

regolith (where the dielectric spectral response is flat) are taken
as a reference baseline. The reference measurement is scaled
up to match the magnitude of the measured spectrum in a band
that is not enhanced by the presence of ice at the soil temper-
ature and the scaled reference spectrum is subtracted from the
measured spectrum. The presence of ice will be detected by
an enhancement of the signal at the low frequency end of the
spectrum.

3. Error sources and sensitivity

The measured capacitance Cy, is a sum of parasitic capacitance
Cpara and electrode capacitance Ce:

Cm =Ce + Cpara- (8)

The parasitic capacitances in the electronics, harness and
electrode assembly are constant, and their measurement is
included in the calibration versus temperature and voltage.
They are subtracted from the measured capacitance in order
to obtain the electrode capacitance. Error contributions related
to supply voltage and electronics temperature have been eval-
uated on the sensor prototype. On PROSPECT, both the sup-
ply and temperature will be monitored in housekeeping data
with accuracies better than 0.3% and ~2 K, respectively. The
resulting measurement error related to supply voltage is neg-
ligible, as the sensor will be calibrated periodically in vacuum
outside the borehole. The expected temperature-related error
is <0.1%. Both errors apply uniformly to all spectral signal
components.

The electrode capacitance can be coarsely approximated by
a series circuit of electrode cap capacitance Ccap, auger gap
capacitance Cgyp, and capacitance in the regolith Cy, (see also
figure 3):

1
1 1 |
Ccap Cgap Creg

Co=Cn— Cpara ~ (9)

While the cap capacitance is constant, the capacitance of gap
and regolith are variable. The latter is directly affected by the
regolith dielectric constant. The gap capacitance is affected by
the fill fraction of the soil cuttings in the auger gap and their
density (figure 6). Accurate results for the regolith dielectric
constant will be obtained by matching measurement data with
results from finite element models of the configuration. The
density of the soil cuttings in the auger gap are derived from
images of the cuttings pile on the surface as they provide the
ratio of excavated material volume to drill hole volume. The
electrical properties of the soil cuttings can then be derived
from models of electrical properties of granular materials,
using relations such as the complex refractive index equation
and others (Nelson 2004).

The auger fill state can be inferred from the drill speed
and observed material transport (the cuttings pile formation
on the surface is monitored by a camera). The auger gap can
be cleared by stopping the drill forward motion while continu-
ing the rotation which leads to continued transport of cuttings
to the surface until the auger gap is nearly empty. The width
of the auger-wall gap is variable within boundaries that can be
constrained from drill experiments in a range of representat-
ive materials. These will be performed as part of the ProSEED
drill qualification campaign.

A sensitivity analysis was performed to illustrate the
change of the measured capacitance with auger gap and its
fill state by using a COMSOL simulation model of the sensor
electrode and the drill rod. For the undisturbed soil with a bulk
density of 1.71 g cm™3, a relative permittivity of €regotith = 3
was used. A value of ecyings = 2.3 was assumed for the soil
cuttings with a bulk density of 1.3 g cm~>. These values cor-
respond to a measurement depth of 35 cm, according to (1).
Results are presented in figures 7 and 8. Due to relatively high
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Figure 4. Permittivity sensor signal for electrode in air in time
domain (top) and frequency domain (bottom).

nominal width of the auger gap of 2.9 mm, resulting from an
auger flute width of 2.5 mm and an additional 0.4 mm gap
to the borehole wall, the measurement is very sensitive to the
auger fill fraction F. At F=0.5, a 10% error in the estima-
tion of the fill fraction results in a 18% error for the measured
regolith permittivity €regolith- At F'> 0.8 the error is reduced,
but the related risk for the drilling activity due to possible clog-
ging will allow reaching this state only under exceptional cir-
cumstances. At low F < 0.15 on the other hand, the electrode
is not covered by regolith in the auger gap at all, and the error
becomes negligible for an empty auger gap.

The measured capacitance also depends on the width of the
gap between electrode cap surface and regolith of the borehole
wall. While the nominal with is defined by the drill design, it
may vary along the borehole and with electrode azimuth as a
result of the drill’s mechanical interaction with the subsurface
material. Figure 8 shows the sensitivity of measured capacit-
ance for variations of the auger gap width.

The minimum gap width is constrained by the auger width
to 2.5 mm and may be reached at certain combinations of drill
depth and azimuth in case of a deflection of the drill axis from

Table 1. Key parameters of the PROSPECT permittivity sensor.

Parameter Prototype Flight model
Electronics PCB mass 7.8 g Similar
Electronics PCB 16.0¢g Similar

carrier mass

Electrode assembly 10.1¢g Similar

mass

Total sensor mass 35¢g ca.50 g

incl. mounting

materials

Electronics PCB size 15 X 70 X 8 mm Similar
Electronics PCB ?22.6 x 120 mm @ 29.5 x ~120 mm
carrier size

Electrode assembly 36 X 16 x 6 mm 40 x 16 X 5 mm
size

Electrode protrusion 13 mm 15 mm

diameter

Active electrode area  60.8 mm? 91.6 mm?
Electrode cap <1.7 mm 0.5 mm
thickness

Supply voltage 12V 12V

Supply current, typ. 18 mA <30 mA

Pulse frequency 1.5Hz 1.5Hz
Bandwidth 200 Hz 1st order 200 Hz second order
Sensitivity: max. 0.072 pF 0.180 pF
electrode capacitance

change for eregolith = 3

to Eregolith = 4

Sampling rate 3 kSps 2 kSpS

the thrust axis. The maximum gap width depends on the stabil-
ity of the borehole walls, but is constrained by the fact that the
transport of drill cuttings requires friction between cuttings in
the auger gap and the borehole wall. Tests of the drill in repres-
entative materials performed as part of the ESA PROSPECT
project have typically resulted in smooth borehole walls with
a limited number of spots of surface instability where the gap
is widened.

Figure 8 shows model results that reflect the expected range
of gap width for an empty gap and € egolich = 3. For a gap width
variation of £0.4 mm with respect to the nominal value of
0.4 mm (defined by the difference in diameter of the cutting
edge and auger), the measured electrode capacitance varies by
—3.0% to +4.2%. Without additional correction, this corres-
ponds to an error of —23% to +27% for € cgolitn, as obtained
from a data fit to COMSOL model results for nominal gap
width.

The nominal measurement mode for permittivity measure-
ments is an azimuth scan with 8 or 16 measurements. In case
of a non-symmetric position of the drill rod in the borehole
(for example as a result of forces on the drill bit resulting from
buried angled hard rock surfaces), the measured capacitance
versus azimuth provides information on the asymmetry, which
can be used for additional corrections. The resulting signal
versus azimuth is shown in figure 9 for an axis misalignment
of 0.4 mm. Also shown is a (conservative) relative measure-
ment error from prototype sensor laboratory tests of 0.23%.
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Figure 5. Electrode electrical field geometry as seen in vertical
(top) and horizontal (bottom) drill rod cross-sections. The signal and
guard electrodes (red) are integrated in the drill rod (black). The
measured electrode current (depicted via grey arrows) flows through
the regolith (brown) while passing through the isolating electrode
cap and the auger gap (empty in this figure, empty or partially filled
with regolith during ProSEED operation).

Auger flute (2.5 mm)

Drill rod \
1
!

Electrode \

Auger-wall gap
(0.4 mm nominal)

Borehole wall

Soil cutting

1
1
1
1
i
1 in auger gap
1

Figure 6. Geometry of drill rod, electrode, auger-wall gap, and soil
cuttings in electrode to borehole wall gap.

The signal deviation versus azimuth is ~8 times larger than
the standard deviation for a single measurement, and a fit of
16 or more data points will therefore allow to estimate the axis
misalignment with an error of <0.02 mm.

0.6 T

Electrode capacitance [pF]

04 06 08 1
Auger gap fill fraction

Figure 7. Simulated electrode capacitance vs. auger gap fill fraction
(linear, vertical) for eregolin = 3 and ecuuings = 2.3 (blue line) for the
flight model design. The capacitance for the electrode in vacuum is
plotted for comparison (magenta line). The error bar at fill ratio 0.5
illustrates the prototype sensor standard deviation of 0.23% fora 3 s
measurement.
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Figure 8. Simulated flight design electrode capacitance vs.
auger-wall gap width for epegolin = 3 (blue line). The capacitance for
electrode in vacuum is plotted for comparison (magenta line). The
error bar at the nominal auger-wall gap width 0.4 mm illustrates the
prototype sensor error for a 3 s measurement.

Using a model of the drill/borehole axis misalignment and
data fits with numerical models, the gap width for each indi-
vidual measurement can be reconstructed and used for data
calibration, resulting in an error for €egolith that is dominated
by the error in the modelled borehole diameter. This parameter
is initially defined by the drill bit diameter and then increases
with borehole wear, which is a function of subsurface material
as well as drilling speed and drilling duration. Increasing wear
widens the borehole and reduces the measured capacitance.
For a borehole diameter error of £0.4 mm (averaged over
borehole surface patches of a size similar to the electrode area),
the expected relative error for €egolitn 18 —12/4+ 13%. Further
accuracy improvements will be possible by using data from
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Figure 9. Simulation of measured capacitance for a borehole
diameter of 38.8 mm with borehole/drill vertical axis misalignment
of 0.4 mm. The error bar at 180° azimuth illustrates the
(conservative) relative measurement error of 0.23% for a standard
duration time domain measurement.

multiple azimuth scans and a higher number of data points per
scan.

4. Comparison and novelty of the sensor concept

A comparison with previously flown sensors or instruments
for permittivity measurements is provided in table 2. Quad-
rupolar probes (Ferri et al 2002, Seidensticker et al 2007)
developed for meter-scale atmospheric and surface measure-
ments provide good accuracy (10% and better), thanks to the
principle of using four or more electrodes for the measure-
ment. Their electrodes are accommodated on lander structures
(booms, landing gear), which complicates a mass comparison
with simpler designs. Nevertheless, a mass reduction factor of
around 10-20 for less complex designs that measure on centi-
meter scale, like TECP (Zent et al 2009) and the PROSPECT
permittivity sensor, is evident. Both simpler designs can be
expected to provide a lower accuracy due to the uncertainties
in the electrode to soil coupling impedance. The high meas-
urement frequency of TECP (8 MHz) improves this situation
to some degree. However, the relatively high conductivity of
Martian soil, as compared to lunar regolith, in a warmer Mar-
tian environment aggravates the problem for absolute permit-
tivity measurements. Only relative TECP measurement res-
ults have been published so far (Zent ef al 2010). Our sensor
uses only one small electrode (the signal return being via drill
and spacecraft chassis with much better coupling to the rego-
lith). The electrode/regolith geometry is reasonably well con-
strained, and the sensor measures in lunar regolith with typ-
ical conductivity of ~107'* mho m~!, which is several orders
of magnitude lower than that expected for Martian soil. The
capability of our sensor for absolute permittivity measure-
ments in the lunar environment has been assessed in section 3.
Its power consumption is approximately factor 10 lower than
that of the Huygens design, and comparable to the SESAME
PP consumption, both of which utilize data acquisition and

processing by a shared processing unit to minimize resource
consumption.

The PROSPECT permittivity sensor is the first to be integ-
rated in a planetary drill. It is also the first permittivity
sensor to replace sinusoidal signal generation via ADC fol-
lowed by on-board digital signal processing (as compared
to FFT in HASI-PWA, wavelet processing in SESAME-PP),
with lossless onboard data compression of the sensor data
and transmission of the compressed time domain signal for
FFT processing on ground. This allows to acquire the dielec-
tric spectrum with a single square wave excitation frequency,
and enables a drastic simplification of the flight hardware.
The sensor is expected to provide the first in-sifu measure-
ment of the dielectric constant of subsurface regolith on the
Moon.

5. Laboratory tests

A stationary prototype of the permittivity sensor has been
tested in ambient and cryogenic conditions in order to con-
firm the capability for ice detection. The tests employed a
flight-like electronics board and an electrode with represent-
ative overall design, but with smaller dimension compared to
the flight design (13 mm instead of 15 mm outer diameter),
and a thicker electrode cap (maximum thickness of 1.6 mm
instead of 0.5 mm). The electrode was mounted in a stainless-
steel tube of 30 mm diameter supplementing the drill rod. The
sensor was first tested and calibrated in air, and then immersed
in a mixture of glass beads and water, cooled using liquid nitro-
gen (LN2). Glass beads were chosen as a regolith simulant
due to their representative electrical properties, as the dielec-
tric constant of dry beads is similar to lunar regolith, showing
a flat frequency response in dry condition at room temperat-
ure and also at very low temperature in mixture with water.
Also, the glass beads have a well-defined particle size, which
was beneficial for avoiding electrode contamination by small
particles. The tests were performed in a laboratory environ-
ment with a computer-based data acquisition system. The test
setup is shown in figure 10.

There was no air gap between electrode cap and glass
beads. Electromagnetic interference (EMI) from noise sources
such as laboratory equipment and lighting was reduced as
far as possible via twisted pair signal wires and shielding.
The electrode/steel rod assembly was immersed into the pre-
cooled glass beads/water mixture (~9% water by mass), which
included two temperature sensors at a few centimeters distance
from the electrode. Before the start of the measurement, addi-
tional LN2 was added to the mixture to freeze the water and
ensure a low temperature starting point below 80 K. Measure-
ments were taken at frequent intervals over a 12 h timeframe,
during which the setup was not altered. The measured temper-
atures were corrected using results from a COMSOL thermal
model to obtain the temperature at the electrode location, with
a resulting error estimated <6 K.

The sensor data was analyzed in frequency domain using
both proposed data analysis methods for ice detection.
Figure 11 shows the spectra of measurements taken at sample
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Figure 10.
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Laboratory setup for testing the permittivity sensor with regolith simulant in cryogenic conditions.

L 1 1 1

----vac

0 50 100 150 200

Frequency [Hz]

Figure 11. Sensor signal spectra acquired during cryogenic tests of a prototype permittivity sensor with flight-like electronics and electrode
immersed in water ice bearing simulant.
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Figure 12. Sensor signal spectra acquired during cryogenic test of prototype permittivity sensor with flight-like electronics and electrode
immersed in water ice bearing simulant, after subtraction of scaled vacuum signal. The legend (color coding of individual curves) equals the

one displayed in figure 11.
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Figure 13. Relative magnitude change of the prototype permittivity sensor signal in the 1445 Hz frequency band from test in water ice

bearing simulant.

temperatures of 78 K up to 242 K. It includes the effects of
the 50 Hz low pass filter (see figure 3) and the ~1 pF parasitic
capacitance in the sensor electronics, which are both constant.
The trend in increasing electrode currents and the enhance-
ment in low frequencies is clearly visible and represents the
time/temperature detection method described in section 2.4.

1

Figure 11 also includes a scaled vacuum reference (dashed
line) obtained via scaling the vacuum signal taken at room tem-
perature to match the 95 K signal level in the 55-85 Hz band,
which was selected due to the low EMI level.

Figure 12 shows the difference of measured spectra and
scaled vacuum reference, illustrating the reference subtraction
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detection method. The signal increase over temperature, espe-
cially below 200 Hz, is clearly visible, providing evidence for
the presence of water ice in the simulant.

For additional noise suppression, the signal is averaged for
each measurement in a frequency band with pronounced water
ice signature and at comparatively low noise level. The res-
ult for the band of 14-45 Hz is plotted over temperature in
figure 13, with error bars corresponding to the thermal model
error and the observed standard deviation (0.3%) for the capa-
citance measurement in the selected band.

The data suggests that, for the employed measurement con-
figuration and procedure (prototype electrode design, laborat-
ory environment, measurement duration of 3 s per temperature
point), the detection temperature limit for ~9% by mass water
ice is near ~125 K, where a small signal increase is notable. A
more prominent 3% signal increase is observed near 160 K. As
a first approximation, the relative signal increase over temper-
ature is proportional to the ice content in the simulant. There-
fore, for a water ice mass fraction of ~1% representative for a
lunar scenario, we conservatively estimate the detection tem-
perature limit to be lower than 160 K. It is noted that these
values are derived from the permittivity sensor prototype with
a non-optimized design and in the described laboratory setup,
with the main error source being EMI noise from the laborat-
ory environment. This noise level from external sources can be
further reduced by increasing the measurement duration and
averaging of multiple measurements.

6. Summary of sensor performance

The analysis of the FM electrode performance demonstrates
that the highest accuracy for measuring €regotith is achievable
via azimuth scans with emptied auger gap, which is the oper-
ational baseline. For the detection of water ice, the highest
sensitivity is achieved when a high fill ratio of the auger gap
is established via high vertical drill speed before perform-
ing a series of measurements. In this operational mode, the
achievable accuracy depends predominantly on the accuracy
of estimating the auger fill fraction. The shape of the bore-
hole and its alignment with the drill axis can be estimated from
the permittivity measurements in an azimuth scan and are use-
ful supplementary data to support the analysis of the drilling
process.

The permittivity sensor prototype has demonstrated its cap-
ability for ice detection at cryogenic temperatures for short
measurements of 3 s and in a laboratory environment. For
PROSPECT, single measurement durations up to 32 s can be
programmed, and an arbitrary number of measurements in a
stationary drill configuration can be performed in sequence,
which allows further noise reduction. The noise level for
the flight configuration depends on the properties of vari-
ous PROSPECT elements and cannot yet be predicted. It is
however expected to be much lower compared to the labor-
atory environment. Further sensitivity improvements have
already been implemented for the FM design of the permit-
tivity sensor, such as a larger electrode diameter, thinner elec-
trode cap, and a more efficient guard design (see table 1).

The increase in sensitivity of factor 2.5 by design, in com-
bination with increased measurement duration and data aver-
aging without laboratory noise related frequency band restric-
tions, is expected to allow detection of an ice mass fraction
of 1% at temperatures down to 125 K and possibly below.
The sensitivity for ice detection can further be increased by
heating the ProSEED drill rod and the adjacent regolith using
the drill internal heaters. The sensor is therefore capable of
detecting and constraining the quantities of ice expected in
lunar polar areas based on existing data (e.g. Colaprete et al
2010). It also allows to distinguish between subsurface rego-
lith (&egolith ~ 3)and embedded rocks (grock > 4) with a typ-
ical relative signal change of 4% up to >25% depending on
the auger filling.

A detailed characterization of the relationships of drill oper-
ation modes, gap fill fraction, gap width, and borehole shape
will be part of the ProSEED QM/FM test campaign. This
will also include an updated evaluation of the FM permittivity
sensor performance for ice detection.

7. Future sensor applications

The permittivity sensor concept chosen for the PROSPECT
implementation is driven by the accommodation constraints
of the ProSEED drill rod, which puts severe restrictions on
electrode design and placement. However, future lunar mis-
sions to prospect for surface and subsurface ice with landers
and rovers will provide less severe design constraints. While
the sensor electronics presented here can easily be re-used or
integrated with other electronics on a shared electronics board,
the electrode configuration can be modified for an alternat-
ive accommodation, for instance integrated in landing gear,
placed on a rover hardware element that can be lowered to
the surface, or integrated in a vehicle wheel. Figure 14 illus-
trates two options that allow sensing the regolith to a depth
that is approximately proportional to the electrode diameter.
An integration on the foot of a lander or hopper will allow
measurements of surface/subsurface electrical properties at the
landing sites. An electrode accommodated on a rover wheel
will allow periodic measurements along the rover track. Both
configurations imply a much larger electrode in comparison
to the PROSPECT sensor electrode. Furthermore, the elec-
trodes are put in close contact with the regolith by nature of the
accommodation, providing a much improved sensitivity and
measurement accuracy.

8. Conclusions

The detection and characterization of lunar resources, includ-
ing water ice, is a key area of interest for a new genera-
tion of lunar missions. Ice exhibits a distinct signature of
the dielectric constant in the ELF range even at cryogenic
temperatures. The PROSPECT package developed for flight
on Luna-27 will include a novel permittivity sensor as part of
the ProSEED drill. The sensor hardware mass is ~50 g and is
based on simple and lightweight electronics. It supports sub-
surface measurements of the dielectric constant in a bandwidth
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Figure 14. Permittivity sensor electrode accommodation options
for future lunar missions. Top: accommodation on landing gear
footpad; Bottom: accommodation on rover wheel. A single coaxial
cable is required to connect electrode/guard ring (yellow areas) and
electronics.

of 1.5-200 Hz. Finite element models of the configuration of
electrode and subsurface regolith support the data analysis
and the optimization of operational strategies. The control and
characterization of the electrode-regolith interface is import-
ant for achieving the desired measurement accuracy and can
be established via identified operational means and suitable
measurement approaches.

As shown by simulations, the expected relative error for
measurements of €reoiith 1S On the order of 10%—15%. The
main error contribution stems from uncertainties in the bore-
hole shape and its alignment with the drill axis, which affects
the gap size between electrode and soil. The sensor data sup-
ports a characterization of the borehole shape and its alignment
with the drill axis, which are useful additional data that support
the analysis of the drilling process.

The sensitivity of the sensor for detection of water
ice at cryogenic temperatures is sufficient to detect ice at

concentrations relevant for future resource prospecting and
towards in-situ resource utilization. The prototype sensor
demonstrated detection of ~9% water ice at 125 K based on
3 s measurements. The larger flight model sensor is expected
to allow detection of 1% ice at that temperature with increased
measurement duration. The sensitivity for ice detection can
be further increased by locally warming up the regolith using
heaters integrated in the ProSEED drill. Due to its low mass,
low power, simplicity and short measurement time, the per-
mittivity sensor concept is suitable to detect lunar water ice on
many types of deployment platforms. Alternative configura-
tions for future missions include electrodes integrated in rover
wheels or landing gear footpads.
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