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ABSTRACT

Breakthroughs in distributed fiber optic sensing have enabled continuous recording of seismic and

temperature data, resulting in unparalleled spatial resolution and coverage at a more affordable cost in

remote areas. Electromagnetic data has proven to be useful in providing additional insight into

near-surface applications, however, distributed electromagnetic sensing systems are still in the prototype

stage. This thesis explores the attributes of a multi-physics optical fiber that records seismic waves and

magnetic fields simultaneously and its potential for application in selected near-surface problems.

Current applications of magnetic geophysical methods are discussed and used to inform potential uses

of the distributed magnetic sensing fiber, particularly for improved monitoring of seawater intrusion, mine

drainage, and lithium brines. Simulations of these potential groundwater application areas are explored

with a hypothetical survey design and computational simulation. Preliminary magnetic field sensitivity

requirements of the fiber are established based on simulation results.

Laboratory experiments to determine the fiber sensitivity to magnetic fields are performed in addition

to field tests that are used to discuss practical applications of the fiber in geophysical surveys. Additional

testing was performed to provide insight into the variation of the fiber signal over time. Studies are

conducted using a fiber with Bragg gratings as well as a fiber without Bragg gratings to guide future fiber

design and selection.

The magnetostrictive effect underlies the basic measurement principle of the proposed distributed

magnetic sensing. Two-dimensional and three-dimensional modeling of the magnetic fiber based on

micromagnetic dynamics and magnetostriction are explored in this thesis to improve the understanding of

the mechanisms causing a response in the fiber and ensure data can be reliably modeled, even in the face of

nonlinearity. Model sensitivity to source magnetic field amplitude, source frequency, environmental

temperature, initial conditions, and the Gilbert damping parameter is explored. Comparisons of model

amplitude spectra to laboratory-measured amplitude spectra along with model prediction of fiber

sensitivity offer insight into the reliability of the models.
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CHAPTER 1

INTRODUCTION

Distributed magnetic sensing (DMS) is a new technology involving the use of magnetic sensing and

distributed �ber optic sensing (DFOS) principles that can be applied in multiple contexts and that we aim

to apply to the �eld of hydrogeology. This chapter provides background information for the research into

DMS that is discussed in this thesis.

1.1 Applications of Magnetic Methods

Magnetic �elds are produced by moving electric charges, permanent magnets, electromagnets, and

changing electric �elds. Common examples of these sources include electric currents, refrigerator magnets,

generators, and antennae, respectively. One example of a magnetic �eld source in nature is the Earth. The

Earth produces a magnetic �eld via the movement of electric charges within the outer core, making it a

large electromagnet. This magnetic �eld can magnetize minerals that contain iron (such as magnetite)

during their formation period. As these magnetic minerals cool during formation, they maintain their

magnetization due to the Earth's magnetic �eld - this phenomenon is called paleomagnetism.

Geophysical magnetic methods can map magnetized minerals by identifying anomalies from the

expected background �eld, which is Earth's magnetic �eld. These anomalies can be detected in total

magnetic intensity (TMI) anomaly maps, as shown in Figure 1.1. In real applications, magnetic sensors can

be aerial or ground-based to produce TMI anomaly maps. Magnetic sensors are also used to detect changes

and anomalies in the Earth's magnetic �eld. For more information on geophysical magnetic methods, refer

to Kaufman et al. (2009).

Magnetic methods in geophysics have traditionally been implemented to provide information for

geologic mapping of regions, guidance for mining, detection of buried metallic objects, mapping basement

structure for oil and gas exploration, understanding groundwater aquifer structure, and more (Nabighian

et al., 2005; Paterson & Reeves, 1985). These methods make use of Earth's magnetic �eld, the magnetic

�eld produced by certain minerals, or magnetic �elds from controlled sources to determine the magnetic

susceptibility � of subsurface materials.� is a material property that determines how much a material will

become magnetized when exposed to a magnetic �eld. Since� varies between materials, knowledge of this

property can aid in determining rock type. � is de�ned as the ratio of magnetization M to applied

magnetic �eld H (Cullity & Graham, 2009),

� = M=H: (1.1)
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Figure 1.1 This �gure shows what a magnetic anomaly looks like in aerial data captured 10 m above the
surface due to a spherical block of a magnetic mineral in the subsurface. The block is centered at x = 0 m
and y = 0 m with a radius of 15 m and a depth of 50 m (top). The simulated data created using SimPEG
is shown in the bottom image (Cockett et al., 2015).
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In environmental applications, alternating current (AC) magnetic susceptibility � AC is typically used

rather than direct current (DC) magnetic susceptibility � DC , which is the more traditionally used

measurement in geophysics. Alternating magnetic �elds are used to determine� AC , whereas constant

magnetic �elds are used to determine� DC . The measurement of� AC provides certain advantages over the

measurement of� DC (Topping & Blundell, 2018). Additionally, � AC is e�ective in the detection of

�ne-grained magnetic molecules in samples (Kodama, 2010) and is well-suited for applications to water

(Guti�errez-Mej��a & Ruiz-Su�arez, 2012).

Magnetic susceptibility methods as a proxy for environmental pollution levels is a relatively newer

application of the geophysical property. The application of magnetic susceptibility to environmental

problems has been developing for the past� 25 years, with its main application in soil pollution, e.g.

Bityukova et al. (1999); Kruglov & Menshov (2017); Petrovsk�y et al. (2000). The typical methods for

determining soil � AC involve the use of instruments such as the Kappabridge MFK2 and Bartington MS2,

e.g. Ji et al. (2023); Kanu (2014); Kruglov et al. (2022); Schmidt et al. (2005). These instruments apply an

alternating magnetic �eld to a sample and measure the induced magnetic moment, allowing calculation of

� AC (Thompson & Old�eld, 1986). In a recent application to groundwater, AC methods were used to

measure� AC of saline water samples in the lab (Kumaret al., 2022; Ranaet al., 2021).

In Magiera et al. (2018), it was demonstrated that soil � AC has a high correlation with total iron

content surrounding the Bj�rnevatn iron mine in Norway and a statistically signi�cant positive correlation

with potentially toxic elements (PTEs) such as Ni, Cu, Cr, Se, Co, As, Zn, and Cd surrounding an Ni-Cu

smelter in Nikel, Russia. In another study, � AC was shown to be an e�ective tool for determining

concentrations of Zn, Pb, Fe, Cr, Ni, Cu, and the overall pollution load index (PLI) due to industrial

activities and heavy tra�c in Denizli, Turkey (Oudeika et al., 2020). Additionally, � AC has been shown to

correlate with PTE concentrations within mine tailings (e.g. Pb and As) in the Tlalpujahua and El Oro

Mining Districts in Mexico (Morales et al., 2016). Correlation of � AC with certain metal concentrations

within copper mine tailings (e.g. Cr, Fe, Ni, and Cu) was demonstrated in the Atacama Desert, located in

Antofagasta Region, Chile (Lam et al., 2020).

Applications of magnetic susceptibility methods to groundwater studies are relatively new, with only a

few recent studies on the topic of seawater intrusion. However,� AC of water is measurable and changes

based on the concentration of NaCl in the water (Guti�errez-Mej��a & Ruiz-Su�arez, 2012). When applied to

groundwater samples, bulk� AC has been shown to have a linear relationship with salinity (Ranaet al.,

2021), demonstrating its potential utility in application to saltwater intrusion problems. In Rana et al.

(2021), it was also shown that the water samples taken near Digha, in Contai Subdivision, Purba

Medinipur District, West Bengal, India indicated decreasing salinity from bulk � AC analysis in wells
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further from the ocean which was also in agreement with conductivity analysis performed on the samples.

Another study in the coastal regions of Digha, Shankarpur, Tazpur, and Mandarmani (DSTM) in the East

Medinipur District, West Bengal, India, demonstrated that � AC measurements have an inverse relation

with salinity, conductivity, total dissolved solids (TDS), Cl � ion concentration, seawater mixing index

(SMI), and isotopes (� 2H and � 18O). These were shown to be an e�ective proxy to delineate seawater

intruded zones (Kumar et al., 2022).

While the previous applications of magnetic susceptibility methods to groundwater studies have been

limited to seawater intrusion problems, properties of contaminated soils suggest there is a possibility to

utilize � AC for monitoring PTE groundwater concentrations in mining and urban environments. This idea

is further supported by the �nding that an inverse relationship exists between � AC and TDS (Kumar et al.,

2022). Additionally, it has been shown that iron ions change� AC of water when exposed to intensive

magnetic �elds (Orlyuk et al., 2022). It is known that certain PTEs (e.g. Cd, Zn, Cu, and Pb) can leach

into groundwater from the soil given the right soil conditions (Wang et al., 2024). Suppose these ions are

detectable in groundwater via magnetic susceptibility methods as they are in soils. In this case, the

detection of mobile heavy metals may be another application of magnetic susceptibility in hydrogeology.

Current magnetic sensors used in geophysics range in sensitivity based on their design. Typical

low-cost, miniaturized, and lightweight sensors that are used for collecting airborne magnetic data have

sensitivities ranging from 0.1 nT to 100 nT. The most sensitive detectors are superconducting quantum

interface devices (SQUID), which have sensitivities of about 2� 10� 5 nT for a bandwidth of 10 Hz

(Accomando & Florio, 2024). The Kappabridge MFK2, discussed earlier in this section, can sense magnetic

susceptibilities down to 2� 10� 8 (SI), this sensitivity is de�ned on its webpage. These typical sensitivities

are important considerations when determining the sensitivity requirements of the DMS �ber.

1.2 Distributed Fiber Optic Sensing

Distributed �ber optic sensing (DFOS) is a collection of geophysical sensing methods that are capable

of continuous monitoring over a length of optical �ber (Hartog, 2018). Three major advantages of DFOS

compared to traditional geophysical surveys include increased sensor density, the ability to perform

continuous monitoring with a deployed �ber, and ease of long-term deployment compared to other survey

methods (Hartog, 2018). These advantages present a compelling reason to further develop �ber to be

compatible with other imaging methods, such as magnetics.

One example application of DFOS is distributed acoustic sensing (DAS), which is the use of �ber to

sense acoustic waves in the subsurface. Setting up DAS surveys typically involves connecting an optical

�ber to an interrogator - a box that converts the �ber signal to strain or strain rate - then laying the �ber
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out along the desired survey line (e.g. shallow trench, borehole, etc.). During surveys, acoustic waves travel

from a source (e.g. vibration trucks, earthquakes, borehole drilling, etc...) to the �ber. When the acoustic

wave reaches the �ber, the �ber is stretched parallel to the direction of travel of the wave (P-wave) or

perpendicular to the wave travel direction (S-wave). The stretch in the lengthwise direction of the �ber

changes the distance the light must travel in the �ber before it is scattered back to the interrogator,

creating a signal in the interrogator.

Figure 1.2 A schematic illustration of the distributed acoustic and magnetic sensing �ber is shown in this
image. This illustration shows a �ber with two rods of magnetostrictive material, however, other �ber
con�gurations have been created and tested (Hilemanet al., 2022).

The interrogator in DAS applications uses �ber optic principles to image sources that cause a

lengthwise strain on the �ber. DAS measures the phase shift of light by sending pulses of light down the

length of a �ber-optic cable, which are scattered back to the interrogator at imperfections in the glass or at

Bragg gratings within the �ber (which increase the amount of light sent back to the interrogator), then

uses an interferometer inside the interrogator to measure the light phase shift over a speci�ed length of

�ber called the gauge length (Hartog, 2018). From the phase shift, strain can be calculated using a linear

relationship based on the materials used in the �ber.

DAS �bers can be installed in vertical or horizontal boreholes to perform seismic monitoring. In

horizontal borehole deployments, surveys have been performed with and without cemented borehole

casings, with at least one experimental test suggesting that borehole casings are not necessary for seismic

monitoring surveys with DAS (Follett et al., 2016). The application of horizontal directional drilling

(HDD) in electrical and telecommunications industries targeting the top three meters of the subsurface has
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seen growth in recent years, suggesting future possibilities for low-cost HDD (Alloucheet al., 2000; Yan

et al., 2018). Ongoing e�orts to improve HDD and reduce the costs and risks of this type of drilling are a

current topic of research (Krechowicz, 2020; Rakshithet al., 2023). Application of DAS in shallow

geothermal heat pumps (8 m depth and 63 m length) has also been implemented, pointing to the feasibility

of long, shallow horizontal boreholes (Mohammadzadeh Binaet al., 2020).

The goal of our work is to understand and use a DFOS magnetic �eld measurement method.

Distributed magnetic sensing (DMS) is a novel technology that combines the existing capability of DAS

with novel �ber-optic cables that respond to magnetic �elds (Dejneka et al., 2024; Hilemanet al., 2022).

This is accomplished through coupling a �ber-optic cable to a magnetostrictive material (i.e. a material

that experiences a strain when exposed to external magnetic �elds), illustrated in Figure 1.2. When the

magnetostrictive material expands or contracts, illustrated in Figure 1.3, a strain is induced in the

�ber-optic cable, and that strain on the cable can then be measured using DAS measurement principles,

e.g. Bao & Chen (2012) and Martin et al. (2021). The �ber-optic magnetic sensing design that we focus on

in this paper is described along with initial laboratory tests in Hileman et al. (2022). In addition to

responding to magnetostriction-induced strain, the measurements also respond to other sources of strain,

e.g. temperature-related expansion or contraction (Ukilet al., 2012) and mechanical strains (Shanget al.,

2022), so quantitative modeling of these new �ber-optic material responses is critical to data analysis and

interpretation.

Figure 1.3 This image illustrates a change in length � l of a magnetostrictive material due to an external
magnetic �eld. � l can represent an increase or decrease in length depending on material properties (image
adapted from P�erez-Aparicio & Sosa 2004).
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1.3 Ferromagnetism and Magnetostriction

Ferromagnetism is a phenomenon where a material is broken up into domains of magnetization within

the material (Cullity & Graham, 2009). Domains are regions in the material wherein all the atoms have

magnetic moments pointing in the same direction. Because the material is broken up in this way, all

domains have magnetization magnitudes of the saturation magnetization valueM s, which is a material

property. When all domains point in the same direction, the bulk material is considered saturated and has

a magnetization of M s.

Magnetostriction is the strain induced in a ferromagnetic material (e.g. iron, nickel, cobalt) by an

e�ective magnetic �eld, H ef f , which includes the applied magnetic �eld and �elds generated within the

material (Cullity & Graham, 2009). When a ferromagnetic material is in an ideal demagnetized state (i.e.

all magnetic domain magnetization directions cancel each other out), the material exhibits a net zero

external magnetic �eld. When an external magnetic �eld H is applied to the material, the domain

magnetic momentsM experience a torque per volume which aligns the overall magnetic moment of the

material in the direction of H if jjH jj is large enough to saturate the material. The Landau-Lifshitz-Gilbert

(LLG) equation,

dM
dt

= 
 � (M � H ef f ) �
�
M

�
M �

dM
dt

�
; (1.2)

describes the dynamics of the total magnetic moment of a ferromagnetic material (Gilbert, 2004; Wieser,

2015), accounting for damping of the domain motion. Figure 1.4, demonstrates this magnetization process.

In Equation 1.2, the constant 
 � = 
 (1 + � 2), with 
 = ge
2mc , where e and m are the charge and mass of the

electron, c is the speed of light, andg is the spectroscopic splitting factor (g = 2 for electron spin); and the

damping term � = �=
M , where � is an adjustable damping parameter. Note thatM = jjM jj in

Equation 1.2.

In materials that exhibit magnetostriction, the cubic crystal structure is not perfectly cubic (e.g.

slightly tetragonal or rhombohedral) so the material undergoes a change in length �l , and a subsequent

strain � s = � l=l, when the domains are reoriented. The strain experienced by a material with an

anisotropic cubic crystal structure when magnetized from the ideal demagnetized state to saturation in the

direction de�ned by the direction cosines � 1, � 2, and � 3 (representing a normalized 3D vector) and

measured in the direction de�ned by the direction cosines� 1,� 2, and � 3 relative to the crystal axes is

� s =
3
2

� 100

�
� 2

1� 2
1 + � 2

2� 2
2 + � 2

3� 2
3 �

1
3

�
+ 3 � 111(� 1� 2� 1� 2 + � 2� 3� 2� 3 + � 3� 1� 3� 1); (1.3)
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where � 100 and � 111 are the saturation magnetostrictions in the [100] and [111] crystal directions (Cullity

& Graham, 2009). Assuming the magnetostriction of the material is isotropic simpli�es Equation 1.3 to

� � =
3
2

� s

�
cos2 � �

1
3

�
; (1.4)

where � s is the isotropic saturation magnetostriction and � is the angle between the measurement direction

and the saturated direction. While magnetostriction is typically not isotropic in materials, approximating

the response as isotropic works well for materials with anisotropic magnetostrictions close in value. For

example, nickel has saturation magnetostriction values� 100 = � 46 ppm, � 111 = � 24 ppm, and

� s = � 34 ppm (Hileman et al., 2022) - the negative sign indicates a decrease in length in the direction of

magnetization.

Figure 1.4 The domains within a ferromagnetic material are sections of magnetic saturationM s, with
magnetization vectors oriented in di�erent directions. The net magnetic �eld outside the material due to
the internal magnetic moments is zero when not magnetized by an external magnetic �eld (left). When a
magnetic �eld ~H is applied to the material, the magnetic dipoles align in the direction of the external �eld,
causing a change in length �l (right).

Computational modeling of the DMS �ber response to alternating external magnetic �elds has not been

performed prior to this work. It is valuable to �ll this gap to provide an understanding of the mechanism

behind the �ber response, survey design capabilities, signal separation tools, and geophysical inversion of

data. There are multiple open-source software for modeling micromagnetic systems that implement

di�erent numerical methods to solve for the dynamics of the magnetic moments within materials (Abert,

2019). For the three-dimensional model, we make use of Ubermag (Beget al., 2022), which allows the

micromagnetic modeling algorithm from the software OOMMF (Donahue, 1999) to be implemented in

Python (Van Rossum & Drake, 2009). With OOMMF, it is possible to run simulations of micromagnetic

responses to alternating and static magnetic �elds using �nite element methods. Including magnetostriction
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calculations in the simulations, the program can solve for the approximate DMS �ber response.

1.4 DMS Application Background

We explore three potential application areas of the DMS �ber in this paper. This section provides an

overview of three possible applications: seawater intrusion, mine drainage into groundwater, and lithium

brine mining.

1.4.1 Seawater Intrusion

Seawater intrusion is one of the main threats to freshwater resources in coastal areas around the world,

especially in arid regions where groundwater pumping rates are higher than the natural recharge rates

(Cao et al., 2021; Hussainet al., 2019). The interface between seawater and freshwater is given by the

Ghyben{Herzberg relation under hydrostatic conditions,

z =
� f

� s � � f
h; (1.5)

where � s is the density of seawater,� f is the density of freshwater,z is the depth of the interface below

seawater level, andh is the height of the freshwater table above mean sea level (Andersonet al., 2015). In

real applications, mixing occurs between the seawater and freshwater at the interface, creating a transition

zone rather than a sharp interface, as illustrated in Figure 1.5. Seawater intrusion occurs when the

interface migrates inland due to high groundwater pumping rates or other aquifer stressors.

Figure 1.5 This illustration shows a typical saltwater-freshwater interface in seawater intrusion. The
transition zone is a mix of saltwater and freshwater (adapted from Costallet al. 2020).

Monitoring methods of seawater intrusion rely on wells for chemistry and water level information, which

is required for the development of groundwater models (Costallet al., 2020). Geophysical methods such as

electrical conductivity/resistivity, seismic, and transient electromagnetics (TEM) have been applied to
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assist in monitoring seawater intrusion (Ez-zaouyet al., 2023; Hasanet al., 2020; Tarallo et al., 2023).

Magnetic susceptibility methods have only recently been applied to monitor seawater intrusion with some

success (Kumaret al., 2022; Ranaet al., 2021). A method with higher spatial resolution and the ability to

perform time-lapse monitoring would improve monitoring capability.

1.4.2 Mine Drainage

Mine drainage is characterized by high concentrations of SO2�
4 , metals, and metalloids. Metals that are

typically produced in mine drainage include Fe2+ and Cu2+ among others. Sources of mine drainage

include old mine workings from abandoned mines and mine waste deposits. Groundwater pollution caused

by mine drainage from these sources poses environmental concern worldwide (Tomiyama & Igarashi, 2022).

In the United States, limits on groundwater concentrations of certain metals are imposed by the United

States Environmental Protection Agency (EPA).

Monitoring of mine drainage in groundwater requires analysis of the chemical composition and

concentration of organic and inorganic constituents within groundwater samples (Skousen & Jacobs, 2014).

If a contaminant concentration is higher than acceptable limits, all potential sources contributing to the

pollution have to be identi�ed. Electromagnetic and electrical resistivity geophysical methods have been

used to help in the identi�cation of mine drainage sources (Moreiraet al., 2020; Power & Almpanis, 2022).

A geophysical method that is easier to set up and provides higher spatial resolution than those currently

implemented would be valuable in mine drainage monitoring.

1.4.3 Lithium Brine Mining

Lithium demand has increased greatly in recent years, largely due to the increased production of

lithium-ion batteries (Tabelin et al., 2021). Projections indicate that demand for lithium in 2040 will be up

to eight times the production amounts of 2023 (Maiselet al., 2023). Much of the world's lithium comes

from the South American \Lithium Triangle", with reports in 2021 indicating 56 percent of the world's

potential lithium resources are located in Argentina, Bolivia, and Chile (Fornillo & Lampis, 2023). The

high altitude of the lithium resources in these regions promotes evaporation, leading to high lithium

concentrations in brines. Examples include Salar de Olaroz and Salar del Hombre Muerto in Argentina

which contain 620-690 mg/L of Li+ while the concentration in Salar de Atacama of Chile is� 1500 mg/L

(Tabelin et al., 2021). The U.S. also has approximately 20 lithium mine sites with past production greater

than 15,000 metric tons (Karl et al., 2019).

The mining process for lithium brines involves drilling boreholes into the aquifer and pumping the brine

into evaporation pools on the surface. Selected recovery of Li+ is achieved after the brine has been puri�ed
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of other ions such as Na+ , K+ Ca2+ and Mg2+ (Tabelin et al., 2021). Brine characterization methods

involve surface water sampling, digging shallow pits, and geophysical methods (Cabello, 2021). Some

geophysical methods that have been shown to be e�ective in brine exploration and monitoring include

magnetotellurics, electrical resistivity tomography, and gravity surveys (Curcio et al., 2024). Magnetic

methods have not been applied to lithium brine characterization or monitoring in the literature.

1.5 Laboratory Experiment Background

Laboratory experiments are described in this thesis to determine current DMS functionality.

Experiments were performed by sending alternating current through a solenoid to produce an alternating

magnetic �eld, causing magnetostriction to occur in the �ber. Solenoids are coils of wire, Figure 3.1, that

produce magnetic �elds when current is sent through them. The magnetic �eld within a solenoid follows

the equation

B =
� 0NI

L
(1.6)

where � 0 is the permeability of free space,N is the number of turns in the solenoid (� 450 in our

experiments), I is the current, and L is the length of the solenoid (Cullity & Graham, 2009). Outside of

the solenoid, the magnetic �eld is theoretically zero; however, in practice it is non-zero, but is still orders of

magnitude smaller than the magnetic �eld at the center of the solenoid. When an AC current is applied to

a solenoid, the power depends on impedance. Since the impedance of a solenoid is proportional to the

signal frequency, a current ampli�er was required to produce a strong enough magnetic �eld for the �ber to

sense at di�erent frequencies.

1.6 Field Experiment Background

Field experiments are described in this thesis, which use transient electromagnetics (TEM) as a

magnetic �eld source for the �ber to respond to. TEM is a geophysical method where a single transmitter

loop is set up in a large square (typically 40m x 40m or 20m x 20m for the ABEM WalkTEM) and a

smaller receiver loop (0.5m x 0.5m with 20 internal turns for the ABEM WalkTEM) is placed in the center

of the transmitter loop. Our goal was to determine if the �ber responds to a typical geophysical method as

a source. Current pulses are sent through the large loop to produce a magnetic �eld which is sent into the

subsurface. The magnetic �eld then produces a weaker current in the subsurface with a larger area in the

opposite direction of the current of the transmitter loop. The generated subsurface current loop then

produces another current loop below that loop which is weaker, in the opposite direction, and of larger

area. This current induction continues until the magnetic �eld is of negligible value in the subsurface to

produce any signi�cant current. The current from the transmitter is then switched o� and the decay of the
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magnetic �eld produced by the current in the subsurface is measured by the TEM receiver. When inverted,

the decay time is used to calculate resistivity (Kirsch, 2006).

1.7 Motivation and Thesis Layout

The motivation behind this thesis is to provide an understanding of the physical mechanisms of DMS

and understand the potential of the new technology for applications in hydrogeology.

Chapter two discusses the applications of DMS to selected problems in hydrogeology. In particular, the

application of DMS for monitoring seawater intrusion, mine drainage, and lithium brine monitoring. The

layout of the potential survey is discussed and a simulation is provided as preliminary proof of concept,

providing an initial indication that the method could be viable. However, further testing will be required

for comprehensive validation of the proposed approaches.

Chapter three discusses lab and �eld experiments used to determine the magnetic �eld sensitivity of the

DMS method and its potential application with a current geophysical source. The lab experiments were

performed on a �ber without Bragg gratings, using a standard DAS interrogator to determine di�erences in

sensitivity from the Bragg grating method used by Hileman et al. (2022) and Dejnekaet al. (2024).

In chapter four, computational modeling of DMS is discussed as a method of understanding the

physical mechanism of DMS. Two-dimensional and three-dimensional models of the ferromagnetic material

are utilized to bolster the knowledge of the DMS �ber.

In the �nal chapter, conclusions and future research avenues are discussed.
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CHAPTER 2

FEASIBILITY OF DMS FOR HYDROGEOLOGIC PROBLEMS

Current environmental magnetic susceptibility methods involve taking samples at single points, limiting

the spatial coverage of surveys. Using DMS to monitor salt and PTE concentrations in these cases could

allow for higher spatial coverage and resolution than current methods as well as continuous coverage over

time or time-lapse studies. This chapter covers potential applications of DMS and simulations of the

applications. The code used for these simulations is provided in Appendix A. An updated version of the

modeling discussed in this chapter is provided in Appendix E.

2.1 Groundwater Solution Monitoring Methods

The DMS �ber has never been applied before, creating a necessity for application design and

simulation. In this section, potential applications and feasibility evaluations are discussed.

2.1.1 Design of Application

Figure 2.1 This �gure shows a simple model of an application of the DMS �ber, wherein the DMS �ber is
buried within the borehole and a magnetic �eld is applied to the whole block model. The unsaturated zone
is yellow and the saturated zone is blue in this image.

Potential applications include horizontal time-lapse monitoring of seawater intrusion, mine drainage,

and lithium brines. Consider a simple scenario in which a horizontal �ber is installed in a slim borehole

that is allowed to collapse back on itself (so the �ber is embedded in the soil), then a constant magnetic
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�eld is applied throughout the entire volume of interest, illustrated in Figure 2.1. Advances in drilling such

slim, horizontal boreholes have made these more a�ordable than in the past, as discussed in section 1.2. If

there is a horizontal change in� AC of the water, it would be possible to capture it using this method.

Changes in the water solution such as a change in salinity, TDS, Cl� concentration, or isotope

concentration have been shown to cause such changes in� AC (Kumar et al., 2022). We hypothesize that to

most e�ectively monitor these changes, the horizontal borehole should be placed along the pro�le where

the water solution gradient is the steepest. This would allow the DMS �ber to capture the largest

di�erences in � AC and have the clearest signal to capture changes in the water solution.

2.1.2 Simulation

Figure 2.2 This illustration shows a simple subsurface model slice at y = 0 m that was created for magnetic
simulation forward modeling of a simple seawater intrusion boundary. There are two blocks of di�erent�
values (purple and green) representative of water with di�erent solutes. These blocks are placed below �ve
meters to represent a water table with dry soil on top (yellow layer).

Simulations were performed using the SimPEG magnetics module (Cockettet al., 2015). In these

simulations, a three-dimensional subsurface model of magnetic susceptibility is de�ned with a speci�ed

uniform magnetic �eld direction. The two-dimensional total magnetic intensity (TMI) anomaly data is

computed using forward modeling of the subsurface model and speci�ed sensor locations. This study

focuses on changes in the expected data due to model changes, but further analysis could be carried out on

the sensitivity of inversions of these data.

There are a few limitations of the SimPEG simulation package. Future modi�cations of the software

could enable more realistic simulations. These simulations are not capable of applying an alternating
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magnetic �eld to the subsurface. This means that the model uses values of� DC , however, some

experimentally determined water � AC values are used for model setup. The applied magnetic �eld also

must be applied to the whole subsurface model, not just inside the borehole, which would have to be the

limit of application with available magnetic �eld sources (Appendix D provides a potential solution to this

issue). Finally, multiple sensor lines were added to the model since the inversion package expects

two-dimensional sensor arrays. Due to these limitations, the simulations are not used as a comprehensive

proof of concept, but rather to indicate the potential viability of such surveys and a motivation for future

simulations to more accurately design such surveys. These simulations may also be useful in providing

support for improving the ability of DMS �ber sensing interrogators to measure DC magnetic responses.

Figure 2.3 The forward modeling results of Figure 2.2 are shown in this image. The sensors are ten meters
deep and are placed two meters apart to model the Bragg grating spacing of the DMS �ber. This image is
a two-dimensional slice at the sensor depth of 10 m. There is a clear shift of 17 nT in the value of the TMI
anomaly visible at the interface between the saltwater and freshwater.

In these simulations, a simple model with two blocks of di�erent magnetic susceptibility was created

with an upper interface �ve meters below the surface to simulate a water boundary with di�erent solutes in

the water on either side of the vertical boundary. Three lines of sensors were used with sensors placed two

meters apart in each line to simulate the channel spacing of the Bragg grating �ber. The sensors were
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placed below the water table, at the water table, and above the water table in the simulations. The

horizontal location of the boundary was also changed to determine the system sensitivity to the location of

the change in the water solutes. The magnetic �eld was applied along the length of the sensor lines with a

magnitude of 560� T, which is a magnetic �eld strength that can be produced by common magnetic �eld

sources. The simulation subsurface setup is illustrated in Figure 2.2. For all simulations, the yellow block

was assigned� soil = 1 � 10� 5, a typical value for paramagnetic soils (Shirzaditabar & Heck, 2021).

2.2 Seawater Intrusion Modeling

SimPEG was used to create models of seawater intrusion. Two models, one simple and one more

realistic, are modeled and discussed in this section. The simulations in this section only consider salinity to

have an e�ect on � DC .

2.2.1 Simple Model

Figure 2.4 The pro�les at y = 0 m of the forward modeled TMI anomaly data slice at the sensor depth,
with sensors at di�erent depths are shown in this illustration. For these models, the boundary between the
saltwater and freshwater blocks was placed at x = 0 m. The water table is at a depth of 5 m. We see this
re
ected in the simulations as the boundary resolution improves greatly when the sensors are placed below
the water table at a depth of 7.5 m and deeper.

In the seawater intrusion simulation, the seawater is the purple block in Figure 2.2 with

� seawater = � 6:5 � 10� 5 (50 ppt salinity) and the freshwater is the teal block with � f reshwater = � 3 � 10� 5

(Rana et al., 2021). Note that water has a negative magnetic susceptibility, indicative of its diamagnetic

nature which can change based on magnetic �eld frequency (Guti�errez-Mej��a & Ruiz-Su�arez, 2012). The
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forward modeled TMI anomaly data with the sensors at a depth of ten meters is shown in Figure 2.3.

There is a clear change in the value of the TMI anomaly seen in the resulting data at the boundary

location of x = 0 m, indicating the potential for this conceptual survey design to resolve

saltwater-freshwater boundaries with high resolution enabled by �ber sensing.

The depth of the survey line was changed to determine the optimal sensor placement for the delineation

of the saltwater-freshwater boundary. The TMI anomaly value was extracted from the results at y = 0 m

and plotted at its corresponding x location in Figure 2.4. The largest change in the delineation ability is

apparent from 5 m depth to 7.5 m depth, or just above the water table to just below it. For improved

boundary delineation, the dense sensor line should be installed below the water table.

The boundary location was adjusted to values ranging from x = -40 m to x = 40 m to assess its impact

on the data. Considering a 10 m sensor depth, the contour values for TMI anomaly were extracted along

y = 0 m and plotted against x in Figure 2.5. The boundary locations in the pro�les are indicated by

magnetic �eld di�erences ranging from 17 nT to 19 nT. From the modeling output, there is no apparent

di�erence in boundary delineation ability based on the horizontal location of the saltwater-freshwater

boundary. This result suggests that a dense magnetic sensing array would be able to delineate

saltwater-freshwater boundaries at any location along the array.

Figure 2.5 The pro�les at y = 0 m and z = -10 m of the forward modeled TMI anomaly data with di�erent
saltwater-freshwater boundary locations are shown in this illustration. The sudden changes in TMI
anomaly are at the same x locations as the boundary. This illustration shows that the forward-modeled
data accurately represents the boundary location at any point along the pro�le.
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2.2.2 Gradient Model

Figure 2.6 This illustration shows the subsurface model slice at y = 0 m that was created for magnetic
simulation forward modeling of the gradient seawater intrusion model. The saltwater is on the left with a
gradient in � towards the freshwater. The � values from left to right are � seawater = � 6:5 � 10� 5,
� 1 = � 5 � 10� 5, � 2 = � 4 � 10� 5, and � f reshwater = � 3 � 10� 5.

A more realistic model of seawater intrusion, shown in Figure 2.6, was created to assess the

applicability of the �ber in a more realistic case of seawater intrusion. In reality, there is mixing at the

interface between seawater and freshwater, creating a gradient of salinity. Additionally, the seawater does

not travel through the subsurface as a block but rather travels along the bottom of the aquifer in more of a

triangular shape as freshwater is pumped out of the system (Costallet al., 2020).

In the subsurface model in Figure 2.6, the values of magnetic susceptibility are� seawater = � 6:5 � 10� 5

(50 ppt salinity) and � f reshwater = � 3 � 10� 5. The mixed values are� 1 = � 5 � 10� 5 (25 ppt salinity) and

� 2 = � 4 � 10� 5 (10 ppt salinity) to simulate a gradient. The resulting forward modeled data with the

sensors at 10 m depth is shown in Figure 2.7. In the forward modeled data, the salinity changes in the

water are visible as changes in the TMI anomaly value. The changes are not as abrupt as seen in the

simple model results in Figure 2.3, however, the changes in TMI anomaly value coincide with changes in�

at 10 m depth.

The e�ect of changing the depth of the sensors on the forward modeled data is of interest, as performed

for the simple model in Figure 2.4, particularly because of the vertical heterogeneity of the complex model.

The TMI anomaly values along the x pro�le at y = 0 m for sensor depths of 10 m, 25 m, 50 m, and 75 m

are shown in Figure 2.8. The changes in� are visible in this �gure as distinct dips in TMI anomaly ranging
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from 3 nT to 6 nT in magnitude. The 25 m and 50 m pro�les show three of these dips, re
ecting the three

shifts in � along those pro�les. These dips are visible at -32 m, -24 m, and -2 m for the 25 m pro�le and

-10 m, 2 m, and 22 m for the 50 m pro�le. The �rst boundary at x = -48 m can be seen in the 10 m data,

but not as well since there is only one data point in the saltwater that extends from x = -50 m to

x = -48 m. Only two dips in TMI anomaly can be seen in the 75 m pro�le at x = 20 m and x = 30 m

because there are only two changes in� along this pro�le.

In real applications, gradients are smoother than the discretized zones created in the model. Gradient

smoothness may introduce some challenges in data interpretation which have not been captured with this

modeling, however, the modeling has shown that changes in salinity can be captured with a distributed

source DC survey that has densely spaced sensors mimicking the DMS �ber. The sensors should be placed

deep enough to capture the gradient changes of interest. If the sensors are placed too shallow, they will not

capture the contaminant plume front fully. However, groundwater modeling could be used in conjunction

with this sensor array to calculate the plume front location at deeper locations than observed by the �ber

(Costall et al., 2020).

Figure 2.7 The forward modeling results of Figure 2.6 are shown in this image. The sensors are ten meters
deep and are placed two meters apart to model the Bragg grating spacing of the DMS �ber. This image is
a two-dimensional slice at the sensor depth of 10 m. There are two major shifts visible in this data along
the x-axis that coincide with changes in � at a depth of 10 m.
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Figure 2.8 The pro�les at y = 0 m and of the forward modeled TMI anomaly data slice at the sensor
depth, with sensors at di�erent depths of the model in Figure 2.6 are shown in this illustration. Shifts that
are relatively large in the TMI anomaly data compared to the gradual slopes of the data are indicative of�
boundaries.

2.3 Mine Drainage Modeling

Mine drainage, such as metal leaching from tailings dams or other sources, can spread from the source

to other areas via groundwater transport. In the case of a tailings dam, a contaminant plume spreads from

the surface location of the dam downward and in the direction of groundwater 
ow (Lima et al., 2024). To

model the monitoring of iron leaching from a tailings dam with a DMS �ber, we initially used the simple

model in Figure 2.2 with the � values experimentally recorded in Orlyuk et al. (2022) for tap water,

� water = � 1:65� 10� 5, and magnetized tap water, � mag = � 1:575� 10� 5, which is characterized by

increased total iron content. However, these� values are too similar to determine where the magnetic

susceptibility changes in the forward modeled data, shown in Figure 2.9. This could be due to a low

concentration of iron ions in the magnetized tap water, but we do not know because the iron concentration

was not reported in this study. For this reason, the magnetic susceptibility of a solution of iron and water

was calculated using a theoretical relationship,

� soln = � 9:0 � 10� 6 + cCmol =T; (2.1)

where c is concentration in mol=m3 and T is temperature (Coey et al., 2007). Note that this equation

assumes� f reshwater = � 9:0 � 10� 6. Cmol is the Curie constant, given by

Cmol = 1 :571� 10� 6p2
ef f ; (2.2)
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where pef f is the e�ective Bohr magneton number. For our application with iron as the solute, we used

Fe2+ , with p2
ef f = 24 and T = 295 K (Coey et al., 2007).

Figure 2.9 The forward modeling results with iron as a solute with� values based on Orlyuket al. (2022)
are shown in this image. The sensors are ten meters deep and are placed two meters apart to model the
Bragg grating spacing of the DMS �ber. This image is a two-dimensional slice at the sensor depth of 10 m.
There is a slight change in TMI anomaly at the boundary between the freshwater and iron water at
x = 0 m, but it is not as obvious as seen in the seawater intrusion model.

Using the simple geometry of the model in Figure 2.2, the purple block on the left was set to

� f reshwater = � 9:0 � 10� 6 and the teal block on the right was calculated for a given concentration using

Equation 2.1. The sensor depth was set to 10 m. Forward models were created for concentrations from

0 mg/L to 1000 mg/L and the TMI anomaly values along the pro�le y = 0 m were plotted in Figure 2.10.

The 0 mg/L, 1 mg/L, and 10 mg/L lines overlap each other, suggesting they are indiscernible from one

another. Therefore, the resulting TMI anomaly pro�les suggest that Fe2+ concentrations of at least

� 100 mg/L are discernible from freshwater.

The limit on iron concentrations in freshwater set by the EPA is 0.3 mg/L. Unfortunately, this sensor

array would be unable to detect iron concentration at that order of magnitude based on these simulations.

However, it may be suitable for monitoring previously identi�ed areas of concern with high iron

concentrations, such as iron mine regions (A�andiet al., 2018; Razowska, 2001). Other ions explored in
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Coey et al. (2007) (Ti3+ , V2+ , V3+ ,Cu2+ , Ni2+ , Cr3+ , Co2+ , Mn2+ , Mn3+ , and Fe3+ ) have similar or

lower values of� soln . Further studies could investigate the trade-o� between the concentrations of these

other ions and the potential to detect them using a similar study design.

Figure 2.10 The pro�les at y = 0 m and z = -10 m of the forward modeled TMI anomaly data with sensors
at a depth of 10 m in the model shown in Figure 2.2 are shown in this illustration. The pro�les shown are
for di�erent concentrations of Fe2+ in the right block with freshwater in the left block. The 0 mg/L,
1 mg/L, and 10 mg/L lines overlap nearly completely.

2.4 Lithium Brine Modeling

Lithium brines that are used for economic purposes contain high concentrations of Li+ , reaching up to

1500 mg/L of Li+ in the \Lithium Triangle" (Tabelin et al., 2021). Lithium is a paramagnetic material

with a nuclear spin of 3/2 for 7Li, the most common isotope (Kondevet al., 2021). Using the spin value of

S = 3=2 and p2
ef f = 15, the � value of a Li+ solution in water, � Li , can be calculated using Equations 2.1

and 2.2.

To determine the ability of the survey setup to detect a shift from freshwater to lithium brine, the

model in Figure 2.2 was used with the left, purple block set to freshwater magnetic susceptibility,

� f reshwater = � 9:0 � 10� 6, and the right, teal block set to the calculated value of � Li . The sensor depth

was set to 10 m. Forward models were created for concentrations from 0 mg/L to 1500 mg/L and the TMI

anomaly values along the pro�le y = 0 m were plotted in Figure 2.11.

There is a clear change in TMI anomaly at the boundary between freshwater and lithium solution for

Li + concentrations in the economically viable range in Figure 2.11. Additionally, the di�erence in TMI
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anomaly value between the freshwater and lithium solution increases from 1 nT to 9 nT with increasing

Li + concentration from 100 mg/L to 1500 mg/L. These results suggest that this survey design could be

useful in monitoring lithium brine mining, provided the sensors are sensitive enough to detect magnetic

�eld changes on the order of 1 nT and larger.

Figure 2.11 The pro�les at y = 0 m and z = -10 m of the forward modeled TMI anomaly data with sensors
at a depth of 10 m in the model shown in Figure 2.2 are shown in this illustration. The pro�les shown are
for di�erent concentrations of Li + in the right block with freshwater in the left block.

2.5 Model Limitations

The modeling performed in this chapter is limited by a few factors that should be highlighted and

addressed in future modeling e�orts if the question of the feasibility of DMS in the application areas

mentioned is to be answered appropriately.

For one, this modeling assumed concentrations of single ions in the water; however, it is important to

note that groundwater in reality contains other analytes and isotopes that can change magnetic

susceptibility (Kumar et al., 2022). The e�ect of mixing additional ions in the water solution could be

accounted for by using Equation 2.1 to calculate the change in� soln due to each ion. For each ion, an

additional cCmol =T term could be added (paramagnetic ions) or subtracted (diamagnetic ions) to

Equation 2.1. This would provide a rough estimate of the net value of� soln , assuming a linear relationship.

Using this method, the more paramagnetic ions are in the solution, the more positive� soln becomes;

whereas the more diamagnetic ions are in the solution, the more negative� soln becomes.
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Second, these simulations assume that the magnetic �eld is applied throughout the entire block of

material. This type of �eld is not easily producible using available sources. This likely led to larger TMI

anomaly di�erences in the forward modeled data than those that would be apparent in reality with easily

available sources as more material is exposed to the magnetic �eld than would be in real application. One

way to reconcile this issue would be to consider an application method wherein a solenoid is placed inside

the borehole, surrounding the �ber, illustrated in Figure 2.12. With this method, a solenoid would be

placed in the borehole, surrounding the �ber. An alternating current would be sent through the solenoid to

produce an alternating magnetic �eld. The magnetic �eld would interact with the water in the borehole

which would produce another magnetic �eld with an amplitude determined by the water composition. The

DMS �ber would then register a response due to the solenoid magnetic �eld and the response of the water.

The di�erence between the predicted �ber response solely to the solenoid magnetic �eld and the additional

response to the water could be used to determine the magnetic susceptibility of the water. This would

essentially be a long magnetic susceptibility meter capable of easier time-lapse monitoring and higher

spatial coverage than is currently available. This method would be a more achievable application with

available equipment. Appendix E discusses this hypothetical application method in more detail.

Figure 2.12 In this proposed application method, the �ber will be placed in a horizontal borehole below the
water table (blue) with a solenoid surrounding it. An alternating current would be sent through the
solenoid to produce an alternating magnetic �eld that the �ber would respond to.

Third, the models in this chapter assume the magnetic susceptibility of the groundwater beneath the

water table is solely due to water and the aquifer material does not change� . This presents an issue with

the model because, in reality, the aquifer material does have a magnetic susceptibility that would in
uence

the composite value of� . The method of application illustrated in Figure 2.12 and outlined in Appendix E
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would address this limitation.

Fourth, these simulations used a static magnetic �eld as the applied �eld, whereas real application

would require an alternating magnetic �eld for the DMS �ber to be most sensitive. SimPEG does not have

the capability to include an alternating magnetic �eld in models, so this may need to be resolved by using

di�erent software or by adding an alternating magnetic �eld to existing SimPEG code.

Fifth, these simulations assumed no noise sources to produce the TMI anomaly results. In real

applications, noise sources may include power lines and the Earth's magnetic �eld. In real application

scenarios, the Earth's magnetic �eld will likely be negligible since the DMS �ber is currently less sensitive

to static magnetic �elds than alternating magnetic �elds. However, simulating both scenarios would be

useful for con�rmation of signal detection even in the presence of common noise sources.

Finally, this modeling was performed for a setup with a horizontal borehole; however, simulations were

only performed this way due to limitations with SimPEG. Real applications could be similarly performed

with a vertical borehole. If there are vertical di�erences in water solution, this sensor array could

potentially delineate these changes in solution with similar sensitivity as the horizontal borehole sensitivity.

2.6 Conclusions

A simulated survey with three lines of magnetic sensors with 2 m spacing between sensors was created

to mimic the Bragg grating DMS �ber discussed in Hileman et al. (2022) and Dejnekaet al. (2024). This

simulated survey was used to determine whether a dense magnetic sensor array can be applied to

determine water composition changes in three di�erent cases with a constant magnetic �eld throughout the

entire study volume. Seawater intrusion modeling revealed it is possible to resolve a boundary between

saltwater and freshwater when the sensor line is placed beneath the water table. Additionally, the sensors

can detect salinity changes within a gradient of saline water to fresh water. Modeling a mine drainage

solution of Fe2+ in water revealed that the sensors can image Fe2+ concentrations of 100 mg/L and higher.

Modeling a lithium brine solution of Li + in water revealed that the sensors can image economic Li+

concentrations of 100 mg/L and higher.

This modeling provided some indication of magnetic �eld di�erences that might occur due to

boundaries between freshwater and water with di�erent ion concentrations. If applied in a seawater

intrusion scenario with no gradient between the freshwater and saline water, a magnetic �eld di�erence on

the order of � 10 nT would be present. In a seawater intrusion scenario with a gradient between saline

water and fresh water, a magnetic �eld di�erence on the order of � 1 nT would be present. In a mine

drainage scenario with a boundary between water with Fe2+ ions and freshwater, a magnetic �eld

di�erence on the order of � 0.1 nT would be present for Fe2+ concentrations of 100 mg/L. In a lithium
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brine scenario with a boundary between water with Li+ ions and freshwater, a magnetic �eld di�erence on

the order of � 1 nT would be present for Li+ concentrations of 100 mg/L.

Typical magnetic �eld sensors have sensitivities that can delineate the magnetic �eld di�erences

determined from modeling, see section 1.1. However, before extending any of these concluding remarks to

the DMS �ber application feasibility, the limitations outlined in section 2.5 must be addressed.
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CHAPTER 3

LABORATORY AND FIELD EXPERIMENTS

This chapter discusses the laboratory and �eld experiments performed on a DMS �ber without Bragg

gratings. Laboratory experiments were performed to determine the magnetic �eld sensitivity and

time-dependent behavior of a DMS �ber without Bragg gratings. A comparison to the magnetic �eld

sensitivity of a DMS �ber with Bragg gratings is provided to determine whether the inclusion of Bragg

gratings in the DMS �ber provides increased sensitivity. Field experiments were performed with a solenoid

and TEM to determine the feasibility of using the DMS �ber with di�erent magnetic �eld sources. All

single-sided amplitude spectra in this chapter were normalized by the number of samples. Please note that

amplitude spectra are di�erent from power spectra and that " represents units of strain. An additional

laboratory experiment that was set up but not carried out due to time constraints is outlined in

Appendix B.

3.1 Laboratory Experiments

Laboratory experiments, described in Hilemanet al. (2022) and Dejnekaet al. (2024), were performed

by our colleagues at Virginia Polytechnic Institute and State University (Virginia Tech) to determine the

behavior of a DMS �ber with Bragg gratings. To determine the magnetic �eld sensitivity of a DMS �ber

with two Metglas cladding wires and Bragg gratings, they placed a 2 m length of Bragg grating DMS �ber

in a 2 m long solenoid and exposed the DMS �ber to alternating magnetic �elds of di�erent magnitudes

using the solenoid as a magnetic �eld source. The �ber data was collected using the Sentek Instrument

picoDAS interrogator, which provides high sensitivity.

The laboratory experiments outlined in this section were performed on a DMS �ber with two Metglas

cladding wires without Bragg gratings to provide a comparison between the sensitivity of the Bragg grating

and non-Bragg grating �bers. Additionally, an analysis of the time-dependent behavior of the DMS �ber

signal is discussed in this section. A solenoid was used as the alternating magnetic �eld source in these

experiments as well. The �ber data was collected using the Terra15 Treble DAS interrogator, which

provides low noise through the active-seismic, passive-seismic, and acoustic frequency bands.
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Figure 3.1 The laboratory setup for testing the DMS �ber without Bragg gratings is shown in this image.
The top image shows the actual laboratory setup, while the bottom image shows a simpli�ed diagram of
the laboratory setup. The interrogator is not shown in the top image.
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