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ABSTRACT

Charged particle detection in nuclear and particle physics experiments have been
driven by the search for new fundamental physics. To map the interactions and
fundamental makeup of matter, particle accelerators are built to accelerate
charged particle beams and capture particle dynamics within the atomic nucleus
through beam collision experiments. While accurate control of charged particle
beams are used to produce collision events, robust detectors are required in order
to diagnose the intensity distribution and trajectory of the particle beams. While
contemporary particle beam detectors can accurately map the current density of
charged particle beams, there is a trade-off between sensitivity and invasiveness. In
this dissertation we outline the development of atom-based magnetic field sensors
to provide sensitive, non-invasive, localized, and self-calibrating measurements of
electron beam magnetic fields to map the beam current density. This approach of
magnetic field measurements has also been adapted for use in space, security,
navigation, medicine, and physics research. As electrons pass through a dilute
vapor of rubidium atoms, their magnetic field perturbs the atomic quantum states,
causing polarization rotation of a laser resonant with the optical transition of the
atoms. By measuring the polarization rotation angle across the laser beam, we
recreate a 2D projection of the magnetic field and use it to determine the e-beam
position, size and total current. We successfully tested this method for an e-beam
with currents ranging from 30 to 110 µA to profile essential beam characteristics
(i.e. beam position, shape, and total current). However, quantum fluctuations
limit magnetic field sensitivity due to the shot noise of the interacting resonant
optical fields. We reduce this quantum noise using intensity-correlated lasers
generated through non-degenerate four-wave mixing to enhance magnetometer
sensitivity by a factor of 3 compared to the classical optical shot noise limit. This
improvement allows us to measure magnetic fields not possible using traditional
optical magnetometers. This new approach increases magnetic sensitivity by
significantly reducing optical noise, which should enable low-current charged
particle beam profiling. This approach toward quantum-enhanced magnetometry
is a competitive solution for non-invasive characterization of charged particle
beams used in accelerators for particle and nuclear physics research.
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Chapter 1

Introduction

1.1 Electron Beam Tracking

With the advent of charged particle accelerators came the need for accurate beam char-

acterization. Driven by improvements to quality and control of charged particle beams,

the sensitivity and precision of in-situ diagnostics must meet the needs of new particle

accelerators where increasingly strict demands are placed on beam energy, current, and

emittance, among other beam properties. The need for increasingly precise beam pro-

filing for a wide range of parameters inspires relentless efforts to continue towards the

development of more robust, non-invasive spatial beam parameter measurements. Tra-

ditional harp (or wire) scanners provide accurate particle beam profile measurement by

monitoring the current deposited on the wires by the charged particle beam as the scanner

is swept across the cross-section of the particle beam [1]. This straightforward particle

beam detector operates in low current regimes, whereas high-current electron beams sever

the wires used for profile measurement. Extracting the beam profile using this method is

invasive by design, since it interrupts charged particle beam transmission during profile

measurement.

Profiling methods relying on optical signals can minimize the direct interaction with

the particle beam. Synchrotron radiation has been used for monitoring beam position
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and size [2–4], and laserwires [5, 6] rely on Compton scattering from a high-power laser

to extract the charged particle beam parameters. However, these types of optics-derived

signals are limited by technical requirements on the particle and laser beams. For example,

synchrotron radiation is only available in particle trajectory-bending components such as

magnets, while the laserwire method requires a high-intensity laser to slowly scan the

beam profile, and often requires additional radiation, or electronic, detectors. Beam profile

monitors based on gas ionization and excitation by particle beams have been demonstrated

and used at different accelerators [7–9]. More recently, a 2D beam monitor measuring

fluorescence from the interaction between a 5 keV particle beam and a supersonic gas

curtain was reported [10], but the sensitivity is quite limited and it is not suitable for

spatial longitudinal profile measurement.

However, another category of detectors avoids this collisional dependence by instead

measuring the electromagnetic field generated by the particle beam. The charged particle

beam is a collimated beam typically made up of accelerated electrons or ions to be used

in nuclear detection experiments. These free charged particles that make up the beam

produce electric fields from Gauss’s law, and magnetic fields from Ampere’s law shown in

figure 1.1.

While this detection method is independent of direct interaction with the particle

beam (i.e. non-invasive), devices based on this principle rarely measure more than one

particle beam parameter simultaneously. The RF-based beam monitor is widely used in

the accelerator community measures beam center position at high resolution, but is inca-

pable of profile measurement [11]. Similarly, the beam current can be measured through

RF-based beam current monitors which require calibration using a magnetic pickup coils

to measure the charged particle beam current [12].

Thus there is great demand for a detector capable of charged particle beam spatial pro-

filing without the requirement for direct beam interaction. Atom-based electromagnetic

field sensors have been developed to detect electromagnetic fields too small to be mea-

sured by traditional magnetometers or electrometers. As an atomic vapor, these sensors
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minimally interact with the sources of the fields being measured, removing the require-

ment for direct interaction with the electromagnetic field source. These types of sensors

are immune to energy transfer from energetic particle beams due to the non-interactive

nature and can be configured to acquire spatial beam characteristics via optical interro-

gation shown in figure 1.1. Given this, vapor-based sensors are a suitable platform for

non-invasive particle beam profiling, enabling in-situ measurement for a wide range of

beam currents and energies.

Figure 1.1: Electric (E) and magnetic (B) fields generated by an electron beam due to moving
charged particles that make up the electron beam. The electromagnetic fields alter atomic prop-
erties in the detection medium, which is read out using a resonant probe laser and detector.

Highly-excited atomic Rydberg states are sensitive to small steady (DC) and time-

varying (AC) electric fields by probing the associated interaction with resonant laser light

[13–15]. Rydberg atoms in vapors have already been adapted to perform non-invasive

measurements of spatially-varying electric fields due to an electron beam [16] and low-

temperature plasmas [17]. However, Rydberg atom electric field sensitivity is indiscrim-

inate of the electric field source. Parasitic free charges can globally skew electric field
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measurements due to, e.g., lingering charges that build up on glass surfaces, requiring lo-

calized electric field sensing. Magnetic fields only form through the movement of charges

in the detection medium, where any accumulated surface charge has negligible contribu-

tions to the detected magnetic field. In this case, magnetic field sensing is more robust in

the presence of parasitic charges as a detector for charged particle beam magnetic fields.

These examples demonstrate that atomic vapor-based sensors are invaluable for charac-

terizing electric fields in nuclear or plasma experiments. In this work, we develop atomic

vapor magnetometers to profile charged particle beams by minimizing direct particle beam

interactions in contrast to traditional charged particle trackers.

1.2 Atomic Magnetometers

Most atomic magnetometers operate on the coupling of external magnetic fields to electron

spin as well as strong and coherent interaction with resonant optical fields [18, 19]. Elec-

tromagnetic field detection based on this principle enables non-invasive, self-calibrating,

and localized measurements that have a broad impact within the fields of intelligence,

security, navigation, medicine, and physics. These magnetometers have been deployed to

measure minute changes in local magnetic fields due to the presence of magnetized ma-

terials within submarines [20] and unexploded ordnances [21]. Magnetometers have also

been adapted for geomagnetic-based navigation by comparing measured magnetic fields to

Earth’s magnetic field, resulting in a stable and reliable alternative to GPS in GPS-denied

environments [22]. In the medical field, such magnetometers provide alternative methods

of magnetoencephalography and magnetocardiography using arrays of atomic Rb vapor

cells to measure small changes in brain and fetal magnetic activity [23, 24].

Nonlinear Magneto-Optical Rotation (NMOR) [19, 25, 26] of polarization has been

thoroughly modelled [27] and experimentally demonstrated with sensitivities down to a

few pT/Hz1/2 [28, 29]. This mechanism is due to the circular birefringence induced in

the atomic medium by the optical field. This birefringence is altered in the presence of
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a magnetic field, enabling precise measurements of said field through the optical polar-

ization angle. Atoms as localized electromagnetic probes facilitate the imaging of the

magnetic field generated by the charged particle beam, from which the particle beam cur-

rent density can be extracted to acquire the beam profile. Some atomic magnetometers

have been configured to image magnetic fields using various imaging schemes to capture

field gradient and direction [30–33]. Vector magnetic field information can be extracted

using NMOR spectral amplitudes and frequency shifts to sensitively determine field direc-

tion [34–38]. Cold atoms have also been explored as a platform for magnetic field sensing,

where long atomic state lifetimes boost sensitivity otherwise limited by Doppler and col-

lisional broadening [39, 40]. Complex schemes push NMOR sensitivity beyond classical

limits by suppressing atomic spin fluctuations through so-called spin-exchange relaxation

free (SERF) magnetometers [41–44]. Fluctuations in the interacting optical fields have

also been suppressed using polarization self-rotation to reduce vacuum fluctuations of a

probe field in an NMOR scheme by -1 – -2 dB below coherent vacuum noise [45–48]. Opti-

cal intensity fluctuations have also been suppressed using bright two-mode squeezed light

in four-wave mixing, achieving an impressive -4 – -6 dB improvement in magnetometer

sensitivity [49, 50].

The physical mechanism behind NMOR is rooted in the precession of the valence

electron’s magnetic moment about an externally applied magnetic field. As a result, the

affected atom rotates the incident light’s polarization. Therefore the measurements of

magnetic field depend on (a) the precession of electron magnetic moment, proportional to

the electron spin angular momentum and (b) the atomic interaction with optical fields.

Both of these processes have lower bounds on how accurately they can be measured due

to fundamental uncertainties that limit the sensitivity to magnetic fields.
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1.3 Photon Shot Noise and Atomic Spin Projection

The lower bounds on optical field and electron spin measurements are set by the Heisen-

berg uncertainty principle. Due to the nature of the light-matter interaction, magnetic

sensitivity is limited by two uncertainties: the optical shot noise and atomic spin projec-

tion.

Any optical magnetometer has noise contributions from the optical fields used to facil-

itate the atomic interaction and measure magnetic fields. Optical shot noise arises from

fluctuations in the intensity and phase of the coherent optical field, which sets a lower

bound on the minimum measurable intensity for any optical scheme. This shot-noise limit

manifests in an NMOR measurement as the minimum detectable magnetic field when

using coherent light [51].

Perhaps more fundamental is the limit on accurately measuring electron magnetic

moment. The magnetic moment is proportional to electron spin angular momentum mea-

sured as a projection onto the desired quantization axis (e.g. the probe laser direction).

Angular momentum F is subject to minimum uncertainty ∆Fi due to commutation rules

between perpendicular components of angular momentum such that ∆Fx∆Fy ≥ ⟨Fz⟩/2

[52], fundamentally limiting any atom-based measurements monitoring atomic angular

momentum. However, spin projection noise can be reduced beyond this limit through

spin squeezing [53] to achieve quantum-enhanced magnetometer sensitivities.

We address the dominant shot noise in atomic magnetometers by generating two en-

tangled optical fields using four-wave mixing (FWM). By sending in powerful pump and

weak probe laser fields and adhering to phase matching conditions a third, conjugate, field

is generated [54–56]. This newly generated field contains intensity fluctuations identical

to that of the probe laser, so a differential laser intensity noise measurement between the

probe and conjugate falls below the shot-noise limit. Previous demonstrations of quantum

noise suppression using FWM yield between -3 to -8 dB with respect to the shot noise limit

of classical light [57, 58]. Four-wave mixing can benefit NMOR by suppressing the optical
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intensity noise limiting the minimum resolvable magnetic field. Boosting the magnetic

field sensitivity lowers the minimum detectable electron beam current, further widening

the range of charged particle beams that can be profiled using this electromagnetic field

sensor.

1.4 Dissertation Outline

In this dissertation, we present a qualitatively different approach to beam diagnostics that

takes advantage of recent advances in quantum atom-based optical sensors to map the

magnetic field produced by the moving charged particles to reconstruct the beam param-

eters. This demonstration is a stepping stone toward more sensitive and comprehensive

detection of charged particle beams using advanced spectroscopy techniques. By com-

bining these mechanisms of four-wave mixing and atomic magnetometry, we can profile

electron beam currents not possible with traditional charged particle detectors.

This dissertation demonstrates a prototype magnetic-based electron beam tracker to

profile the charge distribution of a particle beam and offers a path to achieving quantum-

enhanced tracker performance. Chapter 2 outlines the fundamental theory of the semi-

classical light-matter interaction to describe the effect of an atomic medium on the in-

teracting optical field. Chapter 3 details the measurement principle of tracking electron

beam magnetic fields, including more specific theory, design, and results using the sim-

plest magnetometer configuration. In chapters 4 and 5, the classical sensitivity limit of

the detector outlined in chapter 3 is surpassed through the use of four-wave mixing and

far-detuned magnetometry. Finally, we summarize our work and discuss technological

and fundamental improvements to the prototype particle detector in chapter 6.
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Chapter 2

Fundamental Theory

This section outlines the fundamental theory describing the mechanisms behind the mag-

netic field detector. First, we build the light-matter interaction by representing the optical

field classically and the atom via discrete quantum states. Next, we introduce the density

matrix formalism to realistically model the interactions with an external quantum state

reservoir that is otherwise not permitted in a pure state quantum formalism. Finally, the

end of the chapter will model the effects on incident light due to the generalized density

matrix structure of the given atomic energy state configuration. We postpone the detailed

discussion of the quantum state configurations for magneto-optical rotation, four-wave

mixing, and far-detuned magnetometry to chapters 3, 4 and 5 to preserve continuity.

2.1 Wave Propagation In Atomic Mediums

We start by considering the effect of an atomic medium on an incident electromagnetic

field. Traditionally, we start with the general Maxwell’s equation for electromagnetic

fields:

8



∇ ·D = ρ ∇×E +
∂B

∂t
= 0

∇ ·B = 0 ∇×H = J +
∂D

∂t

Where D = ϵ0E + P is the displacement field, H = B
µ0

− M the magnetizing field

including electric E and magnetic B components that make up the optical field, P the

medium polarization, M the medium magnetization, ρ the charge density, J the current

density, and ϵ0, µ0 the vacuum permittivity and permeability, respectively. The atomic

vapor is made up of neutral atoms thus, ρ = J = 0 interacting with an optical field

that does not induce bulk magnetization in the medium M = 0 and the interactions

between the atoms and electromagnetic field make up a macroscopic polarization through

an induced atomic dipole moment resulting in P ̸= 0. Introducing these simplifications

result in modified Maxwell’s equations:

∇ · (ϵ0E + P ) = 0 ∇×E +
∂B

∂t
= 0

∇ ·B = 0
1

µ0
∇×B − ϵ0

∂E

∂t
− ∂P

∂t
= 0

To further simplify, we evaluate ∇×∇×E, substitute ∇×B, and reduce ∇×∇×E =

−∇2E + ∇(∇ · E) by considering an isotropic medium where ∇ · E = 0, leading to the

wave equation in a polarized medium

−∇2E +
1

c2
∂2E

∂t2
= −µ0

∂2P

∂t2
, (2.1)

for µ0ϵ0 = c−2. The medium is made up of N atoms resembling electric dipoles made

between the atomic nucleus and valence electron so we can define the polarization of the

medium as
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P = Nd = −Ner, (2.2)

for electric dipole moment d = −er. We can consider the general plane wave solution

using complex vector amplitudes

E(r, t) =
1

2
E0(r, t)Êei(k·r−ωt) + c.c. P (r, t) =

1

2
P0(r, t)P̂ei(k·r−ωt) + c.c. (2.3)

For k the wave vector, |k| = 2π
λ , ω the light frequency, P0 and E0 the medium polar-

ization and light amplitudes, each with directions P̂, Ê . We have additionally included c.c.

to denote the complex conjugate to simplify future expressions involving electric field and

polarization. If we consider plane wave propagation in the z-direction and plug equations

2.3 into equation 2.1 we end up with

1

2
(k2E0 − 2ik

∂E0
∂z

− ∂2E0
∂z2

+
ω2

c2
E0 −

2iω

c2
∂E0
∂t

+
1

c2
∂2E0
∂t2

)ei(kz−ωt)Ê + c.c.

=
1

2
(ω2µ0P0 + 2iωµ0

∂P0

∂t
− µ0

∂2P0

∂t2
)ei(kz−ωt)P̂ + c.c. (2.4)

We restrict ourselves to slow-varying terms through the slowly-varying approximation

for E0 and P0 such that

∂E0
∂z

≪ kE0
∂E0
∂t

≪ ωE0, ckE0
∂P0

∂t
≪ ωP0, ckP0 (2.5)

∂2E0
∂z2

≪ k
∂E0
∂z

∂2E0
∂t2

≪ ω
∂E0
∂t

∂2P0

∂t2
≪ ω

∂P0

∂t
, (2.6)

and keeping the first-order terms then we obtain the wave propagation in the atomic

medium:

(
∂E0
∂z

+
1

c

∂E0
∂t

)
= − k

2iϵ0
P0 (2.7)

10



2.2 Macroscopic Polarization of the Medium

The response to electric fields for linear and isotropic polarized mediums is related through

the susceptibility, χ

P = ϵ0χE = Nd, (2.8)

where, in general, χ is complex, and can be written in terms of real χ′ = Re(χ) and

imaginary χ′′ = Im(χ) parts. To gain intuition of the effects of susceptibility, we can

consider steady-state wave propagation through the medium:

∂E0
∂z

=
ik

2ϵ0
P0 =

k

2
(iχ′ − χ′′)E0 (2.9)

E0 is generally complex so writing it in polar form, E0 = E0(z)eiϕ(z) and splitting the real

and imaginary parts into 2 differential equations results in the propagation of amplitude

and phase in the medium

∂E0
∂z

= −kχ
′′

2
E0

∂ϕ

∂z
=
kχ′

2
(2.10)

In the case of a uniform medium (and equivalent susceptibility) the solutions are

E0(z) = E0(0)e−αz ϕ(z) =
kχ′

2
z + ϕ(0) (2.11)

From these solutions, we recognize that χ′′ = Im(χ) governs the optical absorption through

the absorption coefficient α = kχ′′/2. The real part of the susceptibility χ′ = Re(χ) is seen

to control the phase or dispersion of the light in the medium, connected to the refractive

index for the medium

n =
√
ϵr ≈ 1 +

χ′

2
, (2.12)

for ϵr = 1 + χ′ the relative permittivity of the optical medium using the assumption that

χ′ ≪ 1. The electric field solution to the wave equation becomes:
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E ∝ exp
[
i

(
2π

λ
(1 +

χ′

2
)z − ωt

)]
(2.13)

2.3 Atomic Quantum Dipole Moment

To calculate the average dipole moment, we evaluate the expectation value of the dipole

operator with respect to atomic wave function, |ψ⟩ =
∑

α cα|α⟩, which is made up of

various atomic basis states, |α, β⟩ = |nlm⟩ for n the principle (or radial) quantum number,

l the total angular momentum quantum number, and m the z-component of total angular

momentum l. At this point, a proper basis can be chosen to represent angular momentum,

l and m, in the atomic wavefunctions. One can work in the fine structure basis J = L+S

for L the valence electron orbital angular momentum and S the atomic spin angular

momentum, or hyperfine basis F = J + I to include the nuclear spin angular momentum

I. In these bases, the angular momentum values can take on values |L−S| ≤ J ≤ |L+S|

and |J − I| ≤ F ≤ |J + I|, while the z-component quantum numbers take on values

−|J | ≤ mJ ≤ |J | and −|F | ≤ mF ≤ |F |.

To choose a basis, we assert that the magnitude of applied magnetic fields causes

energy level shifts much smaller than the hyperfine splitting of the Rb ground states (∼ 3

GHz). As a result, the hyperfine structure becomes a suitable angular momentum basis

to work in such that l → F and m → mF to make up the atomic wave function |nFmF ⟩

[59].

For all combinations of atomic wavefunctions |α⟩, |β⟩:

P = N⟨d⟩ = N⟨ψ|d|ψ⟩ = N
∑
α,β

ρ
αβ
℘

αβ
, (2.14)

in terms of the probability ρ
αβ

and transition dipole moment ℘
αβ

= ⟨α|d|β⟩.

In general, the sum has many terms but they can be reduced through symmetry

arguments and selection rules. The majority of the transition schemes we employ uses a
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Λ scheme shown in figure 2.1 for the simplest hyperfine F = 1 → F ′ = 0 scheme. In this

configuration, two components of circular polarization σ± and a linear z-polarized π light

interact with a common excited state.

Figure 2.1: Λ transition scheme for the F = 1 → F ′ = 0 transition, showing the 3 possible
transitions using left circularly polarized σ−, z-polarized π, and right circularly polarized σ+
resonant light.

The nontrivial transitions can be evaluated first through the odd parity of the hydro-

gen atom wavefunctions, enforcing that ∆L = ±1 for the angular momentum [60] . The

selection rules for the z-component of that atomic angular momentum follows from the

orthogonality of the spherical harmonics Y m
l (θ, ϕ) where the only non-vanishing contribu-

tions arise from ∆m = 0, ±1 [61, 62]. If the electromagnetic field is written in a circularly

polarized basis, then the transition dipole moment ⟨α|d · E|β⟩ will reduce to three non-

trivial cases corresponding to left circularly polarized ∆m = −1, z-polarized ∆m = 0, and

right circularly polarized ∆m = +1 transitions.

When incorporating the external magnetic field, an additional term is included in the

Hamiltonian, HZeeman = −µ · B, between the atomic magnetic moment µ and applied

magnetic field B. This additional magnetic term in the Hamiltonian will have similar

selection rules depending on the orientation of the magnetic field relative to the quantiza-

tion axis, where a parallel B-field and laser propagation direction engages the ∆mF = ±1

transitions between ground state mF levels (i.e. Faraday configuration), while perpendic-

ular magnetic field and laser propagation direction engages the ∆mF = 0 transitions (i.e.
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Voigt configuration) [63].

2.4 Density Matrix Formalism

In typical quantum mechanics we use atomic wavefunctions, which are superpositions of

pure basis states |ψ⟩ =
∑

α cα|α⟩. In this case the evolution of the system is given by

ih̄
∂|ψ⟩
∂t

= H|ψ⟩, (2.15)

for H the Hamiltonian for the quantum system. In the pure state formalism, probability

is conserved and normalized to unity and only superpositions of pure states are allowed.

However, in the case of atomic states being lost to decoherence, spontaneous emission, or

transit away from the system, this system must be described as an ensemble of pure states

in a statistical mixture.

Instead, we use a formalism that includes averages of statistical ensembles and mixture

of atomic wave functions. Further, this formalism allows for sources of decoherence, inter-

actions in an open system, and transitions between atomic wavefunctions (i.e. coherences).

As a result, this approach conserves the density of atomic wavefunctions, rather than the

basis states. To realize the benefits of this formalism, we define the density operator

ρ =
∑
α,β

|ψα⟩⟨ψβ | (2.16)

The expectation value of this operator yields the probability of the system being rep-

resented by the atomic wavefunction:

⟨α|ρ|β⟩ = ⟨α|ψα⟩⟨ψβ |β⟩ (2.17)

ραβ = cαc
∗
β (2.18)

ραα = |cα|2 (2.19)
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which is identical to the pure state case, but now allows for mixtures of basis states. To

determine the time evolution of the density operator, we make use of equation 2.15

∂ρ

∂t
=

∂

∂t
|ψ⟩⟨ψ| = 1

ih̄
[H, ρ] (2.20)

which determines the time evolution of ρ with respect to the Hamiltonian of the given

system. Therefore, the medium polarization P in equation 2.14 can now be written in

terms of the density matrix elements ρ
αβ

solved for in equation 2.20.

The power of the density matrix formalism is that decoherences can be added to the

time-evolution equation in the simple addition:

ih̄
∂ρ

∂t
= [H, ρ] + L(ρ), (2.21)

known as the Linblad master equation [64] where L contains all decays and decoherences of

the system due to spontaneous decay, Doppler broadening, collisional broadening, transit

decay, and other sources of spectral line broadening [65–67].

To summarize, the susceptibility of the medium affects the electric field of the incident

optical field through equations 2.11. The susceptibility is calculated through equation

2.8, which depends on the expectation value of the dipole moment of the atoms evaluated

through equations 2.14 and 2.20 for a given system Hamiltonian. Therefore, if we evaluate

the Hamiltonian of the system and solve for the density matrix elements, we can determine

the effect on the incident resonant light.

All future density matrix calculations assume a steady-state solution for density ma-

trix elements, dρ
dt = 0, since most effects occur on much longer time scales than atomic

phenomenon and in following chapters, we consider the specific cases for each atomic en-

ergy scheme with the intention of linking back to the fundamental theory outlines in this

chapter.
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Chapter 3

Electron Beam Magnetic Field

Detection

This chapter presents the methodology and results of imaging the electron beam magnetic

field and extracting current density that generates the field. We start by outlining the

classical magneto-optical effect coupling magnetic fields to optical polarization through

the Faraday effect, then we discuss quantum properties of atoms to enhance magnetic

field sensitivity. The theoretical discussion concludes with how electron beam current

density is extracted from the measured magnetic field. The second half of the chapter dis-

cusses the experimental setup used to image the electron beam magnetic field, concluding

with electron beam profile verification by comparing position, width and total current to

secondary diagnostics discussed within the chapter.

3.1 Classical Magneto-Optical Coupling

The first demonstration of magneto-optical coupling was pioneered in the work of Faraday

through the Faraday effect, as outlined in figure 3.1(a). A linearly polarized optical field

propagates through an optical medium with magneto-optical properties characterized by

Verdet constant ν under the influence of a uniform magnetic field B along length L. The
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output polarization will be rotated by an angle β linearly proportional to the applied

magnetic field as given by equation 3.1.

Figure 3.1: (a) Mechanism of the classical Faraday effect. (b) linear response of the polarization
rotation angle β due to magnetic field magnitude B for L = 1 mm and ν = 1.

β = νBL (3.1)

This response is due to the differential birefringent coupling to the left- and right-

circular polarization components that make up the linear polarization angle of the inci-

dent optical field [68]. Due to the differences of the indices of refraction for each circular

polarization component in the presence of a magnetic field, the overall polarization angle

rotates by an amount proportional to the propagation distance L. In this classical con-

figuration, the sensitivity to magnetic field is governed by the slope of the linear response

dβ/dB in figure 3.1(b), which is highly dependent on the Verdet constant ν governed by

the properties of the optical medium. In general, this sensitivity is quite small and highly

dependent on temperature of the material and wavelength of the interacting optical field

[69]. However, we can show that by considering the quantum properties of the atomic

medium, we can achieve high sensitivity to the magnetic field and strengthen the coherent

coupling between resonant optical fields and the optical medium.
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3.2 Nonlinear Magneto-Optical Rotation

We now consider the semi-classical interaction between the classically-defined electromag-

netic field and the atomic-based medium, defined through quantum states. While the

general theoretical approach was set up in chapter 2, here we narrow the scope to the sim-

plest configuration of magneto-optical rotation derived by Budker and Matsko [70, 71], as

well as highlight the advantages of the nonlinear response of the atomic vapor medium to

applied magnetic fields.

In the presence of a magnetic field, the magnetically-sensitive quantum states of the

atoms are shifted by a proportional amount due to the Zeeman effect shifting the reso-

nances of these atomic states. These states interact with resonant optical fields through

left- and right-handed circular polarizations, resulting in an overall rotation of the linear

polarization angle of light proportional to the magnetic field sensed by the atoms. The

non-linearity in nonlinear magneto-optical rotation (NMOR) indicates that the birefrin-

gence originates from nonlinear (laser intensity-dependent) optical susceptibility. Since

the magnetic field induced shifts in atomic energy states are small compared to the hy-

perfine splitting of the transition (400 – 800 MHz for Rb D1 transition), the F angular

momentum states including nuclear spin angular momentum will be used for magnetic field

sensing. The simplest NMOR interaction scheme is provided in figure 3.2(a), showing a

simplified NMOR interaction scheme consisting of two Zeeman sublevels of the ground

electronic states |mF = ±1⟩, coupled to the |mF ′ = 0⟩ excited state via two circular

polarization components Ω± of the linearly polarized near-resonant laser field, forming a

so-called Λ scheme. Indeed, in the configuration where the magnetic field is parallel to the

laser propagation axis, the selection rules determine that the circular components only

allow transitions between ∆mF→F ′ = ±1. In the absence of a magnetic field, the two

ground state Zeeman sublevels are degenerate. In the case where a weak magnetic field B

is present, the Zeeman energy shift for the mF = ±1 levels is given by equation 3.2
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Figure 3.2: (a) simplified energy level scheme for the closed NMOR system, without decoher-
ences. States |b+⟩,|b−⟩, and |a⟩ correspond to |mF = +1⟩, |mF = −1⟩ and |mF ′ = 0⟩ states,
respectively. (b) NMOR scheme for the open system, including decoherences and pumping terms
due to spontaneous emission Γ, transit decoherence γ0, decays to external states Γ̃ and repumping
γ0/2 decoherences.

h̄δmF = gFµBmFB = γB, (3.2)

for gF is the hyperfine structure Lande g-factor, µB the Bohr magneton, mF the Zeeman

hyperfine sublevel, and B the magnitude of the magnetic field along the laser propagation

path. The hyperfine g-factor has a correction to its value through equation 3.3, where gJ

is the well tabulated fine structure Lande g-factor [59, 72], which is used to calculate the

gyromagnetic ratio γ = 5 Hz/nT for 85Rb.

gF = gJ
F (F + 1)− I(I + 1) + J(J + 1)

2F (F + 1)
(3.3)

To show the sharp response of the light-matter interaction in the presence of the

external magnetic field, we can calculate the wave functions corresponding to H|ψ⟩ = 0

with the following Hamiltonian governed by the energy scheme in figure 3.2(a)

H = h̄δ|b+⟩⟨b+| − h̄δ|b−⟩⟨b−|+ h̄∆|a⟩⟨a|+ h̄Ω+|b+⟩⟨a|+ h̄Ω−|b−⟩⟨a|+H.C. (3.4)

where ∆ is the detuning of the excited state from resonance, H.C. the hermitian con-
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jugate of the previous terms, and Ω± = ℘±E±/h̄ are the Rabi frequencies of the left-

and right-circular polarization components of the optical field, with ℘± the transition

dipole moments and E± the electric field amplitudes of the birefringent optical field. The

eigenenergies λ for the system are given by:

∣∣∣∣∣δ − λ Ω+ 0
Ω∗
+ ∆− λ Ω−
0 Ω∗

− −δ − λ

∣∣∣∣∣ = (δ − λ)[(∆− λ)(−δ − λ)− |Ω−|2]− |Ω+|2(−δ − λ)] = 0. (3.5)

In the degenerate case where δ = 0, the eigenvalues and eigenvectors can be found

through the characteristic equation,

λ2(∆− λ) + (|Ω+|2 + |Ω−|2)λ = 0 (3.6)

λD = 0 λB+,− =
∆

2
±
√

∆2

4
+ |Ω+|2 + |Ω−|2 (3.7)

|D⟩ = Ω+|b+⟩ − Ω−|b−⟩√
|Ω+|2 + |Ω−|2

|B+,−⟩ =

√
|λB+,− |

λB+ − λB−

(
|a⟩+

Ω∗
+

λB+,−

|b−⟩+
Ω∗
−

λB+,−

|b+⟩
)

(3.8)

resulting in the most remarkable property of such an interaction scheme due to the exis-

tence of a so-called ”dark state” |D⟩ that can be completely decoupled from the excited

state |a⟩ in the absence of the magnetic field (and thus does not produce fluorescence,

giving the state its name). Atoms in such state (assuming no decoherence) do not ab-

sorb light, giving rise to the effect of electromagnetically induced transparency (EIT)

[66, 73, 74]. The resulting optical interaction is extremely sensitive so that even small

variations of the ground state energies due to the Zeeman shifts δ in equation 3.2 produce

noticeable differences in the interactions with two circular laser polarization components.

While the sharp optical response is demonstrated through the derivation of equation 3.8

following the scheme of Figure 3.2(a), it is far from realistic due to the lack of decohering

processes present in actual experimental implementations. The realistic energy scheme is
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outlined in Figure 3.2(b), including various decoherences Γ, Γ̃, and γ0 to simulate decays

to mF ground states, decays to external atomic states, and incoherent pumping and decay

rates (e.g., atoms entering and leaving the probe laser interaction region), respectively.

One can obtain the accurate solution for the optical susceptibility for the two circular

components by solving equation 2.21 for the density matrix elements [70, 71]:

χ± =
iα0λ

π

(γ0ΓEIT + 4δ2)− iδΓEIT

4δ2 + Γ2
EIT

, (3.9)

where α0 =
℘2
αβ

N

2ϵ0h̄Γ
is the unsaturated optical resonant absorption, ℘

αβ
is the electric dipole

moment of the optical transition, N is the atomic density, and γ0, Γ are the decoherence

rates from each state and spontaneous decay of the excited state in figure 3.2(b), respec-

tively. Here, ΓEIT = γ0 +
℘2
αβ

cϵ0h̄
2Γ
I is the power-broadened width of the EIT resonance,

where I is the laser intensity. Using this expression, we can determine the variation in

the laser intensity and polarization rotation angle as light propagates through the atomic

ensemble for a small magnetic shift δB ≪ ΓEIT using equations 2.10:

dI

dx
= −α0

Γ0

ΓEIT
, (3.10)

dφ

dx
= α0

Γδ

Γ2
EIT

. (3.11)

Substituting ΓEIT and in the limit of negligible ground state spin decoherence (γ0 ≪

ΓEIT ,Γ) and small laser intensity variation the polarization rotation rate reduces to

dφ

dx

∣∣∣∣
B≈0

=
h̄cN

λI
γB, (3.12)

in the case of long spin coherence lifetime and exact optical resonance. We assume the

greatest contribution to φ is when the probe beam direction and magnetic field B are along

the x-axis; λ, I, and c are the wavelength, local intensity, and speed of light, respectively;

N is the density of the Rb vapor, and γ = 5 Hz/nT is the gyromagnetic ratio for 85Rb

atoms. Figure 3.3 shows the sensitivity comparison around zero longitudinal magnetic field
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between the linear Faraday effect in equation 3.1 and nonlinear magneto-optical rotation

in equation 3.12, where the nonlinear effect results in far greater sensitivity by comparing

the relative slopes of the two curves. The sensitivity is determined by the slope of equation

3.11, α0Γ/Γ
2
EIT , with respect to Zeeman shift δ related to the magnetic field B by equation

3.2.

Figure 3.3: Sensitivity comparison between linear Faraday effect (orange dashed) with L = 1
mm, ν = 1 and nonlinear magneto-optical rotation (solid blue) where h̄cNγ

λI = 20, L = 1 mm and
the width of the resonance ΓEIT = 1 from equations 3.12 and 3.11

In principle, since the intrinsic spin coherence lifetime γ−1
0 ∝ Γ−1

EIT is very long, and in

some experiments [75] was extended up to many seconds, NMOR-based magnetometers

can achieve an impressive sub-pT sensitivity [28, 29]. When the spin decoherence and opti-

cal losses are accounted for, the exact proportionality coefficient between the polarization

rotation rate and the applied magnetic field is more complex and depends, at some extent,

on many experimental parameters (lifetimes of both optical spin states, laser frequency

detuning from the optical resonance, influence of additional near-resonant atomic levels,

etc.).

It is clearly seen that the slope, and therefore magnetic sensitivity, can be quite large

due to the coefficient in equation 3.12, resulting in Verdet constants on the order of 104 rad
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G−1 cm−1 compared to flint-based magneto-optical materials on the order of 10−5 rad G−1

cm−1 [76]. In the linear magneto-optical regime, the magnetic resonance width is limited

by the optical line width on the order of MHz, whereas the nonlinear regime is limited by

the coherence lifetime T ∼ 1/Γ on the order of Hz with the lambda energy level scheme

in figure 3.2. This long-lived coherence is established around the dark state in equation

3.8, around zero magnetic field and on atomic resonance. Therefore, the combination of

this energy scheme allows long coherence lifetimes to build sensitive atom magnetometers

in a dilute rubidium vapor through equation 3.11.

3.3 Electron Beam Magnetic Profile & Current Density Re-

construction

Our experiment applies a spatially varying magnetic field due to the nature of the charged

particle beam shown in figure 3.4 for an electron beam propagating in the z-direction and

laser travelling in the x-direction. While this makes the magnetic field behavior more

nontrivial, the geometry of the electron beam magnetic field allows us to derive essential

charged particle beam parameters such as electron beam intensity, position and width

through the following discussion.

To begin modelling the electron beam magnetic field, we reasonably assume that the

electron beam has a Gaussian current density given by

j(x, y) =
I0
πw2

e−
x2+y2

w2 ẑ, (3.13)

for electron beam propagation in the ẑ-direction, where I0 is the total current, and w is

the beam 1/e2 half-width. Although this seems like a restrictive constraint to enforce, a

priori knowledge of the electron beam distribution is not required if the vector information

of the electron beam magnetic field is measured, discussed later in chapter.

The corresponding magnetic field maintains cylindrical symmetry along the polar di-

rection θ̂, forming concentric field lines around the beam central axis which can be easily
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Figure 3.4: The basic concept of the charged particle beam detection method. The linear polar-
ization of a probe laser beam (red) φ is affected by the magnetic field (dashed light blue circles)
of an electron beam (dark blue) mediated by the spin coherence of Rb atoms.

found using Ampere’s law:

B(x, y) =
µ0I0

2π
√
x2 + y2

(
1− e−

x2+y2

w2

)
θ̂, (3.14)

where µ0 is the magnetic permeability of free space.

We can obtain quantitative information about the e-beam current distribution from

its magnetic field by deriving a function encoding beam parameters into a fit function

derived from the measured magnetic field. We begin with what we measure, which is

the total polarization rotation φ(y, z) integrated along the detection region of length L

characterized by coefficient β(y, z) under the influence of a magnetic field B

φ(y, z) = β(y, z)

∫ L/2

−L/2
Bx(x, y)dx, (3.15)

for small rotation angles φ(y, z). We assume that the atomic interaction is constant

along the laser propagation direction, the electron beam is collimated along z with no

magnetic field dependence along z, and that the primary contribution to the polarization

rotation angle is the magnetic field along the laser propagation direction x̂ such that

B(x, y) → Bx(x, y). In this case any changes in the polarization rotation in the z-direction
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can only be caused by the variation in the atomic response β(y, z) due to, e.g., laser

intensity variation.

Characterizing the atomic response generally requires evaluating atomic related prop-

erties such as atomic number density, transition dipole moments of all possible transitions,

wavelength of the resonant optical field, etc. However, all of these constants are measur-

able through a straightforward evaluation if the applied magnetic field is known. If a

uniform magnetic field is applied such that all positions within the laser interaction region

experience the same magnetic field, then the only variation in atomic response is due to

the light-matter interaction. Therefore, by measuring the spatial polarization rotation

angle for a uniform magnetic field, equation 3.15 trivially reduces to

φ0(y, z) = β(y, z)B0L, (3.16)

and β(y, z) is determined by normalizing the resulting rotation φ0(y, z) to the magnetic

field magnitude B0 and length of the interaction region L. By evaluating the spatial atomic

interaction in this way, we encompass all optical interactions in this single coefficient for

arbitrary optical transitions, atomic densities, and laser intensities.

Using equation 3.14, we can find an analytical expression for the polarization rotation

for an electron beam centered at vertical location y = y0:

φ(y, z) = β(y, z)
µ0I0(y − y0)

2π

∫ L/2

−L/2

1− e−
x2+(y−y0)

2

w2

x2 + (y − y0)2
dx

≈ βµ0I0
2

[
erf

(
y − y0
w

)
− 2

π
arctan

(
2(y − y0)

L

)]
, (3.17)

where erf(x) is the error function, and we assume e−L2/4w2 ≪ 1. For a larger cell the

first term dominates the rotation, while the edge effects become more noticeable farther

from the e-beam center and for interaction lengths on the order of electron beam width,

as shown in the vertical polarization rotation profiles in figure 3.5

25



Figure 3.5: Effect of finite cell length L compared to electron beam width w on the polarization
rotation profile φ(y) generated from the electron beam magnetic field of equation 3.14 shown in
figure 3.4. The rotation profile φ(y) is evaluated from equation 3.17 for infinite cell length L≫ w
(blue) and finite cell length L ≈ w (orange), causing the tails of the profile to fall off far from the
center of profile. These profiles were calculated for βµ0I0 = 1 rad, y0 = 0 mm, L = 10 mm, and
w = 1 mm, and is oriented to match the expected output polarization in the zy-plane from figure
3.4

It is convenient to introduce a normalized signal Φ(y, z) = φ(y, z)/(µ0β(y, z)) since

it depends only on the e-beam current distribution. For a Gaussian current distribution,

according to equation 3.17, the normalized signal is an error function for L≫ w, centered

at the vertical position of the e-beam y0, and the maximum variation of j(y, z) depends

only on the total e-beam current, that allows for robust measurements of these parameters

even for a noisy signals. Therefore by fitting the resulting magnetic field profile, one can

obtain the current I0, center position y0, and width w of the electron beam. Additionally,

if a profile of the current distribution is required, it becomes as trivial as evaluating the

derivative

j(y) =
dΦ

dy
, (3.18)

resulting in a Gaussian current distribution as expected in the case of L≫ w.

Therefore, to measure the Gaussian beam profile, the electron-induced NMOR φ(y, z)

needs to be normalized to the atomic response β(y, z) obtained through equation 3.16.
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Once normalized, the resulting vertical profile can be fit to equation 3.17 to extract the

total current I0, position y0, and width w. Optionally, by differentiating in the vertical

direction, the current distribution can be mapped through equation 3.18. As a result,

the current density can be reconstructed from the measured magnetic field distribution

imaged in the experiment.

Two assumptions regarding this analysis is on the beam shape, and constraining the

current density variation to the vertical axis. The assumption regarding the beam shape,

however, is straightforward to neglect if magnetic field direction is measured. With mag-

nitude and direction of the magnetic field, the vector can be constructed and the current

density calculated through Ampere-Maxwell law:

∇×B = µ0j, (3.19)

in the steady state (∂E/∂t = 0). Previous work has demonstrated a method for deter-

mining magnetic field direction based on NMOR transmission spectra [37] and structured

light [36] for uniform fields of arbitrary direction, and by adapting the methods for elec-

tron beam magnetic fields, arbitrary current density reconstruction is attainable, thus

loosening the constraint set on the electron beam current distribution.

More spatial dimensions can be included in the current density reconstruction by in-

troducing an additional probe laser propagating in the y-direction in figure 3.4 to extract

the magnetic field and current density along the x axis, resulting in a cross-sectional profile

of the electron beam by using the analysis discussed in this section. With the two trans-

verse reconstructions, the full cross-sectional area of the electron beam can be mapped,

providing beam profiles obtainable through collisional based detectors mentioned in sec-

tion 1.1. This transmission-based measurement integrates along the optical propagation

path and discards any spatial magnetic field behavior along the laser axis. Rydberg atom

spatial electric field sensing has been shown to spatially characterize electric field-induced

energy level shifts along the laser propagation path using laser-induced fluorescence [16].
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By applying the same principles of Rydberg EIT fluorescence to NMOR, this problem can

likely be addressed to probe the magnetic fields within the electron beam and along the

laser propagation path.

3.4 Electron Beam Profiling via NMOR

This section discusses the experimental apparatus made up of the electron gun, vacuum

system and secondary electron beam diagnostics to generate, maintain, and characterize

the electron beam. We start with the various features of the vacuum system and Rb vapor

cell used in magnetic field detection. Then we discuss secondary diagnostics that can be

used to characterize the electron beam profile to validate the beam properties measured

using the magnetometer. Finally, we go over the optical setup and results of the electron

beam profiles obtained by measuring the particle beam magnetic field using NMOR.

3.4.1 Tabletop Electron Beamline

The electron beam source is a device by STAIB instruments (model RH30) which is typi-

cally used for reflection-based high-energy electron diffraction (RHEED) imaging [77, 78]

as a method of electron microscopy typically used for surface characterization of materials

[79]. This source, however, is sufficient to generate a collimated and configurable electron

beam to use for the tabletop charged particle beam profiler. The electrons are generated

through a thermionic filament style source, where running high current through the fil-

ament heats it sufficiently so that it emits free electrons. Higher filament current yields

greater total beam currents at the cost of filament lifetime due to the greater heating of

the filament. An electric potential that focuses or diverges the electron cloud is applied

through a conical ”grid” element to collimate the emitted electrons. The electrons are

finally accelerated up to 20 keV in a collimated beam to freely propagate through the sys-

tem while being magnetically steered using two pairs of Helmholtz coils within the electron
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gun. The result is a collimated electron beam with up to 200 µA of current accelerated

between 10-30 keV, which can be focused to a 100 µm width with proper focusing.

This electron source can manipulate beam focus through a combination of ”grid”

and ”focus” control voltages, and beam deflection in the horizontal X and vertical Y

directions. Electron emission during the experiment is controlled through beam blanking,

which completely diverges the electron beam through defocusing. Electron total current is

therefore controlled by a combination of filament current, beam ”grid”, and beam ”focus”

controls.

X-ray protective measures are taken to minimize radiation exposure through the use of

leaded materials to block the x-rays generated by electrons scattering into glass interfaces.

In particular, the glass hot-cathode ionization gauge (I-HC) and downstream chamber

optical access window in figure 3.6 are covered with lead to prevent x-ray exposure during

the experiment. Exposure rates in the absence of shielding range from 2.07 rem/hr adja-

cent to glass interfaces down to 28 mrem/hr 12 inches away from the glass interface due to

the rapid decrease in exposure rates at far distances. Since all glass interfaces are covered

by leaded material, plastic or metal enclosures, or sufficient distance from working areas,

the exposure to x-rays is negligible (≤ 500 µrem/hr) compared to the unshielded case.

To generate an electron beam and profile the magnetic field, the vacuum system in

figure 3.6 is kept at 1 – 10 nTorr to preserve the electron filament and rubidium alkali.

The electron beam propagates through the upstream chamber, the rubidium cell, and the

downstream chamber for a total propagation distance of 1 m.

The upstream chamber houses vacuum diagnostics to monitor vacuum pressure using

cold- and hot-cathode pressure gauges to monitor low vacuum (≤ 760 Torr) to ultra-high

vacuum (≤ 1 nTorr). Two optical access points are included to view downstream and

perpendicular to the electron beam path for additional diagnostics and beam characteri-

zation.

The rubidium cell is a rectangular cuboid glass cell (inner dimensions: 10 mm × 10

mm × 45 mm) containing a natural abundance of Rb vapor designed to allow the electrons
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Figure 3.6: Representative diagram of the electron beam vacuum system. Inline, angle, and gate
valves are all marked with an inscribed ”X”. Various Pirani (P), cold-cathode ionization (I-CC),
and hot-cathode ionization (I-HC) pressure gauges monitor vacuum pressure around the system.
Helium (He) or other gases can be pumped into the Rb cell. The electrons terminate in the Faraday
cup (FC) to measure total current at the end of the system.

to pass through while keeping sufficient rubidium vapor pressure within the cell region.

Differential pumping through 8 mm apertures, up- and down-stream of the cell, are used to

confine the vapor to the cell and to keep it at constant pressure. The vapor was maintained

at ∼ 60◦C, corresponding to a 85Rb vapor density of 2.7 × 1011 cm−3. Although there

is no pressure gauge in the Rb cell, we estimate the pressure in the cell and downstream

chamber to be ∼ 1 µTorr, which is the maximum pressure read in the surrounding vacuum

chambers after exposing the cell to vacuum and before pumping back down to ultra-high

vacuum. The cell has two reservoirs for gases: one included as part of the cell to load and

seal the rubidium ampoule, and another to fill the cell with an arbitrary gas for electron

beam diagnostics. The rubidium reservoir can be heated to gradually include vapor in the

detection area of the cell, while the gas inlet can be used to backfill the cell with inert

gas to protect the alkali when the vacuum is opened or to measure electron beam impact
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fluorescence using an inert gas like helium.

A heated-air oven encloses the cell to control Rb vapor density without parasitic mag-

netic fields from electronic heaters. The oven is designed with pneumatic, optical, and

temperature sensing ports for efficient heating and monitoring, while still allowing optical

access for magnetic field sensing. Heated air is delivered to the cell from a compressed air

supply regulated by a flow controller (0 – 5 SCFM). The air subsequently passes through

a pipe heated electronically using heater strips connected to a variac.

The downstream chamber houses more electron beam and vacuum diagnostics with

a hot-cathode pressure gauge, another optical access port, and the Faraday cup. The

Kimball Physics FC73-A Faraday cup is used to measure electron beam total current and

energy spread using a series of conductive grids to read out the electron deposition into

the Faraday cup. The cup can be fitted with a phosphor screen and energy retarding grid

to measure beam profile and energy spread, but these have been removed to limit parasitic

light and back-scattered electrons affecting electron beam measurements. A bias voltage

(∼ 50 – 300 V) can be applied to the Faraday cup output to minimize back-scattered

electrons and increase detector efficiency shown in figure 3.7(a). Figure 3.7(b) shows the

20% change in measured beam current when applying bias voltages VFC from -30 – +30

V, where only bias voltages −10 V ≤ VFC ≤ 30 V show appreciable change in beam

current. Therefore, further biasing voltage is not expected to significantly improve the

measurement efficiency of the Faraday cup.

To pump out the vacuum system, a turbomolecular (turbo) pump (70 L/S, Pfeiffer

model TMU-071P) is backed by a diaphragm rough pump to bring the pressure to 10

nTorr, which is more than sufficient to preserve the alkali and electron source filament,

operable for pressures ≤ 5 µTorr. For safe turbo pump operation, the rough pump should

initially pump out the system down to 1 – 10 mTorr before activating the turbo to limit

heat generation in the turbo. This initial rough pumping can be facilitated through

the bypass valve system, which bypasses the turbo pump to bring the system to mTorr

pressures without the need to power cycle the turbo pump through the initial pumping
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Figure 3.7: Effect of Faraday cup biasing on the measured electron beam current. (a) Scheme
used to bias the Faraday cup, where the cup and surrounding vacuum system is grounded. (b)
Change of Faraday cup current versus biasing voltage.

phase. To properly used the bypass, the valves surrounding the turbo can be closed to

isolate the turbo, while the bypass valves can be opened until mTorr pressures are reached.

After closing the bypass valves, the valves surrounding the turbo can be opened safely,

starting with the valve facing the diaphragm pump, to pump down to ultra-high vacuum

pressures.

To protect the vacuum from intermittent power outages, an automatic gate valve shuts

in front of the pumps to limit the leakage of air into the system should the pumps lose

power. This valve is pneumatically-controlled, and must be manually reset or opened to

conserve the nitrogen gas supplied to the pneumatic gate valve. Two separate manual

valves are placed to isolate the rubidium cell and downstream chamber from the rest of

the system, allowing the vacuum to be exposed to air, while preserving the vacuum and

enclosed alkali in this isolated region. Should work by done in the rubidium cell and

downstream chamber, the gas inlet within the rubidium cell can be used to provide a

constant flow of inert gas (e.g. nitrogen or argon) to limit the interaction of the alkali
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with air. While this process can work for quick vacuum adjustments, more extensive

vacuum work will require the rubidium alkali to be replaced. Details on these vacuum

and electron gun procedures are listed in appendix B with step-by-step instructions on

various processes to restore or maintain the vacuum system.

3.4.2 Electron Beam Characterization

We rely on several mechanisms to determine electron beam charge distribution and in-

tensity using traditional profiling methods. To determine the total current of the electron

beam, we use the emission current indicated by the electron source controller and the

current measured on the Faraday cup. The Faraday cup current is measured through the

voltage across a 50 Ω resistance BNC terminator. However, the current measured in the

Faraday cup is subject to beam losses throughout the system, shown in figure 3.8, resulting

in notably lower Faraday cup current compared to the emission current. This discrepancy

arises from several factors, including potential beam clipping through the vacuum sys-

tem, poor focusing and alignment of the electron source filament to the grid electrode,

or back-scattered electrons reflected away from the Faraday cup. Despite these, however,

we obtain coupling efficiency from 40% – 70% into the Faraday cup, as demonstrated in

figure 3.8.

The Faraday cup can also be used to determine optimal beam pulse speeds and beam

focus parameters. Since the beam blanking defocuses and refocuses the beam, there is a

transient period before the electron beam is stable as demonstrated in figure 3.9(a) when

the electron beam is turned on. The long transient times to collimate the beam constrains

the pulse speeds to be limited to 1 Hz for stable beam profiles. Pulse rates up to 1

MHz using an electron pulser unit, which deflects the electrons through an aperture using

electric fields [80], can speed up data acquisition, but this unit was not available for this

apparatus. To optimize the beam focus at the Faraday cup, we sweep the electron beam

position around the aperture of the Faraday cup (vertically, if considering the scheme

shown in figure 3.7(a)) and tune the grid and focus parameters to maximize the width
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Figure 3.8: Coupling efficiency of the electron emission current into the Faraday cup (without any
bias voltage) located 1 meter downstream of the electron gun. The coupling efficiency is evaluated
using a linear fit (orange) to the data (blue).

and rise time of the measured current in figure 3.9(b).

In reality, the beam focus is a convolution of beam energy, filament current, grid, and

focus parameters and is unlikely to be perfectly collimated throughout the length of the

vacuum apparatus. Therefore, the electron beam profile is best compared within the ru-

bidium cell using ionization (or impact) induced rubidium fluorescence. The fluorescence

is generated after the ionized atoms recombine to neutral atoms, emitting light within the

vicinity of where the ionization originally occurred. By imaging the resulting fluorescence,

the beam profile can be mapped out to determine beam position and width with respect

to the magnetometer probe region. The original fluorescence scheme used high pressures

of helium to obtain beam profiles resulting in degradation of the electron source filament

and rubidium supply due to the required high vapor pressure and gas impurities of the

helium used, respectively. However, rubidium still undergoes the impact processes, albeit

at a comparatively infrequent rate, to be able to extract fluorescence signals. Setting up

an auxiliary imaging system with a magnification 1 (further discussion and configuration

will be given in section 3.4.3), we obtained independent verification of the e-beam charac-

teristics. Figure 3.10 shows examples of acquired fluorescence images due to the e-beam
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Figure 3.9: (a) e-beam current transient due to the refocusing of the electron beam when turning
the beam on. (b) Faraday cup signal when sweeping the electron beam through the Faraday cup
aperture.

for different vertical positions. We employed a camera with a 30-second exposure time to

capture the fluorescence images, considering the low number of excited atoms that emit

photons through fluorescence.

Figure 3.10: Electron beam impact fluorescence in Rb vapor at three different vertical positions
of the electron beam. Each image uses 10 averages with a camera exposure of 30 s per average.
The left-most plot shows the vertical profiles (transparent) and Gaussian fits (opaque) used to
verify electron beam widths and positions. The images on the right are the fluorescence images
captured by the fluorescence camera.

Using this fluorescence, we can measure the beam profile coincident to the magnetome-

ter probe region to verify beam position and width measurements. Figure 3.10 also reveals

the low interaction probability and frequency of the electrons and the atomic vapor, where
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less than 10 fluorescence counts are captured over the span of 30 s exposure time. This

argument, albeit not exhaustive, can be a measure of the non-invasive nature of this ap-

proach. Accurate measure of the interaction between the rubidium atoms and incident

electron beam requires use of simulations such as GEANT4 [81–83] to fully characterize

the processes, or lack thereof, between the electron beam and rubidium vapor.

Other beam diagnostics have been explored to accurately verify the electron beam

characteristics, of which are outlined in figure 3.11. Optical transition radiation (OTR) is

a phenomenon in which rapidly decelerated electrons emit optical radiation proportional

to the electron beam intensity [84–86]. By imaging the resulting light, a profile can be

mapped to verify the current density of the e-beam. Figure 3.11(a) shows an example of

the radiation when the electron beam impacts the upstream differential pumping gasket

between the upstream chamber and Rb cell in figure 3.6. However, the only optical access

for OTR is on the upstream differential pumping aperture, located 6 inches upstream of

the magnetometer probe region, making it unsuitable to validate the electron beam profile

within the magnetometer probe region.

A harp (or wire) scanner in the detection region can also be used to extract the current

density of the e-beam by reading out the current generated by electron deposition the wire

as a function of scanner position [1]. Figure 3.11(b) shows a configuration for the wire

scanner built to be used in the experimental apparatus, where 3 wires at 0◦ and ±45◦

are used to read out any ellipticity in the electron beam profile. However, the current

Rb cell lacks a ConFlat vacuum flange near the magnetometer probe region, preventing

implementation of the scanner that would greatly benefit the experiment as a diagnostic

tool for total current within the detection cell. As a result, the system lacks a measure of

beam current to validate within the probe region, discussed in section 3.5.

Finally, should electron impact-induced Rb fluorescence yield poor signal-to-noise ra-

tio, higher pressures of inert gas can be used through the gas inlet valve attached to the

Rb cell. Greater vapor pressures of inert gas generate more fluorescence that can be cap-

tured using cameras, as shown in figure 3.11(c) for ∼ 1 Torr He gas over short periods
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Figure 3.11: Alternative secondary diagnostics that can be used to measure the electron beam
profile. (a) Optical transition radiation (OTR) of the electron beam impacting the solid copper
gasket between the upstream chamber and Rb cell in figure 3.6. The dashed red box enclosing the
blue light shows where the electron beam impacts the gasket. (b) Harp scanner made to profile
the electron beam current density. The electrons deposited on the wire can be read out as a
current while the wire scans across the electron beam, by mapping the current on the wires to the
position of the scanner, the cross section of the electron beam can be read out. (c) Electron impact-
induced helium fluorescence inside the Rb cell captured using a high-exposure cellphone camera.
Propagating the electron beam through high helium pressure (≤ 1 Torr) generates fluorescence,
which can be used to measure the electron beam profile with greater signal-to-noise compared to
Rb fluorescence in figure 3.10.

(∼ 1 s) to prevent electron source filament deterioration. Care must be taken to use high

purity inert gas and evacuated supply lines to prevent alkali oxidation and cell window

contamination to safely boost fluorescence signal using this diagnostic.

This summarizes the design of the vacuum system, and various methods to characterize

the electron beam and compare to the magnetometer approach. The next section details

the optical scheme and results in profiling electron beam magnetic fields using rubidium

vapor.

3.4.3 Electron Beam Magnetic Field Profiling

The essence of the profiling approach is shown in Fig. 3.4. The e-beam travels through a

cell containing a dilute gas of rubidium atoms. Within the cell each Rb spin precesses at a

37



rate determined by the local magnetic field. A linearly polarized laser beam traverses the

volume surrounding the charge particle beam and probes the atomic spins: the nonlinear

magneto-optical polarization rotation (NMOR) effect [18, 87, 88] rotates the optical linear

polarization due to the magnetic field of the e-beam. By measuring the polarization

rotation variation across the laser beam cross-section, we are able to determine the local

magnetic field of the e-beam and reconstruct its transverse spatial profile. Our detection

scheme is largely non-invasive as the e-beam is minimally affected by the low-density

alkali vapor (1010 − 1012 cm−3) localized within a 30 cm region enclosed in high-vacuum.

The strong resonant coupling between laser light and atomic spin coherence enhances

the sensitivity compared to the approaches based on incoherent electron impact-induced

fluorescence [10].

Figure 3.12: (a) Schematic of the experimental setup (see text for abbreviations), where a
flipper mirror determines BPD- or CCD camera-based detection. (b) Laser intensity profile at the
output of the PBS, recorded by the CCD with ∼ 200 µs exposure time. (c) The e-beam-induced
polarization rotation angle, φ(y, z), calculated using equation 3.20. (d) The electron current density
distribution reconstructed from the erf-function fit of the normalized polarization rotation Φ(y, z).
For all the image analysis an intensity mask is applied to eliminate data points with laser intensity
below 5% of the peak value to prevent infinities arising from I1 + I2 = 0 in equation 3.20

In the experiment, the laser beam propagates along the x-axis shown in Fig. 3.4, nearly

38



perpendicular to the electron beam direction, designated as the z-direction. The laser is

linearly polarized in the y-direction, perpendicular to both the electron and the laser beam

propagation directions. In this configuration, the laser polarization rotation should only

be sensitive to the longitudinal magnetic field component Bx (Faraday configuration) [70].

Figure 3.12(a) shows the optical scheme for the simplest configuration to measure

electron beam-induced NMOR. For optical detection, we use an external cavity diode

laser (ECDL) operating on the D2 line of 85Rb (wavelength λ = 780 nm), operating within

±50MHz of the 52S1/2, F = 3 → 52P3/2, F
′ = 4 transition. The laser frequency is stable

enough to maintain consistent NMOR sensitivity fluctuations during data acquisition, so

laser frequency locking was not used for the e-beam magnetic field measurements. The

laser beam is linearly polarized using a polarizing beam splitter (PBS) cube and enlarged

to 6 mm before the entering the Rb-filled glass cell to capture the full e-beam diameter.

Since such system is most sensitive to small magnetic fields we suppress environmental

fields by placing the atomic vapor cell inside a layer of µ-metal magnetic shielding, and

use 3D Helmholtz coils to further reduce the background magnetic fields. After passing

through the cell, the laser polarization rotation is analyzed using a balanced polarimeter,

consisting of a half-wave plate that rotates the polarization by 45◦, an analyzer PBS and a

differential amplified photodetector (BPD). In the absence of the e-beam, the intensities of

the two PBS outputs I1,2 are balanced. A small rotation of the polarization φ produces a

proportional variation between the two channel intensities, allowing accurate calculations

of φ:

φ = arcsin
(

I2 − I1
2(I2 + I1)

)
≈ I2 − I1

2(I2 + I1)
. (3.20)

Although the schematic shows normal incidence of the probe laser into the Rb cell, we

introduce a slight (≤ 5◦) angle to minimize back-reflected interference fringes arising from

the lack of a cell anti-reflection coating. Two methods of detection are possible using either

photodetector- or camera-based detection to measure the electron beam magnetic field.
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Photodetectors are inherently less noisy and more efficient at converting light into electrical

signals. However, spatial information is lost as they integrate transmission over the entire

cross-section of incident light. While this can be resolved by translating a narrow laser

and reading out the NMOR as a function of laser position, it is more straightforward to

use a camera to image the spatially-dependent NMOR, at the cost of increased electronic

noise.

For a narrow laser beam the magnitude and sign of the rotation angle depend on the

cumulative magnetic field along the optical propagation path. Therefore, the direction of

polarization rotation should be dependent on the position of the electron beam relative to

the probe laser shown in figure 3.13(a), with the resulting NMOR signal in figure 3.13(b).

This NMOR reversal based on electron beam position can be used to verify the electron

magnetic field behavior and coarsely align the electron beam to the laser.

Figure 3.13: (a) Electron beam position change relative to the probe laser demonstrating the
reversal of magnetic field direction across the laser cross-section. (b) Resulting NMOR based
on two electron beam positions (orange and green, left axis) when the electron beam is turned on
(blue, right axis). Due to the opposite directions of magnetic field between electron beam positions,
opposite NMOR direction occurs, emphasized by the arrows for each plot.

To verify that the observed NMOR signal is due to the electron beam magnetic field,

the reversal of polarization rotation demonstrated in figure 3.13(b) must be present. Fur-

ther, this signal must invert when swapping I1 and I2 in equation 3.20, accomplished by

rotating the polarimeter balancing waveplate by 45◦ (equivalent to rotation of the polar-
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ization by 90◦). This verification factors out irrelevant changes in laser absorption due to

stray electrons sputtering rubidium metal into the surrounding rubidium vapor, increasing

laser absorption, which is independent of electron beam position or polarimeter balancing.

A 2D map of the polarization angle can be imaged on a camera using a laser beam

with large cross-section to obtain a transverse profile of the e-beam. For camera-based

NMOR, we measure total power changes in each channel that let us measure the integrated

rotation signal, which is convenient for system alignment. For most presented data we use

a CCD-based imaging system (magnification 0.50) to record the spatial distribution φ(y, z)

across the laser beam. To ensure the consistency between the recorded intensity masks

I1,2 they are recorded consecutively at the same camera position, but with a different

polarimeter balancing angle before the polarizer. An example of such intensity profile for

one of the channels is shown in figure 3.12(b), in which the intensity difference between

two channels, induced by the e-beam, is not distinguishable by the naked eye. As the laser

beam has a Gaussian intensity profile, we only use its central part with sufficient intensity

for determining the polarization rotation angle.

In addition, the electron beam was pulsed on and off at 1 Hz to record two consecutive

images, with and without the e-beam. To synchronize the camera and electron beam

pulsing, both are controlled using square waveforms with a relative 50◦ phase to ensure

the camera triggers after the initial electron focusing transient in figure 3.9(a). Figure

3.14 shows the camera exposure time relative to the Faraday cup current read when

the electron beam turns on. The phase between the electron and camera trigger signals

should be sufficient enough to trigger the camera after the electron beam transient, but

small enough to ensure the camera does not expose during the electron pulse transition.

Subtracting the pairs of images from each other allows us to remove any residual

polarization rotation due to stray magnetic fields or optical elements to ensure that we

only detect the polarization rotation caused by the e-beam. A number of averages can

also be designated to reduce optical or electron related noises over the course of data

acquisition. Since we measure small changes in polarization angle, on the order of 1 mrad,
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Figure 3.14: Camera triggering relative to the pulsing of the electron beam. The trigger signal
is set so that the camera exposure (orange) activates after the electron beam transients measured
in the Faraday cup (blue) stabilize to consistently capture a constant beam profile. The width of
the camera trigger pulse is the exposure time (50 ms, in this demonstration).

we require sufficient camera bit depth to differentiate small pixel count resolution. Each

image holds up to 2592x1944 pixels each measuring 12 bits per pixel (1.5 bytes per pixel),

which corresponds to a total of ∼ 7.5 MB per image per second (assuming 1 Hz camera

triggering). The consequence of large data transfer from the camera will result in dropped

frames, despite using Ethernet interfaces with bandwidths up to 1 GB/s. This manifests

as a skip in the image pairs acquired during data collection, misidentifying the electron

state for subsequent images. The concept and solution of dropped frames in shown in

figure 3.15, where frame 4 is dropped. As a result, the subsequent frames are reversed in

pairwise order, such that when the subtraction and averaging is done, the resulting rotation

would be significantly smaller than the true polarization rotation. We can monitor which

frames are dropped by monitoring the timestamps of each frame and tracking the period

between frames. Since the acquisition continues until the designated averaging number

is reached, the imaging collection will acquire an additional frame (9, in figure 3.15). By

removing the frame with period longer than the camera trigger period T and the final

frame in the dataset, correct frame ordering is reestablished, and the pairwise subtraction

and averaging will measure the proper NMOR angle due to the electron beam magnetic

field. Should multiple frames be dropped, the procedure can be repeated, removing the
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frame with long period and the final frame to maintain frame ordering for an arbitrary

number of dropped frames. Traditionally, this correction is manually executed, given that

the rate of dropped frames is small enough to feasibly make the corrections. However, for

large numbers of dropped frames, future data acquisition improvements should be done

to automate the frame correction procedure.

Figure 3.15: Dropped frame demonstration and correction procedure to ensure proper pairwise
subtraction. (I) Frames are acquired every T seconds alternating between electrons ON I and
OFF O, except for frame 4, which never arrives despite the camera and electron beam successfully
triggering, resulting in an additional frame 9 at the end of the data acquisition. (II) Removing the
frame with period 2T and the final frame (frames 5 and 9) resets the ordering of electron pulsing
to follow correct ordering shown in (III).

By capturing the intensity profiles of the two outputs on a CCD camera with two

waveplate positions, we were able to calculate local variations of φ(y, z) within the laser

beam cross-section as shown in Fig. 3.12(c). The angle distribution within the laser beam

is extracted by applying equation 3.20 to each camera pixel. Since the e-beam generates

a circulating magnetic field in the x − y plane, and the nonlinear polarization rotation

is primarily sensitive to the x-component of the magnetic field, we expect to see a sign

change in the measured polarization rotation angle below and above the center of the

e-beam, as shown in Fig. 3.4.

To reconstruct the electron beam profile according to section 3.3, we need to normalize

the electron-induced polarization rotation to isolate the electron beam current. In equation

3.16, we measure β(y, z) by normalizing the uniform NMOR to the induced magnetic field.

Figure 3.16(a) shows the dependence of the uniform magnetic field on the voltage applied

in the coil using a calibrated F.W. Bell Model 9500 gaussmeter. Since it is not possible
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Figure 3.16: (a) uniform magnetic field coil calibration to voltage driving the coils. Calibrations
were taken on each side of the cell (blue, orange) with the average of the calibration corresponding
to the field inside of the cell (green). (b) β(y, z) calibration used to normalize out the light-matter
variation from the NMOR images in figure 3.12(c).

to monitor the magnetic field inside the Rb cell using the gaussmeter probe, we take

the average calibration between the fields measured on either side of the cell (±5 mm).

This way, we can record β(y, z) in the exact same manner as electron-induced NMOR,

instead pulsing the uniform magnetic field, and by using the voltage across the coils, we

can calculate the spatial profile of β(y, z) through equation 3.16 shown in figure 3.16(b).

Figure 3.17: Measured normalized rotation images Φ(y, z) for two different electron beam
positions of electron beam emission current IE = 200µA and energy E = 20 keV. The location
of the e-beam center in each case is clearly detectable by the reversal of the polarization rotation
direction (red versus blue). The left panel shows the vertical profiles of the images with the
corresponding fits from equation 3.17, and the horizontal dashed lines indicate the positions of the
electron beam center, also extracted from the fits.

Fig. 3.17 shows the examples of the recorded normalized signal Φ(y, z) for two vertical
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positions of the e-beam. As expected, the polarization rotation changes direction from

positive to negative at the e-beam center position, and the signal is uniform in the z-

direction.

3.5 Electron Beam Parameter Verification

To verify the measured quantities obtained via the previous discussion, we correlate beam

position, current, and width with secondary beam diagnostics discussed in section 3.4.2.

Figure 3.18 shows the correlations between beam position and current, when compared to

electron-induced impact fluorescence and the Faraday cup (and electron source current),

respectively. We verify the accuracy of the beam position measurements by capturing

images of fluorescence from Rb atoms ionized by the e-beam (discussed in section 3.4.2).

The measured centroid position variation matches within 16% between the two methods,

indicating that the spatial coordinate systems agree between the two separate imaging sys-

tems and that we accurately measure beam position betweeo the two methods. Similarly,

we compare the total e-beam current value extracted from the polarization rotation mea-

surements with that measured at the Faraday cup IFC and electron emission current IE.

Since the system lacks a secondary current diagnostic in the region of the magnetometer,

we can only validate the current within the range set by the Faraday cup, located approx-

imately 25 cm downstream of the Rb cell, and the electron source, approximately 75 cm

upstream of the detection region. The current measured by the magnetometer matches

within 36% of IFC and 14% of IE between the two methods.

From the fit, we obtain a FWHM e-beam diameter of 1.96 ± 0.13 mm. Although we

are unable to independently verify the precise profiles of the electron beam, this value is

noticeably broader than that obtained from the fluorescence fits, 0.89± 0.04 mm FWHM,

where the uncertainty for these quantities are derived by considering the variance of the

profile parameters of the datasets. In the next section, we discuss the lower bound of

magnetic field and beam current measurements of the initial electron beam profiler and
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Figure 3.18: (a) Comparison between the electron beam center position extracted from the
polarization rotation measurement y0,NMOR and from the electron-induced rubidium fluorescence
images y0,fluorescence with a regression of y0,NMOR = (1.16±0.21) y0,fluorescence (dotted blue line). (b)
Comparison between the total electron beam current determined using the polarization rotation
fits INMOR and measured directly using the Faraday cup IFC with a regression of INMOR =
(1.36± 0.13) IFC (dotted blue line). The black dashed lines have a slope of 1 and 2, representing
IFC and the emission current IE ≈ 2IFC. The shaded region indicates the range of valid beam
currents measurable by NMOR. Uncertainties in NMOR-derived parameters stem from the variance
of electron beam center position and total current under identical experimental conditions. The
fluorescence uncertainty is based on the variance in center position for varied beam currents, while
the Faraday cup signal uncertainty is due to the variance of the measured Faraday cup signal (read
on an oscilloscope).

primary sources of this width discrepancy, with potential solutions for each source.

3.5.1 Beam Current Measurement Sensitivity and Beam Width Discrep-

ancy

Here we estimate the optimal performance of the proposed sensor, where the performance

is severely affected by the technical noises in the optical detection. As the dark noise of

the CCD camera, used here, is higher than for a balanced photo-diode detector (BPD),

we consider the latter to estimate the best achievable sensitivity. The smallest measurable

e-beam current (δIe) is estimated to correspond to the signal-to-noise ratio (SNR) equal

to one. In our case, it is determined by the smallest measurable polarization rotation

angle (δφ) and by the response of our system S, i.e. the polarization rotation angle per

current carried by the e-beam:
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δIe =

(
dφ

dIe

)−1

δφ =
1

S
δφ (3.21)

To estimate the response S of the system, we varied the emission current of our electron

gun in the range of 0 - 90 µA. We observe the linear relationship between the measured

rotation angle and the emission current with a slope S = 0.21 mrad/µA. (We note that the

emission current is consistently 50% larger than the current indicated by the Faraday cup

due to the losses along the electron beam propagation path, such as beam line obstacles,

back-scattered electrons, etc.).

Figure 3.19: Fourier transformed signals from the BPD in the absence of polarization rotation.
Plotted are the cases of typical experimental conditions (experiment noise, orange) compared to
the dark noise of the BPD (BPD noise, blue). The red line in the bottom shows the shot-noise
limited sensitivity. The right axis defines the minimum detectable current, based on the minimum
detectable rotation angle of the left axis.

The smallest measured rotation angle (per unit of bandwidth) is fundamentally set by

the shot noise of the laser beam, discussed in detail in chapter 4, which depends on the

laser power P [89] as

δφ =

√
2hc/λ

ηP
=

√
2e

Iph
, (3.22)

where h is the Planck constant; c is the speed of light; λ is the laser probe wavelength,

η is the quantum efficiency of the detector, e is charge of the electron and Iph is total
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photo-current generated in the BPD. It is easy to see that the expression under the square

root is just the number of photo-electrons generated by light in the photodiode, per unit

of time.

Combining equations 3.21 and 3.22, we calculated shot noise-limited sensitivity for our

setup to be 400 pA/
√

Hz (see Fig. 3.19). In practice, the sensitivity limit is actually set

by the classical noise sources: residual light intensity noise, mechanical vibrations, flicker

noise in electronics, that make it hard to reach the shot noise limited performance. In

our case, the performance of the BPD was limited by the photodiode dark noise at high

frequencies to about 1 nA/
√

Hz (see Fig. 3.19). At lower frequencies, we see performance

degradation with a characteristic 1/f noise.

While there may be a variety of reasons behind the beam width discrepancy, we pri-

marily attribute poor signal-to-noise ratio (SNR) of the rotation signal, especially at the

edges of the laser beam, where the laser intensity is low. The overall rotation signal was

typically below 1 mrad, and thus strongly affected by the camera electronic noise.

Additionally, the presence of a transverse magnetic field By in figure 3.4 has been shown

to broaden the NMOR resonance [90], and thus the unaccounted transverse components

of the magnetic field can increase the estimated width of the electron beam. However,

due to the antisymmetric electron beam magnetic field, these transverse magnetic field

contributions could cancel out through the integration along the laser propagation length.

To settle this, realistic modelling of the NMOR response to the full electron beam magnetic

field needs to be simulated to confirm whether or not these transverse fields broaden the

electron beam profile.

There are a few straightforward steps for improving the experimental sensitivity. From

Fig. 3.19 it is clear that increasing the detection frequency can reduce the noise dramat-

ically. In the current experiment, the data was recorded at 1 Hz rate due to the limited

speed of the electron beam modulator, but in practice many charged particle beams are

pulsed at a much faster rate. Although this detection scheme is limited by the speed of the

atomic response through the EIT lifetime Γ−1
EIT [38] in equation 3.11, using a different, off-
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resonant two-photon Raman scheme could achieve sub-ns response [91]. Moreover, some

laser-related noises can be suppressed by monitoring a reference probe beam unaffected

by the charged particles. Subtracting such a reference from the signal laser beam can help

to eliminate the background signals not pertaining to the electron beam.

These enhancements can improve the performance of the proposed tracker, resulting

in a wider range of charged particle beams that can be profiled for various nuclear ex-

periments. In the next chapter, we discuss a fundamental improvement to the system to

address the fundamental optical noise and handle the poor SNR of the initial electron

beam profiler.
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Chapter 4

Quantum-Enhancement Via

Four-Wave Mixing

Direct measurement of polarization rotation is prone to both environmental and optical

noise, reducing achievable magnetic field sensitivity and placing a lower bound on the

electron beam currents that can be measured. One way to reduce the noise contributions

is the use of another optical field to act as a reference for the magnetic field environment,

such that the electron beam signal is obtained from a differential measurement of the

signal and reference fields. While the environmental fluctuations are limited through

differential measurements, there is still a noise contribution rooted in the quantum nature

of the photons interacting with the atomic medium. Any differential optical scheme,

whether through a gradiometer or differential polarimeter configuration, is subject to the

probabilistic nature of light, resulting in fluctuations in the laser light intensity and phase.

This photon noise limit is ultimately determined by the Heisenberg uncertainty principle

[92] given by

⟨∆N̂2⟩⟨∆ϕ̂2⟩ ≥ 1

4
, (4.1)

where ∆N̂2 is the photon number (i.e. intensity) fluctuations and ∆ϕ̂ the photon phase

fluctuations. However, the product of the fluctuations, or quadratures, need only be greater
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(or equal) to 1/4, allowing the reduction (or squeezing) of one quadrature at the expense

of the other.

This concept of squeezed light has been used for various precision measurements and

sensing applications due to the reduced fluctuations in light amplitude or phase [93–

95]. Non-classical light has been used in sensing applications to detect magnetic fields

[45, 49, 96] and gravitational waves [97, 98] that are not possible with coherent light.

Spatial characterization of squeezed light has also been captured through quantum imaging

[99], utilizing entangled sources of light to identify the intensity or phase correlations in

each optical field [100–102], or imaging squeezed vacuum for low-light or photosensitive

applications [103–105].

To squeeze the uncertainty of the differential intensity measurement and reduce op-

tical noise present in the electron beam detector, we use four-wave mixing to generate

two-mode squeezed light utilizing two optical fields for quantum-enhanced noise suppres-

sion. Four-wave mixing (FWM) has been thoroughly explored theoretically [55, 106] and

experimentally [107–110] as a method of generating two-mode squeezing. Depending on

the configuration, the output from FWM can be used for effective polarization entan-

glement using polarization-selective FWM [111] or as a source of entangled photon pairs

for quantum communications [112–114]. The reduced optical noise provided by FWM has

been used for quantum-enhanced sensing for two-photon spectroscopy [115, 116], magnetic

field sensing [50], and it is expected that Rydberg atom-based sensing could benefit from

multi-wave mixing to sense electric fields [117, 118].

For the remainder of the dissertation, we characterize and suppress this quantum

noise using entangled, far-detuned optical probe fields through a combination of four-wave

mixing and far-detuned NMOR to achieve quantum-enhanced magnetometer sensitivity.
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Figure 4.1: Input and output scheme for the four-wave mixing process. Two powerful pump fields
Ec1 and Ec2 and a weak probe field Ea interact within a general third-order nonlinear medium to
generate four output optical fields, including a new conjugate field Eb.

4.1 Four-Wave Mixing Theory

The fundamental scheme of four-wave mixing is demonstrated in Figure 4.1 where a high-

intensity pump laser Ec1,2 intersects with a weakly intense probe laser Ea within the

rubidium vapor medium. Due to the high intensity of the pump field, the polarization of

the atomic medium is no longer linear as defined in equation 2.8, and higher order terms

begin contributing to the polarization response of the medium:

P = ϵ0
∑
n

χ(n)En. (4.2)

The second-order nonlinearity χ(2) is often observed in anisotropic nonlinear crystals

(n = 2) [119], whereas the third-order susceptibility χ(3) is seen in atomic vapors [120].

In FWM, we consider the effect of two strong pump fields propagating with a weak probe

field, leading to the generation of a fourth conjugate field. To show this, the third-order

polarization of the atomic medium is evaluated:

P (3) = ϵ0χ
(3)(Ea +Ec1 +Ec2)

3 (4.3)

We define the pump Ec1,2 , probe Ea, and conjugate Eb fields through equation 2.3.

When we write out the cube of the electric fields, the result has many terms, reducible by

limiting to the phase matched terms of order exp(ikj · r) (j = a, b, c) [121]. In this case
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the dominant contributions to polarization then become

P
(3)
b = ϵ0χ

(3)
b E∗

aEc1Ec2 exp [i(ka − kc1 − kc2)z − (ωa − ωc1 − ωc2)t] (4.4)

P (3)
a = ϵ0χ

(3)
a E∗

bEc1Ec2 exp [i(kb − kc1 − kc2)z − (ωb − ωc1 − ωc2)t] , (4.5)

where the conjugate polarization results from the phase conjugation of the probe. For the

conjugate component of the polarization P
(3)
b , the dependence on the pump and probe

frequencies and wave vectors vanishes if ωb = ωa −ωc1 −ωc2 and kb = ka − kc1 − kc2 . For

the probe component of the polarization P
(3)
a , the dependence on the pump and probe

frequencies and wave vectors vanishes if ωa = ωb − ωc1 − ωc2 and ka = kb − kc1 − kc2 .

In order for energy to be conserved through the energy level diagram in figure 4.3(b), we

require that ωa + ωa = ωc1 + ωc2 .

The wave numbers, however, are dependent on these frequencies in a polarized medium,

where |kj | = nj(ω)ωj/c. Therefore, the dispersion of the medium means that for kj · ẑ =

|kj | cos θ, then θ ̸= 0 depending on the various frequencies of the optical fields constrained

by

nc1ωc1

c
cos θc1 +

nc2ωc2

c
cos θc2 +

naωa

c
cos θa =

nbωb

c
cos θb. (4.6)

This use of dispersion allows separation between pump, probe, and conjugate fields

shown in figure 4.2 in order to isolate and individually steer the selected fields within the

experiment at the cost of sensitive intersection angle dependency.

Figure 4.2: Light vector diagram showing momentum conservation in the case of nonzero angles
θ1 = θc1 −θa and θ2 = θc2 −θb, allowing separation of pump, probe, and conjugate fields dependent
on the relative frequencies of the pump and probe fields.
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Thus we show that sending strong pump fields accesses the χ(3) nonlinear susceptibility,

and by adhering to energy and momentum conservation, we generate a new conjugate field.

4.1.1 Four-wave mixing in Rb vapor double-Λ systems

Next, we consider the noise characteristics of the input and output fields using a quan-

tum formalism to describe the light-matter interaction through creation and annihilation

operators of the two fields. To start describing the effects of four-wave mixing on trans-

mission and fluctuations of the involved fields, we adopt the quantum operator approach

for the modes of the pump, probe, and conjugate fields. Review of fundamental quantum

treatment of photon creation and annihilation operators is given in appendix A, whereas

here we assume knowledge of commutation relations, coherent states, and eigenvalues of

creation and annihilation operators.

The process of four-wave mixing is described by Figure 4.3.

Figure 4.3: (a) Mechanism of four-wave mixing. A powerful pump field c and weak probe field a
intersect within the Rb cell, and generate a new conjugate field b through the third order nonlinear
susceptibility of the medium and phase matching between the pump and probe fields. The input
mode for the conjugate field is the vacuum state, while the input states for probe and pump
fields are coherent states. (b) Double-Λ interaction scheme for FWM for the D1 transition of Rb
(λ = 795 nm).

During this process, a pump photon is absorbed to stimulate emission of a probe

photon, then another pump photon is absorbed followed by the stimulated emission of a

conjugate photon. In this case, the same pump field is absorbed c1 = c2 = c and the

Hamiltonian for this process is given by
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H = ih̄βb†ca†c− ih̄β∗bc†ac†, (4.7)

where h̄ is the reduced Planck constant, β is a constant associated with the light-atom

coupling, and a,b,c are the annihilation operators for the probe, conjugate, and pump

fields, respectively, with corresponding creation operators a†,b†,c†. It is immediately seen

that the imaginary factor i keeps the Hamiltonian hermitian. If the pump field is in a

coherent state |γ⟩ where γ ≫ 1, with c|γ⟩ ≈ γ|γ⟩ (where absorbing one photon from an

intense pump field will leave the pump field intensity unchanged), then we can rewrite the

Hamiltonian solely in terms of probe and conjugate operators

H = ih̄ξb†a† +H.C., (4.8)

where H.C. is the hermitian conjugate of the first term, and the rescaled light-atom

coupling ξ is

ξ = βγ2, (4.9)

where γ2 is the pump intensity, and β can be tuned dependent on probe power, pump and

probe detuning, and atomic density (i.e. cell temperature).

To derive the input output relations for the four-wave mixing process, we use the

propagation equations for the probe and conjugate operators in the Heisenberg picture:

da

dz
=
i

h̄
[H, a]

db

dz
=
i

h̄
[H, b] (4.10)

Plugging in the Hamiltonian in equation 4.8 and solving the coupled differential equa-

tions yields the input-output operators over an interaction length L [122]:

(
aout
b†out

)
=

(
cosh(ξL) sinh(ξL)
sinh(ξL) cosh(ξL)

)(
a
b†

)
(4.11)

To calculate the fluctuations in each field intensity and the differential intensity we

calculate the expectation value of each fields’ number operator, ⟨Naout⟩, ⟨Nbout⟩, ⟨Naout +
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Nbout⟩, and ⟨Naout − Nbout⟩ and the expectation values of their squares ⟨N2
aout⟩, ⟨N2

bout
⟩,

⟨(Naout +Nbout)
2⟩, and (⟨Naout −Nbout)

2⟩ to evaluate all the variances.

Throughout these calculations we note that (1) the initial state for the conjugate

mode is vacuum, so ⟨Nb⟩ = ⟨b†b⟩ = ⟨b†⟩ = ⟨b⟩ = 0, and (2) there are many photons in the

incident probe field ⟨Na⟩ = ⟨a†a⟩ ≫ 1. Taking these into account, we can calculate the

four expectation values:

⟨Naout⟩ ≈ G2⟨a†a⟩, (4.12)

⟨Nbout⟩ ≈ (G2 − 1)⟨a†a⟩, (4.13)

⟨Naout −Nbout⟩ ≈ ⟨a†a⟩, (4.14)

⟨Naout +Nbout⟩ ≈ (2G2 − 1)⟨a†a⟩, (4.15)

where we have defined the gain, G2 = cosh2(ξL). Equation 4.14 shows that the difference

in output photon number (between probe and conjugate states) is the input probe photon

number, which can be used to identify optical losses in the experiment.

4.1.2 Noise Characteristics of FWM Fields

To calculate and compare the field fluctuations of the output of the four-wave mixing

process, we need to calculate

⟨(∆n)2aout⟩ = ⟨n2aout⟩ − ⟨naout⟩2, (4.16)

with respect to the coherent input states.

We next compare the uncertainties of the individual optical fields coming from the

FWM process, using equation 4.11. Writing G = cosh(ξL) and g = sinh(ξL) to simplify

the expressions, then the output relations are given by
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aout = Ga+ gb† (4.17)

b†out = ga+Gb† (4.18)

Next, we evaluate the probe output uncertainty including the cumbersome ⟨n2aout⟩ term:

⟨n2aout⟩ = ⟨G4a†aa†a+G3ga†aa†b† +G3ga†aba

+G2g2a†abb† +G3ga†b†a†a+G2g2a†b†a†b†

+G2g2a†b†ba+Gg3a†b†bb† +G3gbaa†a

+G2g2baa†b† +G2g2baba+Gg3babb†

+G2g2bb†a†a+Gg3bb†a†b† +Gg3bb†ba

+ g4bb†bb†⟩ (4.19)

However, many terms including conjugate operators disappear for the vacuum conju-

gate input state and number state orthogonality. Therefore, the terms including bb†, bb†b†

and any combination of a, a† remain:

⟨n2aout⟩ = ⟨G4a†aa†a+ 2G2g2a†a+G2g2aa† + g4⟩ (4.20)

= G4|α|4 +G4|α|2 + 3G2g2|α|2 + g2G2 + g4, (4.21)

for α the eigenvalue of the coherent state a|α⟩ = α|α⟩, where |α|2 corresponds to the

intensity of the probe coherent state. Through a similar, albeit simpler evaluation, we can

then evaluate the output probe intensity fluctuations
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⟨naout⟩2 = (⟨G2a†a⟩+ g2)2 = G4|α|4 + 2G2g2|α|2 + g4 (4.22)

⟨(∆n)2aout⟩ = G4|α|2 +G2g2|α|2 +G2g2 (4.23)

If we only consider terms proportional to the probe input intensity then

⟨(∆n)2aout⟩ ≈ G2(G2 + g2)⟨na⟩, (4.24)

and we find that the output intensity fluctuations from the FWM process scale as the

square of the associated gains (G2)2. We can similarly calculate the intensity variance for

the conjugate output from the FWM process using similar derivations and approximations

⟨(∆n)2bout⟩ ≈ g2(g2 +G2)⟨na⟩ (4.25)

Comparing this to a linear gain medium demonstrates that the individual probe and

conjugate fields greatly amplify the fluctuations, therefore the individual fields are useless

in the context of reducing optical noise. However, by considering the joint difference in the

photon measurements, we can derive an interesting consequence from FWM, and calculate

⟨(∆(naout − nbout))
2⟩ through

⟨(∆(naout − nbout))
2⟩ = ⟨(naout − nbout)

2⟩ − ⟨naout − nbout⟩2. (4.26)

The two terms are reducible through identical arguments as before, where

⟨naout − nbout⟩2 = (G4 − 2G2g2 + g4)|α|4 (4.27)

⟨(naout − nbout)
2⟩ = G4|α|2 +G4|α|4 − 2G2g2|α|4 − 2G2g2|α|2 (4.28)

+ g4|α|2 + g4|α|4 −G2g2

⟨(∆(naout − nbout))
2⟩ = (G2 − g2)2|α|2 −G2g2 ≈ |α|2 = ⟨na⟩, (4.29)
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where we make use of the identity G2 − g2 = cosh2(ξL) − sinh2(ξL) = 1. If we take the

difference between two coherent states with different mean photon numbers a|α⟩ = α|α⟩,

b|β⟩ = β|β⟩, then the uncertainty in the differential measurement can be calculated for

coherent states:

⟨(na − nb)
2⟩ = |α|2 + |α|4 − 2|α|2|β|2 + |β|2 + |β|4 (4.30)

⟨na − nb⟩2 = |α|4 − 2|α|2|β|2 + |β|4 (4.31)

⟨(∆(na − nb))
2⟩ = |α|2 + |β|2 = ⟨na⟩+ ⟨nb⟩ (4.32)

To compare to the outputs of the FWM process, we add an amplifying gain to each

term proportional to the gain from the FWM process such that

⟨na⟩ → G2⟨na⟩ ⟨nb⟩ → g2⟨na⟩, (4.33)

and consider the ratio between the variances of the FWM outputs and the coherent (i.e.

shot noise limited) outputs, then the squeezing is obtained

S = 10 log10
[
⟨(∆(naout − nbout))

2⟩
⟨(∆(na − nb))2⟩

]
= 10 log10

[
1

G2 + g2

]
, (4.34)

where ⟨(∆(naout − nbout))
2⟩ is the differential noise for the outputs of the FWM process.

Negative values of squeezing S indicates sub-shot noise limited measurements of relative

intensity.

The first consequence of this result indicates the importance of the joint differential

measurement of the probe and conjugate fields. Due to the amplification, the individual

field noise increases dramatically compared to the coherent case shown by equations 4.24

and 4.25. However, due to the high correlations of probe and conjugate intensities, the

conjugate intensity fluctuation will scale with with probe intensity fluctuations. Thanks

to this noise correlation, the differential intensity noise is reduced below the classical shot
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noise limit. The noise suppression, or squeezing provided by equation 4.34, is deeply

dependent on ideal intensity cancellation, where any optical losses (including those in-

duced by atomic absorption) will greatly amplify the noise of the differential intensity

measurement. Lastly, the general trend is that the gain of the probe and conjugate fields

will determine the amount of squeezing measured. Indeed, this will depend on actual

experimental implementation with ideal phase and spatial mode matching between the

pump and probe fields, however, the configurations that maximises the gain will generally

maximize the intensity squeezing.

4.2 Four-Wave Mixing Squeezing Characterization

The scheme for the four-wave mixing setup to measure quantum-enhanced noise suppres-

sion is shown in figure 4.4.

Figure 4.4: Experimental scheme to measure squeezing in the four-wave mixing cell. The pump
is focused down using an f = 1000 mm lens to increase the pump intensity for FWM, which
is filtered out using the second polarizing beam splitter (PBS) and irises. To measure relative
intensity squeezing, the differential probe and conjugate transmission is measured with a custom-
made balanced photo-detector (BPD)

The pump laser operates up to 500 mW power through the use of a Toptica BoosTA

tapered laser amplifier, which is focused down to 1 mm within the FWM cell region

through the use of a 1000 mm focal length lens to maximise the Rayleigh length and

pump intensity within the squeezing cell. The probe laser has 55 µW of power, focused

down to a similar size as the pump laser within the rubidium cell. The two lasers have a
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relative frequency difference of ∆2p = 3035 MHz, and intersect with an angle of roughly

0.4◦ in the squeezing cell in order to satisfy the phase matching condition in equation 4.6.

Stable FWM squeezing performance necessitates the use of frequency locking, which is

accomplished using a Vescent offset phase lock servo to stabilize the frequency difference

of the pump and probe lasers.

Figure 4.5: FWM frequency detunings relative to the rubidium spectra of the D1 line operating
around λ = 795 nm. The pump is initially tuned to the indicated detuning in order for the FWM
gain peak to occur ≥ 1 GHz from the F = 3 → F ′ atomic transition, while the probe is ble-detuned
∆2p = 3035 MHz from the pump. Both lasers are tuned in this way to minimize optical losses due
to atomic absorption.

The pump detuning is set such that both the generated probe and conjugate fields

are more than 1 GHz away from the 85Rb D1 F = 3 transition to minimize the optical

losses induced by atomic absorption processes as shown in figure 4.5. The frequency lock

stabilizes the optical beat note in figure 4.6(b) generated by mixing the pump and probe

fields through a fiber setup shown in figure 4.6(a).

The squeezing cell is made up of an isotopically pure 85Rb vapor cell with antireflec-

tion coating to minimize optical losses in the resulting probe and conjugate beams. The

squeezing cell enclosure is magnetically shielded, and its temperature is set to 105 ◦C using

a Variac and temperature controller.
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Figure 4.6: (a) Setup to lock the relative frequency difference between the input pump and probe
lasers to ∆2p = 3035 MHz. (b) Example of the beat note generated between the pump and probe
lasers within the phase detector. The actual measured peak occurs at half of the set frequency due
to the output of the Vescent phase lock, so the frequency axis is doubled for demonstration.

Following the squeezing cell, the pump is filtered out through a PBS, a pair of irises,

and pickoff mirrors in order to prevent any pump degradations to the noise suppression.

Finally, the probe and conjugate are routed to a photodetector, capable of measuring the

sum, difference, and individual channels reading the probe and conjugate transmissions.

The photodetector itself is customized for stable operation around 300 kHz, where the

schematic and detailed discussion can be found in appendix C. The differential noise is

measured using a HP-8596E spectrum analyzer connected through radio-frequency (RF)

cabling.

The spectrum analyzer monitors the differential intensity noise spectral power ⟨(∆(na−

nb))
2⟩2 by sweeping through the frequency spectrum, with the resolution of the frequency

sweep set by the resolution bandwidth (RBW). To ensure proper spectrum analyzer band-

width settings, we measure the frequency response of a sinusoidal signal, which results in

a delta-function like signal in the frequency domain. RBW has the effect of integrat-

ing across frequency ranges set by the RBW, and higher bandwidths will result in more

noise being integrated, as demonstrated in 4.7(a). The video bandwidth (VBW) on the
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spectrum analyzer controls the refresh rate at which the data is read out, which has the

effect of trace averaging depending on the frequency sweep time of the spectrum ana-

lyzer. Generally lower VBW corresponds to greater averaging at the cost of increased

data acquisition time. Figure 4.7(b) shows the effect of VBW on the sinusoidal signal in

the frequency domain, where lower VBW reduces variance in the traces outside the peak

response. In our configuration, 300 Hz resolution bandwidth (RBW) and 30 Hz video

bandwidth (VBW) were chosen such that the resulting signal peaks closely resemble a

delta function.

Figure 4.7: effect of varied (a) resolution bandwidth (with VBW = 10 Hz) and (b) video band-
width (with RBW = 300 Hz) on a 300kHz sinusoidal signal on the spectrum analyzer. The resulting
noise trace should behave like a delta function at 300 kHz, while peaks outside of 300 kHz are par-
asitic harmonics from lower frequency oscillations picked up by the spectrum analyzer.

4.2.1 Shot Noise Calibration

The squeezing derived in equation 4.34 is measured relative to shot noise, which is de-

pendent on the transmission of the probe evident by equation 4.32. To experimentally

determine this dependence, we measure the differential noise due to a balanced detec-

tion scheme shown in figure 4.8(a), where the probe laser is split equally in the polarizing

beam splitter to cancel out all classical noise. The remaining noise is the optical shot noise
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⟨(∆na)2⟩, which scales linearly with the probe power from equation 4.32 (for |α|2 → |α|2/2

and |β|2 → |α|2/2). The dependence of the differential noise on the photovoltage mea-

sured on a single photodetector in the detection setup is shown in figure 4.8(b) with both

logarithmic and linear scales.

Figure 4.8: (a) Balanced differential detection scheme to measure differential noise as a function
of probe laser power. (b) the resulting logarithmic and linear noise as a function of laser power.
Fitting the linear noise provides a calibration mapping the measured photovoltage to the expected
shot noise, allowing immediate evaluation of the squeezing for each measurement.

A simple linear fit results in the shot noise calibration for a given photovoltage VPD

∆VSNL = 15.09VPD + 2.61[pV ], (4.35)

for ∆VSNL the shot noise, and 2.61 the offset due to the dark noise of the BPD. With

this calibration, any noise can be measured relative to shot noise. The dark noise of

the photodetector ∆VDN = −115.62dBm is obtained by measuring the resulting noise at

300kHz when both photodetectors are blocked. The squeezing is then calculated by taking

into account the dark noise ∆VDN and shot noise ∆VSNL through

S = 10 log10
(
10

∆V
10 − 10

∆VDN
10

)
− 10 log10

(
10

∆VSNL
10 − 10

∆VDN
10

)
, (4.36)

for arbitrarily measured differential noise ∆V from the spectrum analyzer.
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4.2.2 Squeezing Optimization

Equation 4.34 shows that the squeezing is proportional to the gain G(ξL) = G(βγ2L)

such that the atomic coupling β, pump intensity γ2, and interaction length L determine

the squeezing. Although L is spatially constrained by the strict momentum conservation

requirements used to generate the conjugate field, the coupling β can be tuned by the probe

power, 2-photon detuning, and atomic density. The dependence of the squeezing and probe

transmission on these parameters is shown in figure 4.9. The probe transmission matches

the linear dependence on probe input power that is expected with a linear optical gain

interactions. However, the association between squeezing and probe gain starts breaking

down with the detuning and cell temperature optimization in figure 4.9, where the peak

probe transmission does not correspond to the peak squeezing. This discrepancy is present

in other work, being attributed to unbalanced losses between the probe and conjugate and

close probe proximity to atomic resonances compared to the pump [123, 124]. The form of

the atomic coupling β is beyond the scope of our analysis, which has been explored more

thoroughly as the source of this gain and squeezing inconsistency [125].

From figure 4.9, the optimal probe power is Pprobe,in = 55 µW, the two photon detuning

around ∆2p = 3035 MHz, and cell temperature at Tcell = 105◦C, all matching previous

results using the same four-wave mixing process [107, 108]. Locking these parameters

coarsely tunes the intensity correlations, but the alignment between the pump and probe

fields can have a dramatic effect on the measured squeezing due to the strict phase mode

matching conditions of the system. Therefore, it is important to carefully align and

start the system using a rigorous and consistent approach to troubleshoot poor intensity

correlations through the following process:

1. Warm up the squeezing cell to 105 ◦C. Without this the FWM gain will not be

visible, even with proper alignment.

2. Sweep the probe laser frequency, revealing the FWM peak (figure 4.5).
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Figure 4.9: Dependence of squeezing on probe power (Ppump,in = 340 mW, ∆2p = 3.0382 GHz,
Tcell = 105 ◦C), two-photon detuning (Pprobe,in = 55 µW, Ppump,in = 340 mW, Tcell = 105 ◦C),
and cell temperature (Pprobe,in = 55 µW, Ppump,in = 343 mW, ∆2p = 3.0357 GHz). By optimizing
these 3 parameters, we are optimizing the coupling ξ (equation 4.9 between atoms and incident
optical fields). Probe power uncertainty is due to temperature- and polarization-induced fiber
instabilities during data acquisition.

3. Tune the parked pump until the FWM gain peak is 1 GHz from the F = 2 → F ′ = 3

hyperfine transition. Use the F ′ = 2, 3 hyperfine splitting of 361.6 MHz to calibrate

to the frequency axis.

4. Park the probe laser at the FWM gain peak maximum.

5. Lock the 2 photon detuning to ∆2p = 3035 MHz using the phase lock, which is

verified by monitoring the beat note shown in figure 4.6(b)

6. Set the probe power to Pprobe,in = 55 µW and ensure pump power Ppump,in ≥ 350

mW. At this point the conjugate field should be visible and, assuming proper align-

ment in the photodetector, noise cancellations should be seen (i.e. noise increases

after blocking one of the probe or conjugate fields due to the lack of noise cancella-

tion).

7. Sensitively tune the pump alignment mirrors until squeezing is captured.
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Should the squeezing signal vanish, one only need check the previous steps to verify all

other parameters are properly tuned. If working in the optimum parameter space, only

then should the pump alignment be tuned to obtain the intensity squeezing, which has its

own process required for each translation of the pump field:

1. Tune the alignment of the pump to minimize the noise and maximize the probe

transmission to optimize the squeezing.

2. Verify probe and conjugate alignment into the photodetector, ensuring no clipping

of either probe or conjugate fields are occurring. Move the probe and conjugate

pickoff mirrors if needed.

3. Align the irises to the probe and conjugate maximum transmission to further filter

out the pump field. Verify the lack of pump leakage into the photodetector by

blocking the probe input, and gradually expanding the irises until just before the

pump leakage starts contributing to the measured noise.

Due to momentum conservation, only the conjugate field position will be dependent

on the pump alignment, requiring the most attention to downstream alignments to the

photodetector. It is clearly evident how sensitive and involved the alignment process is

to achieve quantum-enhanced noise suppression. However upon successful alignment, the

differential intensity noise results in -4 – -4.4 dB relative to the classical shot noise limit,

as demonstrated in figure 4.10

Similar experiments have been able to achieve -8 – -9 dB of squeezing [57] by care-

fully matching the spatial modes between the pump and probe lasers and minimizing the

optical losses in either probe or conjugate output fields. Careful phase matching between

pump and probe fields would greatly enhance the performance of the quantum-enhanced

magnetometer to yield a -9 dB improvement (compared to shot noise) to magnetometer

sensitivity.
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Figure 4.10: Demonstration of two-mode intensity squeezing from the FWM process at 300kHz
frequency.

This quantum-enhanced noise suppression is demonstrated at the cost of working in a

far-detuned frequency regime. However, the NMOR interaction is maximally coupled in

the resonant case, corresponding to the dark state from equation 3.8, becoming much less

sensitive in the far-detuned case. In the next chapter, we implement an approach to com-

promise between these two conflicting regimes, where we induce magnetic field sensitivity

in the far-detuned optical fields. Combining these methods, we gain all the advantages

of quantum noise suppression from FWM and sensitive magnetic field measurement from

NMOR to eliminate the optical noise limit set by quantum uncertainty principles.
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Chapter 5

Far-Detuned Quantum-Enhanced

Magnetometry

FWM provides quantum-enhanced noise suppression using off-resonant optical fields to

minimize optical losses induced by atomic absorption. However, operating an NMOR-

based magnetometer in the off-resonant regime significantly reduces the magnetic field

sensitivity due to the reduced atomic coupling with the far detuned fields. In this chapter,

we develop a combined approach to maintain the noise suppression from FWM and induce

magnetic sensitivity using nonlinear interaction within a separate rubidium vapor cell.

The combined scheme makes it possible to detect magnetic fields not measurable with

coherent or classical magnetometer schemes by addressing the photon shot noise that

limits traditional NMOR-based magnetometers.

Recent research has explored the use of FWM to reduce optical noise in atomic magne-

tometers, where one of the primary challenges is using far-detuned fields from FWM within

NMOR, which is most sensitive near atomic resonances [25, 126]. Groups have found ways

around this through optical pumping processes in a gradiometer configuration [49] or in-

situ within the FWM interaction region [50]. However, these two methods use complex

and sensitive optical schemes, requiring additional dimensions or strict phase matching

discussed in chapter 4. The work presented here achieves similar quantum-enhanced mag-
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netometer performance without sensitive optical alignment in the aforementioned schemes.

Our approach involves reusing the pump field from FWM to access nonlinear suscep-

tibilities for the NMOR interaction from chapter 3. The addition of this pump field in a

simple counterpropagating alignment does not require sensitive phase matching or extra

dimensions. The nonlinearity of the interaction enables NMOR in far-detuned regimes for

probe and pump fields that are already used in FWM.

5.1 Enhancing Off-Resonant Magnetic Sensitivity

While the theory and mechanisms behind far-detuned magnetometry has been previously

reported [127–129], here we summarize the the effect in a straightforward approach that

permits the use of the intensity-squeezed light generated from FWM. In the traditional

NMOR scheme shown in figure 5.1(a), the coherence depends on the detuning ∆probe. In

far-detuned regimes, the coupling between ground states mF is weakened, resulting in the

rapid falloff of magnetic sensitivity reliant on this ground state coupling and coherence.

Figure 5.1: Comparison between (a) resonant NMOR and (b) far-detuned magnetometry. The
addition of the pump field in the Λ system breaks the symmetry of the traditional Λ scheme by
establishing an additional coherence.

If a pump field Ω±
pump is included to interact with a common excited state |F ′′⟩ as

the traditional NMOR scheme in figure 5.1(b), an additional coherence path can occur

between the two interactions to facilitate polarization rotation. This system exhibits state
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population transfer from the pump Λ system into the probe Λ system in a far-detuned

regime where ∆pump,probe ≥ 1 GHz. The result of this effect is far-detuned magnetic

sensitivity enabled by the presence of the pump field. Figure 5.2 demonstrates this effect

due to a sinusoidal magnetic field for a ∆probe ≥ 1 GHz red-detuned probe from the 87Rb

D1 F = 2 → 1 transition, and a resonant pump on the 87Rb D1 F = 2 → 2 transition.

While this frequency regime differs from the detunings used in FWM (as shown in figure

4.5), it is found that other frequency regimes still demonstrate this principle, such as the

frequencies used in FWM.

Figure 5.2: Left: Demonstration of far-detuned magnetometry driven by a sinusoidal magnetic
field (dashed red) for Ppump = 5 mW, Pprobe = 150 µW, Tcell = 21 ◦C (room temperature),
∆pump = 0 MHz and ∆probe = −1816 MHz from the 87Rb D1 F = 2 → F ′ = 2 transition. The
polarization angle only rotates in the presence of the pump field (blue), and in the absence of the
pump (orange), the NMOR oscillations are significantly decrease due to the far detuning of the
probe field. This differs from the frequency regime for the FWM, but the resulting far-detuned
magnetometer principle is identical in either regime. Right: Probe transmission in the presence
of the pump (blue) and absence of the pump (orange). The 3% increase in transmission indicates
the lack of optical pumping or FWM processes.

While the term ”pump” is used for the second field that induces magnetic sensitivity,

it is not to be confused with a pump field used in optical pumping or electromagnetically-

induced transparency. This process has negligible effect on the probe transmission, given

that the probe transmission differed by less than 3% in the presence of the pump field

shown in figure 5.2.
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This effect has been studied as a way to improve magnetometer sensitivity [127–129]

but here we optimize the magnetic sensitivity for far-detuned optical fields generated from

the FWM process.

5.2 Squeezed Far-Detuned Magnetometry Characterization

To combine the two effects to demonstrate squeezed far-detuned magnetometry, we se-

quentially set up the squeezing and magnetometer setups as shown in figure 5.3. We send

the probe field to the magnetometer, allowing the pump and probe to counterpropagate

within the cell for magnetometer measurements, while the conjugate bypasses the cell to

solely provide a reference for the optical noise suppression. The magnetometer cell is an

isotopically pure 85Rb cell of length L = 1” with antireflection coating to minimize optical

losses in the probe field (at 795 nm). The cell is enclosed with a temperature-controlled

and magnetic shielded enclosure identical to the FWM cell enclosure, but with the added

capability of applying uniform magnetic fields using an internal solenoid coil, and a pair

of gradient magnetic field coils to apply magnetic gradients perpendicular to the laser

propagation direction.

Figure 5.3: Combined experimental scheme for the squeezed light magnetometer. The FWM cell
generates -4 – -4.4 dB of squeezing, which is sent to the magnetometer cell (L = 1”) for magnetic
field sensitivity characterization. The polarimeter detector is configured to measure NMOR using
the quantum-enhanced noise suppression from FWM.

The magnetic field from the solenoid is calibrated to the voltage using previous mea-

surements of atomic Zeeman shifts as a function of solenoid current [130]. The solenoid is
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calibrated so that 10 mA solenoid current equates to 700 kHz of atomic Zeeman shift, and

by using the hyperfine splitting within the 87Rb transitions of 700 kHz per 1 G of magnetic

field [72], then 10 mA of current equates to 1 G of magnetic field. The current through

the solenoid (i.e. an inductor) is driven by a function generator to generate sinusoidal

magnetic fields across the magnetometer cell, and the relation between the driving voltage

and current in the coil is given by Ohm’s law across the inductor and resistor that make

up the magnetic field solenoid.

Bsolenoid =
1 G

10 mA
VFG√

(RFG +Rsolenoid)2 + (fL)2
mA, (5.1)

where RFG = 50 Ω is the function generator output resistance, Rsolenoid = 25.4 Ω is the

solenoid resistance, L = 9.24 mH the measured solenoid inductance, and f = 300 kHz the

linear driving frequency.

To detect NMOR in the probe laser, the pump field from the FWM process is reused in

a counter-propagating configuration to generate the far-detuned magnetometry scheme in

figure 5.1(b). In addition, this injection of probe and conjugate on opposing polarimeter

input ports allows for gradiometric measurements of magnetic fields between the probe

and conjugate regions.

5.2.1 Squeezed Magnetometer Optimizations

Our figure of merit to characterize far-detuned magnetometer performance is the signal-

to-noise ratio (SNR). To measure SNR, we take two traces from the spectrum analyzer:

One measuring the signal on the spectrum analyzer due to a 300kHz sinusoidal magnetic

field, and another measuring the noise resulting whenever the oscillating magnetic field

is turned off. The difference between the two yields the signal-to-noise ratio since the

traces measured on the spectrum analyzer are in dBm. Measuring constant traces over

the measurement time collects enough points to extract uncertainty statistics for each

squeezing measurement.
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The SNR of the magnetometer is optimized through the pump power, pump polariza-

tion (relative to the probe polarization), cell temperature, and probe/conjugate balancing

angles into the detector. The pump power and polarization determine the efficiency of

the population transfer from the pump interaction into the probe interaction in figure

5.1(b), while the cell temperature optimizes the atomic density for the NMOR response

of the probe scheme in equation 3.12. Finally, the balancing angles into the polarimeter

determine the ratio of NMOR signal to FWM noise suppression.

Figure 5.4: Optimizations to maximize the SNR of the magnetometer by varying pump power
(left; Tcell = 110 ◦C, Pprobe = 500 µW) and cell temperature (right; Ppump = 380 mW, Pprobe =
450 µW). The SNR saturates around Ppump = 350 mW, while the temperature continues in a
linear trend. To protect the Rb from reacting with the glass cell, only temperatures Tcell ≤ 110 ◦C
are used.

The optimizations for pump power and cell temperature are shown in figure 5.4. The

pump power is limited by the 500 mW output of the amplifier, as well as the amount

lost to the filtering PBS after the squeezing cell in figure 5.3, however, it is seen that the

SNR saturates around the 350 mW pump power point. The cell temperature shows no

maximum or saturation up to 110 ◦C, indicating that higher temperatures could further

improve SNR. This, however, is limited by the temperature at which rubidium vapor reacts

with the glass cell at around 120 ◦C, and is therefore not explored further.

The pump linear polarization optimization is the most enigmatic, revealing sharp fea-
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Figure 5.5: Dependence of SNR on pump polarization, showing a sharp response around 20◦
polarization angle relative to the probe polarization. (b) Probe transmission variance as a func-
tion of pump polarization, showing 14% fluctuation over the range of polarization angles. Pump
polarization angles are physical polarization angles relative to the probe polarization.

tures in signal-to-noise displayed in figure 5.5(a) compared to the expected sinusoidal

dependence [128]. The pump polarization is measured relative to the maximum trans-

mission of the probe field through a polarizing beam splitter, where 0◦ indicates parallel

pump and probe field polarizations. Figure 5.5(b) shows the probe transmission only

varies within 10% through the rotation of the pump polarization angle, which is unlikely

to cause a 15 dB boost to the SNR. Further studies should verify the source of this dis-

crepancy, however, we show that a 15 dB improvement of SNR is possible with a pump

polarization of ± 10◦ relative to the probe polarization.

The theoretical SNR of the system can be calculated by comparing the magnetic signal

from NMOR and the intensity noise from FWM in the ratio [49]

SNR =
NMOR signal
FWM noise =

2g2 sin(2θ0)|α|2θB
(1 + g2 − g2 cos(4θ0))|α|2 + 2 sin2(2θ0)g2

, (5.2)

for g the FWM gain, θ0 the balancing angle, |α|2 the input probe intensity, and θB the
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NMOR-induced polarization rotation angle.

The polarimeter system in figure 5.3 can be arranged to maximize noise suppression

at θ0 = 0 or to maximize NMOR signal at θ0 = π/4.

To determine the best SNR in both probe and conjugate fields, we vary the polarimeter

balancing angle by adjusting the probe and conjugate waveplates before the polarimeter

PBS in figure 5.3. Figure 5.6 shows the resulting balancing angle dependence peaking

near the angle of maximum noise suppression θ0 ≈ 0. The SNR in equation 5.2 does not

take into account optical losses or intermediate processes that can contribute to offsets in

SNR peaks in figure 5.6. However, sharp SNR drops are present in both cases, showing a

good qualitative agreement between the calculated and experimental traces.

Figure 5.6: Experimental (blue) and calculated (orange) SNR dependence on (a) probe and (b)
conjugate balancing angle, where 45◦ corresponds to the balanced polarimeter. The calculated
traces are given by equation 5.2 and are plotted to show the functional trend of the balancing
angle dependence.

Sending the intensity-correlated fields through the magnetometer setup will induce

optical losses even with ideal optical materials and coatings. This can be remedied by

compensating for the optical losses by reducing conjugate transmission through the use of

a neutral density filters. Figure 5.7 shows optical loss compensation when the probe beam

propagates through a VIS (350 - 700 nm) antireflection coated window. Placing a filter in
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the conjugate field can then equalize the losses between the probe and conjugate, main-

taining identical squeezing performance despite optical losses due to optics components

or atomic interactions through the magnetometer system.

Figure 5.7: Demonstration of optical loss compensation on the squeezing when transmission loss
is applied to the probe using a VIS antireflection coated window. Ideal squeezing performance is
given in the absence of any optical losses (blue), but the squeezing degrades when loss is induced
in the probe field (orange). By inducing equal amounts of loss in the conjugate channel (green),
identical squeezing performance is recovered, resulting in the noises without probe loss (blue) and
compensated conjugate (green) being equivalent.

5.3 Quantum-Enhanced Magnetometry

When each of the optimizations are used and optical losses in the probe path minimized,

we measure a quantum-enhanced magnetometer signal in figure 5.8. Here we apply a

sinusoidal 250 nT magnetic field at 300 kHz that is only visible in the presence of pump

and conjugate fields.

This result shows that we can measure magnetic fields not possible with classical de-

tectors, including traditional NMOR, as traditional optical magnetometers are limited by
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Figure 5.8: Quantum-enhanced magnetometer signal using the squeezed fields generated through
FWM and inducing magnetic sensitivity using far-detuned magnetometry. The squeezed mag-
netometer signal (blue) lies below shot noise (thick red line), which vanishes in the absence of
the pump field (green) and magnetic field (orange) within the magnetometer cell. Blocking the
conjugate (thin red) removes the noise cancellation, and the magnetic field signal peak at 300 kHz
vanishes due to the optical noise drowning out the magnetic field signal. Inset focuses on the range
below shot noise for convenience.

optical shot noise. Without the pump field, the magnetically induced optical polarization

rotation vanishes due to the far-detuning, while blocking the conjugate dramatically in-

creases the noise by 20 dB, effectively drowning out the 250 nT signal. We note that 250

nT is chosen for this demonstration since the corresponding signal peak in figure 5.8 is 3

dB above the noise level, corresponding to the point where signal is equal to the noise.

Realistically, the magnetometer will be limited by the noise floor, meaning the ultimate

sensitivity would be 3 dB (or factor of 2) lower, resulting in a lower bound of 125 nT.

Although this initial demonstration pales in comparison to state of the art sub-pT

NMOR magnetometers [131], we still demonstrate -4 – -4.7 dB performance improvement

over shot-noise limited magnetometers. Accurate measure of the sensitivity improvement
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entails comparing this quantum-enhanced magnetometer to the resonant single-Λ NMOR

magnetometer.

This approach simplifies optical alignment by physically separating the squeezing and

magnetic measurement processes, compared to previous work where both are done co-

incidently [132]. Remote sensing applications may make use of this combined method,

where squeezed light has successfully coupled into fibers [133]. This application enables

remote magnetic field measurements in noisy environments, such as high-radiation nuclear

accelerator beam lines.

To summarize, we have designed and built a scheme to reduce the optical noise of

coherent fields used in atomic magnetometer setups, and by implementing a far-detuned

optical scheme through inelastic wave-mixing, we can measure magnetic fields as far as 5

dB below the classical limit. The method is limited by how much squeezing is possible

through the FWM process, which has been shown to exhibit down to -8 dB [57], if the

optical losses are absolutely minimized.

5.4 Future Fundamental Research

With the demonstration of quantum-enhanced magnetometry there are ample opportuni-

ties to explore sensitivity using alternative configurations.

5.4.1 Quantum-Enhanced Magnetic Gradiometer

Forcing the conjugate field to bypass the magnetometer cell gives up potentially useful

magnetic field information. By sending the conjugate through the magnetometer cell, du-

plicating and aligning the pump to the new conjugate field to induce magnetic sensitivity,

and sending the conjugate to the opposite polarimeter input port as show in figure 5.9

yields a method to perform quantum-enhanced magnetic field gradiometry.

This reconfiguration is the most feasible with the current configuration of the setup,

given that the current magnetometer cell enclosure has magnetic field gradient capabili-
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Figure 5.9: Experimental configuration using the conjugate to measure magnetic field gradients
within the magnetometer cell. Inputting the conjugate in the opposite polarimeter input port
allows differential measurement of the magnetic field between the probe and conjugate regions

ties. Pump power may be a limitation, since for optimal power for the single probe case

is around 300 mW, requiring a 600 mW pump laser be split, which is not currently imple-

mented in the setup. Regardless, the principle can be demonstrated as a test setup before

migrating to the electron beam profiling experiment, which stands to greatly benefit from

gradiometric measurements of particle beam magnetic field.

5.4.2 Quantum-Enhanced Magnetic Field Imaging & Vector Magnetom-

etry

The reduction of optical noise using two-mode squeezed light generated through four-wave

mixing can bring improvements to spatial characterization of magnetic fields. The origi-

nal motivation to reduce optical noise in the electron beam profiling was due to the noise

prevalent in the magnetic field images. However, implementation of the probe and conju-

gate fields for imaging is difficult due to the poor quantum-efficiency of cameras inducing

optical losses between the lasers. Further, the formation of intensity-correlated photon

pairs in the FWM process is spatially randomized, requiring some form of coincidence

or correlation detection to map out and subtract the photon pairs within the laser cross

section.

Additionally, recent advances in vector magnetometry make use of structured light us-

ing angularly-dependent polarizations created through a vortex waveplate [36]. Depending
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on the resulting polarizations that are most and least prominent in a polarimeter image

detector, the magnetic field direction can be determined using two parameters derived

from the captured intensity profiles. As a similar case to magnetic field imaging, the

reduction of optical noise through two-mode squeezed light can benefit the accuracy of

magnetic field direction measurements, given that the measured signal is intensity depen-

dent. Even more similar in this case, optical losses are present in the system, leading to

degraded optical noise suppression.

Figure 5.10: Potential experimental implementation to extract spatial information about mag-
netic field magnitude or direction using a spatial light modulator (SLM), digital micro-mirror
device (DMD), or vortex waveplate (VWP).

However, others have shown that shaping the probe laser input to the FWM cell can

also shape the output conjugate and, naturally, probe lasers identically [100]. Therefore,

intensity masks or varying polarizations can be used in the probe input to reshape the

probe output through the simple addition shown in figure 5.10. With the reshaped output,

a single-pixel imaging setup [134] can be used to capture spatial gradients of magnetic

field magnitude used in the electron beam magnetic field profiling. In principle, reduced

optical noise would allow for more accurate magnetic field direction measurements, but in

practice this remains quite challenging due to the specific hyperfine transition monitoring

which may not work in the far-detuned regime that the quantum-enhanced magnetometer

operates.

These approaches to extracting spatial magnetic field information are possible, and

desirable in the case of measuring electron beam magnetic fields. With improved optical

noise cancellation, smaller beam currents can be detected and profiled, allowing a broader
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range of experimental charged particle beams to be used and diagnosed in experiments.
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Chapter 6

Conclusion

In summary, thanks to the nonlinear interaction with atomic spins, the light polarization

rotates in a dilute alkali-metal vapor in the presence of the magnetic field produced by

a passing charged particle beam. Taking advantage of this effect, we demonstrated a

non-invasive method for characterizing the position and total current of an electron beam

that was obtained by mapping the nonlinear polarization rotation of a transverse probe

laser crossing the e-beam. We experimentally evaluated the accuracy of the proposed

technique to determine the total current and transverse position at 20 keV for e-beam

currents between 30–110 µA, and discussed its current limitations. Since the e-beam

is detected via its magnetic field, the scheme is insensitive to the beam energy [135] or

charged particle type. A notable advantage of this measurement scheme is its immunity

to the parasitic electric fields that inevitably accompany charged particle beams in the

proximity of glass interfaces. Whereas such fields can substantially influence Rydberg atom

electrometry measurements, the approach outlined in this dissertation remains insensitive

to these electric fields, simplifying implementation in experimental environments. We

expect that this technique can be applied to nuclear particle accelerators and refined to

meet the precision required for experiments at the frontier of nuclear and high-energy

physics research.

We also address the optical noise of the prototype electron beam detector using four-
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wave mixing, a nonlinear effect from quantum optics, to reduce optical noise and detect

magnetic fields down to -4.7 dB below traditional optical magnetometers. The far-detuned

requirement for adequate four-wave mixing was preserved using another nonlinear process

called inelastic wave-mixing, which allows magnetic sensitivity for a wider range of laser

detunings and intensities. This elegant solution of reusing the four-wave mixing pump

to induce magnetic sensitivity can be used remotely in a wide range of magnetic field

detectors where strict alignments to preserve four-wave mixing are not always possible.

Looking ahead, the work discussed in this dissertation provides a solution to previously

shot-noise limited magnetometers with the prospect of greatly enhancing magnetic gra-

diometer measurements. By accurately measuring magnetic field differences and working

in a far-detuned regime, we relax the requirement for optimal isolation from environmental

magnetic fields. This magnetic gradiometer configuration can be optimal for field work to

measure magnetic field gradients only possible using quantum-enhanced field sensing.

This initial research paves the way for future fundamental and applied research to

implement a quantum-enhanced tracker onto an accelerator beam line to non-invasively

characterize charged particle beams, and assist in the impactful research on characterizing

the fundamental constituents and interactions in physics.
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Appendix A

Quantum Fundamentals

In the expression, na = a†a is the photon number operator, made up of creation a† and

annihilation a operators which obey the commutation relation

[
a, a†

]
= 1. (A.1)

All expectation values will be evaluated using a coherent state input, defined as

|α⟩ = e−
|α|2
2

∞∑
n=0

αn

√
n!
|n⟩, (A.2)

where |n⟩ are the number (or Fock) states. The creation and annihilation operators

interact with the coherent state through:

a|α⟩ = α|α⟩ (A.3)

⟨α|a† = α∗⟨α| (A.4)

(A.5)

We evaluate the photon number (or intensity) fluctuation through equation 4.16, where

we ensure normal ordering (i.e. a†a order of operators instead of the reverse order) through

the commutation relation in equation A.1. The result, of which ends up reducing to
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⟨n2⟩ = |α|4 + |α|2 (A.6)

⟨n⟩2 = |α|4 (A.7)

⟨(∆n)2⟩ = |α|2 = ⟨n⟩, (A.8)

confirming the expectation that the photon number uncertainty should scale with the

number of photons going into our detector.
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Appendix B

Vacuum Procedures

This appendix highlights the procedures to use for various vacuum-related work. The

STAIB electron gun manual details the processes for electron gun related work, but here

we summarize the procedures for minimizing electron filament and alkali degradation in

extenuating or common circumstances.

The procedures are structured like (and inspired by) aviation checklists, where each

line is a step in the overall procedure. The left-hand side lists the object or parameter,

while the right-hand side lists the action or value to set the parameter to.

As an example, the following entry

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.75 A SET

means to set the electron filament current to 0.75 A, while an entry reading

Pressure Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .≤ 10−3 Torr

means to ensure the pressure in the system is smaller than ≤ 10−3 Torr.

B.1 QET Valve Routines

B.1.1 Part Descriptions

Valves 2 and 3 in figure B.1 require manual rotation of the handles to open and shut.

Clockwise rotation closes the valve, while counter-clockwise opens the valve. In general,
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1a

3
2

1b

Figure B.1: 3 valves on the Faraday QET system. (1a) primary safety gate valve: dependent
on lab power and the state of the control switch where the state of the valve is indicated through
the white marker on the left side of the unit. (1b) control switch for the primary safety gate valve
(annotated by (1a)): green opens the gate valve, red closes the valve. This switch will maintain
the valve closed position until the green button is manually pushed. (2) gradual angle valve: an
angle valve which slowly opens and closes by manually rotating the valve handle. (3) manual gate
valve: valve similar in structure to the primary safety valve, but requires manual turning to open
and close.

operate the angle valve (2) before the gate valve (3).

Valve 1 cuts the system off from the vacuum pumps, so it should remain open while

pumping out.

B.1.2 Expected Power Outage Procedure

Perform the following actions as close to the outage as reasonably possible, to limit the

amount of time air actively leaks into the system.

Valve 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fully closed

Valve 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fully closed

Valve 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Open
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Following the power outage, perform the following actions as soon as reasonably pos-

sible.

Pressure Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ≤ 10−3 Torr

Valve 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Open

Valve 2 . . . . . . . .Gradually open, monitor system pressure remains ≤ 10−3 Torr

Valve 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Open

Pressure Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .≈ 5 nTorr once stabilised

B.1.3 Unexpected Power Outage Procedure

Following the power outage, perform the following actions as soon as reasonably possible.

Pressure Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ≤ 10−3 Torr

Valve 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Open

Pressure Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .≈ 5 nTorr once stabilised

B.2 Minimizing Rb Oxidation When Opening Vacuum

Sometimes the areas between valves 2 and 3 in figure B.1 need to be exposed to atmosphere

to fix or improve vacuum-related issues. However, exposing Rb to air will rapidly oxidize

the alkali and degrade the cell optical quality. Therefore, to prevent interaction with the

alkali, we constantly backflow the cell with an inert gas (such as nitrogen or argon) to

prevent Rb oxidation and air from contaminating the vacuum. Once the chamber is filled

with inert gas, the vacuum can be safely opened to perform work on the system. Once

vacuum is sealed, the trapped inert gas should be pump out using the rough pump bypass

in section 3.4.1 to protect the turbo pump. Once low vacuum is achieve, the turbo pump

can be exposed to safely pump down the vacuum vessel.
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Since the initial part of the process involves pressurizing the vessel to above 1 atm,

extreme care needs to be taken when handling the part of the system under pressure.

Never overpressure the vessel (roughly 2-3 atm), be cautious removing vacuum flanges

under pressure, and protect the pumps from sudden spikes in high pressure.

Below lists the steps to perform vacuum work and minimize Rb degradation, following

previous valve labelling and references.

B.2.1 Vacuum Work Gas Backflow Procedure

Valve 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fully closed

Valve 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fully closed

Valve 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fully closed

Rb Cell Gas Inlet Valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fully closed

Inert Gas Bottle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Open & Active (Gentle) Flow

Inert Gas Bottle . . . . . . . . . . . . . . . . . . . . . . . . . . . Connect to Rb Cell Gas Inlet Valve

Inert Gas Bottle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pressure set to ≥ 1 atm

Rb Cell Gas Inlet Valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Fully open

Rb Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pressurized (read on Gas Bottle Valve)

Vacuum System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Perform maintenance

Vacuum System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Perform maintenance

Vacuum System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Sealed

Rb Cell Gas Inlet Valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fully closed

Rough Pump Bypass Valve(s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fully open

System Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ∼ 1 mTorr

Valve 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Gradually open until fully open

Pressure Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ≤ 10−3 Torr

Valve 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Open

Pressure Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .≈ 5 nTorr once stabilised
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B.3 Electron Gun Procedures

These procedures deal with turning the electron gun on to run the electron beam. When-

ever the electron gun hasn’t been used for longer than a week, or if the filament has been

exposed to atmospheric pressure, the slow startup procedure in section B.3.2 should be

followed. Otherwise, the fast startup procedure can be used from section B.3.3. Precise

adherence to these procedures is not required, so long as any changes in electron filament

current and energy are done gradually.

For the following processes, ION GAUGE 1 refers to the gauge monitoring the up-

stream chamber, while ION GAUGE 2 monitors the downstream chamber next to the

Faraday cup.

B.3.1 Preliminary Checks

GATE VALVE 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OPEN

GATE VALVE 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OPEN

GATE VALVE 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OPEN

ION GAUGE 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ON

(OPTIONAL) ION GAUGE 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ON

PRESSURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . STABILIZED

ION GAUGE 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .≤ 5 µTorr

FARADAY CUP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CONNECTED

FARADAY MULTIMETER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ON & DC-I MODE

RADIATION SHIELDING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .POSITIONED

GEIGER METER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ON
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B.3.2 Slow Startup

MAIN POWER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ON

INTERLOCK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ON

BEAM BLANKING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OFF

CURRENT READING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IF SET

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.25 A SET

STANDBY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 s

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.50 A SET

STANDBY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 s

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.75 A SET

STANDBY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 s

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.00 A SET

STANDBY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 s

ENERGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.0 kV OVER 15 s

ARCING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . STABILIZED

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.10 A OVER 30 s

ION GAUGE 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MONITOR

ENERGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.0 kV OVER 30 s

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.20 A OVER 15 s

ION GAUGE 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MONITOR

EMISSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .IE ≤ 1.0 µA

ENERGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.0 kV OVER 30 s

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.30 A OVER 15 s

ENERGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20.0 kV OVER 60 s

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.30 A OVER 15 s

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .≤ 1.80 A SET

BEAM BLANKING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . FUNCTIONAL
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DEFLECTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . X & Y SET

GRID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SET

FOCUS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SET

RADIATION RATES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CHECK

B.3.3 Fast startup

MAIN POWER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ON

INTERLOCK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ON

BEAM BLANKING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OFF

CURRENT READING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IF SET

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.0 A OVER 30 s

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 A OVER 30 s

ENERGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 kV OVER 120 s

BEAM BLANKING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . FUNCTIONAL

DEFLECTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . X & Y SET

GRID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SET

FOCUS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SET

RADIATION RATES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CHECK

B.3.4 Standby (less than 1 hr)

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.20 A SET

B.3.5 Standby (less than 3 hr)

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.00 A SET

ENERGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .≤ 10 kV SET
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B.3.6 Shutdown

FILAMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.00 A SET

ENERGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0 kV SET

MAIN POWER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .OFF

INTERLOCK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .OFF
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Appendix C

Squeezing Balanced

Photo-Detector Schematic

This appendix discusses the design of the balanced photodetector (BPD) used to measure

squeezing generated from four-wave mixing. Having a photodetector design capable of

measuring individual probe and conjugate transmission in addition to the joint sum and

differential transmission simultaneously acquires shot noise measured through the total

probe transmission and differential noise to extract the quantum-enhanced noise suppres-

sion.

The BPD is a custom design that can be optimized for the desired detector frequency

through a combination of filter and amplifier circuits using operational amplifiers. In our

scheme, we tune the filters for uniform frequency response at 300 kHz where stable and

optimal squeezing was measured in our experiment. To minimize losses induced by the

photodetectors, we use high efficiency (QE ∼60%) and bandwidth (fc = 300 MHz) Hama-

matsu S3883 Si photodiodes (compared to the camera used in the NMOR experiment,

with QE ≤ 20%). OP276 amplifiers are used for low noise, high bandwidth, and precision,

supplied by ± 15 V for large output range used in the experiment.

Figures C.1 and C.2 show the schematics for the circuit and connectors. The first

stage is a pair of standard photodetector amplifier circuits with outputs POS and NEG.
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These two outputs are transferred to voltage followers to filter and amplify the individual

channel transmission with identical gain of 2, each output POS_OUT and NEG_OUT

measurable by BNC connector. The differential channel is a voltage subtracter, using POS

and NEG (i.e. not the outputs of the voltage followers POS_OUT and NEG_OUT),

whose outputs can be read out by BNC or SMA for spectrum analyzer readout. Finally,

the sum of transmissions is a voltage adder, adding inputs POS_OUT and NEG_OUT to

SUM_OUT read using a BNC cable. The corresponding gain of each circuit is annotated

throughout figure C.1, where the adding and subtracting circuits have a gain of 1 and 2,

respectively
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Figure C.1: Electronic schematic for the op-amp circuits and power supply.
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