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Dielectric heating of planetary simulant soils with microwave radiation has been demon-

strated by others to be a potentially sustainable method of extracting subsurface water in

planetary soils. Investigating subsurface water extraction stems from the need to acquire

water resources to support human and robotic missions to Mars. However, dielectric heating

is fundamentally a function of temperature and frequency-dependent dielectric loss mecha-

nisms and the thermal properties of indigenous soils. These loss mechanisms lead to energy

dissipation (i.e., heat) from the coupling of microwave radiation to soils. It is well estab-

lished that dielectric losses in the microwave region are optimized in materials with high

liquid water content at ambient conditions (∼20◦C). However, due to the low temperature

and pressure of the near-surface of Mars (∼ − 63◦C, 4.5 torr) stable liquid water does not

exist; rather, subsurface ice is widespread across the planet. Considering these factors, an

understanding of both the dielectric and thermal properties of simulant soils, which are

strongly dependent on temperature and water content, will greatly benefit dielectric heating

efforts on Mars. Therefore, this dissertation has analyzed dielectric loss mechanisms that

contribute to the transfer of electromagnetic energy (2.6 – 18 GHz) to Mars simulant soils at

environmental conditions comparable to those observed at the surface of Mars. In addition,

dielectric heating of Mars simulants was performed using a low-power microwave transmis-



sion line system. Soil characterization studies demonstrated that dielectric loss mechanisms

are significantly reduced at very low temperatures due to the absence of liquid water. How-

ever, unfrozen water films (indirectly observed in icy soils) produced higher losses than cold

soils without ice. Moreover, heating icy, salty soils produced the highest heating rate among

soil samples. Heating in lossy soils would be limited by the depth to which microwaves pene-

trate the subsurface (i.e., the penetration depth) combined with the thermal properties (e.g.,

thermal conductivity) of the soil. Given the insulative nature of soils observed on Mars; at

low power, the subsurface could be heated just enough to liberate water vapor for extrac-

tion, without chemically altering the soil. Lastly, dielectric heating with microwave radiation

could also have implications for the detection and sustainability of extant or extinct life in

the subsurface of Mars.
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1

Chapter 1

INTRODUCTION

Space exploration missions can be loosely divided into missions that are observational

(orbiting a body remotely) and interactive (in-situ). Examples of observational missions

include Hubble, James Webb, and Mars Odyssey. Interactive missions consist of rovers

(Spirit/Opportunity and Curiosity), landers (Viking and Phoenix), and human missions

(Apollo Lunar Landers). In general, interactive missions give rise to a variety of engineering

challenges, particularly for human missions. ISRU (in-situ resource utilization) strategies

endeavor to overcome some of these challenges and increase mission capabilities by acquiring

and utilizing indigenous resources on planetary bodies. Upcoming phases of interactive space

exploration include sample return and (continued) human missions. Both would benefit from

ISRU, whose strategies seek to develop methods to supply either propellant or consumable

resources, such as oxygen and water, extracted from the atmosphere or subsurface of the

planetary body being explored. Water, in particular, is a desirable resource for both robotic

(propellant for sample return) and human missions (consumables).

Human space exploration, which will extend to the planet Mars in the near future, would

greatly benefit from ISRU strategies. With global average temperatures around −63◦C and

only trace amounts of oxygen in its tenuous atmosphere, Mars is considered an extreme

environment [1]. Also, Mars does not have stable bodies of liquid water at its surface;

rather, it has other water reservoirs, e.g., surface ices (H2O and CO2) in the polar regions,

water vapor in the atmosphere, and the recent discovery of evidence to support a subglacial

lake beneath the southern polar cap [2]. Another water reservoir of Mars is near-surface ice

in the mid-latitude and equatorial regions [3–5]. This ice is expected to exist within a meter

of the surface. Furthermore, the subsurface of Mars contains adsorbed water vapor, which
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is considered to be in constant exchange with the near-surface atmosphere on a diurnal

basis [6]. Conventional (Earth-based) means of acquiring water resources, such as direct

access to bodies of liquid water, drilling to subsurface aquifers, and precipitation harvesting,

are either unavailable or introduce significant complexity (e.g., drilling in extremely cold

environments). Thus, other means of extracting water resources on Mars must be sought.

A potential solution is the extraction of water resources with microwave radiation, which

could be combined with atmospheric water vapor extraction [7]. Dielectric loss mechanisms

are fundamental processes that occur when matter is subjected to microwave radiation and

is the basis for conventional microwave heating in microwave ovens. Subsurface heating of

soils could serve as a primary extraction method; whereby, sublimation of subsurface ice,

driven by energy transfer generated from dielectric heating with microwave radiation, mi-

grates to a cold trap at the surface. This approach would eliminate the need for energy

intensive drilling and excavation methods. Demonstrations of energy coupling to icy soils

have been successfully performed and indicate that dielectric heating is a potentially viable

extraction technique [8–10]. However, little has been documented about how dielectric loss

mechanisms perform at low temperatures—particularly temperatures expected at the surface

of Mars. Furthermore, soil components, i.e., adsorbed water, ice, salts, etc., trigger different

loss mechanisms. These frequency and temperature-dependent mechanisms characterize the

interaction between microwave radiation and soil components and must be understood in

order to pursue dielectric heating techniques. Thus, the work described in this dissertation

has investigated how understanding inherent dielectric loss mechanisms within Mars simu-

lant soils is critical to the concept of employing dielectric heating in extreme environments.

Additionally, dielectric heating as a post-extraction, thermal processing technique has also

been proposed [11].

Subsurface water extraction via dielectric heating, although a potential benefit to human

and robotic exploration of Mars, may have an impact on indigenous life that may exist

in the subsurface of Mars. Due to the mystery surrounding the existence of extant or

extinct life on Mars, specifically in the subsurface, consideration should be given to the
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effects of microwave radiation on potential biological material within the soil matrix. Thus,

investigations of dielectric heating are relevant to Astrobiology (i.e., the study of life in the

universe) because it addresses two of the major topics listed in the Astrobiology Strategy–

Identifying, exploring and characterizing environments for habitability and biosignatures and

Constructing habitable worlds [12]. Moreover, identifying techniques for extracting water

resources can aid manned and robotic missions seeking to investigate these topics. Lastly, in

general, ISRU strategies are very much grounded in the concept of developing technologies

to support the ‘future of life’ (formerly listed as Goal 6 of the NASA Astrobiology Roadmap

[13]) which highlights advancements to support human space exploration.

1.1 Subsurface Environment of Mars

Orbital observations of the near-surface of Mars with a variety of spectroscopic instruments

(neutron, near-infrared) have identified water in the near-surface of Mars, including detection

of ∼2.0 – 10 wt.% (weight percent) of water-equivalent hydrogen [14, 15]. Water-equivalent

hydrogen signatures at the near-surface of Mars (Fig. 1.1) are presumed to be due to ad-

sorbed water or hydrated minerals [3, 16, 17], however the precise nature of the signature in

this figure is not well understood [17]. Fine-grained soil observed by the Curiosity Rover's

ChemCam and APXS instruments identified hydration abundances consistent with measure-

ments by Viking 1 and 2 [17]. These findings demonstrate that water resources outside of

the polar regions can be found in the near-surface. Dielectric heating of these soils will be

dependent on the phase and/or configuration of water molecules bound to soil surfaces.

Without as robust of a hydrosphere as Earth's and limited by low temperature and pres-

sure, global annual distribution of water on Mars presents as seasonal variations of water

vapor suspended in the atmosphere. These variations can be as high as 100 precipitable

micrometers (pr.µm) in the summer season but drop to less than 5 pr.µm during winter [18].

This atmospheric water vapor has been observed to adsorb to soil grains in the near-surface

[6]. Moreover, in terms of atmospheric water adsorption, allophane-rich Mars analog soils

(i.e., JSC Mars-1) exhibit enhanced adsorption due to nanophase iron oxides (e.g., ferrihy-
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Figure 1.1: Water equivalent hydrogen abundances (by mass) as observed by the Neutron
Spectrometer instrument aboard the Mars Odyssey spacecraft [3]. Landing sites for various
Mars surface missions included for reference.

drite, magnetite) [19]. However, this analog soil does not appear to be representative of

soils present in Gale Crater (located near the equator) and may not be as widespread across

the surface of Mars as expected, which could present overestimates of water adsorption if

used in regolith-atmosphere interaction models [17]. To reconcile these characteristics of

the atmosphere and subsurface water, an approach to characterizing the interaction between

microwave radiation and soils is to simulate the Mars environment, specifically the environ-

mental conditions of the subsurface and its components with a variety of simulants (including

JSC Mars-1) . The work in this dissertation accomplishes these simulations by conducting

studies of Mars analog soils in a Mars environmental simulation facility [7].
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1.2 Dielectric Heating of Soils

Researchers at the Marshall Space Flight Center (NASA) have conducted several proof-of-

concept studies to determine the feasibility of using microwaves for subsurface extraction

of water. They were able to successfully demonstrate the extraction and capture of water

vapor (∼95 wt.%) from cryogenically cooled lunar simulant soil under vacuum conditions

using microwave radiation at 2.45 GHz at 1.0 kW [8]. They surmised that the nature of the

dielectric properties (i.e., complex permittivity) of planetary soils is critical for understanding

this type of application. Additionally, these researchers measured the complex permittivity

and permeability of several lunar analog soils at two microwave frequency bands (2.45 –

3.95 and 8.2 – 12.4 GHz) [8, 9]. Lastly, Ethridge and Kaukler, 2012 sought to model the

diffusion of heat generated by microwaves. These experiments were mostly preliminary;

although further investigation was proposed, work from this group (and microwave water

extraction research, in general) effectively ceased after 2012.

The application of dielectric heating for subsurface water extraction by Ethridge and

Kaukler, 2009 is compelling and provides a potentially effective solution to the problem

of utilizing indigenous water resources on planetary bodies. However, complex permittivity

measurements of planetary soils (mostly lunar simulants) provided by Ethridge and Kaukler,

2012 were assumed to be constant in heating models and did not account for variations in

permittivity due to soil components. Furthermore, dielectric properties of soil components

are the result of the excitation of dielectric loss mechanisms at a particular frequency and

temperature and contribute to heating effects. Yet, neither details of loss mechanisms,

including the dependence on frequency and temperature, nor their role in dielectric heating

were discussed. Although Ethridge and Kaukler, 2009 successfully diagnosed the efficacy

of water extraction as a function of applied power, the nature of dielectric losses in soils is

highly nuanced and requires an understanding of the interaction between microwave radiation

and soil components. Lastly, the analysis of complex permittivity requires a comprehensive

assessment of measurement methods; however, these were not discussed in detail by either
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Ethridge and Kaukler, 2009 or Ethridge and Kaukler, 2011.

On average, the surface temperature of Mars is ∼100◦C lower than average surface tem-

peratures on Earth. Thus, temperature-dependent microwave coupling to soils will greatly

impact dielectric heating efforts. To understand this fundamental phenomenon of dielectric

loss mechanisms and their role in dielectric heating, the nature of this coupling is investigated

throughout this dissertation using a variety of Mars simulant soils. The frequency range of

2.6 – 18 GHz was chosen based on available microwave transmission line equipment. To

address the viability of performing transmission line measurements of particulate media at

low temperature, a feasibility study was performed. This study was followed by a character-

ization study of simulant soils to analyze environmental factors (e.g., pressure, temperature,

composition, grain size, etc.) and their impact on loss mechanisms.

1.3 Organization

This dissertation presents a series of experiments and analysis to determine the feasibility

and practicality of dielectrically heating Mars analog soils with microwave radiation. The

dissertation is divided into eight chapters and one appendix. Chapter 2 provides an overview

of dielectric loss mechanisms, microwave measurement theory, and measurement techniques

used to quantify dielectric losses. Chapter 3 provides details of all the experimental compo-

nents and facilities. Chapter 4 introduces the feasibility study that was used as the basis for

all soil measurements. Chapter 5 presents an introduction to the soil characterization study

that surveys all simulants at several environmental conditions. Results and discussion of this

study are also presented in this chapter. Chapter 6 details dielectric heating experiments

performed on select soil simulants followed by analysis and discussion of results. Chapter 7

discusses the impact of microwave radiation on subsurface microbial environments, including

interactions with extremophiles. Lastly, Chapter 8 concludes the dissertation. The appendix

provides supplementary technical design data and analysis.
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Chapter 2

MICROWAVE MEASUREMENT THEORY AND METHODS

A central phenomenon used in this research is the concept of dielectric heating. Dielectric

heating refers to a process whereby an electrically insulating material, or dielectric, is irra-

diated with microwave radiation and heating arises from losses, i.e., energy dissipation, in

the material. The microwave region of the electromagnetic spectrum is generally defined as

ranging from 300 MHz – 300 GHz and lies between infrared and radio frequencies. The most

common use of dielectric heating is found in microwave ovens, which are used to penetrate

the subsurface of foods for heating as opposed to conventional methods that rely on sur-

face heating (e.g., standard ovens, counter-top stoves). Microwave ovens utilize microwave

radiation at 2.45 GHz to convert electromagnetic energy to thermal energy via interactions

with water molecules. This is the underlying concept of microwave ovens, which are opti-

mized to heat materials containing water. Similarly, the concept of dielectric heating can

be applied to soils to determine the efficacy of subsurface heating. However, in icy soils,

microwave radiation would not couple efficiently with water ice because ice couples poorly

to radiation at microwave frequencies; rather, maximum coupling occurs at very low radio

frequencies (1.0 – 10 kHz) [20]. Presumably, at freezing conditions, heating would rely on

dielectric losses occurring within soil particles to transfer heat to ice within the soil matrix.

However, water adsorbed (or bound) to the surface of soil grains could also contribute to

dielectric losses. Thus, this chapter presents an overview of dielectric loss mechanisms and

measurement techniques used during experimental studies.
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2.1 Dielectric Loss Mechanisms

The electric response of a material to an alternating electromagnetic field, as a function of

angular frequency, is given by the complex permittivity, ε(ω),

ε = ε′(ω)− ε′′(ω)j (2.1)

where the real part, ε′, is a measure of energy storage in a material, j =
√
−1, and the

imaginary part, ε′′, is a measure of energy dissipation (e.g., heat). Equation 2.1 can also be

presented as

εr = ε′r(ω)− ε′′r(ω)j; εr =
ε(ω)

ε0

(2.2)

where ε0 is the vacuum permittivity and εr is the relative permittivity. Throughout this

dissertation, ε(ω) refers to the relative complex permittivity; similarly, ε′r(ω) and ε′′r(ω) refer

to the dielectric constant and dielectric loss (or loss factor), respectively (also denoted as ε′

and ε′′). Additionally, throughout this dissertation, the term “permittivity” refers to relative

permittivity. The relative permittivity is unit-less. It should be noted that the complex

permeability, i.e., the magnetic response of a material to an alternating electromagnetic

field, can analogously be defined with a real and imaginary part, where the imaginary part is

a measure of dissipative losses. Although dissipative losses due to an applied magnetic field

can induce significant heating in magnetic materials [21], particularly magnetic materials

observed in the soils of Mars [22], none of the materials analyzed in this dissertation had

appreciable magnetic content.

The complex permittivity is frequency-dependent and can vary based on several dielectric

loss mechanisms (Table 2.1). These mechanisms result in charge displacements that vary as

an applied electric field alternates with time. For example, during dipolar polarization at

1.0 GHz, dipoles will attempt to align with the electric field as it alternates 109 times per

second, resulting in heat generated by frictional forces resisting the motion of the dipoles [21].

Loss mechanisms can occur in discrete frequency bands (as shown in Figure 2.1) or be more

prevalent in certain media, such as water or hydrated materials. Moreover, the complex
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Table 2.1: Microwave Region Dielectric Loss Mechanisms [21]

Dipolar (orientation polarization) Re-orientation of dipoles due to changing E-field

Current conductivity Re-distribution of charge particles under the influence of E-field

Maxwell-Wagner Interfacial charge accumulation (heterogeneous media)

Electronic Displacement of electrons around nuclei

Atomic Displacement of nuclei due to unequal charge distribution

permittivity is very sensitive to water, whether the phase is liquid (e.g., pure or saline),

ice, adsorbed, or present in hydrated minerals [23]. Figure 2.1 shows the imaginary part

(loss factor) as a function of frequency for a heterogeneous moist material. The grey-shaded

area includes all loss mechanisms present in the microwave region; whereas, the red-shaded

area limits loss mechanisms to the microwave range analyzed in this dissertation. Loss

mechanisms dominating the microwave range (108 – 1011 Hz) and contributing to heating

effects are due to free and bound water (W1, B). “Free” refers to liquid water and “bound”

refers to chemically or physically bound water molecules (i.e., adsorbed water) [23]. It

should be noted that although each mechanism has a unique bandwidth, the magnitude of

frequency-dependent losses attributed to each mechanism will, in general, vary for different

materials. Moreover, the electrical properties of bound water are not the same for different

heterogeneous systems and are composition-dependent [24]. Loss mechanisms due to atomic

and electronic polarization occur in the infrared and visible regions of the electromagnetic

spectrum (1012 – 1015 Hz) and do not contribute significantly to losses in the microwave

region. The combined response to these mechanisms is given by the effective loss factor, εeff

[21],

ε′′eff (ω) = ε′′d(ω) + ε′′e(ω) + ε′′a(ω) + ε′′MW (ω) +
σ

ωε0

(2.3)

where the dipolar, electronic, atomic, and Maxwell-Wagner loss mechanisms are represented

by the subscripts d, e, α, and MW , respectively. The last term in Equation 2.3 represents
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conductivity effects, where σ is the electrical conductivity. Depending on the frequency

range, the effective loss factor could be comprised of only the dominant loss factors. For

example, in the microwave region analyzed by this dissertation, the dominant mechanisms

are dipolar relaxations related to water (represented by W1 and B) with lesser contributions

from conductivity (C) and ice relaxation (I) (Fig. 2.1). Throughout this dissertation the

effective loss factor is simply denoted as ε′′.

Figure 2.1: Dielectric Loss Mechanisms in a moist heterogeneous material. The grey-shaded
region is the microwave region of the electromagnetic spectrum. The region in red represents
the microwave frequencies studied in this dissertation. Dielectric loss mechanisms are labeled
as follows: C (conductivity), DL (charged double layers), X (crystal water relaxation), I
(ice relaxation), MW (Maxwell-Wagner effect), S (surface conductivity), B (bound water
relaxation), W1 (principal relaxation of free water), W2 (second relaxation of free water)
(modified from Hasted, 1973).

On the surface of Mars, there is expected to be a dry overburden above an icy soil layer

in the mid-latitudes and equatorial regions [5, 6]. Therefore, in the absence of liquid water,

losses due to bound water should dominate in soils irradiated with microwave radiation
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(with significantly lower contributions from conductivity and ice relaxation). Moreover, the

magnitude of the loss factor is dependent on the dominant loss mechanisms. It should

be noted that loss mechanisms for ice and hydrated minerals (i.e., ice and crystal water

relaxations, respectively) are highest at much lower frequencies (∼102 – 105 Hz).

2.2 Measurement Methods

Microwave transmission lines can take many forms; of these, coaxial and waveguide trans-

mission lines are the most common for measuring electrical properties of solid, liquid or

porous media. Coaxial transmission lines (coax) can be designed to measure reflection and

transmission parameters (airlines) or reflection-only (dielectric probe). A coaxial transmis-

sion line consists of a metal inner conductor and a coaxial outer conductor, with a dielectric

material between them to support the outer conductor (Fig. 2.2). Waveguide transmission

lines (or waveguides) are hollow, rigid metal structures (aluminum or brass) and do not re-

quire a dielectric for structural support (Fig. 2.3). Waveguides can be designed with either

rectangular or circular cross-sections.

Figure 2.2: Coaxial transmission line Figure 2.3: Waveguide transmission line

Transmission lines are selected for use based on several factors, e.g., frequency range,

bandwidth, and attenuation. Waveguides exhibit low losses but have limited bandwidth

(determined by the cutoff frequencies) and are prone to dispersion. The cutoff frequency
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depends on the cross-sectional dimensions of the waveguide aperture and is the lowest fre-

quency that will propagate within the waveguide for a given mode [Section 2.2.1]. Since each

waveguide has a small frequency range, several waveguides were required to cover the 2.6 –

18 GHz range used for dielectric loss measurements. In contrast, coaxial transmission lines

have a much broader frequency range and are non-dispersive but exhibit higher attenuation

(0.7 dB/ft at 20 GHz [25]). Attenuation for both coaxial and waveguide transmission lines

increase with increasing frequency, but the maximum attenuation for the highest frequency

waveguide analyzed in this dissertation (P-band) is known to be nearly an order of magni-

tude lower than coaxial lines [25]. Indeed, both types of transmission lines offer advantages

and disadvantages and were studied to determine which was better suited for the applica-

tions of this research. Measurements with transmission lines require an understanding of the

transmission propagation modes and calibration requirements.

2.2.1 Propagation Modes

Microwaves can propagate in several modes within a transmission line. These modes are the

transverse electromagnetic (TEM), transverse electric (TE), and transverse magnetic (TM)

and are unique to the type and geometry of the transmission line. Coaxial lines, having

two conductors, can support TEM, TE, and TM wave propagation; whereas, rectangular

waveguides (single conductor) are limited to TE and TM only [25–27]. These modes can be

expressed as solutions to Maxwell’s equations [26], where E, H, and µ are the electric field,

magnetic field, and magnetic permeability respectively,

∇× E = −jωµH (2.4)

∇×H = jωµE (2.5)
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with boundary conditions that constrain the longitudinal components of the electric and

magnetic fields, i.e., Ez and Hz, respectively as follows:

TE : Ez = 0, Hz 6= 0

TM : Ez 6= 0, Hz = 0

TEM : Ez = 0, Hz = 0
(2.6)

Solutions to these equations for TE/TM modes yield m variations in the x-direction and

n variations in the y-direction resulting in the following notation: TEmn and TMmn. The

frequency range for each waveguide is determined by the cutoff frequency,

fcmn =
1

2π
√
εµ

√(
mπ

a

)2

+

(
nπ

b

)2

, (2.7)

for neighboring modes where a and b are the waveguide aperture dimensions and a > b (Fig.

2.4). This equation applies to both TE and TM modes. Waves cannot propagate within the

aperture dimensions of the waveguide at frequencies lower than the cutoff frequency.

Figure 2.4: Rectangular waveguide geometry

The dominant mode (i.e., lowest cutoff-frequency mode) for rectangular waveguides is the

TE10 (for a > b). The cutoff frequency of the TE10 mode determines the lower limit of
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the frequency range for a waveguide with aperture dimensions a and b. The upper limit of

the frequency range is determined by the cutoff frequency of the next mode (TE20, for a >

b) and serves to restrict higher order modes from propagating within the waveguide. This

range is further constrained (by ∼30%) to minimize dispersion caused by differing group

velocities that vary as a function of frequency [27]. Extending the frequency range to include

higher order modes distorts the electromagnetic field configurations within transmission lines,

introduces signal loss, and is usually avoided. Frequency ranges for the waveguides used in

this dissertation are listed in Table 2.2. Waveguides are labeled with Electronic Industries

Alliance (EIA) designations.

Figure 2.5: Coaxial line geometry

The frequency range for coaxial lines is similarly defined, but the dominant mode is

TEM (where fc=0). The next highest mode in a coax is TE11 and the cutoff frequency is

determined by the dimensions of the coax (Fig. 2.5). An approximate solution for the cutoff

frequency for the TE11 mode in a coaxial line is given by:

fc11 =
1

π(a+ b)
√
εµ

(2.8)

where a and b are the radial dimensions of the coax cross-section as shown in Figure 2.5

[27, 28]. Thus, fc11 sets the upper limit of the operating frequency range. For the coaxial

lines used in this research fc11∼18 – 34 GHz.
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Table 2.2: Waveguide details

Lastly, it should be noted that the waveguides used in this research were excited by

coaxial transmission lines. In other words, coax-to-waveguide adaptors (N-type) were used

to transmit microwave signals from the network analyzer to the waveguides. In order to

excite the desired TE10 propagation mode in the waveguide, the adaptor consists of a center

conductor extended as a probe into the waveguide (Fig. 2.6). The backplate of the adaptor

acts as a short to aid in matching the impedance of the coaxial line to that of the waveguide.

The fields propagating from the probe excite TE10 and higher order modes [27–29]. Due to

the single conductor design of the waveguide and its aperture dimensions, TEM and higher

order TE modes are cutoff and do not propagate.
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Figure 2.6: Coax-to-waveguide adaptor

2.2.2 Calibration Requirements

Measurement calibration is a procedure that removes the systematic errors (repeatable mea-

surement variations) that cause uncertainty in measurements. During calibration, the vector

network analyzer measures well-defined standards and mathematically compares the results

against ideal versions of these standards (calibration algorithms). The techniques described

here assume the material under test (MUT) is homogeneous. Measurements taken during

calibration characterize a measurement reference plane and are made with all components

in place, including cables and connections, except the MUT. Calibrations remove any erro-

neous signals caused by connections and errant reflections. This results in the transmitted

and reflected signals being solely due to the properties of the MUT. Although there are sev-

eral calibration types (with accompanying calibration algorithms) to choose from when using

transmission lines, coax measurements were processed with a one-port calibration (SOL al-

gorithm) and waveguides were processed with a two-port calibration (SSLT algorithm) [30].
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Figure 2.7: Configuration for a one-port calibration with a vector network analyzer (NWA)
at Port 1. Measurements with standards are repeated at Port 2 for a two-port calibration.

A one-port calibration is used for reflection-only measurements (coaxial line). For exam-

ple, in Figure 2.7, the system is calibrated at port 1 for reflection-only measurements (which

could also be performed at port 2). The calibration algorithm, SOL, refers to the calibration

standards, Short-Open-Load [30]. The short/open standards are used to define reflection

behavior of the signal; whereas, the load standard sets directivity parameters. Directivity

refers to the direction of the signal. Each standard is measured at the port where measure-

ments will take place (e.g., port 1 as shown in Figure 2.7). Once all standards have been

measured and the calibration is processed, calibration standards are no longer needed and

the material can be measured.

For waveguides a two-port calibration (reflection and transmission measurements) and

a Short-Short-Load-Thru (SSLT) algorithm was used. Similar to the one-port calibration,

the two shorts (1
4
λ offset) define reflection behavior and the load standard sets directivity

parameters. In addition, a thru standard is included to characterize transmission behavior.

For calibration, each standard is attached to the waveguide and measured at both port 1 and

port 2; i.e., once standards are measured at port 1, the process is repeated at port 2 (Fig.

2.7). After the short/load standards are measured, the waveguides are attached and a thru
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standard is measured (Fig. 2.8). Once all standards have been measured, the calibration is

processed. Similar to one-port calibrations, calibration standards are no longer needed after

this process has completed. Due to the limited bandwidth of waveguides, six calibration kits

were required for the 2.6 – 18 GHz frequency range (Table 2.2).

Figure 2.8: Configuration of the thru standard for a two-port calibration.

2.3 Data Acquisition

The microwave frequencies used for the research presented in this dissertation were generated

by network analyzers. In general, the frequency range of a network analyzer is limited by its

internal components. Network analyzers are instruments designed to test and measure elec-

trical networks by acquiring scattering parameters. Scattering parameters (or S-parameters)

are ratios of the output to input of a signal and can be defined for a network with an arbitrary

number of ports. However, the work described in this dissertation is limited to one-port and

two-port networks only. Input nodes are labeled a and output nodes are labeled b (Fig. 2.9).

The subscript notation for S-parameters refers to the output port (first subscript) and input

port (second subscript). The input/output ports discussed here are identical to port 1 and

port 2 from the previous section. Each S-parameter assumes that there is only one input
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source. S-Parameters are complex-valued and include amplitude and phase characteristics

in the frequency domain and are a superposition of all reflected and transmitted components

of the MUT. The four cases for a two-port network are displayed in Figure 2.9 and are as

follows:

• S11 = b1
a1

, assumes a2 = 0: Reflection coefficient (forward)

• S21 = b2
a1

, assumes a2 = 0: Transmission coefficient (forward)

• S12 = b1
a2

, assumes a1 = 0: Transmission coefficient (reverse)

• S22 = b2
a2

, assumes a1 = 0: Reflection coefficient (reverse)

Figure 2.9: Scattering parameters for a two-port network.

A one-port measurement would only acquire S11 or S22 measurements (i.e., reflection-only).

A two-port measurement acquires four parameters, of which two of those parameters are the

reverse of the forward parameters, i.e., S11 ≈ S22 and S12 ≈ S21. When processing scattering

parameters for a non-magnetic material (µr = 1) to determine electrical properties, solutions

can be found using either S11 or S21. Moreover, if losses are low, the relative uncertainty

in the dielectric loss, ε′′, is significantly lower for S21 when the transmitted signal is greater

than -40 dBm. Conversely, if losses are high, uncertainties in S21 can increase significantly

[31]. Since the choice of scattering parameter is driven by the lossy or dissipative nature

of the material being studied, analysis of simulant soils will be needed to identify which
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parameter is appropriate. For example, for very dry soils where ε′ is expected to be ∼10−1 ,

S21 parameters would be used.

2.4 Acquiring Complex Permittivity

In order to extract permittivity data from S-parameters, these data must be processed

through an inversion algorithm (this is not the calibration algorithm). Inversion algorithms

can be divided into two groups—iterative and non-iterative—and require knowledge of the

sample position within the waveguide (non-iterative) and an initial guess of the value of

the complex permittivity (iterative). There are several algorithms that can be used for this

purpose, but each has its limitations [31–33]. Each of these algorithms assumes the MUT is

homogeneous, which is a particularly difficult assumption when considering porous media,

which, in general, are considered heterogeneous because non-uniform pores are present. This

generalization is especially appropriate for soils, which are mixtures of pores, organic matter,

mineral grains of varying size/hydration state, and moisture content. However, homogeneity

(spatial invariance) can be closely approximated by eliminating organics, ensuring samples

are well mixed, and minimizing the particle size distribution and sample size.

S-parameters require processing to solve for the complex permittivity and permeability.

Weir, 1974 developed a procedure to solve for these parameters using the following equations:

µr =
1 + Γ

Λ(1− Γ)
√

1
λ20
− 1

λ2c

(2.9)

1

Λ2
= −

[
1

2πd
ln

(
1

T

)]2

(2.10)

εr =

(
1

Λ2 − 1
λ2c

)
λ2

0

µr
(2.11)

where d is the thickness of the sample, λc is the cutoff wavelength (corresponds to the cutoff

frequency), λ0 is the free space wavelength, and Γ, T are the reflection and transmission

coefficients, respectively [33]. All soil simulants used in this research were considered non-
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magnetic (µr = 1), therefore permeability calculations were not performed. However, an

instability exists which causes discontinuities for samples whose thickness approaches λ
2

and

results in phase uncertainty of reflection S-parameters [32].

To avoid instabilities, iterative inversion techniques can be used. One such iterative pro-

cess, a genetic algorithm (GA), can be employed to process S-parameters to solve for the

complex permittivity and has been used by others [34]. GAs use an optimization/search

technique based on a natural process that mimics biological evolution [35]. GAs are compu-

tationally intensive (O(n3)), requiring long processing times. In order to approach a solution,

the algorithm randomly selects individuals from a numerical population to use as parents

to produce the next generation. Parents are chosen based on a fitness function that carries

parameters for the solution. This process is repeated until a solution is found that best

matches the fitness function. The fitness function is based on the minimization of the differ-

ence between the measured scattering parameters and the modeled scattering parameters,

i.e.,

Min
[
S21measured − S21modeled

]
(2.12)

The modeled scattering parameters are computed using a cascaded network approach.

2.4.1 Cascaded Networks

Single two-port networks can be defined using transmission line theory in which the complex

permittivity of an unknown material (with wave impedance Z1) can be determined by conve-

niently defining a 2x2 transmission (or ABCD) matrix (Fig. 2.10). These ABCD parameters

can also be used to define scattering parameters S21,

S21 =
2

A+ B
Z0

+ CZ0 +D
(2.13)
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where Z0 is the wave impedance of air and the ABCD parameters for a transmission line are

defined as follows:

A = cosβ` (2.14)

B = jZnsinβ` (2.15)

C =
jsinβ`

Zn
(2.16)

D = cosβ` (2.17)

Transmission line theory defines the wave impedance for TE waves as,

Zn = ZTE,n =
ηnkn
βn

(2.18)

where ` is the characteristic length, β is the propagation constant, η is the intrinsic impedance,

and k is the wavenumber. The subscript n denotes the medium over which the wave

impedance characterizes. Moreover, S-parameters can be used to characterize microwave

networks with an arbitrary number of ports, i.e., networks consisting of a cascaded con-

nection of two or more two-port networks. Figure 2.11 displays an example of a cascaded

network containing an unknown material supported by backing material on either side. This

network can be defined similarly with ABCD parameters. Once matrices have been defined

for each material, they can be combined via matrix multiplication to form a single matrix.

This configuration was used to processes scattering parameters for all soils measured because

backing materials were used to contain soil samples within the sample cells. Thus, modeled

scattering parameters (Eq. 2.12) were computed using ABCD parameters (Eq. 2.13) .
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Figure 2.10: ABCD matrix defined for an unknown material in a transmission line bounded
by air.

Figure 2.11: ABCD matrix defined for an unknown material in a transmission line bounded
by backing material and air. The ABCDT matrix is the result of matrix multiplication
of ABCD1, ABCD2, and ABCD3. For all samples processed in this dissertation ABCD2=
ABCD3.
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2.5 Network Analyzer Parameters

Several built-in tools were used to condition the signal transmitted to the transmission lines

and included utilizing a reflection subtraction tool (gating), sweep averaging, and adjust-

ments to the instrument input power and intermediate frequency bandwidth (IFBW). These

steps were taken due to the nature of the measurements acquired in this research. In general,

measurements (taken at room temperature on solid media) could be processed with default

parameters (i.e., Power: −17 dBm, IFBW: 35 kHz); however, for low temperature, granular

materials, default settings resulted in noisy, widely varying results.

In terms of gating, reflections are expected to occur at any interface that deviates appre-

ciably from ideal. For example, a coating of dust inside the waveguide will produce signal

reflections. However, gating is designed to pinpoint (in the time domain) the strongest re-

flection (i.e., the sample) such that smaller, indiscriminate reflections can be eliminated.

Minimizing noise by adjusting the “noise floor” can be achieved by averaging and reducing

the IFBW and power settings [36]. Sweep averaging calculates an exponentially weighted av-

erage of the 201 data points from each sweep. The disadvantage of these setting adjustments

is that the sweep processing time increases significantly. Lowering these settings reduces

noise and error; therefore, given the low temperature of measurements performed on soil

samples, the power was increased and the IFBW was lowered considerably.
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Chapter 3

OVERVIEW OF FACILITIES AND COMPONENTS

As described in Chapter 1, subsurface water extraction techniques would significantly

benefit space exploration and further manned exploration of bodies in our solar system.

In order to explore the impact of environmental conditions on dielectric loss and heating

of simulant soils, it was necessary to simulate the near-surface environment of Mars. This

required the use of the Mars Environmental Simulation Facility (MESF) located at the

University of Washington. This facility has the capability to simulate conditions consistent

with the near-surface of Mars and has been used to analyze atmospheric water extraction

[7].

3.1 Mars Environmental Simulation Facility

The MESF (Fig. 3.1) is a continuous flow system in which CO2 (from a pressurized cylinder)

is drawn through a conditioning section (humidity control) to a vacuum pressure vessel by

a vacuum pump through electropolished stainless steel tubing. The conditioning section

consists of a circulating bath, saturator, and dryer. A NESLAB RTE-4 circulating bath

filled with antifreeze solution is used to maintain −14◦ C within the saturator (a device used

to generate humid CO2 in the simulation facility 1). A chilled-mirror hygrometer is located

downstream of the conditioning section and pressure vessel. Humidity conditions set in the

conditioning section are validated with this instrument. All waveguide measurements were

performed in a vacuum pressure vessel that was mounted in a SO-LOW C85-5 freezer (located

between the conditioning section and the hygrometer). The waveguide assembly (including

1Due to the nature of the research in this dissertation, humidity control was not utilized, therefore the
circulating bath and saturator were not used.
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sample cells) was either installed inside the pressure vessel or directly in the freezer for all

measurements.

3.1.1 Dryer

The dryer is comprised of a cylinder with coiled tubing mounted in a rectangular container

constructed of metal sheeting. Metal beads inside the cylinder served to increase the surface

area for water vapor condensation. Thermal insulation covers the exterior of the container

(Fig. 3.2). Prior to this research, the cylinder was immersed in an alcohol/dry ice slurry with

the purpose of condensing impurities (primarily water vapor) from the flowing gas (CO2)

prior to exiting the dryer; thereby, providing a very dry gas for subsequent mixing with

the humidified gas exiting the saturator. Initial measurements of the flow humidity inside

the pressure vessel reached very low frost point temperatures (−90◦C) when the freezer

was cooled to −80◦C. When the dryer was immersed in liquid nitrogen, the frost point did

not change appreciably (< 5◦C). Furthermore, the frost point was unaffected by the metal

“condensation” beads. This confirmed that the gas supplied by the CO2 cylinder (Praxair

CD 4.8RS, 99.998 % purity, 3 ppm H2O) was sufficiently dry for the experiments described

in this dissertation. Therefore, the alcohol/dry ice slurry was not used, and the metal beads

were removed.
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Figure 3.2: Dryer apparatus covered with thermal insulation (left), close-up view of cylinder
and coiled tubing (right).
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3.1.2 Hygrometer

A Buck Research Model CR-2 chilled mirror hygrometer was used to determine the humidity

of the flow in the pressure vessel. The instrument consists of a gold-plated copper mirror,

temperature sensor, heating coil, closed cycle helium Stirling pump cryocooler and evacuated

isolation chamber, optical module, and control circuitry. The optical system is calibrated to

detect condensed volatiles and maintain a condensate film thickness on the copper mirror. To

maintain the prescribed film thickness, the mirror is cooled or heated via the cryocooler and

heating coils, respectively. The mirror temperature is shown on the display module. When

the condensate film thickness is being maintained (i.e., in controlling mode), the displayed

mirror temperature is interpreted as a frost or dew point of the flow. In order to achieve

very low frost point temperatures, the instrument manufacturer recommended maintaining

the isolation chamber at < 10 mTorr. To achieve this pressure, the isolation chamber was

continuously evacuated via a vacuum turbopump.

3.1.3 Vacuum Pumps

An Agilent Technologies SH-110 dry scroll Vacuum Pump was used to evacuate the MESF

and was the primary pump used for all measurements. An IDP-3 dry scroll vacuum pump

was used separately to evacuate the isolation chamber of the CR-2. Additionally, a Pfeiffer

Vacuum TMU 071p turbopump and Residual Gas Analyzer (RGA) were used for pressure

transducer calibration, MESF leak testing, and was also used to continuously evacuate the

CR-2 isolation chamber when the IDP-3 was not in use. Helium leak testing with the Pfeiffer

turbopump was accomplished using Stanford Research Systems (SRS) RGA software. Both

scroll pumps maintained facility pressure at ≤ 5 mTorr.

3.1.4 Electrical Components

Simulated atmospheric flow rates were controlled via two MKS Instruments mass flow con-

trollers. The higher range controller (2000 sccm, N2 equivalent) is located upstream of the
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dryer. The lower range controller (200 sccm, N2 equivalent), located in the conditioning

section of the facility, was not used in this research.

Pressure within the facility was monitored via three MKS Baratron® Type 622A absolute

pressure transducers (10 torr (2) and 1000 torr (1) Full Scale Range). The transducers were

calibrated using both the scroll pumps and the turbo pump to establish base pressure. Zero

adjustment pressure requirements for transducer calibration were < 5× 10−4 torr and <

5× 10−2 torr for 10 torr and 1000 torr transducers, respectively. Minimum pressure achieved

at the turbopump during base pressure calibration was ≤ 1.6× 10−5 torr.

3.2 Network Analyzers and Facility Software

Agilent Technologies E8364C-PNA (operating range: 10 MHz – 50 GHz) and 8720ES (op-

erating range: 50 MHz – 20 GHz) Microwave Network Analyzers (NWA) were used for all

measurements. The 8720ES was used exclusively for dielectric probe measurements and was

not integrated into the MESF. The E8364C-PNA was mounted next to the freezer (Fig. 3.1).

Port connections on the analyzer (3.5 mm) were connected to microwave cables that were

installed through the freezer lid (Fig. 3.3)

Both network analyzer instruments operated with proprietary software from Agilent.

This software (85071: Materials Measurement Software) was used to process or store all data

collected from the NWA instruments. In addition to the NWA software, the facility’s mass

flow controllers, thermocouples, and pressure transducers were controlled and/or monitored

using LabVIEW programs developed when the facility was initially operated [7].
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Figure 3.3: Microwave cables connected to the E8364C-PNA network analyzer instrument
and installed through customized freezer lid.

3.3 Constructed Components

Several components used in this research were custom designed, machined, and assembled

to integrate with the existing facility. These included a vacuum pressure vessel, sample cells,

and freezer lid. Each of these components are new contributions to the MESF facility based

on the research contained in this dissertation and were uniquely designed to integrate with

the existing facility.

An 8-inch thick customized lid constructed from Rmax Thermasheath-3 polyisocyanurate

rigid foam was designed to replace the original facility freezer lid. The customized lid allowed

access to the freezer interior via a plug-type insert (Fig. 3.4) and included drilled channels

for microwave cable installation.
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Figure 3.4: Customized freezer lid. Provided access to the freezer interior via plug-type insert
(pictured with handles). Image displays exterior view of lid, plug extends an additional four
inches into the freezer, totaling eight inches in overall thickness.

3.3.1 Vacuum Pressure Vessel

A pressure vessel, mounted inside the freezer and connected to the MESF’s flow-through

system via electropolished stainless steel tubing, contained the waveguide assembly. The

vessel was constructed from a 10.0-in-ID aluminum tube with 3
8
-in wall thickness that was

machined to a length of 22.5 in. An aluminum 13.25-in (3
4
-in-thick) square flange was welded

to the tube and 3
8
-in-thick aluminum circular end plates were bolted to the flanges with 3

8
-in,

18-8 stainless steel hex head screws. The flanges were machined to include a groove to fit a

silicone O-ring (10.89-in-ID, 5
16

-in thickness, Durometer 70). Through-wall straight connec-

tors with 0.5-in tube fitting terminations were mounted to the end plates with fluorosilicone
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O-rings (5
8
-in-ID, 1

8
-in thickness, Durometer 70A). Aside from the pressure vessel end plates

and interior components, the tubing throughout the facility was connected via vacuum cou-

pling radiation (VCR) fittings. Fittings attached to the end plate (through-wall connectors)

and within the pressure vessel interior were Swagelok compression fittings. The assembled

pressure vessel is shown in Figure 3.5.

Figure 3.5: SOLIDWORKS image of the fully assembled vacuum pressure vessel. Image
displays aluminum tube and circular end plates mounted to rectangular flanges. End plate
through-wall connectors and hex head bolts are not shown.

Additionally, two Kurt J. Lesker single-ended, two-pair, Type E thermocouple feedthroughs

were mounted to the pressure vessel body and sealed with PTFE O-rings (11
8
-in-ID, 1

8
-

in thickness). The metals used in these Type E thermocouples are chromega® (nickel-

chromium) and constantan (copper-nickel), with an operating range from −270◦C to 1000◦C.

Additionally, two Huber & Suhner thermal vacuum, hermetically-sealed SMA jack adaptors
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were mounted to the pressure vessel body and sealed with silicone O-rings. It should be noted

that O-rings were used only for room temperature measurements. For low-temperature mea-

surements, all O-rings seals were replaced with indium wire (diameter ≥0.070 in) because

silicone, fluorosilicone, and Teflon were not suitable to maintain vacuum pressure.

Figure 3.6: Waveguide assembly mounted inside vacuum pressure vessel. Components visible
in this image include thermocouple feedthroughs (TC-FT), H-band waveguide and coax-to-
waveguide adaptor (WG), SMA wall adaptors (SMA), and flow tubing.

Indium wire (acquired from Indium Wire Extrusion) was used to make gaskets for low-

temperature sealing (as noted above, O-rings were not effective due to brittleness at low
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temperatures [silicone, fluorosilicone] or were not reusable [Teflon]). Once compressed, in-

dium gaskets, formed from the compression of indium wire between the flange and end plates

of the pressure vessel, demonstrated reusability (i.e., achieved vacuum base pressure) by as

many as 10 re-uses per gasket. In other words, after initial compression, the pressure vessel

end plates were removed and re-bolted at least 10 times before needing to apply uncom-

pressed indium wire to the pressure vessel flange.

The interior of the pressure vessel housed the waveguide assembly, which included waveg-

uides, a sample cell, connecting stainless steel tubing (including flexible tubing), and mi-

crowave cables (Fig. 3.6). Tubing connected to the sample cell directed flow from the sample

cell, through the tubing, to the end plate (connections made via Swagelok compression

fittings) where the flow exited the pressure vessel and routed to the vacuum scroll pump

(via the hygrometer) (Fig. 3.1). Microwave cables connected the SMA jack adaptors to the

waveguides via coax-to-waveguide (N-type) adaptors (Fig. 3.6). An assortment of microwave

cables was used in the waveguide assembly and the exterior of the pressure vessel (Table 3.1).

Cables outside the pressure vessel connected the SMA jack adaptors to the network analyzer

via SMA terminations.

Table 3.1: List of Microwave cables. All cables were rated for the 2.0 – 20 GHz range (TEM
mode). Ultiflex cables were used for preliminary work and were not used in the pressure
vessel.
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3.3.2 Sample Cells

(A) (B) (C)

Figure 3.7: H-band sample cell screens. A) Full view of sample cell, B) close-up view of
soldered screen from sample cell cavity interior and C) view from flow port side. These
images do not include flow port tubing.

Sample cells, machined from brass, were made for each frequency band (Table 2.2).

Construction included milling cavities for soil samples and gas flow, installing interior screens

(also constructed from brass) for current continuity and soil containment (Fig. 3.7), and

soldering tubing to the flow ports of the sample cells. The most critical dimension of the

waveguide technique is the cross-section of the sample cell, which mates to the cross-section

of each waveguide (or calibration standard). Proper aperture alignment ensures a seamless

interface for electric current to transition from each waveguide to either the sample cell or the

calibration standard (Figure 3.8). To achieve this alignment, the dimensions of each sample

cell cavity were derived from the mating waveguides to which they would be mounted. The

thickness of each sample cell was designed according to optimum thickness parameters as

detailed in the Appendix. The collection of sample cells used in this dissertation are shown

in Figure 3.9. For high frequency measurements (P, X, and H-bands) slip (i.e., locating)

pins were installed to achieve the desired alignment of the rectangular waveguide flanges
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to the sample cells. Slip pins were not required for the lower frequency bands (C, G, and

S-bands) because the number of mounting screws ensured adequate lineup of the aperture

to the circular waveguide flanges.

Figure 3.8: H-band sample cell and waveguide displaying slip pins and flow tubing (upper
figure) and aperture mating (lower figure).
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Figure 3.9: Constructed sample cells for the waveguides used in this research. The smallest
sample cell (top-left) corresponds to the highest frequency (P-Band). Similarly, the largest
sample cell (bottom-right) corresponds to the lowest frequency (S-Band). See Table 2.2 for
more information on waveguide bands.

3.4 Materials

Mars simulant soils were the primary material measured with the NWA instruments. How-

ever, other materials measured and analyzed in this dissertation included Teflon, sodium

perchlorate, and ice.

3.4.1 Mars Simulant Soils

The soil studies included in this dissertation were comprised of three Mars simulants: JSC

Mars-1, JSC-RN (Rocknest), and MMS sand (Mojave Mars Simulant). These simulants

are manufactured by the Johnson Space Center (JSC) and the Jet Propulsion Laboratory

(JPL). The components of each simulant are listed in Table 3.2. Here, the major element

composition is listed for each simulant along with a soil sample analyzed at the Chryse site

(Viking 2 lander mission) [37]. As displayed in Figure 3.10, a major difference among these
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simulants is their appearance—JSC Mars-1 and JSC-RN present as a reddish-brown soil;

whereas, MMS presents as a blackish soil. Presumably, the reddish color of JSC Mars-1/RN

can be attributed to higher concentrations of iron oxide (Fe2O3) when compared with MMS

(Table 3.2) [37–39]. Additionally, the source material of these simulants is quite different.

JSC Mars-1 is a palagonitic tephra (glassy, basaltic, meteorically altered volcanic ash) mined

from the Pu’u Nene cinder cone, located on the island of Hawai’i. The source material for

MMS is mined from basalt excavated from the Saddleback Mountains in the Mojave Desert

and is crystalline in texture. JSC-RN is a mixture of MMS and other minerals (including

pyrite, ferric sulfate, ferric oxide, and forsterite). Interestingly, the manufacturer of MMS was

motivated to produce an alternative simulant due to the hygroscopicity of JSC Mars-1 [38]

(Section 1.1). Yet, JSC-RN was specifically developed to mimic the water-bearing properties

(1 – 3 wt.%) of aeolian sand detected by the Sample Analysis at Mars (SAM) instrument

(Curiosity rover) of evolved water (from adsorption, hydrated salts [e.g., perchlorates], etc.)

at the Rocknest sampling site (Gale Crater, Mars) [40]. All simulants are mostly comprised

of metallic oxides but JSC Mars-1 and MMS contain neither perchlorate salts nor hydrated

minerals. Due to the hygroscopic nature of the perchlorate salts that have been detected

on the near-surface of Mars [41–45] and the water extraction focus of this research, it was

useful to develop simulant mixtures containing these salts. Thus, to simulate perchlorate salt

content consistent with observations from Mars, subsets of JSC Mars-1 and MMS simulants

were doped with 1.5% sodium perchlorate (NaClO4). Also, researchers at Johnson Space

Center developed JSC-RN to support component and system testing for water extraction;

thus, the JSC-RN simulant also contains NaClO4 (1%) and hydrated oxides that contribute

to low-temperature water release [46].

3.4.2 Sodium Perchlorate

Perchlorate mixtures of JSC Mars-1 and MMS were developed for this research by prepar-

ing samples that contained 1.5% anhydrous sodium perchlorate (NaClO4—CAS:7601-89-0),

acquired from Thermo Fisher Scientific Chemicals, Inc., and sieved to 180 – 246µm for soil
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mixture measurements. These mixtures are referred to as JSCp and MMSp for JSC Mars-1

and MMS perchlorate mixtures, respectively. Direct measurements of sodium perchlorate

were performed with large (> 250µm) and small (< 180µm) grain sizes.

Figure 3.10: Mars simulants used in soil studies. a) JSC Mars-1: grain size 180 – 246µm,
b) JSC Mars-1: grain size 850 – 991µm, c) MMS: grain size 180 – 246µm, d) MMS: grain
size 850 – 991µm, e) JSC-RN: grain size 180 – 246µm. MMS sand is comprised of particles
ranging from ∼3µm to 2 mm, (∼50% ≤ 200µm) [38]. In comparison, JSC Mars-1 has a
similar particle size distribution: 5µm to ∼1 mm, with ∼50% ≤ 250µm. JSC Mars-1 and
MMS mixtures containing perchlorate, visibly similar to their base simulants, are not shown.
Samples used for energy coupling experiments (Chapter 6) were not sieved.
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Chapter 4

FEASIBILITY STUDY AND RESULTS

Dielectric heating of the subsurface of Mars requires an understanding of the interac-

tion between microwave radiation and heterogeneous subsurface components, i.e., silicate

minerals, water content, salinity, etc.—all of which contribute to the lossiness of the soil.

This lossiness can be interpreted as the effectiveness of energy dissipation during dielectric

heating. The purpose of the feasibility study was to assess transmission line measurement

techniques (coaxial and waveguide) for compatibility with measuring heterogeneous partic-

ulate materials (i.e., soil mixtures) at temperatures consistent with the subsurface of Mars

(i.e., ∼− 80◦C). Results contained in this chapter will be used to formulate the methods for

testing simulants described in Section 3.4.1.

Others have reported complex permittivity results for soils and planetary simulants at

ambient [47], vacuum [48], and low temperature [9, 49] conditions using waveguides, coax

transmission lines, and cavity resonators at microwave frequencies. However, little has been

reported on measurements of soils using reflection techniques with coaxial transmission lines.

In general, coaxial transmission lines can be configured for reflection-only (dielectric probe)

and transmission (coaxial-airline) measurements. Transmission measurements with coaxial-

airlines are more common but would be more challenging to integrate with the MESF than

dielectric probes.

Ethridge and Kaukler, 2009 performed permittivity experiments on lunar and Mars ana-

log simulants at ambient and low temperature conditions with waveguides, but exact details

of these measurements were not discussed. Moreover, it is unclear how the low temperature

measurements were calibrated. If calibration conditions are inconsistent with measurement

conditions, errors in the scattering parameters are likely to occur. Additionally, waveguides
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can provide more accurate results than coaxial lines, as discussed in Chapter 2, but soil

permittivity across a broad frequency range with waveguides has not been published.

As described in Chapter 2, prior to performing measurements, waveguides are calibrated

(commonly at room temperature) to determine the temporal location of the measurement

plane, which is based on the time it takes for the signal leaving the NWA to reach the

calibration standards. Spatially, the measurement plane exists at the waveguide/sample in-

terface. However, if the temperature of the waveguide system is not uniform during measure-

ment acquisition, thermal expansion effects (at very low temperatures) can shift the waveg-

uide/sample interface significantly, resulting in mis-alignment of the measurement plane

(Fig. 4.1). A relatively small temperature change, ∆T, between the sample and waveguide

may not generate an appreciable alignment shift; however, to simulate the low tempera-

ture conditions of Mars (∆T≈ 100◦C), significant shifting (∼2 mm) is expected. To prevent

mis-alignment during low temperature measurements, it was necessary to also calibrate the

waveguide system at low temperature.

Figure 4.1: Mis-alignment between waveguide/sample interface and measurement plane at
ambient conditions (upper figure) vs cold conditions (lower figure) with identical calibrations
(i.e., performed at ambient conditions).

Thus, the experiments discussed in this chapter address coaxial reflection soil measure-

ment feasibility with a series of experiments using a dielectric probe. These experiments are

repeated using a waveguide transmission line for comparison. Also, to assess low temperature

capabilities with a waveguide transmission line, experiments were performed using Teflon.
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4.1 Dielectric Probe Measurements

Broad frequency bandwidth is a major advantage of using coaxial transmission line methods.

However, coaxial techniques for transmission measurements (coaxial airlines) are difficult to

integrate into a flow-through system, such as the MESF. Reflection measurements, on the

other hand, with a dielectric probe can be easily integrated by placing the probe directly on

or in soil samples. The dielectric probe can provide broadband permittivity results of solid,

semi-solid, and liquid materials. Although the frequency bandwidth is much broader when

compared to waveguides, acquiring the complex permittivity using the dielectric probe is

limited to reflection scattering parameters (i.e., S11, S22).

4.1.1 Materials and Methods

A Keysight N1501A-HT dielectric probe was used for all dielectric probe measurements. The

probe consisted of a stainless-steel inner conductor, Inconel outer conductor (with air as the

insulating medium), and a borosilicate glass seal separating the conductors at the face of the

probe (Fig. 4.2). The probe was connected to an Agilent 8720ES NWA (operating range:

50 MHz – 20 GHz) via coaxial cables (Huber+Suhner: Sucoflex 104) with SMA (SubMinia-

ture version A) connectors. Measurements of Mars simulant soils using the N1501A-HT

required samples to be constrained to the dimensions listed in Table 4.1. Assumptions em-

ployed by this method are that samples are isotropic, homogeneous, and non-magnetic [50].

In order to comply with these assumptions, simulant samples were sieved to 5.5 – 20µm

(JSC Mars-1 or JSC) and 180 – 246µm (MMS). These grain sizes are also referred to as JSC

Mars-1 silt and MMS sand. Prior to acquiring measurements, the probe was calibrated as

discussed in Chapter 2. When acquiring measurements, samples were placed in close prox-

imity to the face of the probe. The probe was rinsed with water and cleaned with isopropyl

alcohol between measurements. All measurements were performed within minutes of each

other. Sample preparation and measurement procedures were identical for both simulants.
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Figure 4.2: Left: Dielectric probe positioned above MMS sand (grain size 180 – 246µm).
Right: Plan views of face of dielectric probe (∼20 mm in diameter).



46

Table 4.1: N1501A-HT Sample Requirements [50]

Grain size < 300µm

Sample diameter > 20µm

Sample thickness > 20√
|ε(ω)|

(∼12 mm)

Simulant samples were measured at two conditions. The first condition simulated the

natural settling of the sample (MMS only) around the dielectric probe. In other words, the

sample was poured over the probe until the probe was completely immersed. The second

condition involved compressing the sample against the face of the probe to insure good

contact and avoid air gaps. All JSC Mars-1 measurements were taken at the latter condition.

Software designed for the N1501A-HT instrument (85071D: Materials Measurement Soft-

ware) processed the scattering parameters in a proprietary manner to determine the complex

permittivity of the samples [51].

4.1.2 Results and Discussion

The Phoenix Mars Lander mission to the northern latitudes of Mars measured the electrical

permittivity of Mars soils with a thermal electrical conductivity probe (TECP) at 6.25 MHz

[52]. Results from these measurements are displayed in Figure 4.3 and show the range of

permittivity (real part) is 2.4 – 2.6. Higher permittivity (2.6 – 2.8) is theorized to be a result

of overnight deposits of unfrozen (adsorbed) water [6]. However, results reported by others

at room temperature seem to vary—3.2 – 3.5 (10.0 MHz – 1.0 GHz: coaxial air line) [53],

3.37 (2.45 GHz: waveguide) [9], and 2.0 – 3.0 (1.0 MHz – 1.0 GHz: coaxial air line) [49]. This

discrepancy could be a result of the measurement method and/or techniques used to process

scattering parameters. In addition, higher permittivity values could be the result of samples

having higher water content.
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Figure 4.3: Phoenix Mars Lander permittivity (real part) results [52]

Complex permittivity results for JSC Mars-1 and MMS samples taken in the 500 MHz

to 20 GHz range using a dielectric probe display similar trends for each simulant (Fig. 4.4).

Although JSC results are in good agreement with TECP results (Fig. 4.3), the permittivity

of JSC samples appears to decrease linearly from 500 MHz until approximately 10.0 GHz;

whereas the permittivity of MMS samples is mostly invariant across the frequency range.

Results also indicate higher losses for JSC by a factor of two. This result could be explained

by the order of magnitude difference in grain size between the two simulants. Additionally,

Figure 4.4 shows significantly reduced values (bold curves) for natural settling (NS) MMS

results when compared with compressed results. Due to the design of the dielectric probe

and its orientation when mounted (Fig. 4.2), it is reasonable to assume that as samples

naturally settle around the probe, significant air gaps can form causing a reduction in the

dielectric constant, ε′.
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Figure 4.4: JSC Mars-1 silt (grain size 5.5 – 20µm) and MMS sand (180 – 246µm) complex
permittivity results using a dielectric probe. Curves labeled NS represent samples that were
measured under natural settling conditions.

To assess the repeatability of dielectric probe measurements, standard deviation calcula-

tions were performed using the population standard, σ, where N is the number of observa-

tions, µ is the mean, and xi are the observed sample values (Eq. 4.1). Deviation results for

MMS appear more uniform than JSC results (Fig. 4.5). However, these results bring to ques-

tion the repeatability of reflection measurements among identical samples, particularly for

JSC. Furthermore, it is doubtful that deviations are frequency dependent so the variability

observed in JSC samples highlights another limitation to this measurement method.

σ =

√√√√ 1

N

N∑
i=1

(xi − µ)2 (4.1)
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Figure 4.5: Standard Deviation of the complex permittivity of JSC Mars-1 silt and MMS
sand. Permittivity results acquired using a dielectric probe.

Results using the dielectric probe offer insight into the limitations of reflection measure-

ments to fully characterize dielectric loss in particulate materials. Given that “measurement

repeatability for granular materials is dependent on density variation” [50], it is difficult to

ascertain the accuracy of dielectric probe results due to unavoidable variations in samples.

Density variation assessment with reflection techniques can vary with grain size, sample

configuration (i.e., naturally settled vs. densely packed), or if there is variability in how or

where the dielectric probe makes contact with the sample (i.e., reference position). If either

of these occur, dielectric loss results can vary significantly between identical soil measure-

ments. In addition, constraining each measurement to ensure conditions were constant also

had drawbacks. Even when the dielectric probe was mounted (i.e., fixed reference position)

and samples were poured (natural settling), air gaps between the sample and the surface

of the probe were difficult to control and impacted measurement repeatability. To mitigate

these air gaps, the probe was firmly pressed against the surface of the soil sample. How-



50

ever, in both cases results varied among repeated measurements. Moreover, should reflection

techniques be used for environmental simulations, density variations would only be further

compounded when particulate samples undergo cementation due to volatile deposition (e.g.,

ice forming in the voids between soil grains).

4.1.3 Comparison with Waveguide Method

JSC and MMS samples were also measured with waveguides to acquire reflection and trans-

mission data. In order to compare these measurements with dielectric probe results, soil

samples were sieved to the same grain size, to wit: 5.5 – 20µm and 180 – 246µm for JSC

and MMS samples, respectively. Samples were installed in sample cells with Laird Eccos-

tock polyethylene foam windows for containment (Fig 4.6). Afterward, the sample cells were

mounted to the waveguides and connected to the E8364C-PNA (operating range: 10.0 MHz –

50.0 GHz) via coaxial cables. All samples were measured at the X-band frequency range, i.e.,

8.2 – 12.4 GHz. After each measurement, the sample cell was detached from the waveguide

and the foam windows and soil sample were removed. Prior to installation of subsequent

samples, the sample cell was vacuumed to remove any remaining soil grains and the foam

windows were cleaned with isopropyl alcohol. X-band waveguides were calibrated prior to

all measurements using calibration standards as described in Chapter 2. Scattering parame-

ters were processed with the PNA instrumentation software (85071: Materials Measurement

Software) using a ‘Transmission Epsilon Fast Model’ [51].
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Figure 4.6: Left Image: Soil sample (MMS) installed in X-band sample cell with foam win-
dows (left). Right image: Sample cell (containing soil sample) mounted to X-band waveguide.

Dielectric losses using waveguide techniques show reduced deviations between identical

measurements for JSC and MMS samples (Fig. 4.7). Curves from Figure 4.5 are reprinted

from 8.2 – 12.4 GHz for comparison with X-band waveguide results. Low variability in these

results strongly suggests that transmission waveguide measurements are more reliable in

terms of repeatability than coaxial reflection measurements. As discussed in Section 4.1.2,

a major disadvantage of using the dielectric probe is controlling the “density” of samples.

This issue is circumvented when using waveguides for transmission measurements since the

sample volume is constrained and the bulk density is generally conserved for each measure-

ment. Waveguide reflection measurements of JSC and MMS were similar to dielectric probe

measurements.
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Figure 4.7: Dielectric loss deviations for JSC Mars-1 silt and MMS sand using waveguide
(WG) and dielectric probe (DP) measurement techniques.

4.2 Low Temperature Experiments with Teflon

A study with Teflon (polytetrafluoroethylene) samples was performed to determine the effec-

tiveness of waveguide measurements at low temperature. Teflon is an excellent measurement

standard due to its known and invariant electrical properties within the 2.0 – 20 GHz range

at ambient conditions [54–56]. Although others have reported these properties at cryogenic

temperatures (28 – 84 K) [57, 58], they were measured at discrete frequencies. There do not

appear to be any published measurements of low temperature Teflon over a broad frequency

range to demonstrate its invariance. Thus, to investigate the invariance of Teflon at low

temperature across the microwave range of this study, Teflon was measured at room tem-

perature (∼20◦C) and low temperature (∼ − 80◦C) using six waveguide bands (Table 2.2)

to cover the 2.6 – 18 GHz frequency range.



53

4.2.1 Materials and Methods

Six Teflon samples were machined to fit inside a sample holder for each band as shown

in Figure 4.8. It was important that each sample be flush with the surface of the sample

holder and free of any gaps. The surface of the Teflon samples was cleaned with isopropyl

alcohol prior to installation. Sample holders were mounted to the waveguides as described

for soil samples in section 4.1.3. For low temperature measurements, the waveguide system

was installed in the SO-LOW freezer. Thermocouples were placed on the sample holders to

monitor temperature.

As described in Chapter 2, several software tools were used to condition the signal propa-

gating within the waveguide to reduce noise. The intermediate frequency bandwidth (IFBW)

and instrument power were reduced to 10 Hz and −5 dBm (3.16× 10−3 Watts), respectively.

These adjustments reduced the noise floor to −117 dBm (2.0 – 10 GHz) and −120 dBm

(10 – 20 GHz) [59]. For low temperature measurements of Teflon, cryogenically-rated coaxial

cables (Huber+Suhner: Cobraflex) were used to interface waveguides to the PNA. Similar

to soil results (Section 4.1.3), scattering parameters were processed with the PNA instru-

mentation software (85071: Materials Measurement Software) using a ‘Transmission Epsilon

Fast Model’.
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Figure 4.8: Sample holders for the waveguides used in this research. The largest sample
holder (left) corresponds to the lowest frequency (S-Band). Similarly, the smallest sample
holder (middle-left) corresponds to the highest frequency (P-Band). See Table 2.2 for more
information on waveguide bands.

4.2.2 Results and Discussion

Results from this study are shown in Figure 4.9. The top figure shows dielectric constant

measurements of Teflon across the six measurement bands at room temperature (solid curves)

and ∼−80◦C (dashed curves). The lower figure displays dielectric losses. Both figures display

gated measurements of Teflon using transmission (S21) scattering parameters. Within each

band at room temperature there are slight variations in ε′, these variations are also evident

at low temperature. Additionally, room temperature measurements appear similar to low

temperature measurements and are consistent with the results of others [54, 55, 57, 58].

Losses, ε′′, on the other hand, are quite low (ε′≤ 0.1) and display greater variability within

each band, diverging significantly in the lower frequency bands (S, G). The dielectric losses

of Teflon are reported to be low at ambient conditions (∼10−4 ) [54, 55, 57] and significantly

lower at cryogenic temperatures (∼10−6 ) [58]. However, measurement accuracy of low loss
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materials is greatly impacted by the measurement technique. Resonant cavity techniques are

reported to have increased accuracy with low loss materials when compared with waveguides

[57].

Although the PNA instrument resolution is ∼10−3 and S21 magnitude uncertainty is

∼0.1 dB, the accuracy in the PNA measurement software is 1 – 2 % [51]. This results in

the error for loss measurements being dominated by S21 uncertainty. Measured results dis-

playing ε′′ < 0 are the result of model inversion calculation error and are indicative of

material losses outside the resolution (10−3 ) of the PNA processing method (this only ap-

plies to ε′′). Therefore, dielectric loss measurements of Teflon are not considered accurate

due to precision limitations of the waveguide measurement technique. Overall, ε′ results are

in good agreement and verify the invariance of the real part of the complex permittivity of

Teflon at low temperatures. Furthermore, these results confirm the feasibility of performing

low temperature measurements using waveguides, albeit with limitations when measuring

the dielectric loss of low loss materials.

To demonstrate the need for calibrations performed under cold conditions, Teflon was

measured with X-band waveguides using a low temperature calibration and a room temper-

ature calibration. Results of these measurements are plotted in Figure 4.10. Low tempera-

ture measurements (blue and red curves) are plotted with room temperature measurements

(black curve). Consequences of measurement plane mis-alignment can be seen as the red

curve diverges from the other curves for both the real and imaginary part of the complex

permittivity. Scattering parameters for these data were processed with the PNA instrumen-

tation software (85071: Materials Measurement Software) using a ‘Reflection/Transmission

Nicolson-Ross Model’.
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Figure 4.10: Calibration comparison of Teflon at low temperature (X-band). Red and blue
curves display complex permittivity of low temperature measurements with room tempera-
ture (RTCal) and low temperature calibrations (ColdCal), respectively. Black curves display
room temperature (RT) data.

4.3 Processing Scattering Parameters with Genetic Algorithm

Each network analyzer used in this study processed scattering parameters with proprietary

models developed by Agilent. These models are not published nor explicitly defined in the

software documentation. As discussed in Chapter 2, a genetic algorithm can be generated to

process scattering parameters using cascaded networks. In order to have direct control over

the processing of scattering parameters a genetic algorithm (GA) was created to include a

cascaded network as discussed in Section 2.4. Figure 4.11 displays the proprietary transmis-

sion model of the 8364C-PNA (‘Transmission Epsilon Fast Model’) and the S21 GA for low
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temperature measurements of Teflon in X-band. As shown, the GA curves match closely

to the curves from the PNA with maximum variations of ∼5% at the higher frequency end

of the operating range. These variations are the result of the different inversion techniques

used to process the scattering parameters.

Figure 4.11: GA comparison with PNA model for low temperature Teflon. Results display
maximum deviations of ∼5%.

4.4 Summary of Findings

Exploring water extraction using dielectric heating requires characterization of the soil medium

with microwave radiation to assess dielectric losses. This study sought to analyze methods of

measuring dielectric losses with commonly used techniques (coaxial line and waveguide) in

soils at temperatures similar to the near-surface of Mars. In determining a suitable method,
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consideration was given to measurement repeatability, effects of low temperature, and inte-

gration with the MESF. The following conclusions have been made based on this study:

1) Although dielectric probe results cover a much larger range, being limited to reflection

scattering parameters restricts the repeatability of results because this sampling tech-

nique is very sensitive to density variations occurring at the probe/sample interface.

Since these variations are difficult to control, the dielectric probe is considered unsuit-

able for acquiring repeatable analysis of the complex permittivity. Moreover, measure-

ments with waveguides exhibit lower deviations among repeated measurements than

those observed with coaxial refection techniques. Coaxial transmission methods were

not investigated in this study because this method would have been very difficult to

integrate with the simulation facility. Thus, soil studies included in this dissertation

will be performed with waveguides.

2) It has been demonstrated that mis-alignment of the measurement calibration plane

will distort permittivity results. Thus, in order to minimize misalignment distortion,

low temperature measurements require low temperature calibrations.

3) Analysis of soil samples is best achieved using S21 (transmission) parameters because

they exhibit fewer deviations than S11 (reflection) parameters. Processing scattering

parameters with a genetic algorithm provides reasonable permittivity results and is

consistent with results generated by the proprietary software of the PNA. Therefore,

a genetic algorithm will be used to process S21 scattering parameter results for future

soil studies.

4) The accuracy of dielectric loss measurements of Teflon with the waveguide method is

limited for low loss materials. Fortunately, losses in simulant soils are observed to be an

order of magnitude (ε′′∼10−1 ) higher than in Teflon. The limitations of the waveguide

method in regard to measuring losses will be further discussed in Chapter 5.
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Chapter 5

SOIL CHARACTERIZATION STUDY

In order to determine the efficacy of dielectric heating, an understanding of the interac-

tion between the subsurface environment and microwave radiation is needed. The subsurface

environment or soil matrix, specifically the subsurface environment that would be dielectri-

cally heated, is comprised of soil grains and void space components. When simulating the

subsurface of Mars, these components can include perchlorate salts and mixtures of the va-

por, solid, and transitional phases of water (H2O). These components individually contribute

to dielectric losses.

Dielectric losses for soils at temperatures consistent with the subsurface of Mars are

mostly unknown. The loss mechanisms present at these conditions can directly impact

heating capabilities in-situ and are critical for dielectric heating applications. Therefore, a

soil characterization study was performed to analyze environmental factors, e.g., pressure,

temperature, soil composition (particularly water content), to determine how these factors

influence dielectric losses. Studies were performed with Mars simulant soils in the Mars En-

vironmental Simulation Facility (MESF) described in Chapter 3. Furthermore, this chapter

contains a comprehensive discussion of the loss mechanisms introduced in Chapter 2 and

their relevance to the experimental work performed on simulant soils.

5.1 Loss Mechanisms

As discussed in Chapter 1, water resources on Mars are limited to surface and subsurface

ice and atmospheric water vapor. In-situ losses in the subsurface of Mars can be assessed

by simulating the low temperature, low pressure, CO2-rich atmosphere of the near-surface

of Mars. Additionally, when considering possible loss mechanisms in the subsurface that
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would contribute to dielectric heating in the frequency range of this research (2.6 – 18 GHz),

dipolar relaxations of bound (adsorbed) water are expected to dominate at ambient condi-

tions (Figure 2.1). In contrast, losses due to conductivity and ice relaxation are expected

to be several orders of magnitude lower. However, it should be noted that loss mechanisms

are temperature-dependent and shift to lower frequencies with decreasing temperature [20].

Thus, there could be a considerable reduction in losses for soil materials at −80◦C. To predict

the overall dielectric response of icy soils, each soil component (i.e., perchlorate salts, water

ice, soil grains) and its potential loss contributions are discussed.

Under the influence of an alternating electric field, water molecules (dipoles) attempt to

orient themselves as the electromagnetic field changes rapidly. The rate at which this occurs

is dependent on temperature and can be described by the relaxation time, τ

1

τ
= Ce−

A
RT (5.1)

where A is the activation energy, R is the universal gas constant, T is the absolute tempera-

ture, and C is a constant [60]. Furthermore, the influence of τ on dielectric loss for materials

containing polar molecules can be seen in the Debye equation:

ε′′ =
(ε0 − ε∞)ωτ

1 + (ωτ)2
(5.2)

where ε0 is the static permittivity (i.e., at ω = 0), ε∞ is the high frequency (optical) limit

of the permittivity, and ε′′ is maximized when ωτ = 1 [60, 61]. Examination of these rela-

tions shows the temperature dependence of dielectric losses, i.e., as temperature decreases,

maximum losses shift to lower frequencies [20, 60].

Water ice, as submitted by others, has dielectric loss values as low as ε′′≈10−4 (−80◦C,

5 GHz) but peaking at ε′′ ≈ 40 in the kilohertz region at 0◦C [20, 62, 63] where conductiv-

ity and ice relaxation loss mechanisms dominate. Although salts and other impurities can

increase losses by a factor of 10 (0◦C, 5 GHz), losses due to ice relaxation are still very low

(ε′′∼10−3 ) [62]. However, similar to water ice, saline ice exhibits maximum losses at low

frequencies [64]. Figure 5.1 displays models and experimental data for the complex index of
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refraction of ice (a proxy for dielectric losses where ε′′ = 2n′n′′ and the complex refractive

index, n = n′ − n′′j [63]) where losses are shown to monotonically increase with increasing

wavelength (decreasing frequency) in the microwave region (300 MHz – 300 GHz), with max-

imum losses occurring at lower frequencies. It is clear that dielectric losses peak at very long

wavelengths but approach a local minimum just outside the microwave range (∼430 GHz).

Although data displayed in Figure 5.1 are limited to −20◦C, presumably maxima at lower

temperatures would continue to shift to lower frequencies. It should be noted that losses

derived from Figure 5.1 represent the effective, or total, loss from all active loss mechanisms

(Eq. 2.3). Thus, the magnitude of the dominant mechanism would mask contributions from

other mechanisms.

Figure 5.1: Analytical model of the complex index of refraction of ice [20]. Curves for 0◦C
and −20◦C are displayed as dashed (Wörz-Cole model) and solid (analytical model). The
shaded region represents the microwave wavelength range of this dissertation.
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Saline solutions in the pore space of soils have been demonstrated to enhance dielec-

tric losses due to ionic conductivity in the 1 – 50 MHz range [65]. This loss mechanism is

frequency-dependent, decreasing with increasing frequency. Campbell, 1990 also remarks

on an observed decrease in losses with decreasing temperature. In addition, very low losses

were observed in precipitated salt inclusions (i.e., low water content). The reasoning pro-

vided for this observation is that the loss mechanism relies on the connectivity of dissolved

salts throughout the sampling medium. Once the mobility of the salts becomes restricted,

the effectiveness of the loss mechanism drops rapidly. Moreover, dielectric losses in moist

soils mixed with sodium chloride (NaCl), magnesium sulfate (MgSO4), and calcium sulfate

(CaSO4) have been observed to yield higher losses than soils with equal salt concentrations

but lower water content [66]. Moreover, increasing the concentration of these salts produced

a variety of effects on losses, particularly for hydrate-forming salts, e.g., MgSO4 and CaSO4

(Fig 5.2). Lastly, polycrystalline aluminum perchlorate has also been shown to exhibit de-

creasing losses with decreasing temperature [67]. Thus, although documented observations of

dielectric loss in saline soil environments were mostly performed with chlorides and sulfates,

the observed dielectric loss behavior in sulfates could also occur in perchlorates, which are

also hydrate-forming salts and likely exist as hydrates in the subsurface of Mars [68].
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Figure 5.2: Complex index of refraction of moist sand as a function of weight percent (Z) of
(a) MgSO4, (b) CaSO4, and (c) NaCl salts at ambient conditions. Curves labeled 1 and 1′

(ε′ and ε′′, respectively) are for low water content soils (0.005 cm3 water/cm3 soil) and curves
labeled 2 and 2′ (ε′ and ε′′, respectively) are for higher water content soils (0.15 – 0.17 cm3

water/cm3 soil). Dielectric losses in hydrate forming salts (MgSO4 and CaSO4) appear more
sensitive to increasing salt content than non-hydrate forming salts (i.e., NaCl) [66].
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At ambient conditions (∼20◦C), soils are heterogeneous mixtures of minerals (including

hydrated minerals), air, and various phases of water (liquid, adsorbed). As described in

earlier sections, different phases of water present a variety of loss mechanisms throughout

the radio and microwave frequency range [23]. Losses attributed to dry soils are very low and

not expected to be attributed to any mechanisms associated with water [60, 65]; however,

certain minerals have higher losses in the 1.0 – 22 GHz range at ambient, humid (50 –

65 % relative humidity) conditions [69]. Furthermore, losses associated with wet soils are

significantly higher, increasing as a function of increasing water content [60, 63]. On the

other hand, at low temperatures (≤ 0◦C), soils are heterogenous mixtures of minerals, air,

ice, and unfrozen water. Thermodynamic and statistical arguments have been presented to

explain the existence of unfrozen water or ‘thin films’ of liquid-like water on the surface of ice

[70, 71]. The thickness of these thin films is temperature-dependent, can extend up to tens of

angstroms [70, 71], and has been observed down to−79◦C [72]. Although there is considerable

experimental evidence to support thin films of liquid water on the surface of ice, the precise

nature of these films is still a topic of great interest [73]. Furthermore, this unfrozen water

has been observed to enhance dielectric losses at ∼10 GHz in sodium-montmorillonite clays

at temperatures as low as −47◦C due to water relaxations of adsorbed water between the

montmorillonite mineral layers [72]. This effect may be unique to expandable phyllosilicate

minerals (e.g., montmorillonites), but water adsorption on mineral grains is common for

a variety of mineral surfaces [74]. Mironov et al., 2010 further developed this concept of

unfrozen water by assigning a multilayer interface between soil grain surfaces and ice for the

development of a dielectric model that would predict dielectric losses in soils under a variety

of conditions. This multilayer approach identifies three adsorbed water types: bound water,

transient bound water (transient water), and moistened ice water (ice water) (Figure 5.3).

Bound water is closest to the soil grain surface, ice water closest to the ice surface, and

transient bound water exists in-between and exhibits mobility features sensitive to charge

conductivity [72, 75, 76]. At−15◦C (10 GHz), losses associated with these waters, as observed

in Artic soils, are highest for transient water, followed by bound water and ice water, as shown
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in Figure 5.4. Interestingly, transient water losses at −15◦C are higher than bound water

losses at ambient conditions (i.e, 25◦C ). Additionally, Mironov et al., 2010 ascertained that

although transient water behaves similarly to liquid water, they should not be considered the

same. Moreover, others report that, in general, spectral features of adsorbed water, albeit

similar to one another, are not entirely comparable to liquid water or ice [74].

Figure 5.3: Adsorbed water layered between a soil surface and an ice surface in frozen soil
as described in Mironov et al., 2010.

The combined works of Mironov et al., 2010 and Hoekstra and Doyle, 1971 present a more

nuanced perspective on water adsorption at cold conditions. It is evident that unfrozen water

observed in soils can be characterized by adsorbing surfaces. A layered adsorption structure

coupled with enhanced losses at cold conditions strongly suggest that the dominant loss

mechanism in icy soils is very different from cold, dry soils. The mobility of transient bound

water in icy soils could activate both the free water relaxation and ionic conductivity loss

mechanisms (for soils containing ionic molecules) in addition to bound water relaxations.

The combined effect of these loss mechanisms would explain enhanced losses occurring in

icy soils. However, at 10 GHz (ambient conditions) only the free water and bound water
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mechanisms are active. Thus, it is unclear how bound water and ice loss mechanisms respond

to bound water on cold, dry soils. It is also unclear how bound water loss mechanisms vary

with adsorbed water content at cold conditions. There is little discussion in the literature

regarding the influence of bound water on the effective dielectric loss in soils as a function of

water content or humidity. Although Mars is expected to have 4.0 – 8.0 % water equivalent

hydrogen in the subsurface (equatorial regions) (Figure 1.1), losses reported for icy soils were

at higher water content [72, 75]. These higher losses, if used to predict dielectric heating,

could overestimate heating effects expected at the near-surface of Mars.

Figure 5.4: Dielectric losses in adsorbed water layers at ambient (25◦C) and cold conditions
(−15◦C) [75].

5.2 Study Materials and Components

The work described in this dissertation sought to analyze dielectric heating at cold, low

pressure environments so it was necessary to install the waveguide assembly in a vacuum
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pressure vessel as described in Chapter 3. The Mars Environmental Simulation Facility

(MESF) was used for all soil studies.

Analysis of the complex permittivity of a simulated Mars subsurface was performed in

the 2.6 – 18 GHz frequency range. Each waveguide required a customized sample cell as

shown in Figure 3.9. These sample cells were used for all soil studies. Prior to assembly,

sample cells were vacuumed (to remove dust from screens, flow tubing, etc.) and cleaned

with isopropyl alcohol. The foam windows were also cleaned of any debris. When preparing

soil samples, a foam window was installed on one side of the sample cell, then the sample cell

cavity was filled with soil and covered with the other foam window. Sample cells were then

mounted to the mating waveguides with slip-fit alignment pins (when required) and bolted

in place. The waveguides were then connected (via N type coax-to-waveguide adaptors) to

the coaxial cables in the pressure vessel as described in Chapter 3.

In order to establish uniform flow conditions within the sample cell, the pressure vessel

was evacuated via the sample cell. One side of the sample cell was connected to the aluminum

flexible tubing, which led to the facility vacuum pump, while the other side of the sample cell

was open to the interior of the pressure vessel (Figure 3.6). Flexible tubing was chosen due

to its adaptability to the varying sizes of waveguides that were mounted inside the pressure

vessel.

5.3 Measurement Methods

Measurements of Mars simulant soils were performed at room temperature (ambient) and

low temperature (∼− 80◦C) while varying pressure conditions and background gases. Once

samples were loaded into the pressure vessel, measurements were taken at ∼20◦C and stan-

dard pressure (∼760 torr) (step A), afterwards samples were evacuated. The sequence of

measurements listed in Table 5.1 display the pressure/temperature/background gas condi-

tion for subsequent measurements. After initial evacuation (step B), the pressure vessel was

backfilled with CO2 (step C), then re-evacuated prior to step D. Step D was accomplished

by slowly backfilling the pressure vessel with ambient air prior to cooling. Afterwards, the
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pressure vessel was evacuated again to achieve a low temperature, vacuum condition (step

E). Steps A-D were performed across all waveguide bands; however, low temperature vacuum

measurements (step E) were only performed with X-band waveguides (8.2 – 12.4 GHz). The

‘condition’ column listed in Table 5.1 refers to the impact of evacuation and temperature on

the water content of the soil samples and is discussed further in Sections 5.4.2 and 5.4.3. All

simulants at both grain size categories (Figure 3.10) were measured throughout the sequence

across the 2.6 – 18 GHz range with the exception of the lower frequency bands (i.e., G, S) due

to equipment failure. All measurements were performed under static flow conditions (i.e.,

no-flow conditions) except for vacuum measurements. During vacuum conditions (refer to

Table 5.1), the pressure vessel was continuously evacuated. In addition to soil measurements,

dielectric losses were obtained for each background gas listed in Table 5.1 with the exception

of step E.

Table 5.1: Characterization study measurement sequence

Further dielectric loss analyses were performed with icy soils by mixing simulants (JSC-

RN and MMS) with deionized water at 8.0 and 22.0 wt.%, where,

wt.% =
mH2O

mH2O
+msimulant

. (5.3)

Simulant mixtures were installed in X-band sample holders and were contained with foam

windows (when needed). After soils were installed, water was pipetted directly onto the soil

sample. Simulant, mass, and water volume data for each mixture are listed in Table 5.2.
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Table 5.2: Soil mixtures for cold permittivity experiments

Afterward, the sample holder was installed in the waveguide assembly. A similar procedure

was performed to measure sodium perchlorate-water mixtures and ice (deionized water and

deionized water-perchlorate mixtures). Mixtures were only measured at cold conditions; thus,

for these measurements (including ice and sodium perchlorate measurements) the waveguide

assembly was mounted directly in the freezer in lieu of the pressure vessel.

5.4 Results and Discussion

Results presented in this section contain dielectric loss results at ambient conditions (17.7 –

28.0 ◦C) and cold conditions (-77.6 to −90.8 ◦C) as a function of background gas, water

content, temperature, grain size, and salinity.

5.4.1 Background Gas

Dielectric losses of the background gas across X-band are plotted in Figure 5.5. It was

observed that losses of background gases were very low and do not appear to vary with

composition or pressure; although, there does appear to be a temperature dependence, which

can be seen for cold air (Fig. 5.5). However, since the amplitude change between ambient

and cold measurements (∼ 0.01) is within the measurement uncertainty it is doubtful that

observations reflect loss variations due to the background gas.
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Figure 5.5: Dielectric loss of Air (ambient and −80◦C), CO2, and vacuum across the X-band
frequency range.

Of the limited number of publications reporting on the permittivity of gases, few directly

address dielectric losses. Of those, dielectric losses in ambient air at standard pressure have

been observed to peak at 60 GHz [77]; however, losses at low temperature and low pressure

do not appear to have been previously reported. Interestingly, losses of all background gases

appear to increase with frequency within P-band (12.0 – 18 GHz) as shown in Figure 5.6.

However, losses were not observed to vary in soils as a function of background gas.

5.4.2 Water Content: Dry Soils

In general, dielectric losses are greatly impacted by water content; however, losses vary

with phase/configuration and frequency. Loss mechanisms expected to occur in dry soils at
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Figure 5.6: Dielectric loss of air, vacuum, and CO2, at ambient conditions from 2.6 – 18 GHz.

ambient conditions (relative humidity≤ 43%) are limited to bound water. Figure 5.7 displays

losses at ambient conditions (red curves) for all waveguide bands, within all soil simulants.

It should be noted that no simulants had any bulk liquid water but had varying moisture

levels due to adsorbed water. Relative humidity can be used as a proxy for adsorbed water

layer thickness—higher humidity indicates thicker adsorbed water layers [78]. The relative

humidity within samples was observed to vary between 0.0003 – 43 % and 5.7% to saturation

conditions for ambient and cold samples, respectively. Assuming losses in Figure 5.7 reflect

a variable amount of adsorbed water, lower losses occurring at ambient-drying conditions

(black curves) should reflect reduced water content. Although evident within all bands, this

reduction effect is most noticeable for X-band (0.82 – 1.24× 1010 Hz). Losses observed on

JSC-RN (ambient-drying condition) were extremely low with a considerable amount of noise
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and are most likely indicative of losses below the detection limit of the NWA instrument.

Furthermore, cold-drying conditions also reflect losses below the detection limit and are

most likely a consequence of the reduced temperature. Figure 5.8 displays cold and cold-

drying conditions of all simulants within X-band. Cold-drying conditions were not performed

on other bands. Aside from errant features, which are difficult to interpret and are likely

instrumentation or inversion artifacts, losses are minimal.

Analysis of these results, considering the multi-layer adsorbed water profile (Fig. 5.3),

suggests that losses in cold, dry soils (limited to bound water only, without ice) would

experience a similar drying effect as ambient soils (Figure 5.7) when subjected to drying

conditions. However, a reduction in losses at cold-drying conditions was not observed, nor

was there an observable level of losses at cold conditions. Water vapor density at saturation

conditions varies by three orders of magnitude between ambient (10−3 kg
m3 ) and cold conditions

(10−6 kg
m3 ) [79]. Reducing the temperature of moderately humid samples could also have a

drying effect, inducing water to migrate from the sample cell to the interior of the waveguide

assembly. Whether temperature-induced drying is more pronounced than pressure-induced

drying (evacuation) is unclear. Therefore, losses could have been reduced due to the lack of

water content; however, adsorbed water, reduced to a monolayer could not be removed by

drying alone, a significant energy input would be required to rid soils of all adsorbed water

[80, 81]. Additionally, if bound, ice, and transient water respond to bound, ice, and free

water loss mechanisms, respectively, it would follow that losses in dry, cold soils would be

attributed primarily to the bound water loss mechanism in the microwave region. Moreover,

these losses should be observable if the measurement technique is precise enough for low

loss materials of this magnitude. It is clear that measuring losses at cold conditions in soils

absent of bulk water (i.e., ice), is outside the detection limit of the waveguide method.
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Figure 5.7: Dielectric loss of Mars simulants at ambient (left column) and ambient-drying
conditions (right column) across the frequency range of this study, i.e., from left to right
S, G, C, H, X, and P bands. Curves are displayed for small grains (solid) and large grains
(dashed).
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Figure 5.8: Dielectric loss of Mars simulants at cold (left column) and cold-drying conditions
(right column) across X-band. Curves are displayed for small grains (solid) and large grains
(dashed).
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5.4.3 Temperature

Dielectric losses at low temperature of all simulants across all waveguide bands (except S-

band) are displayed in Figure 5.9 (blue curves). The reduction in losses evident in these

data is due to the configuration of water content and the associated mechanisms (ambient

losses from Figure 5.7 are reprinted for comparison in Figure 5.9). At ambient temperature

on dry soils, bound water is the dominant loss mechanism; however, at low temperature on

dry soils, bound water is still the dominant loss mechanism (although present, losses due to

ionic conductivity and ice relaxation are very low). Therefore, although the dominant loss

mechanism is constant at ambient and cold conditions, the reduction in losses is likely due

to a reduction in the thickness of adsorbed water layers. Losses plotted for C-band (0.6 –

0.8× 1010 Hz) at cold conditions appear invariant across all simulants and is likely due to a

calibration error for that band. Interestingly, losses within H-band for JSCp and JSC-RN

are not reduced as much as other bands/simulants at cold conditions. It was observed that

losses at cold and cold-drying conditions were outside the detection limit for most simulants

in X-band (Figure 5.8).

It is evident that losses decrease as a function of decreasing water content and tem-

perature, which has implications for dielectric heating. However, this behavior was not

documented by others [8, 9]. The highest losses observed (at ambient conditions) indicate

that losses associated with bound water dominate the effective loss factor. However, when

comparing ambient-drying conditions to cold conditions, the pronounced reduction of losses

indicates that temperature has a stronger influence on losses. What remains unclear is

whether the temperature effect is due to temperature-dependent shifting of the bound water

loss mechanism or inactivation of the bound water loss mechanism (due to drying) at low tem-

perature. Thus, it is difficult to conclude if data presented here infer temperature-dependent

shifting of loss mechanisms.



77

Figure 5.9: Dielectric loss of Mars simulants at ambient (left column) and cold conditions
(right column) across the frequency range of this study, i.e., (from left to right) S, G, C, H,
X, P. Curves displayed for small grains (solid) and large grains (dashed). Figure 5.7 (left
column, ambient conditions) reprinted for comparison.
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5.4.4 Grain Size

Adsorption of water to soil grains is enhanced significantly (in terms of surface area for

adsorption) by smaller particles. Due to the homogeneity assumptions of the waveguide mea-

surement method, simulants were sieved to two grain size categories—small grains (180 – 246µm)

and large grains (600 – 710µm, 710 – 850µm, and 850 – 991µm). The large grain size cat-

egory varied for each simulant and was based on the amount of soil needed to perform mea-

surements. Assuming spherical particles and accounting for void spaces, 200µm-diameter

soil grains would yield 20% higher surface area than 900µm-diameter particles. Therefore,

increased surface area available for water adsorption should have an observable effect on

dielectric losses.

Although smaller grain sizes appear to yield slightly higher losses, these variations are only

consistent within H-band and X-band on some simulants (i.e., JSC, JSCp, MMS) (Fig 5.7,

left column). Another possibility for the observed variations could be unrelated to grain size

entirely and simply be an indicator of measurement uncertainty.

5.4.5 Salinity

Dielectric loss measurements (Fig. 5.10) of anhydrous sodium perchlorate within X-band

show low losses (ε′′< 0.3) for dry, cold, and icy samples. However, at ambient conditions,

dielectric losses of sodium perchlorate-water mixtures increase significantly. Again, it is

evident that cold conditions greatly decrease losses due to the configuration of water content.

Furthermore, losses in JSCp, MMSp, and JSC-RN (all perchlorate mixtures of JSC and

MMS), mixed at 1.5% (JSCp/MMSp) and 1% (JSC-RN) perchlorate, have losses similar to

their base material (Fig 5.7, left column), albeit, somewhat reduced in some bands. This

implies that mixing dry sodium perchlorate with simulants does not impact losses, which

appears consistent with loss measurements of pure sodium perchlorate. Thus, for the samples

measured, anhydrous perchlorate salts, in dry soil simulants, do not appear to effect dielectric

losses significantly.
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Figure 5.10: Dielectric loss of anhydrous NaClO4 at dry, cold, wet and icy conditions across
the X-band frequency range. Icy NaClO4 was prepared at 4.1 wt.% liquid water then cooled.
Cold and icy samples were measured at −84.5◦C and −81◦C, respectively. Wet and dry
samples were measured at ambient conditions (19.0 – 26.0 ◦C).

5.4.6 Water Content: Icy Soils

As discussed in earlier sections, dielectric losses in the microwave region are sensitive to water

content. Uniquely for dry soils, losses are likely derived from bound water loss mechanisms at

ambient conditions; however, these losses are drastically reduced at cold conditions. Losses

derived from ice are minimal in the microwave region but peak at radio frequencies (1 –

10 kHz). Additionally, perchlorate salts in dry soils were not observed to enhance losses.

Thus, soils with or without perchlorate are not expected to exhibit increased losses when

ices are included in soil mixtures. However, as previously discussed, Hoekstra and Doyle,

1971 observed high losses (i.e., > 0.5) at ∼10.0 GHz on icy sodium-montmorillonite soils at

−47◦C and 35 wt.% H2O due to unfrozen water adsorption between mineral grains. It was
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of interest to determine if a similar result would be obtained on Mars simulant soils in which

phyllosilicates have either not been observed, or occur at < 1 wt.% [38, 82]. Interestingly,

both icy JSC-RN and icy MMS·NaClO4 soils at 8.0 and 22.0 wt.% H2O exhibit similar losses

to the results observed by Hoekstra and Doyle, 1971 (Figure 5.11). However, observations

of the base material of these simulants (i.e., MMS) do not reflect comparable losses when

measured at the same water content. This observation suggests that dielectrically, the soil

grain-perchlorate interface in the presence of ice is distinctly different from icy perchlorate,

which did not appreciably enhance losses. A potential explanation for this behavior could

be that water adsorbing to salt surfaces is dielectrically dissimilar to water adsorbing to soil

surfaces and equally dissimilar to the transient unfrozen layer that develops between these

surfaces [72, 75]. Moreover, salinity enhances losses in wet soils when compared to non-

saline wet soils, but this effect decreases with increasing frequency and is most pronounced

at low frequency (< 4.0 GHz) [83]. Furthermore, this effect is likely similar within transient

liquid-like layers in icy soils.

Deionized water ice and sodium perchlorate ice (1.2 wt.% NaClO4) are included in Fig-

ure 5.11 to demonstrate dielectric loss contributions from ice. It should be noted that the

magnitude of dielectric loss in Figure 5.11 for ice samples represents an upper limit for losses

expected in icy soil samples. This is due to the fact that losses are a function of volume

and all samples displayed in Figure 5.11 were of similar volume (i.e., ∼1.1 cm3), with ice

occupying a maximum of ∼ 36% and 25% of the sample volume for JSC-RN and MMS re-

spectively. It is apparent that enhanced losses in icy soils are not due to dielectric losses in

the soil (regardless of perchlorate content) or ice. These observations support the existence

of transient liquid layers in icy soils and strongly suggest that enhanced losses are directly

related to the liquid-like nature of these layers.
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Chapter 6

ENERGY COUPLING TO SOILS

Previous chapters have addressed the identification of loss mechanisms in soil components;

however, complex permittivity alone does not provide enough information to analyze thermal

distributions that arise from microwave energy coupling to soils. Energy exchange occurring

between microwave radiation and soils is a complex interaction governed by the heat equation,

ρCp
∂T

∂t
+∇ · (−k∇T ) = Q (6.1)

where ρ (density), Cp (specific heat capacity), and k (thermal conductivity) represent thermal

properties of the soil and are generally temperature dependent. The term Q is the heat

source term and represents energy input (in Joules) as a result of microwave energy coupling.

Modeling of soil temperature profiles is beyond the scope of this dissertation. However, such

models could be validated with heating experiments similar to those contained in this chapter.

In addition, the variation of loss signatures observed in soil simulants in Chapter 5 gives

rise to questions of how thermal effects vary with changing losses. Losses occurring outside

the detection limit of the NWA do not necessarily imply that heating does not occur at low-

loss conditions. Furthermore, it is unclear how enhanced losses, due to transient adsorbed

water at cold conditions, translate to heating. Thus, to supplement permittivity results, a

series of low power heating experiments were performed at cold and ambient conditions to

experimentally determine temperature profiles in simulant soils.

6.1 Materials and Methods

In order to observe dielectric heating of icy soils, measurements of this coupling effect were

performed using a resonator, amplifier, waveguide (X-band), and soil sample holder (Fig-

ure 6.1). The tunable resonator (EMF Systems, Inc., P/N: 52747-626048) was operated at
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10 GHz and had an output power of 10 dBm (10 mW). A MACOM power amplifier (LWA

6012-2/10859) was downstream of the resonator and increased the power output to approxi-

mately 2.6 W. An isolator was installed as a safety feature to prevent reflected radiation from

propagating back to the amplifier. A Faraday cage, constructed of cardboard and covered

with aluminum, isolated radiation exiting the waveguide from the interior of the freezer.

Power transmitting through the waveguide was monitored with a Hewlett Packard 437B

power meter via the coupled port. Since the power meter had a 100 mW limit, attenuators

were placed in line to reduce power exiting the coupled port. The X-band frequency range

was chosen to supplement X-band permittivity results on icy soils (Chapter 5). Aside from

the power meter, attenuators, resonator, and amplifier, all components were installed in the

facility freezer and subjected to cold conditions (−80◦C).

Figure 6.1: Experimental setup for dielectric heating of Mars simulant soils.
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The sample holder was constructed of a foam frame (Rmax Thermasheath-3 polyiso-

cyanurate rigid foam) (Fig. 6.2) with foam end pieces (Laird Eccostock, 0.64 cm thick) and

enclosed a 11.0 cm3 soil sample (Fig. 6.3). To measure temperature, a Type E thermocouple

probe was installed through the rigid foam and embedded ∼3.0 cm into the soil sample. The

thermocouple was positioned such that it was orthogonal to the electric field of the radiation

exiting the waveguide. This was done to minimize energy coupling and heating of the probe.

Foam end pieces were rated as low loss (ε′< .001) and were not expected to couple to the

radiation transmitted through the sample holder. The sample was irradiated via waveguide

at ambient (13.2 to 22.6◦C) and cold conditions (−79.3 to −82.3◦C). The waveguide was in

physical contact with the foam sample holder during heating.

Figure 6.2: Interior of foam sample holder with (right) and without (left) JSC-RN sample.
Dimensions of wall thickness and depth are 1.2 and 2.0 cm, respectively.

Output power at the exit aperture was measured with a power meter at ambient and

cold conditions and was within 0.1 W for both conditions. A significant power drop was

observed from the output of the amplifier to the waveguide aperture. This is a direct result

of coupling losses attributed to connections and components (e.g., cables, SMA connections,

isolator, etc.) and reduced the output power at the waveguide exit aperture to 1.2 and 1.3 W
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at ambient and cold conditions, respectively. Aside from these losses, all power exiting the

waveguide is assumed to be directed to the soil sample within the foam sample holder. Given

similar power input conditions, observed differences in temperature between ambient and cold

conditions are assumed to be a direct result of temperature-dependent energy coupling to

the soil as a function of water content.

Figure 6.3: Assembled foam sample holder used for energy coupling experiments with simu-
lant soils.

Soil mixtures were comprised of soil simulants, deionized water, and anhydrous sodium

perchlorate (NaClO4). In order to present a more realistic simulation of the subsurface of

Mars, simulants were not sieved and thus contained a broader distribution of grain sizes

than the soils analyzed in Chapter 5. Additionally, mixtures were prepared to match the

permittivity mixtures described in Chapter 5 (i.e., 8.0 and 22.0 H2O wt.%). Soils and

deionized water were combined in the foam sample holder (Figure 6.2) by incrementally

adding soil layered with pipetted water. The mixtures were prepared this way to distribute

the water homogenously throughout the sample prior to freezing. Afterward, the sample

holder was sealed with metallic tape (Figure 6.3) and positioned at the exit aperture of the

waveguide. All mixtures analyzed are listed in Table 6.1.
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Table 6.1: Soil mixtures for dielectric heating measurements

6.2 Results and Discussion

Results from dielectrically heating Mars simulant soils (JSC-RN, MMS) are displayed in

Table 6.2. Overall, most icy soils have similar heating rates, but JSC-RN at cold, dry

conditions yielded noticeably lower results. This result at cold, dry conditions is unexpected

considering JSC-RN is compositionally similar to both MMS and MMS·NaClO4. It should

be noted that the JSC-RN sample was significantly finer than the other simulants. Although

derived from MMS sand (grain size: 3µm to 2 mm), JSC-RN contained a smaller grain size

distribution (3.0 – 600µm). It is likely that the grain size distribution affected heating due

to the thermal conductivity of coarser soils being roughly twice that of finer soils [84].

Measured dielectric losses, in general, do not directly correspond to dielectric heating of

similar soil samples. Variations in temperature due to dielectric losses and energy transfer

(or coupling) between microwave radiation and soil components are fundamentally different

processes, albeit related. Furthermore, losses only characterize energy input to a system and

do not provide any information regarding energy transformations or dissipations throughout

the soil medium. Thermal properties of the soil (e.g., thermal conductivity and heat capacity)

are independent of electrical properties, although they can be correlated. Moreover, if the

irradiated sample is small (relative to the transmitting wavelength), compositionally uniform,

well-insulated, the geometry of the transmission line and sample are well matched, and

thermal properties are known, the resulting temperature rise should correlate to measured



87

Table 6.2: Heating rates of soil mixtures

losses. Thus, given these conditions, variations in dielectric losses within similar materials

should correspond similarly in temperature. In other words, if dielectric losses are observed

to increase in soils with higher water content, it would be expected that those soils would

also generate a higher rise in temperature.

The latter point is furthered emphasized by comparing icy dielectric loss results (Fig. 5.11)

and dielectric heating rates shown in Table 6.2 of icy MMS·NaClO4. Dielectric loss measure-

ments ascribe lower losses to the lower weight percent mixture (i.e., MMS·NaClO4, 8.0 wt.%
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Figure 6.4: Thermal profiles of dry JSC-RN, MMS, and MMS·NaClO4 samples at cold
conditions (blue curves) and RT, i.e., ambient, conditions (red curves) when heated with
10 GHz microwave radiation at 1.2 and 1.3 W, respectively.

at 10.0 GHz), which is consistent with the lower heating rate when compared to the icier

simulant (i.e., MMS·NaClO4, 22.0 wt.%). Moreover, the dielectric heating rates of icy MMS

simulants, which did not contain perchlorate, yield losses lower than the detectable limit

of the PNA instrument, but appear to follow a similar heating trend. However, JSC-RN

mixtures appear to have similar heating rates for both icy mixtures, although dielectric loss

results ascribe higher losses to the icier mixture (i.e., JSC-RN, 22.0 wt.%).

Results demonstrate inhibited heating at cold conditions when compared with ambient

for the same power setting at dry conditions for all simulants (Figure 6.4). The change in

temperature, ∆T , is nearly 2.5 times greater at ambient conditions for all soils with the
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exception of MMS. It should be noted that all samples achieved at least 65% of ∆T within

the first 50 min of heating. Interestingly, significant heating was observed in MMS·NaClO4

at cold conditions when compared with JSC-RN, although MMS is the base material for

both simulants and despite the similar concentrations of sodium perchlorate.

Figure 6.5 displays results for icy soil mixtures. In general, icy samples yield higher

changes in temperature during heating when compared to cold, dry soils. Moreover, of

these, perchlorate mixtures at high water content (22.0 wt%) had the highest change in

temperature overall.

Another interesting result that arose from these experiments involves the salt content in

simulant soils and its impact on heating. It appears that perchlorate salts increased energy

coupling when comparing icy MMS heating rates with icy JSC-RN and icy MMS·NaClO4

because the perchlorate mixtures produced higher heating rates. The lower rate observed

in JSC-RN soils is likely a result of lower thermal conductivity in finer graded soils [84].

However, enhanced heating effects in salty soils appears undermined in the absence of ice

and can be seen when comparing cold, dry MMS with cold, dry MMS·NaClO4 and JSC-RN. A

potential explanation could be that this behavior is due to the adsorbed water layer structure

within salty soils. Water adsorption to salt surfaces is similar to adsorption to silicate surfaces

in that reversible physisorption (physical adsorption via hydrogen bonding) occurs at these

surfaces [76]. Observations of water adsorption on NaCl at cryogenic temperatures (135 –

155 K) conclude that water molecules are more likely to adsorb uniformly to the salt surface

(at low humidity) prior to adsorbing to other water molecules [76, 85]. Furthermore, adsorbed

water layers at cryogenic temperatures are spectroscopically similar to ice [85], and most

likely yield dielectric losses similar to those observed in ice. It is apparent that adsorbed

layers of water in salty soils take a variety of forms at cold conditions. Thus, transitions

in water adsorption in salty soils could potentially evolve with increasing water content in

the manner described in Figure 6.6. At low humidity conditions, water adsorbs to the salt

surface forming ice-like water layers uniformly along the salt surface. Adding water content

would result in greater separation between the salt-soil interface as water molecules adsorb
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(A) (B) (C) (D)

Figure 6.6: Proposed transition of salt water interlayers within A) dry soils at low humidity
(single layer adsorption), B - C) dry soils at increasing water content, and D) icy soils.

to each other creating a bound water layer. Further increasing water content would result in

a mobile transient salt water layer forming in-between the salt water and bound water layers.

Lastly, analogous to transient water layers in salt-free soils (Section 5.1), with the addition

of ice, this salty, mobile layer would stabilize between the ice water layer and bound water

layer. As discussed in Chapter 5, dielectric losses are higher in bound water layers than

ice water layers. Salt water layers, resembling these ice water layers [85], are likely to also

yield lower losses than bound water. Therefore, at cold conditions, bound water in salt-free,

dry soils should produce higher losses than salty, dry soils, which is consistent with results

in Table 6.2 and Figure 6.5. Similarly, salt solutions yield higher losses than pure water at

frequencies within the microwave range [83]; thus, transient salt water layers are expected

to be lossier than transient water layers within that frequency range. This effect can also be

inferred from results displayed in Table 6.2. It should be noted that this proposed transient

salt water theory assumes all salts dissolve in the transient water layer when ice is present

and is empirically derived to reconcile observed dielectric heating effects of icy and dry soils

at cold conditions. Furthermore, this theory is specifically for water adsorption within soil

media and only considers water adsorption on soil mineral surfaces, salts, and ice.

It was observed that insulation of the foam soil sample has a crucial effect on the measured
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temperature change. Given the low temperature of the freezer and the wall thickness of

the foam sample holder, it was observed that further insulating the aft end of the sample

holder with an additional piece of foam (∼3.0 cm thick and 15.0 cm in length) increased

∆T by ∼10◦C in cold JSC-RN (Fig. 6.7). Moreover, the backing foam provided better

contact between the forward end of the sample holder and the waveguide exit aperture.

Prior to using the backing foam, small air gaps (Fig. 6.7) were present between the exit

aperture and forward end of the sample holder, which could have diffused incident radiation.

Figure 6.8 displays icy JSC-RN (22.0 wt%) with additional insulation plotted with icy JSC-

RN results from Figure 6.5. These results demonstrate that increasing insulation can yield

higher changes in temperature. More importantly, temperatures within the sample holder

reached just below freezing (∼2◦C) within 250 min of heating. Moreover, increasing the wall

thickness of the sample holder combined with an insulating backing structure would likely

increase the temperature above freezing within a similar time interval.
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Figure 6.7: Left image: Top down view of foam sample holder showing the thermocouples
within the sample (left) and sample holder wall (right). The yellow arrow points to foam
bracing against the wall of the Faraday cage and aft end of sample holder. Right image:
Yellow arrows point to air gap between waveguide and sample holder.
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6.3 Implications for Dielectric Heating on Mars

Transitioning the techniques of this heating experiment to simulate heat transfer effects

expected at the near-surface of Mars while targeting heating rates from Section 6.2 would

most likely require higher power input. Additionally, consideration should be given to the

penetration depth, Dp, i.e., the distance to which the amplitude of the penetrating electric

field falls to 1/e of its value at the surface, which is a function of the complex permittivity

of soil components and the radiating frequency [21].

Dp =
λ0

2π
√

2ε′

√√
1 +

(
ε′′

ε′

)2 − 1

(6.2)

The penetration depth (Eq. 6.2) for non-magnetic media (i.e., µ = 1) increases with increas-

ing wavelength (decreasing frequency). At 10.0 GHz, with losses observed in salty, icy soils

(Fig. 5.11), penetration would be limited to 2.0 – 8.0 cm (Table 6.3). However, penetration

in lower loss soils can extend up to 10.0 m. Thus, although lossiness has heating benefits,

increasing losses decreases penetration into the subsurface [21, 86]. However, temperature

profiles in the subsurface would also be a function of the thermal properties of Mars soils,

particularly the thermal conductivity. Results from the Phoenix Lander TECP (Thermal

and Electrical Conductivity Probe) indicate that soils within 1.5 cm of the subsurface are

thermally insulating, having an overall average thermal conductivity of 0.085 W
mK

[6]. Ther-

mal conductivities in dry Mars simulants at cold conditions have been observed to be similar,

yet increase by an order of magnitude with ice content [87]. The foam frame and end pieces

have thermal conductivities of approximately 0.022 and 0.045 W
mK

, respectively at ambient

conditions. Although thermal conductivity can vary with temperature, if the thermal con-

ductivity of the foam sample holder is considered invariant, then at cold conditions, the

sample holder as actually more insulative than the soil sample, particularly for icy soils.

Measurements described in this chapter demonstrate the sensitivity of energy coupling to

environmental conditions, specifically water and salt content at cold conditions. The advan-

tage of performing energy coupling experiments with insulation provides an opportunity to
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Table 6.3: Penetration depth of microwave radiation at 10.0 GHz

isolate energy coupling to soil components from heat transfer effects (i.e., thermal conduc-

tion) thereby identifying the heating potential as a function of inherent loss mechanisms and

power input. Under these conditions, to wit: low-loss materials at low power, large tempera-

ture changes are not expected to occur within samples. Moreover, at these conditions, given

long time intervals, temperatures above freezing could be achieved. However, this approach

is not realistic for the near-surface of Mars and only represents an upper limit to achievable

temperature increases in in-situ soils, particularly due to the lower thermal conductivity of

the foam sample holder. It is important to also recognize that these conclusions are based

on heating experiments of simulants that may not fully characterize the subsurface of Mars.

Therefore, the penetration depth combined with thermal properties is a critical component

of subsurface heating that would provide insight into the temperature distribution generated

by dielectric losses.
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Lastly, Allan et al., 2013 performed dielectric heating experiments with lunar simulants

at ambient conditions in a 2.45 GHz heating chamber. These experiments applied 1.0 kW of

power to 1.35-kg of simulant and resulted in a ∼ 1100◦C temperature change over the course

of 90 min. Although energy coupling at cold conditions may reduce this effect significantly,

excessive heating of this degree caused melting and chemical alteration of the simulant [88].

There may be applications for melting of soil materials (e.g., extraction of water in hydrated

minerals [89], processing building materials [90], etc.); but the extraction of subsurface ice

and adsorbed water would not require soils to be heated to the extent discussed in Allan et

al., 2013. Furthermore, temperatures just above freezing may be sufficient for water vapor

extraction. However, optimization of extraction rates as a function of temperature need to

be investigated. Furthermore, alteration of the soil material (due to excessive heating) could

undermine water extraction efforts by introducing impurities to the extracted water vapor.

Thus, consideration should be given to maintaining minimum power levels for longer time

intervals to extract subsurface water.



98

Chapter 7

IMPLICATIONS FOR ASTROBIOLOGY

Irradiation of the soil subsurface with microwave radiation for water extraction on Mars

could have an impact on microbial life. In general, soil bacteria display a range of tolerances

when exposed to microwave radiation [91]. The use of microwave radiation at 2.45 GHz has

been observed to selectively eliminate particular plant pathogens in soil samples, such as fun-

gal microbes, while having a reduced influence on bacterial populations [92–94]. Soils heated

to 60◦C have been demonstrated to significantly or entirely reduce fungal colonies [92, 93].

Interestingly, short term (∼20 s) microwave radiation exposure of Thiobacillus, in organic

and brown earth soils was observed to enhance bacterial populations [93]. Although it is

unclear which species of Thiobacillus was used in Wainwright, 1980, thermophilic Thiobacil-

lus species have been observed to sustain growth up to 52◦C [95]. Although several of

the aforementioned authors comment on microwave irradiation of soils containing microbes,

there does not appear to be much documentation of microwave effects on thermophilic or

psychrophilic (low-temperature resistant) microorganisms. As discussed in Chapter 5 and

Chapter 6, enhanced thermal effects can result when irradiating icy soils, especially soils

containing salts. This is particularly relevant for Mars where microbial life, if present, would

most likely have adapted to the cold, dry conditions of the subsurface.

It should be noted that sterilization or microbicidal effects are not directly due to mi-

crowave radiation exposure. Rather, these effects are the direct result of elevated tempera-

tures occurring due to energy coupling within the soil, which varies as a function of moisture

content [96]. Indeed, thermal effects imposed by conventional heating methods yielded sim-

ilar microbicidal results [97]. Moreover, sustained irradiation (approximately four minutes

at 1.0 kW, 2.45 GHz) of commercially dried yeast (0.1% moisture content) outside of a soil
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medium (i.e., direct irradiation of the yeast) demonstrated minimal microbicidal effects com-

pared to a 25% survival rate of an identical sample suspended in distilled water after 20 s

of microwave radiation exposure [96]. A similar experiment was conducted with a variety of

bacteria and bacteriophages (viruses unique to bacteria and archaea), yielding similar results

[96]. This highlights the low loss nature of microbial species containing low water content

and further demonstrates that thermal effects enhanced by water content (whether internal

or external to the microbial cell) is the primary consequence of microwave irradiation on

microbial life. Thus, as discussed in Chapter 6, heating dry soils to extract adsorbed water

may not be as detrimental if extant life can tolerate temperature environments just above

freezing.

However, if microbial cells contain significant amounts of water, microbicidal effects of

microwave radiation on microbial populations in soils are enhanced. In the case of high in-

tercelluar water, dipolar dielectric loss mechanisms would dominate in the microwave region

covered by this dissertation, particularly free water (Figure 2.1). Moreover, as demonstrated

in Chapter 5, dielectric losses in icy soils are dominated by free water loss mechanisms, but

overall heating would be a function of total water content, volume, and insulation effects.

When irradiating soils with microbes, energy couples directly into the microbial cell and re-

sults in a rapid increase in temperature (50 – 90 ◦C). This temperature increase compromises

cell membrane stability and leads to mechanical rupture of the cell [98]. However, in the

absence of polar/ionic molecules, mechanisms contributing to dielectric losses are reduced

by several orders of magnitude and lethal amounts of energy needed to destroy microbial

cells may not be reached [96]. In general, soil type has minimal effects on dielectric heating

due to the narrow range of specific heat capacities expected for mineral soils [92]. More-

over, mineral content was not observed to influence heating on the simulant soils analyzed

in Chapter 6. Heating rates for all simulants were similar, although enhanced heating was

observed in soils containing ice. However, if the soil matrix on Mars contains components

that enhance losses (e.g., salts and ice), and irradiation is sustained, coupled energy can

conduct into the microbial cell and still cause disruption of the cell membrane.



100

Lastly, Islam et al., 1998 reported that irradiation of soils with microwaves could also

be used to measure biomass carbon when elevated soil temperatures rupture microbial cells

and release intracellular compounds. Additionally, irradiation of soils at levels lower than

800 J/g have been reported to not breakdown non-biomass carbon nor drastically affect soil

nutrients [92, 98, 99]). Therefore, irradiating soils with microwaves could be a useful tool for

the detection of evidence to support past or present life.
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Chapter 8

CONCLUSION

A major conclusion of the research in this dissertation has been recognizing the key to

dielectric heating of cold soils is coupling microwave radiation to transient adsorbed water.

Dielectric heating of icy soils is strongly dependent on this transient water layer. Thus,

development and optimization of energy coupling to this unfrozen water would significantly

benefit water extraction efforts with dielectric heating.

Although the feasibility study diagnosed the waveguide method as a preferred method

for soil analysis over coaxial reflection techniques, the low loss nature of cold soils requires

a measurement method that offers higher accuracy and precision. The waveguide method

is certainly suitable for moderate to high loss materials, which was evident for higher loss

soil samples (e.g., ambient/dry and icy soils) observed in Chapter 5. However, future work

that seeks to investigate the contributions of adsorbed water at cold conditions will require

a different method. Additionally, addressing losses attributed to grain size would also re-

quire a more precise measurement method. An alternative measurement technique that

was not pursued during this research, but could be useful for low loss measurements, is the

resonant cavity perturbation method (or simply ‘resonant cavity method’). This method

entails enclosing a small sample in a cavity structure (rectangular cavities are common and

are structurally similar to rectangular waveguides) and determining the resonant frequency

of the cavity with and without the sample. Unlike the waveguide method, temperature-

dependent calibrations using calibration standards are not needed. Furthermore, iterative

techniques are not required to determine the complex permittivity and can be directly calcu-

lated from the resonant frequencies, sample/cavity volume, and output power [100]. Future

work with this method could investigate temperature-dependent loss mechanisms and ana-
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lyze the impact of cold, vacuum conditions on adsorbed water layers. These investigations

would better inform the nature of dielectric loss at the low pressure, cold conditions that are

observed at the surface of Mars.

Complex permittivity and dielectric heating, albeit linked, are fundamentally different

processes and should be analyzed with that understanding in mind. The former assesses

electrical properties via interactions between an electric field and soil, while the latter assesses

energy coupling via temperature variation and the thermal properties of soils. Another

aspect to keep in mind with this line of research is that changes in temperature of soils

heated by dielectric energy coupling is a product of the thermal properties of the soil and

energy transfer mechanisms (e.g., conductive heat transfer). Although care was taken during

heating experiments to minimize heat transfer effects, such that the resulting temperature

change could be directly linked to dielectric losses in the soil, identification of the impact

on temperature with increased losses is challenging. At times dielectric loss measurements

appeared inconsistent with observed heating effects for low loss samples, which is likely

indicative of the limitation of the waveguide method for measuring low loss materials.

Ultimately, this dissertation has observed the impact that transient adsorbed water has

on dielectric heating. Microwave radiation from 2.6 – 18 GHz couples most efficiently with

liquid water at ambient conditions (∼20◦C). Cold conditions greatly reduce dielectric losses

due to temperature-dependent shifting of loss mechanisms and the absence of liquid water at

cold conditions. Yet, energy coupling was enhanced at cold conditions in icy, salty soils due

to transient liquid water layers. In fact, heating rates in icy, salty soils (22.0 wt.%) exceeded

heating rates at ambient conditions across all soils analyzed. Interestingly, heating within

cold, dry soils appeared inhibited by salts when compared to soils without salts. Therefore,

dielectric heating of indigenous soils on Mars may not be impacted significantly by mineral

composition; rather, heating effects would primarily be a function of ice and salt content.

The topic of subsurface water extraction via dielectric heating would benefit from an

understanding of how power input and heating time can be optimized for in-situ heating

of subsurface soils on Mars. Dielectric heating experiments performed in this dissertation
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included moderate control over heat transfer effects. However, heat transfer to the soil

subsurface introduces conduction effects that would significantly reduce the change in tem-

perature observed in Chapter 6. Moreover, the thermal properties of simulants (and the

indigenous soils of Mars) would most likely produce lower heating rates than those observed

in Chapter 6 if dielectric heating were applied without insulation. Although soils on Mars

have been observed to be have low thermal conductivity, the experimental components in

Chapter 6 were more insulative. Moreover, heating experiments were performed on samples

with spatial dimensions similar to the microwave radiation wavelengths. In other words,

although the penetration depth for dielectric heating results was introduced in Chapter 6,

its impact on dielectric heating was not addressed in this dissertation. Yet, on the surface of

Mars, assessment of the depth of water resources and the spatial heating range are critical

factors in determining effective heating strategies for subsurface water extraction. Future

work should model thermal environmental effects combined with soil thermal properties to

model the thermal evolution in soils irradiated with microwave radiation.

Direct applications for this research could include small-scale devices used to ”farm” water

from the subsurface of Mars with either a handheld or rover-deployed device. Microwave

frequency transmission allows for smaller scale components (similar to the experimental setup

in Chapter 6) that could be configured to operate remotely or in-situ. However, optimization

of power requirements and extractions rates would need to be assessed. It should be noted

that although this dissertation focused on dielectric heating in the microwave region, lower

frequency regions (e.g., 1.0 – 10 kHz) could also be considered, particularly for large-scale

applications (e.g., transmission from orbit). However, transmission at these frequencies

would require very large antennas (on the order of kilometers) which may be impractical

to implement.

Lastly, temperature control using microwave radiation would be the most critical pa-

rameter to assess the impact of microwave radiation on microbial life in the near-surface

of planetary bodies. This dissertation documented the nature of dielectric loss in dry soils

and the resulting thermal effects. Heating of salty, icy soils produced the highest thermal
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response, thus water extraction efforts could have implications for microbial life in icy soils

in the subsurface of Mars. However, dielectric heating of soils could also be a reliable method

of preserving biomass for detection of past or present life.
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APPENDIX

Sample cells used for dielectric loss measurements are described in Section 3.3.2. The

cross-sectional dimensions of the sample cell aperture were determined by the frequency

range (Table 2.2). However, the thickness of the sample cell is determined by λg (i.e.,

the wavelength in the sample material) which is a function of the relative permittivity, εr,

relative permeability, µr, cutoff wavelength, λc, and free space wavelength, λ0 (Eq. A.1). The

optimum thickness is equivalent to λg
4

(where λg decreases with increasing εr) and ensures

that uncertainties in εr and µr are minimized [101].

λg = Re

(
1√

εrµr
λ20
− 1

λ2c

)
(A.1)

During sample cell design, it was not expected that high ice content would contribute sig-

nificantly to an increase in the dielectric constant at the frequency range analyzed in this

dissertation (i.e., 2.6 – 18 GHz), therefore εr = εrmax ≈ 3. It should be noted that the

effect of high loss components on εr was unknown during sample cell construction. Addi-

tionally, the metallic content of soil simulants (primarily Fe2O3) is very low, thus samples

were considered to be non-metallic (µr ≈ 1). These values were also used to calculate the

maximum sample thickness, which is limited to λg
2

due to instabilities inherent to the itera-

tive processing methods (Section 2.4). The value of λg decreases with increasing frequency;

therefore, optimum and maximum sample cell thickness values for each microwave band were

calculated at center-band frequencies (Table A.1). Sample cell thickness values in Table A.1

reflect the total thickness of the soil sample and foam windows (used for containment with

dry soils). Thus, soil sample thickness deviated from optimum by up to 45 – 48 % (S and

G-bands) and 5 – 15 % (C, H, X, and P-bands) at center-band frequencies. Although vari-

ations from optimum are higher for the lower frequency bands, the increase in uncertainty
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Table A.1: Sample cell optimum thickness

is not significant. Large uncertainties arise when samples approach the λg
2

(i.e., maximum

thickness) limit [Hewlett-Packard]. However, it is unclear how uncertainty is affected by

small deviations from optimum.

A major conclusion of the research contained in this dissertation was the observation of

enhanced dielectric losses in salty, icy soils. Higher loss soil samples had correspondingly

higher dielectric constant (ε′) values. Therefore, within X-band, values of ε′ were higher

than anticipated, ranging from 2 – 12 ; however, in ∼60% of samples measured, ε′ only

varied from 2 – 4 . For high loss samples (ε′ ≈ 12), soil sample thickness deviated from

optimum by over 50% at 10.3 GHz (center-band frequency of X-band) but remained below

the maximum thickness limit. However, higher frequencies within X-band (11.4 GHz and

above) approached and exceeded the maximum thickness limit (Fig. A.1). For future studies

of soils with high loss components, consideration should be given to constructing thinner

sample cells or using thicker containment windows.
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Figure A.1: Optimum thickness curves (blue) and maximum thickness curves (red) for low
and high loss soil samples. Shaded regions indicate 10% and 50% deviation bands from
optimum thickness at low and high loss, respectively.


