
Assessing Quantum Magnetometry as an Emerging
Detection Modality for Strategic Anti-Submarine Warfare

by

Liam J. Coy

Submitted to the Department of Nuclear Science and Engineering
in partial fulfillment of the requirements for the degree of

BACHELOR OF SCIENCE IN ENGINEERING AS RECOMMENDED BY THE
DEPARTMENT OF NUCLEAR SCIENCE AND ENGINEERING

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

May 2025

© 2025 Liam J. Coy. All rights reserved.

The author hereby grants to MIT a nonexclusive, worldwide, irrevocable, royalty-free license
to exercise any and all rights under copyright, including to reproduce, preserve, distribute
and publicly display copies of the thesis, or release the thesis under an open-access license.

Authored by: Liam J. Coy
Department of Nuclear Science and Engineering
May 14, 2025

Certified by: R. Scott Kemp
Associate Professor of Nuclear Science and Engineering, Thesis Supervisor

Accepted by: Jacopo Buongiorno
Battelle Energy Alliance Professor in Nuclear Science and Engineering
Undergraduate Officer, Department of Nuclear Science and Engineering



2



Assessing Quantum Magnetometry as an Emerging Detection
Modality for Strategic Anti-Submarine Warfare

by

Liam J. Coy

Submitted to the Department of Nuclear Science and Engineering
on May 14, 2025 in partial fulfillment of the requirements for the degree of

BACHELOR OF SCIENCE IN ENGINEERING AS RECOMMENDED BY THE
DEPARTMENT OF NUCLEAR SCIENCE AND ENGINEERING

ABSTRACT

Emerging technologies have been a subject of much consternation in the nuclear deterrence
communities as people fear they might erode secure second strike capabilities. One such
emerging technology is the idea of ‘quantum magnetometry’—magnetic field sensors which
use quantum principles in order to obtain more precise measurements. Nuclear submarines
can be detected by the magnetic distortions they cause in the background Earth magnetic
field. Quantum magnetometers could enable more precise measurements of such distortions.
However, the lack of certainty around the potential for this emerging technology has led
to a lack of clarity in policy circles. This thesis explores some limits on the impact of
quantum magnetometry in the context of strategic anti-submarine warfare (ASW). It does
this in two parts. First, it provides a survey of quantum magnetometry technologies and
developments. Second, it characterizes the magnetic anomaly associated with a nuclear
submarine (according to the best unclassified estimates of key parameters). It finds that while
quantum magnetometers may indeed result in more sensitive magnetic anomaly detectors,
their impact on strategic ASW will be limited. Firstly, the magnetic anomaly associated with
a submarine scales as the inverse cube of the distance from the submarine. Thus, a ten-fold
decrease in the minimum field necessary to detect a submarine would only provide a slightly
more than two-fold increase in detection range. Improvements in detection range would have
to be quite significant to have any strategic impact, due to the vast areas of the ocean required
to search to find submarines. Secondly, magnetometers are limited by more factors than solely
their sensitivity. There are signal processing issues involved in determining whether a change
in measured magnetic field is as a result of a target or some form of environmental noise. As
such, while quantum magnetometry may indeed improve submarine detection capabilities, it
is unlikely to do so in a manner that impactfully destabilizes nuclear deterrence.

Thesis supervisor: R. Scott Kemp
Title: Associate Professor of Nuclear Science and Engineering
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Chapter 1

Introduction

Nuclear deterrence is considered a strategic necessity by countries that maintain nuclear

arsenals, with nuclear forces perceived as the “supreme guarantor” of security [1, 2]. The U.S.

nuclear arsenal consists of three legs: nuclear-armed bombers, intercontinental ballistic missiles,

and nuclear-armed submarines. Each element of this nuclear ‘triad’ is perceived to provide

different strategic benefits [3]. The main benefit of the submarine leg of the triad is perceived

to be their survivability—submarines are difficult to detect and, therefore, are seen as deterring

a preemptive strike by securing second-strike capability. However, technological advancements

have sparked concern about the future survivability of current nuclear submarines [4]. Several

authors have discussed the possible detection of submarines through improvements in detection

technologies [4, 5]. Moreover, this concept of an asymmetric disadvantage in detection

capabilities has been promulgated by certain defense media outlets as a potential cause

for alarm [6, 7]. The argument is that emerging technologies may allow for increased

detection capabilities, allowing submarines to be tracked and destroyed. Under such a regime,

submarines would no longer be considered as effective a method of deterrence, as their

survivability would be weakened.

One such detection technology that is being considered is quantum magnetometry, a catch-

all term for magnetic field sensors that use quantum mechanical effects to obtain sensitivities
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beyond the capabilities of classical magnetometers [8]. While quantum magnetometers are

in use in other fields, the technical feasibility and practical implications of the breadth of

quantum magnetometry approaches in the context of strategic anti-submarine warfare (ASW)

remain largely unexplored. This thesis aims to investigate quantum magnetometry in the

use-case of detecting submerged submarines, providing reasonable bounds on the possible

detection ranges one might expect the technology to practically be able to achieve. By

determining a reasonable expectation for the detection range of quantum magnetometers in a

strategic ASW context, claims surrounding the possible impact of quantum magnetometry

on nuclear deterrence can be more properly understood and addressed.

In order to determine the potential uses of quantum magnetometers in strategic ASW,

this study will employ a multi-faceted approach. First, the technology itself will be analyzed.

A variety of quantum magnetometers will be considered, in order to determine physical

limitations on the sensitivity and precision of the capabilities of quantum magnetometers

in detecting fluctuations in magnetic fields. Second, the magnetic signatures relevant to

strategic ASW will be explored. The magnetic field disturbances produced by current nuclear-

armed submarines will be modelled through electromagnetic calculations and computational

methods.

This study will extend previous discussions of individual magnetometer technologies by

considering their suitability specifically for submarine detection. By providing a technical

analysis, this study will provide a foundation for determining the validity of arguments that

quantum magnetometry will be a destabilizing technology in the context of nuclear deterrence.

As a result, this study will contribute to informed decision-making in defense policy and

strategic planning. Furthermore, it will provide a framework for similar analyses of other

emergent sensing technologies and their potential impacts on fields such as strategic ASW.
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Chapter 2

Background

2.1 Nuclear deterrence

A major purpose of the U.S. nuclear arsenal, according to the Nuclear Posture Reviews

of successive administrations, is to deter nuclear attack against the United States [9–11].

U.S. nuclear weapons theoretically accomplish this goal by deterring through threat of

punishment. The logic of deterrence theory is that actors undertake an action if they

determine it to be beneficial to do so. In other words, “if they expect the costs to exceed

the benefits” [12]. Deterrence by threat of punishment increases the costs associated with an

action by threatening retaliation if that action occurs. If an adversary launches a nuclear

attack against the United States, the logic goes, it will be punished by a nuclear response.

An element of establishing a ‘credible’ deterrent is convincing the other actor that the

costs of the action will actually be increased. As such, the concept of a secure second strike

is one of the key aspects of modern nuclear deterrence. Specifically, a threat to retaliate with

nuclear weapons would not be a credible deterrent to a state that believed it could avoid

such a retaliation by destroying the weapons before they were used. Such a strike is termed a

disarming first strike.

Having a secure second strike capability (similar terms used in the literature include
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‘assured second strike’ and ‘assured retaliation’, among others [13]) means that a country

has a high degree of certainty that such a disarming first strike could not be successfully

completed against it. That is, regardless of the type of attack, the country could emerge with

sufficient surviving forces to launch a response. This capability is considered central to the

stability of nuclear deterrence [14].

2.1.1 The role of submarines

Submarine-launched ballistic missiles (SLBMs) are considered the most difficult component

of the strategic nuclear forces deployed by the United States to destroy. As such, they

are considered central to the United States’ secure second strike capabilities [14]. This is

primarily due to the difficulty involved with finding submarines in the ocean. If detected, a

submarine is not especially difficult to destroy—methods include the use of attack submarines,

missiles with torpedo warheads, and unmanned underwater vehicles [15]. However, finding

a submarine in the wide area of ocean it may be operating in is very difficult. A strategy

primer from the U.S. Naval Postgraduate School described it as ‘a cost-ineffective search’,

likening a submarine in the ocean to the proverbial ‘needle in the haystack’ [16].

Indeed, SLBM range is such that, to ensure retaliation is impossible, a state would have

to guarantee that no enemy submarines were present in an incredibly large area of ocean.

For instance, the maximum range of the Trident II SLBMs U.S. Ohio class submarines are

armed with (and U.S. Columbia class submarines will be armed with) is approximately 12000

km [17]. Therefore, if China were to attempt to launch a disarming first-strike on the United

States, they would need to remove any U.S. SSBNs within 12000 km of any target of concern.

For reference, a 12000 km radius around Beijing includes the majority of the Pacific and

Indian Oceans, as well as the Mediterranean Sea and portions of the eastern Atlantic Ocean.

To launch a disarming first strike and be certain of destroying the United States’ second-strike

capability, China would therefore have to search and safeguard an area millions of square

kilometers large.
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2.2 Methods of submarine detection

Various submarine detection methods have been deployed, with each approach tracking

different signals emitted from undersea vessels. Acoustic sensing involves tracking submarines

based on the sounds they emit as they move and operate underwater, and has historically

been the centerpiece of submarine detection [13]. Optical satellite imagery and RADAR have

been used to detect surfaced submarines. Detection modalities like synthetic aperture radar

(SAR) and light detection and ranging (LiDAR) are emerging as non-acoustic methods of

detection, each with their own benefits and challenges [18].

Another non-acoustic signal associated with a submarine is it’s ‘magnetic anomaly’.

Materials interact with magnetic fields differently according to their magnetic permeabilities

and any ferromagnetic properties. The Earth has a magnetic field, and submarines are made

of metals that create detectable anomalies in the Earth’s local magnetic fields (the mechanism

and extent of this process is explored in chapter 4). As such, devices capable of measuring

local magnetic fields can, with a priori knowledge of the background field in a location,

determine if a submarine is likely to be in the area. These devices are called magnetometers.

2.2.1 Magnetometry

Magnetometers function by exploiting responses to magnetic fields. The most familiar type of

magnetometer to the general population is a compass—a magnetized strip of metal allowed

to freely align itself with the horizontal direction of the Earth’s magnetic field. The types of

magnetometers used in magnetic anomaly detection (often called magnetic anomaly detectors,

or MADs) tend to measure the magnitude of a magnetic field at a point. Magnetometers

have a long history of being used in ASW. The fluxgate magnetometer was developed in the

late 1930s and subsequently used as a way of detecting submarines during the second world

war [19, 20]. Magnetometry is still in use today to detect submarines. For instance, the U.S.

Navy, through Lockheed Martin, will have CAE Magnetic Anomaly Detection-Extended Role
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MADs installed in their “primary anti-submarine warfare helicopter” [21].

There are a variety of figures of merit to assess the performance and ability of a magne-

tometer. These include the sample rate (number of readings output per second), bandwidth

(ability to respond to rapid changes in field), resolution (smallest change in output the

magnetometer can report), absolute error (average difference between measured field and true

field), drift (change in the absolute error over time), and dynamic range (range of magnetic

fields over which a magnetometer can provide measurements) [20, 22]. Particularly relevant

metrics for use in ASW are a magnetometer’s SWAP-C (size, weight and power requirements,

as well as cost), as well as whether the magnetometer is a vector magnetometer or a scalar

magnetometer [23]. Vector magnetometers, such as fluxgates, measure the component of the

magnetic field in a specific direction. Scalar magnetometers instead measure the magnitude

of the magnetic field at a point.

Most relevant to a magnetometer’s performance in an ASW context is its sensitivity, which

we define here as the smallest change in field measurement the magnetometer can resolve.

Unfortunately, despite being a common specification offered for commercial magnetometers,

the term is not consistently defined [20]. This is as the sensitivity of a magnetometer is a

function of its resolution, which is determined primarily by the electronics of the machine, and

its noise (which, confusingly, some authors itself call sensitivity). The noise of a magnetometer

is a measure of the variation in measurement that a magnetometer reports not caused by

actual variations in the external field [20]. Noise specifications of commercial magnetometers

are reported in T/
√

Hz, where the frequency in Hz refers to the bandwidth used. As such,

operating a given machine at a higher bandwidth will increase the noise associated with its

measurements [22].

Currently existing magnetometers are capable of sensitivities on the femtotesla to picotesla

scale when operating at a bandwidth of 1 Hz. The CAE magnetometer designed for ASW

purposes mentioned above is of a design that typically achieves noise in the range of 0.3-

1.0 pT/
√

Hz [20]. CAE claims their MAD is “capable of detecting anomalies within a range
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of 1,200 meters” [24].

It is worth noting that quantum magnetometry, despite being frequently described as

an ‘emerging technology’, does exist and is currently used for a variety of purposes. For

instance, the CAE MAD is technically a quantum magnetometer itself, relying on spin states

of optically pumped helium [24]. As such, any improvements potentially offered by quantum

magnetometers will likely be evolutionary rather than revolutionary [13].
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Chapter 3

Quantum Magnetometry

This chapter assesses the improvements quantum magnetometry may potentially provide to

magnetic anomaly detectors. First, this chapter describes how a quantum sensor functions.

Next, it categorizes the types of quantum magnetometers under development and determines

feasible near-term capabilities based on estimates from research literature.

3.1 Quantum sensing

According to a review by Degen, Reinhard, and Cappellaro, quantum sensing refers to the use

of a quantum system, quantum properties, or quantum phenomena to perform a measurement

of a physical quantity [25]. In said review, they define four necessary attributes for a quantum

system to function as a quantum sensor:

(1) The quantum system has discrete, resolvable energy levels. Specifically, we

assume it to be a two-level system (or an ensemble of two-level systems) with

a lower energy state |0⟩ and an upper energy state |1⟩ that are separated by a

transition energy E = h̄ω0

(2) It must be possible to initialize the quantum system into a well-known state

and to read out its state.
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(3) The quantum system can be coherently manipulated, typically by time-

dependent fields. This condition is not strictly required for all protocols; examples

that fall outside of this criterion are continuous-wave spectroscopy or relaxation

rate measurements.

(4) The quantum system interacts with a relevant physical quantity V (t), such

as an electric or magnetic field [which] leads to a shift of the quantum system’s

energy levels or to transitions between energy levels [25].

There are a wide variety of quantum sensors under development. There are two main

methods of categorization used. In areas focused on potential applications of the sensors,

categorization is often based on the type of target measured. Alternatively, in discussions more

connected to the technical foundation of the sensors, categorization can be done based on the

type of quantum systems used [26]. Given that this thesis examines quantum magnetometers

in particular, and thus is already distinguishing based on the type of target measured, the

natural further categorization is based on the type of quantum system used.

3.2 Types of Quantum Magnetometers

In the context of quantum magnetometry, this categorization is done based on the specific

two-level system, or ‘qubit’, that the device uses. This section discusses five different types

of qubit platforms that are being explored for use in magnetometry: (1) defect qubits, (2)

atomic vapor neutral atom qubits, (3) cold neutral atom qubits, (4) trapped ion qubits,

and (5) superconducting qubits [25, 27–35]. There are other types of qubits that could

theoretically be the basis for future magnetometers—for instance, using muons and a qubit

based on muonic spin—but considerably less research has been done on those sensor types [25].

Thus, it is unlikely that any quantum magnetometer outside of these five categories could

be relevant in the short-to-medium future. Modern quantum magnetometers are typically

scalar magnetometers, with exceptions such as SQUIDs that may be vector magnetometers
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instead [13].

Defect qubits use isolated electron spins in a solid. A common form is a Nitrogen-

Vacancy (NV) color centers in diamonds (hence NV-center magnetometry) [36]. NV-centers

are the general choice for defect qubit systems as they “can be individually addressed,

optically polarized and detected, and exhibit excellent coherence properties even at room

temperature” [27]. The electron associated with the defect has a distinct change in energy

structure associated with its spin when under the influence of a magnetic field (known as the

Zeeman effect). Detecting this relative energy shift induced by a magnetic field B⃗ allows for

a precise determination of the applied magnetic field.

Neutral atom qubits function similarly, but detect the energy shift between spin levels

of a neutral atom. Alkali atoms are often used as they are sensitive to a wide range of

physical phenomena and can be measured and manipulated with existing technologies and

techniques [25]. There are two main methods of manifesting this behavior: through the use

of ‘thermal’ or ‘atomic’ vapors; and through hypercooled atoms. Atomic vapor neutral atom

qubits can operate at or above room temperature, as they simply consist of a gas of atoms

spin polarized by an optical pump beam [25]. The most sensitive of these designs are made

by pushing the relaxation time of the atoms—that is, the time between exposure to the

magnetic field and resulting measurement—to the second to minute range. These designs are

referred to as ‘spin exchange relaxation free’ (SERF) sensors [37].

With advancement of laser-cooling and cryogenic techniques, cold neutral atom sensors

have also been developed. They operate under similar principles to atomic vapor neutral

atom qubits—utilizing the spin of these neutral atoms—but can achieve longer manipulation

and interrogation times for individual atoms [13]. Quantum magnetometers using cold

neutral atom qubits do have significant systems control requirements, due to the difficulties

involved in cooling the atoms down to ultra-low temperatures. For instance, cold-atom vector

magnetometry requires the atoms to be cooled to the 10-100 µK range [38].

Trapped ion qubits are formed by trapping ions in a vacuum using electric or magnetic
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fields. They have historically been used for electrometry (the measurement of electric fields),

but recent research has demonstrated that these qubits can also measure magnetic fields [32].

This can be done by measuring the results of different interactions between the spin sublevels

of the ion and applied magnetic fields [33].

Whereas these other systems use subatomic or atomic particles as the basis of their

qubits, superconducting qubits are made from macroscopic circuits instead. The qubits

may represent a number of circuit parameters, including the flux in the circulating currents

(flux qubits) or the charge distribution in the circuit (charge qubits) [13]. This category of

quantum magnetometers thus can operate in a slightly different manner from the others. For

instance, instead of measuring magnetic fields based on the shifts between quantized spin

levels, superconducting qubits may operate based on the magnetic flux through a current

loop being quantized [34].

While they are of a distinct type to the spin-based qubits, there is a long history of

research into superconducting qubits. Indeed, one of the most developed forms of quantum

sensor currently is the superconducting quantum interference device (SQUID). These are

interferometry-based sensors that measure the interference imposed by measurement targets

as flux induced in superconducting circuit loops [13]. The effective area of the loop is not

necessarily known, so commercial SQUIDs are calibrated by exposure to samples of known

magnetic moment [34].

3.3 Feasible near-term improvements

Recalling the discussion of magnetometer figures of merit in Ch 2, many of these metrics have

less to do with the system interacting with the magnetic field and more with the electronics

surrounding said system. The main improvements quantum sensing technologies can offer over

existing magnetometers are in sensitivity and potentially SWaP metrics. Features such as the

bandwidth and sample rate of the magnetometer will not be directly impacted by the type of
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Table 3.1: Table of near-term capabilities of quantum magnetometers

Sensor Type Qubit
Order of Magnitude
Noise (T/

√
Hz)

Operability and Deployment Constraints

NV-Center
Diamond Defect 10−12

Requires better diamond fabrication and
characterization techniques; sensitive to
crystal alignment and EM interference [28]

Optically
Pumped
Helium

Atomic vapor
neutral atom 10−12 Currently used for ASW MADs by CAE

systems; somewhat bulky [24, 40]

SERF Atomic vapor
neutral atom 10−16

Very limited bandwidth and operational
range; requires temperature control and
shielding [13]

Cold atom Cold neutral
atom 10−10

Nascent technique; demands microkelvin
cooling (vacuum systems);
power-intensive [41]

Trapped ion Trapped ion 10−10 Generally complex infrastructure; portable
systems under development [42]

SQUID Superconducting 10−15

Vector magnetometer. Also requires some
cryogenic capabilities. Good SWaP
metrics [34]

quantum sensing implemented (as the spins and currents will freely respond to changes in

magnetic field). Certain other figures, such as the dynamic range, would be impacted by the

choice of quantum system—however, not in a manner that would be relevant to submarine

detection [39]. Thus, for the purposes of this thesis, the main points of comparison will be

internal noise and qualitative comments on constraints and factors that may affect SWaP

metrics.

It is worth noting that these many of these noise figures are still below those of current

state-of-the-art magnetometers (as outlined in 2.2.1), even before accounting for operability

concerns.
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Chapter 4

Submarine Magnetic Signature

This chapter contains a description of the magnetic anomaly a submarine produces while

in the ocean. Any material of will exhibit an induced temporary magnetization under the

influence of an external field, proportional to the difference in magnetic susceptibility between

it and the environment. Ferromagnetic materials, such as the steel most submarines are made

of, may also become permanently magnetized when exposed to the Earth’s magnetic field.

These effects cause the submarine to produce a local distortion of the magnetic field around

it. At distances much larger than the scale of the submarine, this distortion can be modeled

as originating from a point dipole, with the induced moment determined by qualities of the

submarine (shape, material, tonnage) and the external magnetic field at that point. By the

principle of superposition, the total magnetic field at a point near the submarine is the vector

sum of the magnetic field sourced from the submarine and the background magnetic field.

Scalar magnetometers measure solely the magnitude of this total magnetic field, whereas a

vector magnetometer measures the magnetic field in a particular direction. For purposes

of detection, the magnetic anomaly is the difference between the value of the background

magnetic field without any additional source present and the value measured.
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4.1 Determination of a submarine’s dipole moment

We begin with the idea that an external magnetic field will induce a magnetization in a

magnetizable object [43]. For an ellipsoid, such as a submarine, in a constant external

magnetic field, the induced dipole will be related to the applied field by a collection of

‘demagnetization coefficients’ determined by the shape of the ellipsoid. These coefficients

describe the reduction in the field inside the ellipse due to the geometrical constraints of the

boundary. Specifically, the magnetization in the direction of one of the principle axes of the

ellipse, Mi is given by:

Mi =
χ

1 + χNi

· Bi

µ
(4.1)

Where Bi is the external field in that direction if there weren’t an ellipsoid present, µ is

the magnetic permeability of the environment, χ is the magnetic susceptibility of the material

of the ellipsoid, and Ni is the demagnetization coefficient associated with that axis [44, 45].

A material of constant magnetization M⃗ and volume V has a total magnetic dipole

moment m⃗ = M⃗V . The magnetic field associated with a dipole of moment m⃗ located at the

origin of some coordinate system is given by the formula [43]:

B⃗(r⃗) =
µ

4π
· 3(m⃗ · r̂)r̂ − m⃗

r3
(4.2)

4.1.1 Background earth magnetic field

In order to ascertain the magnetic signature of a submarine, it is necessary to have a model

for the background magnetic field of the Earth. Firstly, this is the external field that induces

the magnetic dipole moment in the submarine. Secondly, a magnetometer measures the

total magnetic field at a point—that is, the vector sum of the submarine magnetic field, the

background magnetic field, and any other potential magnetic signals. As such, the possible
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signal that can be measured may depend on the relative orientation of the magnetic field

sourced from the submarine and the background field. For instance, a scalar magnetometer

would measure the magnitude of the resultant sum. If that resultant sum has the same

magnitude as the background field otherwise would, the scalar magnetometer would record

no anomaly (as is seen later in this chapter in the 0 contour line on Fig. 4.4).

For the purposes of the qualitative analyses of submarine signatures presented in this

paper, the centered dipole model of the Earth’s magnetic field is used, using coefficients from

the International Geomagnetic Reference Field (IGRF) [46]. Under this dipole approximation,

the Earth’s magnetic field is treated as emanating from a point dipole at the center of the

Earth. This point dipole has magnitude 7.7 x 1022 A·m2, pointed in the direction of the

coordinates 80.7◦ N and 72.8◦ W.

More accurate, higher-order models exist. The International Geomagnetic Reference

Field itself has 196 spherical harmonic coefficients gmn and hm
n , determined based on spherical

harmonic analysis of magnetic field data [46]. This allows for somewhat finer resolution of

somewhat smaller-scale internal signals—however, even these models are not detailed enough

to describe small-scale geomagnetic anomalies. For actual detection purposes, more precise

measurement of reference magnetic fields can be performed. The dipole model is sufficient for

our purposes exploring the magnetic anomaly produced by a submarine experiencing Earth’s

magnetic field.

4.1.2 Calculation of dipole moment

Given the position, heading, and a model for the composition of the submarine, we can

calculate the demagnetization coefficients and thus the induced dipole moment of the subma-

rine. We model a Columbia-class submarine as an ellipsoid of length 560ft ≈ 171m, height

and width 43ft ≈ 13m, a submerged displacement of 20815 tons, and an effective magnetic

susceptibility equivalent to that of a shell of HY-80 steel (χ ≈ 0.5) [17]. The normalized

demagnetization coefficients of a prolate spheroid (an ellipsoid where the two shorter axes
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are equal in length) are given by:

Nl =
1

m2 − 1

[
m

2
√
m2 − 1

· ln
(
m+

√
m2 − 1

m−
√
m2 − 1

)
− 1

]
(4.3)

for the major axis, and

Na = Nv =
1

2(m2 − 1)

[
−1

2
√
m2 − 1

· ln
(
m+

√
m2 − 1

m−
√
m2 − 1

)
+m

]
(4.4)

for the minor axes. In these equations, m is the ratio between the length of the major axis

and the length of the shorter axes [47].

Then, using Eq 4.1 and m⃗ = M⃗V , the induced dipole moment of the submarine can

be calculated. Due to the different demagnetization coefficients for the longitudinal and

athwartship axes, the induced magnetization is a function of the relative bearing of the

submarine and the declination, or horizontal direction, of the magnetic field at that location.

Specifically, the submarine will have a maximum induced moment when its longer axis is

pointing in the same direction as the magnetic field, and a minimum induced moment when

the submarine bearing and magnetic field declination are offset by 90◦. Figs. 4.1 and 4.2 show

how the induced moment of such a submarine at a specific geographic location varies with its

heading. Note that at 25◦ N, 58◦ E, the declination of the magnetic field is approximately

172◦ from geographic north.

Permanent Moment

A submarine made of ferromagnetic material can also have a permanent magnetization as

a function of the magnetic history of the material. Similarly to the induced moment, the

highest potential permanent moment is in the longitudinal direction [48]. If a submarine is

exposed to an external magnetic field in a consistent direction for a long period of time, the

permanent moment will build up asymptotically. However, when at sea, the heading of the

submarine may vary, leading to the horizontal component of the external field being applied
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Figure 4.1: The magnitude of the induced magnetic moment in a submarine located at 25◦
N, 58◦ E, and a depth of 200m.

.

in all directions. As such, “it appears to be impossible, except for peculiar special cases, to

be able to predict the permanent longitudinal magnetic moment of a submarine” [48].

However, the randomizing effect that diminishes the buildup of permanent horizontal

moment does not always apply to the vertical moment. If a submarine primarily operates in

the northern hemisphere, it would consistently experience an external magnetic field with

a vertical component directed downward, leading to a build-up of magnetization in the

downward direction. Conversely, a submarine primarily operating in the southern hemisphere

would gain a permanent vertical magnetization in the upward direction.

Nevertheless, for the purposes of this thesis, the permanent magnetization of submarines

will be mostly ignored. While a report presented for the US Naval Air War center argues

that "the permanent magnetic moment... must be considered in any signature modeling

effort", the way the report handles permanent magnetization is simply by assigning possible

values for the components of the permanent moment and examining the consequences [48].
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Figure 4.2: The horizontal direction of induced moment in said submarine, compared to the
magnetic field declination. .

Indeed, The effects of the permanent moment are second-order. This is partly as submarines

undergo degaussing procedures or ‘deperming’ in order to minimize such effects. This process

results in a decrease of the permanent moment that lasts for a time-scale of months before

“components of the permanent magnetization recover to values comparable to those before

the deperming treatment” [49, 50]. The author of the report admits “it is very unlikely the

permanent moment would ever exceed, or even equal, the induced moment” [48]. In the event

that magnetometry were to become a more significant detection modality for strategic ASW,

submarines could undergo this deperming process more frequently. Moreover, in this process

the ship can be left with a vertical permanent magnetization that is counter to the assumed

induced vertical component of magnetic fields it will subsequently be exposed to [49]. This

enables even the build-up of the permanent vertical moment, unavoidable by shifting heading,

to be kept minimal.
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4.2 Magnetic Anomaly

To demonstrate the type of magnetic anomaly that could be detected, consider a Columbia-

class submarine located in the Pacific ocean. Let this submarine be at the coordinates

20◦N, 160◦W, a depth of 150m, and a heading of 315◦T. Assume the permanent moment

of the submarine to be negligible. If m⃗s is the induced magnetic moment of the submarine,

calculated as in 4.1, then the magnetic field at a point r⃗ is given by the vector sum of the

two dipole fields:

B⃗(r⃗) =
µ0

4π
·
(
3(m⃗s · r̂)r̂ − m⃗s

r3
+

3(r⃗ − r⃗E) · m⃗E(r⃗ − r⃗E)

|r⃗ − r⃗E|5
− m⃗E

|r⃗ − r⃗E|3

)
(4.5)

Where m⃗E is the Earth’s dipole moment, r⃗E is the displacement of the center of the

Earth from the submarine, and the equation is given in submarine-fixed coordinates, meaning

r⃗sub = 0⃗. Under these conditions, m⃗s evaluates to −1.65x106A·m2 in the longitudinal direction,

−3.2x105A·m2 in the athwartship direction, and 5.2x105A·m2 upwards. The following plots

show the magnitude of the magnetic anomaly at an altitude of 1000m (Fig 4.3), and the

magnitude of the magnetic anomaly detectable by a scalar magnetometer at that altitude

(Fig 4.4).

A scalar magnetometer measures the difference in magnitude between the two fields, not

the magnitude of the difference. This distinction between the signal observable to a scalar

magnetometer and the actual change in the magnetic field can be made more clear by plots

from the perspective of a detector flying above the water (Figs 4.5 and 4.6). These plots

compare the (absolute value of) the difference in magnitude between the measured field and

the background field to the magnitude of the difference between the fields. Before processing

of the background earth magnetic field, the raw data captured by a scalar magnetometer

may look more similar to Fig 4.7 (the altitude of the theoretical detector is reduced in this

plot to make the effect of the anomaly more clear).
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Figure 4.3: Contour plot of the vector difference between the anomalous B⃗ field and the
background Earth field at an altitude of 1000m

Figure 4.4: Contour plot of the difference in magnitude of the measured B⃗ field and the
background Earth field
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Figure 4.5: Magnitude of magnetic anomaly detectable by a scalar magnetometer on a south
to north flight path passing directly over the submarine

Figure 4.6: Magnitude of magnetic anomaly detectable by a scalar magnetometer on a south
to north flight path passing 2 kilometers east of the submarine
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Figure 4.7: Magnitude of magnetic field at an altitude of 300 m on a south to north course
path passing 2 passing directly over the submarine

4.2.1 Signal minimization techniques

There are ways in which submarines may reduce their magnetic signatures. Some of these

methods are already in use—for instance, the degaussing that occurs in Magnetic Silencing

Facilities (otherwise referred to as ‘deperming’ facilities) to reduce permanent magnetization.

As seen in Figs 4.1 and 4.2, the heading of a submarine impacts the magnitude and direction

of the induced moment. In turn, this also affects the magnetic signal that may potentially

be detected. If we return to the submarine in the Pacific Ocean used previously in this

section, the following graphs depict the magnitude of the magnetic anomaly detectable by a

scalar magnetometer at an altitude of 1000m if the submarine is oriented parallel (Fig 4.8) or

perpendicular (Fig 4.9) to the declination of the magnetic field.

There are numerous other methods of magnetic quieting, both more complex and more

effective. A full discussion of possible approaches is not the focus of this thesis, but if magne-

tometer detection capabilities were to significantly increase, signal reduction possibilities could
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Figure 4.8: Scalar anomaly at an altitude of 1000 m given the submarine is parallel to the
background magnetic field declination—in this case, at a heading of 172◦ or 352◦ T

Figure 4.9: Scalar anomaly at an altitude of 1000 m given the submarine is perpendicular to
the background magnetic field declination—in this case, at a heading of 82◦ or 262◦ T
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be explored. Immediate possibilities include using less magnetically permeable material in the

construction of SSBNs (certain Soviet submarines were made of titanium, for instance [51])

or implementing electrical coils on the submarines themselves to create a cloaking field [50].

36



Chapter 5

Synthesis and Discussion

5.1 Estimation of detection ranges

Frequently, the detection range of magnetometers is estimated by taking the farthest distance

such that the magnetic anomaly of the object to be detected is still larger than the sensitivity

limit of the magnetometer. A convenient manner in which to do this is by letting Bmin equal

the minimum detectable field strength by the magnetometer and simplifying the magnetic

field of a dipole equation (Eq 4.1) to that along the axis of the submarine’s induced moment

(i.e, where r⃗ = r m̂):

B⃗(r) =
µ

4π
· 3m⃗− m⃗

r3
(5.1)

Then, the detection distance d is solved for by determining the minimum r such that the

magnitude of B⃗ is greater than Bmin [13]:

d =

(
µ

2πBmin

)1/3

(5.2)

It is clear to see that at best this approach provides an order of magnitude estimation for

detection range. In addition to the already explicit simplifying assumptions, the detectable
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anomaly will be less than the magnitude of the submarine’s dipole field. As discussed in

section 4.2, scalar magnetometers measure solely the magnitude of the magnetic field at a

point, and thus the signal can be masked if the submarine dipole field at that point is in a

different direction to the background earth field.

Moreover, analyses such as [13] tend to estimate Bmin based purely on qualities of the

magnetometer. This process has an underlying key assumption: that the magnetic signal

can be processed and separated from environmental noise. As discussed in Section 2.2.1,

the T/
√

Hz figure given for different varieties of magnetometers is simply a limit for how

precisely a magnetometer can report the magnetic field it measures. It does not take into

account what the source of the measured magnetic field is or any other external noise factors.

Thus, this type of detection range estimation is an upper limit for magnetometers with given

sensitivities.

For instance, already existing SQUIDs are used in clinical magnetoencephalography

systems for measuring small (on the order of 100 fT ≈ 10−4 nT) stray fields of electric

currents in the brain [25]. Solving Eq 5.2 with such a value for Bmin and taking m ≈ 106A

m2 (the dipole moment of the submarine in Section 4.2) gives an approximate estimate of a

detection range of 10 km. This is an order of magnitude further than the ranges claimed

by modern magnetic anomaly detectors [24]. The importance of recognizing environmental

noise has been explicitly recognized in some policy circles. For instance, in a technology brief

overviewing non-acoustic detection technologies, Lisman notes “their high sensitivity makes

SQUIDs susceptible to background noise” [18].

To demonstrate this point, consider again the submarine used in Section 4.2. A paper

exploring magnetic detection of a surface ship by an airborne SQUID MAD included values

for environmental noise before and after a magnetic compensation and noise suppression

process. Even after this process, the magnetometer reading included random fluctuations

on the order of 0.01 nT [50]. Fig 5.1 compares the anomaly detectable by a detector at an

altitude of 1000 m on a path that comes within 1, 2, or 3 km of the horizontal position of the
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Figure 5.1: Scalar anomalies and order of magnitude environmental noise

submarine to that level of random noise.

A discussion of the signal processing necessary to properly estimate actual operational

detection distances is beyond the scope of this thesis. Nevertheless, if concerns about the

impact of quantum magnetometry on submarine detection continue to abound, further

research into characterization of noise sources may need to be performed.

5.2 Potential consequences for strategic ASW

Even if we assume advances in signal processing sufficient to allow emerging quantum

magnetometers to be sensitivity limited rather than limited by environmental noise, the

maximum detection ranges would still be relatively small compared to the size of the ocean.

Assuming the upper limit of sensitivities from Chapter 3 and the simplified (upper-limit)

detection distance estimate from above, detection ranges of quantum magnetometers in the

near-term future would be around 10 km at maximum. As discussed in Section 2.1.1, there
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is a very large area of ocean to search and monitor. Furthermore, if sensitivities increased

further, Eq. 5.2 indicates that the detection range scales with the inverse of the cube root of

Bmin.

To achieve the feat of ‘fully transparent oceans’ policymakers have expressed concerns

over in analyses like [4] would require consistent monitoring of millions of square kilometers

of oceans. Even assuming a detection range of 10 km, a network of approximately 1 million

floating MADs would be needed [13]. A state would have severe difficulties maintaining this

network, especially in a manner where they do not indicate to adversaries they are creating

such a network. Interference, either natural (for instance from weather events or interactions

with marine life) or unnatural (attempts of sabotage) would necessitate large upkeep and

replacement requirements.

Another possibility that has been the source of some discussion is a detection strategy

of ‘tracking’ [4, 13]. This would consist of using alternatively-sourced information about a

submarine’s location for targeted surveillance over smaller regions. However, such an approach

would present its own operational difficulties. For instance, nuclear-armed submarines travel

at speeds of up to 20 knots [17]. As such, continued tracking would require a network of

high-speed drone swarms or a large enough fleet of dedicated nuclear-powered general-purpose

submarines to follow all foreign submarines of interest. Moreover, an adversary using this

strategy would have more difficulty assuring themselves of a disarming first strike. They

would have to account for each and every submarine. Additionally, if a tracking network

loses a submarine, it would require a new piece of information to begin tracking again.

Thus, even if advanced quantum sensors provided a ten-fold increase in detection range

over currently deployed MAD sensors, there would still be major operational challenges that

would have to be met to accomplish persistent monitoring or tracking. Any increase in

detection range does technically increase the feasibility of deploying such systems, but there

would be obvious signs of such a process that could signal an adversary to start developing

countermeasures.
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As such, the potential consequences for strategic ASW seem to not be as monumental

as some reports have feared. This is due to a variety of factors, including the d−
1
3 scaling

of magnetic anomaly with distance, potential countermeasures available to reduce induced

moment, and the difficulty of isolating submarine magnetic anomalies from those caused by

other sources. However, perhaps the clearest reason why quantum magnetometry will not be

a ‘revolutionary’ emerging technology is simply that it already exists. As such, advances in

submarine detection as a result of quantum magnetometry will build off of existing MADs,

rather than occur in a completely novel manner.
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Chapter 6

Conclusion

While enhanced MAD sensors using quantum magnetometry could incrementally improve

SSBN detection capabilities, they do not resolve the fundamental physical and strategic

barriers to guaranteed tracking or ocean-wide transparency. Sensitivity is not the key

issue facing modern MADs, rather, it is the ability to determine the origin of changes

in detected fields below the nanotesla scale. Moreover, the logistical scale of surveillance

networks, coupled with adversarial adaptive responses, ensures that SSBNs retain significant

survivability advantages. Consequently, second-strike capabilities are likely to persist as a

stabilizing element of nuclear deterrence, regardless of quantum-enabled sensing advancements

6.1 Future work to be explored

Firstly, signal to noise questions should be further explored. Sources of environmental

noise (such as geomagnetic noise, geophysical noise, and magnetic anomalies associated with

non-submarine targets) should be characterized and compared to the signal derived from a

submarine. This will also allow an interrogation of the signal processing questions that have

largely been ignored in this thesis. Emerging technologies like machine learning may allow

for better noise reduction and provide larger increases in MAD detection range.

Secondly, a similar process should be undertaken with respect to other emerging sensing
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modalities like SAR and LIDAR. A technical study providing reasonable bounds on the

potential impacts of these technologies would be similarly useful in informing arguments about

the potential destabilizing influence of these technologies in the context of nuclear deterrence.

This can further extend to use-cases separate from strategic ASW—for instance, whether

quantum sensing improvements could enable significantly improved missile accuracies.
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