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Abstract

This thesis presents a novel optical magnetometer for high magnetic

fields along with the first explorations of its applications in MRI.

The magnetometer works by continuously tracking a magnetic-field-

dependent optical resonance in atomic cesium. The technique employs

a combination of well-established methods comprising sideband spec-

troscopy, saturated absorption spectroscopy, and FM spectroscopy. A

large focus of this work has been on engineering a robust solution that

could be operated in a hospital environment. This has resulted in a

novel — but still mature — technology, with specifications that com-

pare favorably to conventional and commercially available methods for

high-field magnetometry.

In order to calibrate the magnetometer, the magnetic-field-dependence

of the relevant optical cesium resonance has been characterized. NMR

magnetometry on pure water has been used as the absolute reference.

This has resulted in accurate measurements of two universal cesium co-

efficients, describing the field dependence, such that magnetometry can

now be performed using this technique with an accuracy in the ppm-

range.

The magnetometer has been used to map out two MRI sequences

in a 7 T scanner, and to detect temporal instabilities and spatial non-

linearities in the gradients. This work establishes the field of optical

magnetometry for MRI, with future possibilities including image correc-

tions in e.g. error-prone sequences or gradient coil systems with relaxed

technical requirements.





Resumé

Denne afhandling præsenterer et nyt optisk magnetometer til høje mag-

netfelter, sammen med de første undersøgelser af dets anvendelser inden

for MR billeddannelse.

Magnetometeret fungerer ved kontinuerligt at følge en magnetfelts-

afhængig optisk resonans i atomar cæsium. Teknikken anvender en kom-

bination af velkendte metoder, herunder sideb̊andsspektroskopi, mættet

absorptionsspektroskopi og FM spektroskopi. En stor del af dette ar-

bejde har fokuseret p̊a at udvikle en robust løsning, der kan anvendes i et

hospitalsmiljø. Dette har resulteret i en ny, men stadig moden teknologi,

med specifikationer, der ser lovende ud sammenlignet med konventionelle

og kommercielt tilgængelige metoder til højfeltsmagnetometri.

For at kalibrere magnetometeret er magnetfeltafhængigheden af den

relevante optiske cæsiumresonans blevet karakteriseret. NMR-magneto-

metri p̊a rent vand er blevet brugt som absolut reference. Dette har

resulteret i nøjagtige m̊alinger af to universelle cæsiumkoefficienter, der

beskriver feltafhængigheden, hvilket betyder, at magnetometri med den-

ne teknik nu kan levere en nøjagtighed p̊a f̊a milliontedele.

Magnetometeret er blevet brugt til at kortlægge to MR-sekvenser i en

7 T scanner og til at detektere tidsmæssige ustabiliteter og rumlige ikke-

lineariteter i gradienterne. Dette arbejde etablerer optisk magnetometri

inden for MR som et nyt forskningsfelt, med fremtidige muligheder for

f.eks. billedkorrektioner i problematiske sekvenser eller gradientspolesys-

temer med slækkede tekniske specifikationer.
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1 Introduction

1.1 Background

Around 2016 Assoc. Prof. Esben T. Petersen and Research Fellow Vin-

cent O. Boer from DRCMR, were following the progress on magnetic-

�eld monitoring in MRI: It had been shown that by tracking the magnetic-

�eld gradients using NMR probes during an MRI sequence, the image

quality could in some cases be improved. After testing out the commer-

cially available Skope �eld-monitoring system in their 7 T MRI scanner,

they decided that there were just too many technical challenges asso-

ciated with the introduction of metallic probes and cables in the MRI

scanner. Esben got the idea to employ optical probes instead of NMR

probes, since such magnetometers could be made without metallic or

electronic components, and hence be completely MRI compatible. They

reached out to Prof. Eugene S. Polzik and Asst. Prof. Kasper Jensen

from NBI, to hear about the possibility of using optical magnetometers

in a high-�eld MRI scanner. Eugene and Kasper told them that optical

magnetometers do not work at high �elds. But this was not the end of

the conversation | rather it was the beginning of an ambitious project

to develop a new kind of optical magnetometer thatwould work at high

�elds. A project that I was fortunate enough to get to carry out.

This work has been described in two papers, which are included in

this thesis, and also referred to as Refs. [1,2]. All data and calculations

supporting these papers are openly available in Refs. [3, 4]. In addi-

tion to the two papers, which describe the main results, this thesis also

provides further (historical) context and describes necessary technical

accomplishments.
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1.2 Basics of MRI

When studying MRI, the importance of accurate magnetic �eld informa-

tion quickly becomes clear. To motivate and introduce the work carried

out during this PhD we here present a brief review of the basics of MRI,

based on Refs. [5{7].

In MRI a person is placed in a high magnetic �eld B , typically of

several teslas generated by a superconducting coil. The hydrogen nu-

clei, i.e. protons, in the body align to a small degree with the magnetic

�eld. The �eld direction is typically called the z-direction. Using an rf

transmit coil, the proton magnetic moments can be resonantly excited

into the plane orthogonal to the magnetic �eld, i.e. the (x; y)-plane. The

resonance frequency� p of the protons is given by

� p = 
 pB; (1.1)

where 
 p , the gyromagnetic ratio of protons, is about 42.58 MHz/T [7].

After excitation, the magnetic moments will precess around the mag-

netic �eld, radiating a weak rf signal, that is picked up inductively by

an rf receive coil. If during excitation, a magnetic �eld gradient, e.g.

in the z-direction, is played on top of the high magnetic �eld, using a

(normally conductive) gradient coil, the nuclear excitation can be made

to only happen in a certain slice, perpendicular to thez-direction, where

the resonance condition Eq. (1.1) applies. Next, a series of gradients in

the x- and y-direction is played, during the inductive rf data acquisition.

The time integral of these gradients de�nes a trajectory though k-space,

where the acquired rf data are placed in pixels one-by-one during the rf

readout. When the desired area of k-space is covered, the data acquisi-

tion is over. In Fig. 1.1 is shown a simple illustration of this principle.

Performing a 2D Fourier transform of the k-space image then creates a

2D image of the excited slice, revealing the inside anatomy of the person

in the MRI scanner. A 3D image can be created by successive excitations

of di�erent slices next to each other. The particular trajectory through

k-space sketched in Fig. 1.1 is that of an EPI sequence. Starting in the

center, a negativex- and y-gradient takes us to the lower left corner of

9



Figure 1.1: Basic principles of MRI. To the left are shown rf excitation and

gradients f Gx ; Gy ; Gz g on separate axes as a function of time. The rf excitation

along with the Gz -gradient de�nes the slice selection. The time integral of

gradients Gx and Gy de�nes the trajectory through k-space ( kx ; ky ), as shown

to the right. Arrows on the trajectory corresponds to the �rst three Gx -lobes,

and the �rst two Gy -lobes.

the k-space area where data acquisition then starts. Strongx-gradients

trace out horizontal lines, and small y-gradients take the acquisition to

the next line. The acquisition is �nished when the trajectory has reached

the opposite corner of the k-space area.

Perfect step changes in magnetic �eld cannot be realized in practice,

and hence practical traversals of k-space are not straight lines of constant

velocity. But everything can still be made to work well, as long as the

magnetic-�eld gradients are known. Problemswill however occur when

the gradients are not well known throughout the data acquisition. In

this case errors will be introduced in the k-space image, which will give

corresponding errors in the real image. This need for accurate magnetic

�eld control has led to an impressive evolution in both MRI hardware

and software, during the last couple of decades [7]. Active shielding

of the gradient coils reduces eddy currents in e.g. the structure of the

cryostat [8], and preemphasis of the programmed gradients is used to

suppress known deviations from the desired gradient �eld [9, 10]. How-

ever, imperfections in MRI gradients still exist and can cause problems

in the reconstruction.
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1.3 Field monitoring using NMR probes

Instead of working to further perfect gradient coil systems or limit one-

self to sequences that minimize eddy currents \a conceptually di�erent

approach is to allow and assess rather than suppress residual �eld im-

perfections" (from Ref. [11]). The work carried out by Prof. Klaas P.

Pr•ussmann's research group established a new approach to dealing with

�eld imperfections. Using NMR probes to monitor the magnetic �eld

during rf data acquisition, they were able to directly map out the k-

space trajectory, through magnetic-�eld measurements [11].

NMR probes work by resonant excitation of an NMR-active sample,

followed by rf readout of the FID. Through Eq. (1.1) the magnetic �eld

B can be determined from the precession frequency� p . For the highly

specialized NMR probes, �rst introduced in Ref. [12], a lot of e�ort has

been put into optimizing the homogeneity of the �eld across the active

sample, by susceptibility matching of components in the probe, and by

making the active sample small. This is to ensure a long lifetime of

the FID signal, so that �eld measurements can be performed for up

to about 200 ms at a time. For an NMR measurement on a magnetic

�eld assumed to be static, or very slowly varying, one would typically

measure the average frequency of the FID, to make a single magnetic �eld

measurement per excitation. For fast �eld tracking in MRI, however, the

phase of the FID is extracted, unwrapped and di�erentiated, to give the

magnetic-�eld value at all sampling times during the measured FID [12].

The �rst probes that Prof. Pr•ussmann's group made were using hy-

drogen nuclei, i.e. protons, in water and cyclohexane for the NMR-active

sample [12], but later they switched to 
uorine nuclei in hexa
uoroben-

zene, to avoid interference with the MRI scanner [13]. The gyromagnetic

ratio of 
uorine is di�erent by about 6% of that of protons, i.e. 40.05

MHz/T [14], so the probes and the MRI scanner operate at su�ciently

di�erent frequencies that rf crosstalk is not a problem.

This line of research resulted in the establishment of the company

Skope Magnetic Resonance Technologiesin 2011, which has commercial-

ized NMR probes for use in MRI. Skope was acquired byCanon Medical
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Systems Corporation in 2019 [15].

Prof. Pr•ussmann's group does MRI research, so using NMR probes

was an easy choice for them, since the fundamental principles of such

probes and MRI scanners are the same. Also, other technologies for

measuring high �elds did not seem like good candidates, having too low

sensitivity, as discussed in Ref. [12].

Making the acquisition more robust, providing a direct way of miti-

gating encoding errors of all origins, and clearly demonstrating improved

image quality [11,16{18], NMR probes have proved very interesting for

the future of MRI. However, while interference between the probes and

the MRI scanner has been somewhat mitigated by using a di�erent nu-

clear species, NMR probes still su�er from some inconvenient drawbacks:

Cables and probes in the scanner can still cause problems, even when

carrying signals at a di�erent frequency from what is used in the scan-

ner [18]. The measurements are pulsed rather than continuous, so care-

ful planning of the measurement pulses relative to the MRI sequence is

needed. And shortened FIDs, i.e. reduced measurement times, due to

strong gradients in the sequence must be accounted for in the planning.

Because of these limitations of NMR probes, and the lack of existing

alternative methods, it seems worthwhile to investigate a completely new

optical magnetometry technique for use in MRI.

1.4 High-�eld optical alkali magnetometry

The discovery of the splitting of the sodium D lines in a magnetic �eld

by Nobel laureate Prof. Pieter Zeeman, in 1897, was an important break-

through in the development of modern atomic physics and quantum me-

chanics [19, 20]. Even earlier, in 1870, such splittings were observed in

sunspots. With Zeeman's discovery, this contributed to the understand-

ing of magnetic �elds on the sun [21]. So, the idea of using the Zeeman

shift of optical absorption lines in alkali atoms to detect or measure

magnetic �elds, is more than 100 years old.

The Zeeman e�ect in alkali atoms has, since its discovery, been in-
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vestigated and explained extensively through modern quantum mechan-

ics [20,22{24]. However, the idea of directly measuring a magnetic �eld

through a shift in the absorption lines, has actually not been explored

much beyond sunspot magnetometry. Prior to the work presented here,

was only a few endeavours. In Refs. [25{28] measurements are performed

on pulsed �elds up to 500 T. Highly sensitive measurements were not a

goal in any of these experiments. Rather, the goal was to do remote de-

tection, on very short timescales, near explosions or high-energy-density

plasmas. These methods use detection of free-space emitted light and

does not involve an actual magnetic-�eld probe. Measurement accura-

cies are about 1 T. In Refs. [29{31] actual magnetic-�eld sensors are

constructed, and tested up to 1.5 T. E�ort is here put into modelling of

the atomic spectra, and good agreements with experimental results are

found. Measurement accuracies of about 1 mT are achieved, and the

method of Refs. [29, 31] also allows for the calculation of the magnetic-

�eld direction. Fast measurements are not a concern. In Refs. [32,33] a

�ber-coupled optical probe was constructed, and tested up to 58 T, but

rather than providing a dynamic optical �eld measurement, it provided

information about when a pulsed �eld reached a certain value. Theoreti-

cal considerations in Ref. [33] suggest that an accuracy in the ppm-range

could be reached, and also the need for a better determination of the ex-

cited state g-factor is pointed out. An attempt at verifying the presence

of the diamagnetic shift is unsuccessful in Ref. [33].

On this background there was ample room for exploring and improv-

ing on the concept of measuring magnetic �elds using frequency shifts of

alkali D lines. None of the explored approaches are anywhere near the

speci�cations required for applications in MRI. These include: several

�ber-coupled probes, dynamic measurement, high sampling rate, and an

accuracy in the ppm-range.
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1.5 Introducing the EXAAQ magnetometer

With a clearly de�ned application in mind, access to the incredibly ad-

vanced magnetic-�eld generating system of a 7 T MRI scanner, and a

sizeable budget for equipment, we have managed to signi�cantly advance

this �eld: We have determined the excited state g-factor for the cesium

D2 line with an accuracy more than two orders of magnitude better than

previously. We have managed to clearly verify the presence of the dia-

magnetic shift of the D2 line and measure it with an accuracy better

than 1%. We have constructed a highly robust and compact magne-

tometer system with four �ber-coupled probes, sampling rate of tens of

kilohertz, and a measurement accuracy of a few ppm. Finally, we have

used this magnetometer to perform measurements in a 7 T MRI scanner

playing imaging sequences and shown that the device is sensitive enough

to detect imperfections in the gradient coil system.

The work is presented in two scienti�c papers. The �rst, Ref. [1],

\Precision Measurement of the Excited State Land�e g-factor and Dia-

magnetic Shift of the Cesium D2 Line", describes the fundamental physics.

I.e., that the frequency shift � � + , of the cesium D2 transition between

the extreme angular-momentum states depends on the magnetic �eldB ,

as

� � + = 
 1B + 
 2B 2; (1.2)

where 
 1 = 13:994 301(11) GHz/T and 
 2 = 0 :4644(35) MHz/T 2.

The second paper, Ref. [2], \High-Field Optical Cesium Magnetome-

ter for Magnetic Resonance Imaging", presents the complete magne-

tometer system. The performance is benchmarked, measurements of

two MRI sequences are shown, and the ability to clearly resolve imper-

fections in the coil system is demonstrated. The term EXAAQ (EX-

treme Angular-momentum Absorption-spectroscopy Quantum) magne-

tometry is proposed to describe the technology, and clearly distinguish it

from high-�eld magnetometers based on magneto-optical Faraday rota-

tion, and low-�eld optically pumped magnetometers also based on alkali

atoms.
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The EXAAQ magnetometer prototype has four probes, which realizes

saturated absorption spectroscopy inside the 7 T MRI scanner, and one

reference probe which realizes saturated absorption spectroscopy in a

magnetic shield, i.e. at 0 T. The frequency shift between the extreme

transition at 0 T and at 7 T is determined by sideband spectroscopy,

and the magnetic �eld is calculated through Eq. (1.2). This is the basic

idea of the technique.

In the following we will �rst review the energy-level structure of ce-

sium, and show how the spectrum can be calculated, from low to high

�eld. This constitutes the scienti�c background and provides some tech-

nical details on calculations. Next, we go through the optical probe

design, and show how we generate strong sidebands of high order, with

modulation frequencies up to 20 GHz. These two important technical

accomplishments are followed by the two papers [1, 2]. We then show

how the modular 19-inch rack integration of the prototype has been real-

ized, and a short chapter discusses the use of the magnetometer for �elds

below 1 T. The thesis is concluded by summarizing the main results and

discussing future opportunities and challenges.
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2 Energy Levels of

Cesium (and Protons)

Comparing Eq. (1.1) and Eq. (1.2) we see some resemblance between pro-

ton NMR magnetometry and EXAAQ magnetometry. Indeed, both are

quantum sensing methods, that make use of the Zeeman shift of energy

levels when quantum systems are exposed to a magnetic �eld. The main

di�erence between the methods is that in NMR the resonance frequency

depends on the magnetic �eld, whereas in EXAAQ magnetometry it is

the resonance frequency shiftthat depends on the magnetic �eld. This

means that NMR operates at rf frequencies | typically tens or hun-

dreds of megahertz | whereas EXAAQ operates at optical frequencies

| hundreds of terahertz. The energies of the two spin states of a proton

in a magnetic �eld, as relevant for NMR, are shown in Fig. 2.1. This

Figure 2.1: The energy splitting of the spin-up and spin-down states of a

proton in a magnetic �eld B . The di�erence is expressed in units of frequency.

is a very simple energy-level diagram compared to the relevant equiv-

alent for the cesium atom, which is shown in Fig. 2.2, for the case of

a low magnetic �eld. To introduce the physics, we brie
y review the
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Figure 2.2: The various mechanisms responsible for the energy level structure

of cesium at low magnetic �elds. The contributions range from the strongest

e�ects on the left, to the weakest e�ects on the right.

mechanisms behind this structure [20, 34]. The single valence electron

in cesium-133 has the principal quantum numbern = 6, which gives

an equivalent Bohr energy. The electron can be in the ground state,

with orbital angular-momentum quantum number L = 0, called the

S state, or in the excited state, with an angular-momentum quantum

number of L = 1, called the P state. In a non-relativistic model of a

hydrogen-like atom these two states will be degenerate. However, in the

case of an alkali atom, which has an inner core of electrons, the di�er-

ent spatial distributions of the S- and the P-state wavefunctions lead to

di�erent nuclear-charge screenings, and hence vastly di�erent energies

for the two states. This is commonly described by a reduced e�ective

principal quantum number n� = n � � L , where � L is called the quantum

defect. The relativistic �ne structure perturbs and splits these energies

17



| most importantly the magnetic moment associated with the electron

orbital angular momentum L, interacts with the magnetic moment as-

sociated with the electron spinS = 1=2. When they align to give a total

electronic angular momentumJ = L + S = 3=2, the energy is increased,

and when they are opposite,J = L � S = 1=2, the energy is decreased.

This gives two di�erent excited states. The �ne-structure states are label

in \spectroscopic notation" as 2S+1 L J [20]. The transition between the

ground state 2S1=2, and the least energetic excited state2P1=2, is called

the D1 line and has a wavelength of 894 nm. The transition between

the ground state and the most energetic excited state2P3=2, is called

the D2 line and has a wavelength of 852 nm [34]. These two lines, and

associated energy levels furthermore contains splittings known as thehy-

per�ne structure : The nuclear magnetic moment, due to the nuclear spin

I = 7=2, interacts with the magnetic moment of the electron. This gives

states with di�erent total angular momentum F , and similarly di�erent

energies. The states with di�erent projected total angular-momentum

quantum number mF are degenerate. When exposed to a low magnetic

�eld the mF states are perturbed and split up to have di�erent energies.

This is the Zeeman e�ect.

The case of a low magnetic �eld is typically called theZeeman regime.

When the Zeeman splitting becomes larger than the hyper�ne splitting,

it is no longer valid to treat the Zeeman e�ect as a perturbation to the hy-

per�ne structure. Instead, the hyper�ne structure acts as a perturbation

to the Zeeman levels, as shown in Fig. 2.3. This is called thehyper�ne

Paschen-Back regime. The Zeeman e�ect splits up the energy according

to the electronic projected angular-momentum quantum number mJ ,

and the hyper�ne interaction further splits up the states into di�erent

energies according to their nuclear projected angular-momentum quan-

tum number mI . For magnetic �elds of several thousands of teslas, the

Zeeman e�ect even becomes larger than the �ne structure, introducing

what is called the �ne Paschen-Back regime. Fields of thousands of tes-

las cannot be created in stable forms with current magnet technology.

In Ref. [1] it is shown that the physical constant describing the magni-
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Figure 2.3: The various mechanisms responsible for the energy level struc-

ture of cesium at high magnetic �elds. Notice how the hyper�ne splitting is

now considered a perturbation to the Zeeman e�ect, instead of the other way

around as in Fig. 2.2.

tude of the magnetic-�eld dependence of the valence electron is the Bohr

magneton, divided by the Planck constant, � B =h � 14 GHz=T. This is

similar for the magnetic-�eld dependence of a free electron spin-state. It

is interesting to compare this number to the magnetic-�eld dependence

of the proton spin-state 
 p=2 = 21:29 MHz=T. For a point-like proton

we would expect the ratio between these two numbers to be equal to the

proton-to-electron mass ratio, i.e. about 1836. The fact that the ratio is

about 2.8 times lower than this, was historically the �rst evidence of an

inner structure of the proton [20].

To �nd the �eld dependence of the energy levels in arbitrary magnetic

�elds, ranging from the Zeeman regime to the hyper�ne Paschen-Back

regime, we must numerically diagonalize the total Hamiltonian. The
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Hamiltonian for the hyper�ne structure is

HHFS =
1
2

A (F (F + 1) � I (I + 1) � J (J + 1)) ; (2.1)

where A is the hyper�ne coupling constant [34]. The matrix elements of

this Hamiltonian, in the jF; mF i basis, are

H ij
HFS = hF i ; mi

F jHHFS jF j ; mj
F i : (2.2)

This Hamiltonian is diagonal, since the jF; mF i states are eigenstates of

the F , I , and J operators. The Hamiltonian for the Zeeman interaction

is

HZ = gJ mJ � B B; (2.3)

when the small nuclear Zeeman interaction is ignored. Here,gJ is the

Land�e g-factor. The matrix elements of this Hamiltonian are

H ij
Z = hF i ; mi

F jHZ jF j ; mj
F i : (2.4)

This Hamiltonian is not diagonal, since thejF; mF i states arenot eigen-

states of the mJ operator. The jF; mF i states can be expanded in the

jmJ ; mI i states as

jF; mF i =
X

m J ;m I

hmJ ; mI jF; mF ij mJ ; mI i ; (2.5)

where the factors hmJ ; mI jF; mF i are the Clebsch{Gordan coe�cients

[24]. Now the matrix elements can be calculated in thejF; mF i basis as

H ij
Z = gJ � B B

X

m J ;m I

mJ hF i ; mi
F jmJ ; mI ihmJ ; mI jF j ; mj

F i ; (2.6)

where we have used thathmJ ; mI jmJ jmJ ; mI i = mJ [1,20,34].

The total matrix with elements H ij
HFS + H ij

Z is then calculated for a

given magnetic �eld B and diagonalized numerically in Matlab, to give

the possible eigenenergies. Doing this for a series of magnetic-�eld values

gives a magnetic-�eld-depended spectrum of energies as seen in Fig. 2.4,

for the ground state. There is no guaranteed order in the returned

eigenenergies that Matlab produces, as is seen here. To link the energies
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Figure 2.4: Eigenenergies of the2S1=2 ground state, as they are returned by

Matlab, prior to sorting.

at di�erent magnetic �eld values, so that meaningful interpolations can

be performed, a descending sorting of the energies can be employed,

prior to plotting, to arrive at Fig. 1(a) in Ref. [1] (page 56 in this thesis).

For the 2P3=2 excited state, where lines are crossing each other, sort-

ing is not enough, as seen in Fig. 2.5. To �x this, an algorithm has been

developed that swaps the order of the eigenenergies, for each magnetic

�eld value, to minimize the second derivative of the lines. The e�ect

of employing this algorithm is seen in Fig. 2.6. The Matlab script that

calculates the eigenenergies of the excited state, and properly connects

the lines, is available in Ref. [3]. The corrected version of Fig. 2.5 is

presented as Fig. 1(b) in Ref. [1] (page 56 in this thesis), along with the

derivation of Eq. (1.2).

For the ground state an analytical solution for the intermediate re-

gime also exists | the Breit-Rabi formula [34]. For the excited state no

analytical solution exists, and a numerical diagonalization is necessary,

leaving the problem of connecting the energies unavoidable. With all the

energies connected properly, the allowed transitions in the Paschen-Back
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Figure 2.5: Eigenenergies of the 2P3=2 excited state, sorted in a descending

order prior to plotting. This sorting prohibits line crossings, and hence does

not connect the energies correctly.

Figure 2.6: To the left are shown the eigenenergies sorted in a descending

order prior to plotting. To the right are shown the eigenenergies after running

the algorithm that minimizes the second derivative.

regime, and their extensions into the Zeeman regime, can be calculated.

The veri�cation of the calculated pattern is shown as Fig. 18 in Ref. [1]

(page 70 in this thesis). While not strictly necessary for the main results

of Ref. [1], this veri�cation is a result in its own right. It is the most

comprehensive investigation ever made for cesium. Ranging from 0{
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1.5 T in steps of 0.1 T, it fully resolves the transition from the Zeeman

regime to the hyper�ne Paschen-Back regime.

Measured values for hyper�ne coupling constants and g-factors de-

termine the splittings and magnetic-�eld dependencies of states [23,34].

The excited state g-factor, which is of particular interest to this work was

last measured by Abele et al. in 1975 by an optical double-resonance ex-

periment [35]. This was partly motivated by the need for a better g-factor

determination to interpret results from level-crossing experiments, used

to determine hyper�ne coupling constants [22,35,36]. While determina-

tions of hyper�ne coupling constants are an ongoing �eld of research [37],

not much has happened in g-factor measurements since the 70s, perhaps

in part due to the fact that level-crossing experiments are no longer a

preferred method for measuring hyper�ne coupling constants [37].
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