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MEASUREMENTS OF THE ALKALI-METAL SPIN-DESTRUCTION RATE
AND SPIN-EXCHANGE RATE COEFFICIENT IN

Xe-Rb AND Xe-Cs SYSTEMS

Abstract

by Zahra Armanfard, Ph.D.
Washington State University
December 2023

Chair: Brian T. Saam

Despite the practice of noble gas spin-exchange optical pumping (SEOP) since
1960, various fundamental aspects of this method, including the values of the spin-
destruction rate, numerous elements of alkali-metal polarization, and spin-exchange
coefficient, still need to be explored. The mechanisms governing ?Xe polarization,
and the spin-exchange efficiency have also been noted as areas of exploration. This
thesis explains the results of our efforts to measure these features and initiates an
understanding of some of these mysteries. This document includes measurements of
the alkali-metal spin-destruction rate, alkali-metal-Xe spin-exchange rate coefficient,
and spin-exchange efficiency. We made a comparison between Xe-Rb and Xe-Cs

systems by comparing the SEOP efficiency for the two systems to understand which

vi



alkali-metal can be a better partner for polarizing Xe. The results show that Xe-Cs
system has ~ 35% higher spin-exchange rate coefficient and ~ 30% higher spin-
destruction rate than Xe-Rb system, resulting in a slightly better SEOP efficiency for

Xe-Cs system than Xe-Rb system.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Numerous physics research fields frequently employ optically pumped alkali-metal
vapors and nuclear spin-polarized noble gases. Optical pumping is being used more of-
ten in various sectors, including atomic magnetometers and optically pumped atomic
clocks [1, 2]. Additionally, it has become more common to create samples with
strongly polarized nuclei using the spin-exchange method between optically polarized
alkali-metals and noble gases like 3He or ?Xe. Numerous scientific techniques use
the high nuclear spin polarization values reached in hyperpolarized noble gases, in-
cluding atomic magnetometers, spin filters, atomic gyroscopes, searches for atomic
electric dipole moments, and tests of fundamental symmetries [3, 4, 5]. They also
have a variety of potential uses in the fields of biomedicine and clinical fields [6, 7, 8,
9.

Hyperpolarized Gas MRI, a brand-new type of magnetic resonance imaging (MRI)
created in 1994 [6], has been practical for imaging the functional lungs. This technol-
ogy uses pre-polarized noble gas, such as *He or 12°Xe, created via the spin-exchange
Optical Pumping (SEOP) technique, in contrast to conventional MRI, which uses
proton thermal polarization. Magnetization can be utilized to obtain an MRI image

when these polarized noble gases are inhaled. Despite the low physical density of the



gas, noble gases have substantially more significant polarization than water thermal
polarization, which results in a significant MR signal size that allows for clear viewing
of the lung airspaces. Interestingly, the noble gas polarization is unaffected by the By
holding field strength, allowing for much lower field strengths to be used for MRI [10].
This lowers the cost of the scanner while providing unique benefits, including a more
uniform holding field and improved metal penetration. Simpler solenoids can now be
used in place of large superconducting magnets. He and Xe are the two most popular
noble gases for hyperpolarized gas MRI. The latter is especially intriguing because
Xe is a lipophilic gas that can diffuse into the bloodstream and allow hyperpolarized
129X to image bodily areas other than the lungs [10].

For these hyperpolarized gases to be used in practice, it is essential to understand
their properties, prepare them, store them, and transport them to the subject. In
addition to being biologically compatible, a hyperpolarized gas must be stable for
a sufficient amount of time before being transported to a sample or target organ
for imaging or spectroscopy. Because of this, only a few selections of gases can be
employed as hyperpolarized agents, but it’s crucial to consider practical constraints
while working with these gases to preserve and benefit from their hyperpolarization
[10]. The amount of time that polarization is maintained after the drug is delivered
is a helpful method for establishing contrast, along with other significant aspects like

density, position, mobility, spectrum frequency, and signal behavior resulting from a



chemical interaction [11].

To create hyperpolarized '*Xe, a common technique is SEOP [12, 13]. Using
circularly polarized laser beams, SEOP polarizes the nuclear spin of ?Xe by polar-
izing the valence electrons of alkali-metal atoms. K and Cs are potential substitutes
for Rb, the alkali-metal now most frequently used to polarize '?°Xe. According to
[13, 14], the spin-exchange mechanism happens during alkali-metals-'?Xe van der
Waals molecules formation and binary collisions. For molecular formation, a third
body must be present. The polarization of '?*Xe depends critically on the constants
associated with these mechanisms, such as the spin-exchange rate, spin-destruction
rate, and efficiency. The polarization of ?Xe can, therefore, be optimized by under-

standing these constants for various alkali-metals.

1.2 Hyperpolarized Noble Gas

Nuclei with nuclear spin polarization higher than that anticipated by Curie’s law
in thermal equilibrium are said to be hyperpolarized. Different methods for creating
nuclear hyperpolarization are studied in the field of dynamic nuclear polarization [10].

Nuclear magnetism is incredibly weak. For instance, the magnetic moment of a
129X e nucleus is over 2300 times smaller than the magnetic moment of a single elec-
tron [15], resulting in significantly weaker nuclear magnetic resonance (NMR) signals
than their equivalent electron resonance signals. The maximum thermal equilibrium

nuclear polarizations that may be attained are typically on the order of 1075, even



with large magnetic fields. In other words, only a small percentage of particles con-
tribute to the signal, making the NMR signal substantially weaker than the electron
resonance counterparts. Despite this, due to their high particle density, which can be
as high as 10?* atoms in just a few milliliters, NMR can create discernible signals in
a variety of solids and liquids [15].

On the other hand, the gas phase’s physical characteristics make it more suitable
for applications involving hyperpolarized nuclei. At standard pressure and temper-
ature, an ideal gas has a density of 2.69 x 10'% atoms/cc, which is three orders
of magnitude smaller than the typical liquid density [15]. As a result, gas-phase
samples in thermal equilibrium produce weaker signals due to low density and take
longer to acquire. To overcome this density restriction, hyperpolarization techniques
are used to enhance the polarization of the gas and increase the number of particles
that contribute to the signal. Nuclear polarization can be improved using a variety of
techniques, some of which have the potential to increase polarization by up to 100,000
times. In order to overcome the low density of gas-phase samples, nuclear polariza-
tions of 80% or higher can be produced, yielding signals equal to or even stronger

than those obtained from thermally polarized solid samples [15].

1.3 Hyperpolarization Techniques

Critically significant are the hyperpolarization techniques. Although these tech-

niques were primarily created for physics or chemistry fundamental research, they are



currently being applied in research on a larger scale. The amount and polarization of
hyperpolarized gases that can be created and the alternatives for these gases deter-
mine how well hyperpolarization techniques perform in various applications. Noble
gases are the most frequently employed research agents, but tiny hydrocarbons and
gases made of small molecules also have potential. The following techniques are the

most used for producing hyperpolarized gases [10]:

e Dynamic nuclear polarization (DNP),

Metastability exchange optical pumping (MEOP),

Parahydrogen-induced polarization (PHIP),

Spin-exchange optical pumping (SEOP),

Understanding how each approach functions is crucial for successfully integrating
them into applications involving hyperpolarized gases. Each approach has benefits
and drawbacks.

DNP takes advantage of the fact that unpaired electrons can be subjected to ex-
tremely low temperatures and powerful magnetic fields, generally reaching several
Tesla, to achieve a significant degree of polarization. Nuclear spin polarization in-
creases significantly after this polarization transfer to nuclear spins via dipolar or
scalar couplings. In order to inject the required unpaired electrons into a sample,

persistent radicals are typically utilized [16].



The dissolution DNP technique, known as d-DNP, is typically applied to tiny
molecules. This method is based on the cross effect, a mechanism that involves two
electrons and one nucleus and causes three spins to interact. Microwaves drive the
electron spin transitions in this process, and the energy required to flip the nuclear
spin is comparable to that needed to flip the electron spin [17, 18]. The d-DNP
hyperpolarizer device was created in 2003 [16]. There are three essential components

to the apparatus [11]:

e A superconducting magnet that establishes the magnetic field strength,

e A helium cryostat that cools the sample to very low temperatures,

e A microwave device that polarizes nuclear spins by transferring polarization

from unpaired electron spins.

The DNP approach may successfully hyperpolarize 12?Xe by homogeneously mix-
ing Xe with radical agents and a cosolvent, such as ethanol or propanol [19]. Subli-
mation DNP is the process by which the hyperpolarized 2°Xe is transformed from its
solid state into a pure gas. Despite the fact that the polarization levels for 12Xe are
frequently lower than those that may be obtained with SEOP polarizers, advance-
ments in DNP technology may allow for the polarization of 12Xe to be almost 100%
[11].

MEOQP involves polarizing the spin angular momentum of an atom’s metastable



state using optical pumping. The electron and nuclear spins of several atoms, in-
cluding *He, 3He, 2'Ne, ®3Kr, and 3'Xe, have been successfully polarized using this
technique. While optical pumping had previously been used to polarize the electron
and nuclear spins of alkali atoms and mercury [20], it wasn’t until 1960 that it was
used to polarize the electronic “He 23S; metastable state [21] and then to polarize
3He in 1962 [22].

In the case of ¥'Xe, the atom is pumped by an electron beam as opposed to an
optical source [23]. 12Xe electronic states were polarized using the MEOP technique,
but it did not lead to nuclear polarization, most likely because powerful nuclear
relaxation mechanisms were present [24].

It is necessary for all Hy, molecules to be in the state J = 0 for there to be ‘para-
hydrogen‘ or para-Hs, which is an antisymmetric singlet spin state. On the other
hand, ‘ortho-hydrogen‘, a triplet nuclear spin state, requires all Hy, molecules in the
antisymmetric J = 1 state [10]. However, para-Hy’s singlet state cannot be detected
by NMR as a pure spin order. Instead, through PHIP, para-Hy generates hyperpo-
larized gases. By adding para-Hs in pairs to an unsaturated precursor molecule, this
technique breaks the symmetry, and the spin order created by the para-H, singlet
state can be converted into detectable nuclear spin polarization [10]. The unsatu-
rated bond must be structurally asymmetrical for this process to succeed and for the

resulting nascent 'H locations to be magnetically different [25]. Although the PHIP



approach has been known for a while, it has only recently proven practical to produce
hyperpolarized gases on a wide scale by using effective heterogeneous catalysts that
encourage significant pairwise addition of para-Hy [10].

Another technique is SEOP, which results in highly polarized noble gas nuclei.
An alkali-metal, such as Rb, Cs, or K, can have its electronic ground state excited by
a circularly polarized laser beam. This process results in polarization transfer from
the alkali-metal electrons to the noble gas nuclei by collisions, which is facilitated by
the Fermi-contact interaction. This technique, which polarizes electron spins using
light, was initially shown by Kastler [20]. Later, Bouchiat [26] and then Grover
[27] exploited spin-exchange with optically pumped alkali-metal vapors to show that
noble gas nuclei are polarized. The SEOP method has been improved by researchers
including Happer, Cates, and Walker [12, 28, 29, 30, 31]. In addition to polarizing
the nuclear spin of noble gas nuclei like 2!Ne, 33Kz, and '3'Xe, SEOP is frequently
employed to polarize the nuclear spin of '*Xe and *He. The field of hyperpolarized
noble gases, particularly '?*Xe, has seen significant progress with the emergence of
MRI for human subjects utilizing hyperpolarized noble gases. The choice of alkali-
metal in spin-exchange optical pumping (SEOP) plays a crucial role in this process.
Our collaborators at Polerean, a medical imaging company, use hyperpolarized '?°Xe
to do medical imaging of human lungs, they produce the hyperpolarized ?°Xe using

the SEOP method with Rb, and they are interested in knowing which alkali-metal is



a better partner for polarizing '**Xe. While Rb has been traditionally favored due
to the availability of inexpensive high-power diode lasers [11], recent studies suggest
Cs might offer practical advantages with a higher spin-exchange cross-section, higher
vapor pressure than Rb at a given temperature, and faster optical pumping rate. The

goal is to compare the SEOP efficiency for Xe-Rb and Xe-Cs systems.

oo = ’VSe/ [A] _ kse[Xe]
©rXe] T

(1.1)

where [A] and [Xe] are the alkali-metal and noble gas Xe number densities, v is
the alkali-metal-noble gas spin-exchange rate due to collisions with Xe, FEXXG) is the
alkali-metal electron-randomization rate due to collisions with Xe, and kg is the
alkali-metal-noble gas spin-exchange rate coefficient.

This study focuses on comparing the SEOP efficiency of Xe-Rb and Xe-Cs systems
in different pressure regimes and fixed gas mixtures of ‘He(94%)-Ny(3%)-Xe(3%),
which is similar to the ones used in magnetic resonance imaging polarizers. The
spin-exchange efficiency 7, is determined by factors such as alkali-metal-noble gas
spin-exchange rate s, alkali-metal electron-randomization rate I's, and alkali-metal-
noble gas spin-exchange rate coefficient kg. Despite the widespread use of high-
pressure He in SEOP experiments, there’s a notable lack of comprehensive studies on
spin-relaxation and spin-exchange rates, especially in the Xe-Cs system.

This research delves into the ‘short’ and ‘very short‘ lifetime regimes, where bi-



nary collisions primarily contribute to the alkali-metal spin-destruction. Molecular
contributions are considered, emphasizing the dependence on gas density. Theoretical
insights are provided in the following chapters to create a framework for understanding
the alkali-metal spin-relaxation and alkali-metal-noble gas spin-exchange phenomena.

In summary, this research aims to contribute to the understanding of alkali-metal-
noble gas interactions, measuring the needed parameters, the alkali-metal-noble gas
spin-exchange rate coefficient, and the alkali-metal electron-randomization rate in
order to calculate the alkali-metal-noble gas spin-exchange efficiency using reliable
methods such as ‘relaxation in the dark® and ‘repolarization‘, providing insights into
the optimal choice of alkali-metal for hyperpolarized '?Xe production.

The literature contains numerous comprehensive listings and detailed descriptions
of hyperpolarization and dynamic nuclear polarization, which readers can consult for
further information [10, 11, 32, 33]. In this research, the nuclear polarization of the

samples was raised through the utilization of SEOP.

1.4 Structure of this Thesis

Chapter 2 outlines a brief theoretical background of SEOP, including the alkali-
metal hyperfine structure, the optical pumping process and its different methods, the
alkali-metal electron magnetic resonance, the basics behind the EPR spectroscopy,
and then moves on to different mechanisms happening in an SEOP process such

as the spin-exchanged between the alkali-metal and noble gas and the alkali-metal
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electron spin polarization relaxation.

Chapter 3 contains the details of our experiment, general apparatus, cell making,
a description of different pieces of our experimental setup for relaxation in the dark,
and frequency shift measurements, such as pump and probe lasers, magnetic fields,
and the electronics used in the setup.

Chapter 4 is a detailed description of our relaxation in the dark experiment for
measuring the alkali-metal spin-relaxation rate y4 and calculating the alkali-metal
electron-randomization rate I'y for the final purpose of measuring the SEOP effi-
ciency 7., we give an overview of the theory of our work, the experimental setup and
procedure. We measured I'xq.rp, to be about 30% smaller than that of Xe-Cs system
(Prp = 0.7T¢s) (table. 1.1) and compared our results with Nelson and Walker’s the-

oretical model [34] and showed that our results are compatible with their theoretical

model.
’ Cell va(1/s) Ca(1/s) ‘
309A (Rb) 117080  12636+864
309B (Rb) 1504486 162434928
309C (Rb) 1657+105 1789541134
309D (Rb) 18654200 2014242160
310A (Cs) 678145 149164990
310B (Cs) 899+35 197784704
310C (CS) 1131+42 248824924
310D (Cs) 1238468 2723641496

Table 1.1: Values of measured spin-destruction rate y4 and electron-randomization
rate I'y for Xe-Rb and Xe-Cs systems.

Chapter 5 represents our experimental work on measuring the spin-exchange rate
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coefficient kg, which is another piece for calculating the SEOP efficiency ng.. First, we
briefly review the theory and then move on to the experimental setup and procedure.
In the end, we report our measured values for kg, for both Xe-Rb and Xe-Cs systems
as well as the calculated 7, for the systems. We got that Cs has ~ 35% higher
spin-exchange rate coefficient than Rb, pairing these results (table. 1.2) with the
electron-randomization results (table. 1.1), we get that Cs has slightly better SEOP
efficiency (table. 1.2), besides these results, Cs has other advantages compared to
Rb, such as having a higher vapor density than Rb at a given temperature, and more
photons per watt of Dy laser. These can suggest that Cs may be a better partner for

polarizing Xe.

| Cell ks x 10710 (cm?/s) Nse
309A (Rb) 7.52+0.34 0.0604+0.0035
309C (Rb) 4.4740.20 0.0475+0.0024
309D (Rb) 4.43+0.20 0.047140.0023
310A (Cs) 12.23+£0.96 0.078940.0067
310B (Cs) 8.871+0.40 0.068740.0034
310C (Cs) 7.3340.52 0.0567-0.0041
310D (Cs) 6.93-£0.27 0.05910.0024

Table 1.2: Calculated values of spin-exchange rate coefficient ki, and SEOP effi-
ciency ng for Xe-Rb and Xe-Cs systems.

Chapter 6 is the conclusion, where we summarize our work and overview our

results.
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CHAPTER 2

GENERAL THEORY OF SEOP

In general, spin-exchange optical pumping has two steps in which the polarization
of the alkali-metal atom is transferred to the noble gas nuclei through binary collisions
or molecular formation after it has been optically polarized using a resonant circularly
polarized light. A fairly thorough description of the SEOP procedure can be found

in the Refs. [35, 29]. Only the highlights will be briefly explained in this chapter.

2.1 The Hyperfine Structure of Alkali-Metal Atoms

Schrodinger’s wave equation ik (9W/t) = HW [36] is used in quantum mechanics
to describe the evolution of a physical state over time. The equation involves the
Hamiltonian H , which combines the system’s kinetic energy T and potential energy
V, h, which is the Planck’s constant divided by 27, and the wave function ¥ that
represents the system’s state. One can write the equation in terms of density matrix
p to provide a more convenient representation. This alternative form is called the

Liouville - Neumann equation, expressed as [37]:

m% - [p, H} (2.1)
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in Eq. 2.1, [p, H] represents a commutator [38]. based on Dirac’s ‘bra-ket‘ notation

in each basis |¢,,), one can write the density matrix (p) as [37]

Prn = (Smlpldn) = Zwm!wixwm ) (2.2)

where p; denotes the probability of the system being in the state [¢;). Quantum
states are completely described by the density operator p, including the particle’s
intrinsic angular momentum or ‘spin,’ which adds an extra degree of freedom beyond
the three generalized coordinates typically used to describe classical physical systems.
Meanwhile, the degrees of freedom for motion are either constrained or represented by
different relaxation rates. The gyromagnetic ratio 7, controls the magnetic moment
w, which is linked to the spin [36]. The electron spin direction is indicated by the
spin operator S, and the magnetic moment can be expressed as pus = S (or pg =
gsitpS/h), where pp is the Bohr magneton. All spin states have the same energy
without a magnetic field or coupling. However, based on the Zeeman effect, a magnetic
field can lift this degeneracy along the magnetic field direction. This effect can be
represented by the coupling component —ug - B in the spin Hamiltonian, where B
stands for an external magnetic field [36].

One can solve the radial Schrodinger’s equation in the presence of Coulomb po-
tential and get the energy levels of the Hydrogen atom. Three quantum numbers

n, [, m describe the spatial part of the hydrogen atom wave function, n is the princi-
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Figure 2.1: Diagram of "Rb in an external magnetic field, showing the Zeeman

effect and hyperfine sublevels.

pal quantum number and represents the atom’s total energy, [ = 0,1,...,n — 1 is the
angular momentum quantum number showing the magnitude of the orbital angular
momentum, and m =
the magnetic quantum number. Along those quantum numbers, I, S, m;, and m, are

quantum numbers presenting the nuclear and electron spins and their projections,

respectively [36].
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When placed in a weak magnetic field, the good quantum number for a Hydrogen-
like atom with no nuclear spin is mj, the projection of the total electron angular
momentum J = S + L into a particular axis. J, L, S, and I, are the total angular
momentum, orbital angular momentum, electron spin, and nuclear spin angular mo-
menta operators, respectively. For each angular momentum of the system, there exists
an associated magnetic moment (p; = gyupd/h = ~v;J, pr = grunI/h = v,1), where
pn is a nuclear magneton [36].The atom’s total angular momentum is ' = I + S
and pr = grupF/h. The outcome of the magnetic field and angular momentum
coupling is a Zeeman interaction, which exists for each angular momentum (—p - B).
Alkali-metal atoms like Rb and Cs are hydrogen-like atoms due to their single valance
electron. The core electrons only cause a screening of the nuclear charge and lead to
an effective spherically symmetric coulomb potential. Fig. 2.1 shows, as an example,
the gross, the fine, and the hyperfine Hydrogen-like structure of 8’Rb energy levels.
The diagram also shows the Zeeman splitting in the presence of a weak magnetic
field, a situation commonly encountered in optical pumping experiments.

The total Hamiltonian describing an alkali-metal atom in an external magnetic

field B is given by [12]

H = HO + ASpin—OrbitL S+ AHyperﬁneI -J = |2 B — Hr - B (23)

where Hj is the Hamiltonian describing the kinetic energy and the effective Coulomb
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potential energy of the single valence electron (i.e., all the terms that don’t involve
spin), Agpin-orbitLi- S is the spin-orbit interaction between the orbital angular momen-
tum L and the spin angular momentum S of the electron, Apyperfinel-J is the hyperfine
interaction between the electron total angular momentum J and the nuclear spin I,
and the last two terms are the electron and nuclear Zeeman interactions, respectively.

The ground state spin Hamiltonian is given by [12]

Hy=Al-S—pu,-B—pu;-B (2.4)

where we omitted the constant Hy and the vanishing spin-orbit term (L=0). This
Hamiltonian has the virtue that it can be diagonalized, and the corresponding energy
levels can be found analytically. G. Breit and I. I. Rabi [39] diagonalized this Hamil-
tonian for an arbitrary nuclear spin I and found the ground state eigenenergies as a

function of the magnetic field [40]

5 ) o\ 1/2

VHF VHp mg 9siB gsiB
— = + 1 B B 2.5
P IO TR ( +I+1/2<hyHF )+<hyHF )) (2:5)
where vyp is the hyperfine splitting for B = 0. Fig. 2.2 is a plot of Eq.2.5 as a
function of the field for 8Rb. In Eq. 2.5 the effect of nuclear Zeeman energy (u; - B)
has been ignored, which is a valid assumption, since at high enough magnetic fields

(~ 28 G in our case) the quadratic electron term dominates the linear nuclear term
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resulting in gs + g5 — 9.
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Figure 2.2: 3 Rb ground state hyperfine energy levels vs. the magnetic field. The

top manifold is F' = 2, and the bottom manifold is ' = 1. The lines
show the hyperfine states, where they are labeled as F' and mpg for
small fields and m; and m; for large fields. At low fields, the energies
are linear. As we move toward higher fields, the energy levels become
nonlinear with the field [40].

The size of the hyperfine coupling and the magnetic field strength define the good

quantum numbers that properly describe the states of the system. In the weak-

field regime (up to ~ 1 kG for 8"Rb [40]), T and S are well coupled, and the good

quantum numbers are F' = [ + S, and mp = —F,...,0,...,+F [37]. In this case, the

hyperfine states are labeled as (F,mp), and the hyperfine transitions are denoted by

(Fymp £1/2) = (F,mp) <> (F,mp £ 1). For example, the transition (2,1) <> (2,0)
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is labeled as (2,1/2). Those good quantum numbers remain valid until the magnetic
field gets strong enough to cause the constituent angular momenta to be coupled
to the magnetic field B rather than to each other. Eq. 2.5 is a non-linear relation
between the hyperfine sub-level energies and the magnetic field. By applying a large
magnetic field, I and S get decoupled, and the good quantum numbers become m;
and mg. In this case, the product states (my, mg) serve as a good representation of

the system.

2.2 Optical Pumping

Photons can transfer angular momentum to atoms and molecules by resonant
scattering. A. Kastler was the first to introduce this concept of optical pumping
in 1966 [41]. Optical pumping produces a population imbalance between the spin
or the magnetic sub-levels of some gaseous atoms using resonant light with specific
polarization. A spin has no preferred direction without a magnetic field and the spin
states are said to be degenerate. Applying a magnetic field By lifts the degeneracy.
This is called the Zeeman effect (Fig. 2.1). It causes the spin up and spin down
states to split by energy E = hvyB,, where v is the gyromagnetic ratio. In contrast to
an isolated single spin, an ensemble of spins exchanging energy and interacting with
each other have two relevant observables: the longitudinal relaxation and thermal spin
polarization of the sample. Boltzmann distribution governs the thermal polarization,

and for S = 1/2, it is the difference between the two spin states’ population normalized
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by the total number of spins [40],

—n_ B
= L N ) (2.6)
ny +n_ kBT

where n, and n_ are the populations of S = +1/2 and S = —1/2 states, kg is the
Boltzmann constant and T is the absolute temperature of the sample. The typical
thermal polarization at By = 2 T and room temperature is about 107° to 1076,
When spins are directly detected, their density, polarization, and magnetic moment
determine the magnetization of the sample, which in turn determines the magnitude
of the signal. Considering the case where we have a large ensemble of electron spins
that have been optically pumped and acquired the net magnetization under certain
conditions, the steady state polarization of alkali-metal atoms is defined by Eq. 2.6,
and this polarization is orders of magnitude larger than thermal polarization. For
particles with S # % using the Boltzmann distribution to describe the population
distribution through the hyperfine states, polarization can be defined as, P = (S,)/S
[40].

Optical pumping experiments can provide spectroscopic information regarding
interatomic forces. The basic parts for doing optical pumping are a light source for
pumping, a sample to absorb and scatter photons and become spin-polarized, and a

detector part to observe the polarization of the sample [42]. There can be different

buffer gases in the sample to help the process. For example, an inert buffer gas like
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“He helps with the collisional mixing of the atoms in the excited state and pressure
broadening of the alkali-metal absorption lines to prevent light loss, and it also helps
to hinder the wall relaxation of polarized atoms. Molecular or buffer gases, like Ny
are used as quenching gases to avoid radiation trapping and help the excited atoms

to de-excite irradiatively. There are three different methods of optical pumping [42]:

e Anisotropic excitation.

e repopulation pumping.

e depopulation pumping.

2.2.1 Anisotropic Excitation

This method is one of the simplest methods of optical pumping. In this method,
linearly polarized light is used such that the axis of quantization is the same as the
light polarization direction and the applied magnetic field. The purpose of the applied
field is to protect spins from the ambient fields that are not in the direction of the
quantization axis [42]. As shown in Fig. 2.3, the atoms in the ground state J = 0 get
excited to the sub-level m = 0 of the excited state J = 1. Since magnetic sub-levels
are not populated equally, spin polarization is created in the excited state. A way
of detecting the spin polarization in this method is by detecting the dipole radiation
pattern of fluorescent light [42]. High polarization can be achieved using this method,

but the problem is that the atoms in the excited state are unstable and quickly decay.

21



Y Polarized Excited State
J=1

00100 Unpolarized Ground State
J=0

Linear Polarizer —

Laser | ; oy
Vapor Cell * m

R R ;

o

Figure 2.3: Schematics of anisotropic optical excitation, in this method, the m =0
sublevel of the excited states gets populated using a laser. The pump
light polarization direction defines the quantization axis [42].

2.2.2 Repopulation Pumping

In this method, the polarization of the excited state gets transferred to a lower
state due to the unequal branching ratios of the lower sub-levels. The spin-polarized
atoms in the excited state spontaneously decay and unevenly populate the sub-levels
of the lower state following the relevant selection rules. In this method, the excited

state collisional mixing should be avoided to prevent the loss of polarization before
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the spontaneous emission takes place. Therefore, this method is more practical when
there is a low pressure of buffer gas and collisions between the excited atoms are

minimized [42].

2.2.3 Depopulation Pumping

The third method of optical pumping that we use in our experiments is depopula-
tion pumping. With this method, one can generate a large number of spin-polarized
atoms in the ground state. In this method, because of the specific selection rules
being imposed on the system, one or more particular sub-levels of the ground state
atoms get excited by light; hence, the population of those states decreases (gets de-
populated), and the ground state eventually becomes spin polarized. The optical
pumping process can be understood by considering the simple case of a hypothetical
alkali-metal atom that has no nuclear spin, I = 0 (Fig. 2.4). The alkali-metal atoms
are excited from m; = +1/2 states by Dy, right circularly polarized light o=, induc-
ing selection rule Am = —1 to the possible transition. The excited state population
reaches equilibrium by collisional mixing of the alkali-metal atoms with each other
and with a coexisting buffer gas. The buffer gas also acts as a quenching gas and the
excited atoms undergo a nonradiative decay resulting in population accumulation in
the sub-level m; = —1/2 of the ground state [12]. If the excited atoms decay radia-
tively, the emitted unpolarized photon can get trapped and scattered several times

and cause alkali-metal atoms to undergo transitions without obeying the Am = +1
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selection rule. Hence the population imbalance will be ruined. Therefore, molecular

buffer gases like Ny are used to help prevent the so-called radiation trapping [42].

Collisional Mixing

PIA addd

1/2
O
Non-Radiative J 0~~(
Deca /c
y 60,5(
_?.?.?.?.?_ _*_*j_ S1/
m;=-1/2 m;=+1/2

Figure 2.4: Depopulation optical pumping of the alkali-metal atom with the as-
sumption there is no nuclear spin. The alkali-metal atoms are optically
pumped from (mj = +%) states by Dy, left circularly polarized light
(¢7), inducing selection rule Am = —1 to the possible transition . The
excited state population reaches equilibrium by collisional mixing of
alkali-metal atoms with each other and with buffer gases, and then Ny
acts as quenching gas to help the excited atoms to have a nonradia-
tive decay resulting in population accumulation in one sub-level of the

ground state (mj = —%)

In reality, the nuclear spin I and its hyperfine interaction I-S with the electron
spin is nonzero for the alkali-metal atoms. Hence, the ground and excited states are

divided into hyperfine sub-levels. In addition, the presence of an external magnetic
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field produces Zeeman splitting of those hyperfine sub-levels, see Fig. 2.1. In our
experiments, we use Rb and Cs as the alkali-metals of interest. Circularly polarized
light with a specific helicity (oF or 07) tuned to the D; transition of the alkali-metal
atoms irradiates a vapor cell of alkali-metal and excites the valance electron of the
ground state 5575 in the case of Rb and 65/, in the case of Cs, to the first excited
state 5P /o and 6P o, respectively. The specific helicity of light adds an extra selection
rule Am = 41 to the possible transitions. As an example, Fig. 2.5 shows the full
picture of 8"Rb optical pumping in the presence of a weak external magnetic field.
The thin arrows show the allowed transition based on the selection rule Am = —1,
and the bold arrows show the decay of atoms to the ground state sub-levels. By
choosing the o~ light, this optical pumping results in populating the |2, —2) sub-level
because it is the only sub-level for which there is no allowed transition to the excited
states [12].

For these metals Dy (5512 — 5P/ and 651/ — 6P;/2) and Dy (5512 — 5P5)2
and 651/, — 6P3/2) hyperfine transitions are far enough apart that when we use D;
light for optical pumping, the D, transition is considered negligible due to low optical
pumping power. D; light is more favorable for optical pumping than D, light for a
couple of reasons, such as with the Dy light, no matter what helicity of light is used,
the atoms from all sub-levels of the ground state can be pumped to the excited states,

and the high-power diode laser, for D; light is more affordable [40]. Although optical
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pumping can be carried out in the absence of a magnetic field and the direction of
the pump laser will be determined as the quantization axis, as previously said, any
variation in the magnetic field within the sample would sabotage the spins and disrupt
the intended population build-up. To avoid this, we use an external static magnetic
field ~ 28 G aligned with the direction of pump light to dominate any ambient fields

in the surroundings.

f=2 —
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Figure 2.5: Optical pumping of 8'Rb with left circularly polarized light while it
is placed in an external magnetic field (By = 28 G). The thin arrows
show the allowed transition based on the selection rule Am = —1, and
the bold arrows show the decay of atoms to the ground state sub-levels.
This optical pumping results in populating the |2, —2) sub-level because
it is the only sub-level for which there is no allowed transition to the
excited states.
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In the simplified picture of Fig. 2.4, the rate equations that govern the population

transfer between the m; = —1/2 and m; = +1/2 ground states are given by
d 1 1
S = —(@R)ny + 5 (2R)ny = — (2R)
dn_ 1 (2R)
at 2

where n, and n_ denote the number of atoms in the sub-levels m; = +1/2 and

m; = —1/2, respectively. R is the optical pumping rate, and it is given by
o0
I
R = / Mdu (2.8)
0 hv

here I (v) is the spectral intensity of incident light, and o (v) is the cross section for
the scattering of light by unpolarized atoms [43]. Eq. 2.7 and 2.8 can be written in

terms of the sum N = n_+n, and difference n = n_—n_ of the sub-level populations

dN
- = 0 — (It is the result of the conservation of number of atoms)
(2.9)
dn N —n (2R) (2R)
= e —en (F5) = Gy - E,

with the solution n (t) = N <1 — e_(zR)%), where n (t =0) = 0. The alkali-metal

polarization P = £ evolution is governed by

Y- p) (2.10)
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with the solution P () = 1—e~ 2Rz Eq. 2.10 shows that the alkali-metal polarization
can reach 100% regardless of the pumping rate R. In reality, the rate equations should
include the relaxation terms that account for the alkali-metal relaxation processes and

lead to a more realistic steady-state polarization

dlnj_+ = —(QR)TL+ — Fn+

dt 2 (2.11)
dn_ +(2R) T

a2 T

where I is the alkali-metal polarization relaxation rate. Taking the difference between

these two equations, we get

d N —
d—;‘ = (2R)ny — T (n_ —ny) = (2R) ( 5 ”) —Tn
(2.12)
_ (2R)N B ((QR) —|—F> .
2 2
The suggested solution for Eq. 2.12 can be
2R) (2R)

In the case of alkali-metal polarization, considering the polarization relaxation

term, the polarization time evolution will be

_:T<1_P)_FP (2.14)
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which has the solution of

pay="W _ (”er (1 - e—(@”ﬂ (2.15)

As one can see from Eq. 2.15, the steady state polarization when we wait long

enough is
(2R)

P(oo) = 2t— < 1 (2.16)
T
The optical pumping rate should be large compared to the alkali-metal atoms’

spin-relaxation rate to have high alkali-metal polarization.

2.3 Magnetic Resonance

Alkali-metal polarization can be measured using transverse electron paramagnetic
resonance (EPR) technique [44, 45]. In this method, an alternating (RF) magnetic
field By perpendicular to the main field By is applied to nutate the spins into the
transverse plane where they can be detected by Faraday rotation measurements. The
mathematical formalisms are described thoroughly in [46]. A simplified version will
be discussed here. This alternating magnetic field will manipulate the alkali-metal
spins. Viewing the process from the rotating frame is helpful. If one transfers the

vector A from its inertial frame to a rotating frame which rotates with frequency w,
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then vector A can be written as

A A
(%) =) rwxa (2.17)
dt Inertial dt Rotating

(%) = (%> —wx A (2.18)
dt Rotating dt Inertial

Now considering a spin S in the magnetic field Bg as the vector of interest in the

lab frame, it undergoes a Larmor precession [46]

dS)
- =S x By (2.19)
( dt Inertial

In the rotating frame, we get

S
Rotating v

in this frame, the system experiences an effective magnetic field, defined as [46]
B = By + = (2.21)
fy

and spins start to precess around that. Now, if we apply an oscillating magnetic field,
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which can be separated into counter-rotating components [46]

Bir = B (coswtz + sinwty) (2.22)

By, = B(coswti — sinwty) (2.23)

and consider the rotating frame to rotate synchronously with one of the components,
for example, By, in this case, B;g becomes stationary in the rotating frame, and
B, rotates with angular velocity 2w which is far enough from resonance that can be
neglected. Since we chose the axis of rotation to be the same as the axis of By, it is

also stationary in the rotating frame, so Beg will be [46]

Bet = Bo? + Bid + 4 (2.24)

=2

Now if we set the frequency of the oscillating field and rotating frame to be the
Larmor frequency w;, = —yBy/2m, then Begy = Bjy#. This means spins experience
a static field transverse to By, and this field exerts a torque on spins, which causes
them to nutate about By with angular velocity w; = —yB;, which is called the Rabi
frequency, and then they will start to precess about By at Larmor frequency Fig.
(2.6).

In the case where w # wy, then the effect of Bg on Beg is not fully canceled,
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Y

Figure 2.6: Precession of spins about the magnetic field at Larmor frequency.

w—wy,

causing the atoms to experience the static magnetic field Bz as well as Z, then
the spins now precess about the effective field in the rotating frame (Fig. 2.7) [46].
If the frequency sweep time of the oscillating field is slow enough, the spins have
time to follow the change in the field and precess about be effective field, but this
frequency sweep cannot be arbitrarily slow; otherwise, the spins lose their polariza-
tion due to dephasing. Regardless of the processes and mechanisms that drive the

relaxation, it can be divided into spin-spin and spin-lattice relaxations, which are

characterized by time constants T, and T}, respectively. The spin-lattice or longi-
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Figure 2.7: Motion of spins in the rotating frame about Bg.

tudinal relaxation 77 describes how fast the longitudinal magnetization will return
to its equilibrium value, and it involves an energy and entropy exchange with the
environment. The spin-spin or transverse relaxation 7T, describes how quickly the
transverse magnetization disappears, and it is due to microscopic interactions, which
are irreversible processes in which order is lost, as opposed to spin-lattice relaxation
that both energy and order are lost. Hence, the frequency sweep should be faster
than T to prevent spins from losing their polarization. The alternating magnetic

field By can be applied by two methods:
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1. Continuous wave or CW: in this method, the RF producing the time-dependent
B, field is applied such that By is on all the time and weak enough to preserve
the steady-state longitudinal magnetization and prevents RF broadening, i.e.,
< ﬁ. The resonance is created by having By fixed at some value (in our
experiment ~ 28 G) and sweeping the RF frequency of By through the alkali-
metal resonance frequency. When The Rf field hits the resonance frequency
corresponding to the transition between two ground states hyperfine sub-levels,
an oscillating transverse spin at the frequency of the applied RF field is gener-
ated, and detected by measuring the polarization rotation of a probe laser beam.

The output is the resonance lines which can be shown on an oscilloscope.

2. Pulsed: in this method, the RF producing the time-dependent B, field is turned
on for a specific amount of time. The RF frequency is always set equal to the
resonance frequency corresponding to the transition between the two hyperfine
sub-levels. For instance, a square /2 pulse with the alkali-metal resonant fre-
quency and specific duration is usually used to put the spins into the transverse
plane suddenly. For this purpose, in contrast to CW, the RF field should be
large enough to flip the spins before spin dephasing takes place, i.e., Ty > ﬁ.
The transverse magnetization is then monitored by measuring the polarization

rotation of a probe laser beam.
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2.4 The spin-exchange and spin-destruction Interactions

2.4.1 Collisional Hamiltonian

Besides the collision-free Hamiltonian Eq. 2.4, there is a collisional Hamiltonian
that includes two other interactions, the alkali-metal-Xe binary collisions and the

alkali-metal-Xe molecular formation. The spin-rotation interaction [13]

Vo=79N-8S (2.25)

shows the coupling between electronic spin S and the relative angular momentum
N of the colliding pair. The magnetic dipole coupling or the nuclear electron spin-
exchange interaction between the noble gas nucleus and the alkali-metal electron is
[13]

Ve =aK-S (2.26)

which couples the noble gas nuclear spin K to the alkali-metal electronic spin. + and
« are the coupling coefficients that depend on R, which is the alkali-metal-buffer gas
or noble gas inter-atomic distance, and by increasing R they approach zero. Mixing
the collision-free and collisional Hamiltonian provides the final Hamiltonian of the

system [13]

H=ATl-S—p;-B—p,-B+~v(RIN-S+a(R)K-S (2.27)
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Interactions like V, or similar ones that couple electron spin to the orbital angular
momentum of the colliding pair result in a huge loss of electron spin polarization. The

hyperfine coupling A is also a function of R and rapidly decreases as R increases.

2.4.2 Alkali-Metal-Alkali-Metal Binary Collision

The interaction between pairs of alkali-metal atoms leads to both spin-relaxation

of alkali-metal and efficient spin-exchange between the pair [13]

AL (D) + A5 (1) = A (1) + A2 (1) (2.28)

where A; and A, could be the same isotopes like A; = Ay =%"Rb or different isotopes
of the same species A; =%"Rb and A, =%Rb or two totally different species like Rb
a Cs. The binary spin-exchange between alkali-metal atoms is sudden relative to the
nuclear polarization. The spin-exchange rate is

1

T_ = [A] <UAAV> (229)

AA
where [A] is the alkali-metal density, V' is the relative velocity of the colliding pair
and oy is the cross-section. This process is considered an S-damping process, which

is sudden with respect to hyperfine interaction. During the S-damping process, the

alkali-metal electron spin is affected, while the nuclear spin is unaffected. Meaning
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the duration of the S-damping process is shorter than the hyperfine period of the

alkali-metal ground state [13].

2.4.3 Alkali-Metal-Gas Binary Collision

Collisions between alkali-metal and buffer gases are considered S-damping pro-
cesses due to their period being much smaller than the hyperfine period. The rate
for this process is [13]

— = [Y]{ou?) (2:30)

where [Y] is the buffer gas density and oy, is the alkali-metal buffer gas, cross-section,
and V' is the relative velocity. The rate coefficient depends on the temperature [47].
During binary collisions between alkali-metal and noble gas atoms, the alkali-metal
loses its electron spin polarization to transfer it to the noble gas nucleus. The binary

rate per alkali-metal atom for collisions between alkali noble gas is [13]

TL = [Xe](osV) (2.31)

se

2.4.4 Molecular Formation

The van der Waals molecular formation is another process during which electron

spin polarization from the alkali-metal is transferred to the noble gas atom. A third
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body is needed for the creation and destruction of these molecules [13].
A+Xe+Y;, > AXe+Y; (2.32)

For the formation side, Y; carries off the binding energy, and it supplies the
breakup energy for the breakup side. Molecules are weak enough that any collision

can break them apart. The molecular formation rate per alkali-metal atom is

jgzzmmm] (2.33)

where [Xe] is the number density of Xe, [Y;] is the number density of the third body,
which can be either “He, Ny or Xe depending on the gas mixture, and Z; is the rate
coefficient of the three body process, and the mean molecular lifetime 7 is
1

= S Wilow V), (2.34)

T -
i

k is called the chemical equilibrium coefficient, and it is defined at temperature
T, which is based on Z; the formation rate coefficient, (o,wV’), the breakup rate

coefficient, 1/Tyw a the formation rate per alkali-metal atom, 1/Tw x. the formation
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rate per Xe atom and the mean molecular lifetime 7 [13]

 AXe Z; B T B T 5 35
"= AXe ooV,  TowalXe] ~ TownelA] (2.85)

The interactions V;; = YN - S and V. = aK - S couple the electron spin S to the
rotational angular momentum N of the molecules and the nuclear spin K of the noble
gas respectively. The molecular breakup rate is fast, so spins S and K will rotate
only at a small angle during interactions [13]. These angles are defined as

yNT

. (2.36)

T
¢o¢ = 7 and ¢'y =

Considering the frequencies related to hyperfine I - S, spin-rotation N - S and

nuclear electron spin-exchange K - S interactions

2I+1)A o« _ N
T and Wa = ﬁ and Wy = ? (237)

WHF =

one can define different regimes based on frequency, at frequencies lower than the
wyr, both AF =0 and AF = 1 transitions happen, which result in a fraction of van
der Waals molecules that have short correlation time 7, and are due to the S-damping

interactions [13]

fs = m (2.38)
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On the other hand, at frequencies that are comparable to or higher than wyp, 7.

is long enough to allow only AF = 1 transitions to happen, resulting in

o= o) (2.39)
1 —+ (WHFTc>2

which is a fraction of van der Waals molecules that is due to F-damping interactions
that their period is comparable to or longer than the hyperfine period. Another
interpretation of the F-damping and S-damping interactions is that fr is the fraction
of molecules with a ‘short lifetime‘, and fs is the fraction of molecules with a ‘very
short lifetime‘ [13]. During spin-exchange collisions, the colliding pair’s spin angular
momentum is conserved and distributed between the ground state sub-levels. Since
the spin-exchange collisions are sudden with respect to hyperfine interaction during
spin-exchange collision, the nucleus of the alkali-metal atom will not get involved and
will stay still, but between the collisions, the hyperfine interaction distributes the
angular momentum between the nuclear and electron spins of the alkali-metal atom.
This process leads to spin-temperature distribution [48]. In the spin-temperature

distribution, the density matrix is

BF: Bl B8

_ _ 2.4
p=— 7.7 (2.40)

where Z the spin partition function and for a spin of an integer or half-integer quantum
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number J is [45]

7 ZJ: ohm sinh 3 (2J+1)/2  (1+ P)(2J+1) —(1- P)(2J+1) o)
! Slnh6/2 2P (1 . PQ)J :

m=—J

and [ is the spin-temperature parameter, which determines the spin sub-level popu-

lation distribution [45]

(S.) = E(i’ f) tanhg (2.42)

where € (S, 8) = 2(S (S + 1) — S?) is called the paramagnetic coefficient. The extreme
cases of € are € = 45 (S +1)/3 at small polarization f << 1 and € = 2S5 for large

polarization § >> 1, and in the case of S =1/2, €(1/2,3) = 1.
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CHAPTER 3

GENERAL APPARATUS

To measure the spin-destruction rate and spin-exchange rate coefficient of an
alkali-metal atom, we utilize the relaxation in the dark measurement [49]. Fig. 3.1

and Fig. 3.2 show the schematics of our experimental apparatus.

Yoo e
Z ! 1 [ |
7 | 1
l + Spectrometer ‘
Rb Cs
Probe Laser
Power Current
Suppl —— Stabilizer
vy circuit
1 2 3
Pulse Pulse Pulse
Pump Laser
——t N !
12.5ms 100 us 200 us

Figure 3.1: spin-destruction rate measurement setup: The polarizing beam splitter
and balanced photodetectors are labeled PBS and BPD, respectively.
Switching between Rb and Cs lasers was achieved using a sliding mirror
in front of the Cs laser. The symbols labeling the wire going to the EPR
coils and the wire fed into the spectrometer represent the generated
pulses and collected free induction decays FIDs. The inset at the lower

left corner shows the timeline of the pulse sequence and the periodic
light blocking (dark).

The experiments that we perform to do our measurements consist of five main
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Figure 3.2: Frequency shift measurement setup: 1) 795 and 895 nm pump lasers

parts:

for Rb and Cs respectively, narrowed to ~ 0.3 nm. 2) 852 nm Cs and
780 nm Rb probe lasers detuned by =~ 0.6 nm for optical detection
of alkali-metal polarization; the probe beam after the cell is focused
onto fast-balanced photodiodes. 3) The EPR coil, which is positioned
in the normal direction to the main static field. 4) The NMR coil,
which is a surface coil placed right below the cell and is driven by a
frequency generator and an audio amplifier to produce RF pulses at the
noble gas nuclear resonance frequency in order to destroy the noble gas
polarization.

1. Vapor cell (sample): one-inch diameter sealed, uncoated Pyrex-glass spheres

were fabricated. They are filled with alkali-metal(s), noble gas (Xe), and buffer

gases (‘He and Ns) using our gas handling system.

2. Oven: a chamber to keep the sample and heat it to put the alkali-metal in the

43



vapor phase (the oven is being omitted in Fig. 3.1 and Fig. 3.2 for simplicity).

. Magnetic field: we use Helmholtz configuration for our static magnetic field and

EPR coils to ensure that the sample experiences a homogeneous magnetic field.

. Pump lasers: we use high-power diode lasers that are tuned to D; transitions

of alkali-metals to polarize the alkali-metal vapor in our sample optically.

. Probe lasers and optical detection: we use low-power diode lasers tuned to ~ 0.6
nm off the D, transition of the alkali-metals and a fast photodiode to monitor
the transverse magnetization of our sample via Faraday rotation after applying

the RF field.

. Pulsed and CW EPR: we use a commercial spectrometer, Redstone (Tecmag), to
produce the RF pulse, induce transitions between the hyperfine sub-levels in our
polarized sample, and record the resulting FIDs. We use a home-built circuitry
with a lock-in scheme to produce the CW RF and monitor the frequency of the

alkali-metal hyperfine sub-levels and their frequency shifts.

We use the pulsed EPR technique to measure the alkali-metal spin-destruction
rate and polarization, this powerful technique has provided us with advantages
over the CW EPR, like producing signals with a higher signal-to-noise ratio
and requiring less time to acquire the alkali-metal spectrum. In this technique,

only one pulse with a pulse width as short as 300ns in our case is enough to
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get the free induction decay signal and do a Fourier transform on it to obtain
the alkali-metal frequency spectrum as opposed to the CW method which will
take 10s to 100s ms to get the whole spectrum which is not in our favor since
the time needed to see changes in the hyperfine populations on the time scales

that matter for spin-destruction is in the order of 100 to 1000 us.

I will briefly explain parts 1-5 of our experimental setup in the following sections

and will explain part 6 in detail in the respective chapters.

3.1 Cell Fabrication

A glass-blower-constructed Pyrex ‘manifold‘, consisting of four one-inch diameter
spherical cells (Fig. 3.3), is first connected to the vacuum system (Fig. 3.4).

The manifold is designed such that one end is ‘T* shaped and the other end has a
large U-bend, serving as a kinetic trap to prevent the alkali-metal from entering the
vacuum system. ‘Retort‘ is the upper part of the ‘T* where the alkali-metal ampule
goes. A thorough leak check is conducted using a helium spray and a residual gas
analyzer (RGA). Subsequently, after placing the alkali-metal ampule into the retort,
we seal the top of the retort by melting the Pyrex using a torch.

After placing the alkali-metal ampule into the retort and sealing it, it is crucial to
ensure that the interior of the cells remains isolated from the air. Nevertheless, the

cells must be cleaned before introducing the desired gas composition. This cleaning
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Figure 3.3: Pyrex manifold.

involves wrapping the entire manifold with heat tape, excluding the U-bend and
retort. The manifold is then heated to a temperature of 140+° C for a few days, and
when the pressure gauge on the Turbo pump reads its lowest value and stabilizes for
a few hours, the manifold is ready. Once the cells are thoroughly cleaned, the transfer
of alkali-metal from the retort to the cells is achieved by gently heating the manifold
using a torch set to low heat. The heat causes the alkali-metal to evaporate from the
walls of the retort, and due to the maintained vacuum, the alkali-metal easily moves
towards the cooler regions of the walls within the cells, where it is collected.

The gas-filling process commences after successfully introducing the alkali-metal

into the cells and cooling down the manifold. First, Xe is introduced, which can
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Figure 3.4: Gas handling and vacuum system.

be frozen into the cells using liquid Nitrogen LN,. As the entire system is under
vacuum, most of the Xe efficiently finds its way to the cell submerged in LNy within
a few minutes. A pre-measured volume of Xe gas from a container is used to achieve
the desired pressure inside the cell. When frozen and then expanded, this volume
corresponded to the desired pressure. Opening the Xe gas volume to the manifold
while one cell remains under LN, instantly causes all pressure gauges to drop to zero.

To ensure the presence of Xe in the cells, the LN, level is kept constant, and a wait
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of a few minutes is required. Next, desired pressures of *He and N, are trapped in
a well-known volume of the gas handling system to give them time to mix before
introducing them to the manifold; after mixing, we open that volume to the cell
manifold. The final gas pressures in the cell are calculated using the ideal gas law.

After introducing all the desired pressures of gases, we remove the cell from the
manifold. The process involves sealing the Pyrex by melting it at the ‘Pulloff’ point
while the one-inch sphere is held under LN,. Fig. 3.6 is a sample cell we perform
experiments on.

We measure the cell volume using Archimedes’ Principle, a fundamental principle
in fluid mechanics and hydrostatics. Archimedes’ Principle states that when an object
is submerged in a fluid (liquid or gas), it experiences an upward buoyant force equal
to the weight of the fluid that it displaces. In simpler terms, when an object is
placed in a fluid, it seems to weigh less due to the fluid’s buoyant force exerted on it.
This principle explains why things float in water and other fluids. The buoyant force
results from the pressure difference between the top and bottom of the submerged
object. The pressure at the bottom of the object is greater than the pressure at the
top, and this pressure difference creates an upward force that counteracts the object’s
weight. The amount of fluid displaced by the object determines the magnitude of the
buoyant force [50].

Following the force diagrams in Fig. 3.7, one can find the cell volume V. which is
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Figure 3.5: Schematic of the gas handling system. A glass blower makes the mani-

fold containing the cells, and then it is attached to the vacuum system,
and the volumes are measured. An ampule containing about 1 gram
of alkali-metal is introduced into the retort. Subsequently, a section of
the manifold containing the cells is sealed, and heating is applied while
keeping the Turbo pump operational for a duration of several days. The
heat facilitates the transfer of the alkali-metal into the cells. Precisely
measured volumes are then filled with enriched Xe at a predetermined
pressure, after which the Xe is frozen into the cells using liquid nitro-
gen (LNy). Next, the manifold is filled with *He and N,. The cell is
submerged in LN,, and a torch is used to melt through the pull-off,
detaching the cell from the manifold.

the sum of the alkali-metal V,, gas V,; and Pyrex V,, = m,,/p, volumes using Newton’s

49



Figure 3.6: Sample cell containing alkali-metal and desired gases.

laws.

By = pugVe (3.1)

Fp = pugVu (3.2)
T=Mg— pugVu (3.3)
T = myg (3.4)

my is the buoyant mass that can be measured using the scale while experimenting,
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Figure 3.7: Schematic of cell volume measurement using Archimedes principle.
Where F,, m, and V. are the buoyant force, mass, and volume of the
cell, respectively, and Fg, M, and V,, are the buoyant force, mass, and
volume of the weight. T and T are the string forces.

pw 1s the water density, F, and Fg are the buoyant forces of the cell and the weight
respectively, m and M are the measured masses of the cell and the weight respectively,
V,, is the volume of the weight, T and T are the string forces. By applying the

Newton’s law and simplifying it, we get the following:

M _
pVedmy =m+ M—paVe — Vi MMy (3.5)
Pu
We know V, =V, + V, + V,, and m = pV so
V=V Vo=V, =V, — L Ma =My, (3.6)
Pp
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resulting in

Vq:(ﬂ_vw)m(i—i)—@+@+VQ(@—1) (3.7)

Puw Pw  Pp Pw  Pp Pp

where in this equation M, V,,, pu, pp, pa are known; m, my, and m, are measured;

and we estimate V,, when filling the cell.

3.2 Oven

The cell is placed into a specially designed oven, a 5 x 5 x 5 box made from
1/8” thick Aluminum sheets held together with non-magnetic brass components and
covered with fiberglass insulation to prevent heat loss. We were diligent in avoiding
the use of any materials with even slight magnetic properties in and around the spin-
exchange oven, as magnetic field variations can lead to spin-relaxation. The oven
is equipped with windows that extend alongside the cell. These windows enable a
probing beam to traverse through the cell, exiting on the other side perpendicular
to the primary magnetic field direction and parallel to the EPR coil axis; another
window facilitates optical access from the front to the rear of the oven for optical
pumping (Fig. 3.8).

To regulate the temperature, we utilized forced air, which was heated by a process
air heater and then directed into the oven through insulated copper tubing (Fig. 3.8).

Temperature measurements were obtained using a resistive thermal device (RTD) at-
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tached right below the cell. These measurements were fed back to a PID temperature
controller, which, in turn, supplied 110 volts to the process air heater as necessary,

accomplished through a zero-switching solid-state relay.

Figure 3.8: spin-exchange oven.

3.3 Magnetic Fields
3.3.1 Static Magnetic Field

We need a static magnetic field to have a Zeeman splitting, help the spins’ align-
ment, and prevent them from losing their polarization due to stray of magnetic fields.
The static magnetic field in our setup is produced by a set of coils having Helmholtz
configuration with a diameter of 24", 283 turns per coil, and 3.16 A through each coil
(total of 6.33 A) to produce a magnetic field of ~ 28 G in the case of 8"Rb measure-
ments, and having a total current of ~ 10 A to produce a magnetic field of ~ 46 G
in the case of Cs measurements (Fig. 3.9).

The coils are mounted on a table so that the produced field has the same axis as
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Figure 3.9: Helmholtaz coils producing the static magnetic field By ~ 28 G
and By ~ 46 G, being water cooled using copper tubes and room-
temperature chiller.

the pumping laser optical axis. The coils are operated with a water cooling system and
are driven with two power supplies from Hewlett-Packard with a maximum output
voltage of 40 V and a maximum output current of 10 A, giving us the ability to
increase the output current to the coils without pushing the power supplies to their
limits. To stabilize By, we use a home-built current stabilization circuit to stabilize

the current through the coils, the details of which can be found in [51].
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3.3.2 The Oscillating Magnetic Field

The oscillating magnetic field By will induce the spin transition between the hy-
perfine sublevels, and two Teflon coils of diameter 3.5 with a single turn of copper
tape around them having quasi-Helmholtz configuration produce this field, and the
cell is placed in the middle of the two coils, these coils are called the EPR coil. The
EPR coil is driven by an RF wave at the alkali-metal resonance frequency. To have
a maximum power transmission between the amplifier and the EPR coil, we do an
impedance match at 50 €2 between the EPR coil, which is an inductor, and the am-
plifier. We also want the EPR coil to resonate at the hyperfine frequency. For tuning
and matching the EPR coil, we use the concept of tank circuits in which the induc-
tor is capacitively coupled such that at the desired frequency, the amplifier output
impedance and the inductor impedance are matched.

One problem with a tuned and matched coil (high Q coil) is that it will ring down
when it resonates. For the pulsed EPR experiment, the goal is to always generate
the largest possible oscillating magnetic field B; with the shortest pulse width, such
that the product of the two generates the desired tip angle to put the spins into
the transverse plane. The short pulse width allows it to cover the spectrum so that
its Fourier transform is broad enough that all the hyperfine transitions are equally
excited. The ringdown is a problem for two reasons: (1) it makes the effective pulse

longer and narrows the corresponding excitation spectrum, so that it might not be
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Figure 3.10: Tuning circuit: to tune the EPR coil to resonate at the alkali-metal
hyperfine frequency and to be impedance matched with the amplifier.

covering the spectrum equally and (2) it can lead to a longer dead time, where we are
trying to optically detect the early part of the decay of the precessing magnetization
but the pulse is still going and the resulting nutation of the spins interferes with free
precession (Fig. 3.12).

In our experiments, we use the pulsed EPR technique to assess the longitudinal

magnetization as a function of time. For that assessment to be accurate, i.e., for
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the area under the spectrum to be proportional to the longitudinal magnetization,
we need to tip all the electrons by the same amount and do it so quickly that they
don’t have time to start decohering significantly before we optically detect them. The
orientation of the EPR coil plays a significant role in this assessment as well, since
particularly at low polarization where there is a significant population in the F' =1
manifold, it’s crucial that the peaks in this manifold point downward, opposite to
those in the upper manifold (F' = 2), for that reason we placed the EPR coil in a
way that its axis was perpendicular to the static magnetic field By and parallel to the
direction of the probe beam. The accuracy of our data depends on this. One possible
solution to reduce the ringdown is to spoil the Q of the EPR coil, and this has the
effect of reducing By, but, for example, if we just turned down the power amplifier,
this wouldn’t solve the problem because the spectral coverage would be the same and
the ringdown time would be exactly the same. For spoiling the probe Q we added
a resistance component parallel to the EPR coil to dump some of the power on the
resistor while keeping the impedance of the coil matched at 50 €2 (3.11).

Using a known dummy signal, we measured and calculated the inductance and
resistance of our EPR coil to be L = 0.6 uH, rpc = 0.08 2 and rac = 1.2 Q at
20 MHz. We used the LTspice simulation software to estimate the values of the
capacitors needed for the tuning box, which came out to be ~ 70 pf for the tuning

capacitor and ~ 30 pf for the matching capacitor, in the case of 8Rb at ~ 19 MHz
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Figure 3.11: Tuning circuit: for spoiling the Q of the EPR coil while being
tuned to the EPR frequency and impedance matched with the out-
put impedance of the amplifier, one can add a resistor parallel to the
inductor to reduce the current to the inductor.

resonance frequency. In the case of Cs at ~ 14 MHz resonance frequency the tuning
capacitor turned out to be ~ 65 pf and matching capacitor was ~ 40 pf, knowing
that these values were not the absolute values but giving us an idea about the range
of capacitors we needed. For building the tuning boxes, we used Voltronics variable
capacitors to be able to fine-tune the values of capacitors and tune and match the
coils more easily. We used the vector network analyzer (VNWA) from SRD kits to
find the sweet spot for the capacitors where the EPR coil was both matched and
tuned, and by adding a resistor ~ 120 2 parallel to the coils to spoil the Q of the
EPR coil, we reduced the strength of B; and were able to get clean FID signals (Fig.

3.12).
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Figure 3.12: 8"Rb FID signal (figures on the right) and spectrum (figures on the
left) which is the result of FFT on the FID before (top figures) and
after (bottom figures) spoiling the @ of the EPR coil. The ringdown
was introducing noise to the FID signal (top left figure) and it was
distorting the baseline of the spectrum (top right figure). After spoiling
the @ the spectrum baseline issue got resolved (bottom right figure).

3.4 Pump Laser

The diode-laser array (DLA) is the preferred type of laser for SEOP. This pref-
erence primarily arises from its cost-effectiveness and straightforward capability to
deliver substantial power, potentially reaching wattage in the hundreds. This sets it
apart from alternatives like dye or Ti:Sapphire lasers functioning at 795 nm [43, 52].

It’s crucial to keep in mind that the typical DLA exhibits a line width of roughly
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1000 GHz (~ 2 nm), which is significantly wider than the 20 GHz/bar absorption
line width of alkali-metal atoms like Rb, according to [53]. Traditionally, the method
of broadening the absorption line width of alkali-metal atoms involves subjecting
the system to elevated pressures of He or *He gas, typically ranging from 3 to 10
bars. However, even when utilizing the high pressure of 10 bars, a substantial portion
of the light remains unabsorbed. Specific applications, such as neutron spin filters,
which necessitate low-pressure cells at around 1 bar ([43]), further reduce the effec-
tiveness of using these types of lasers. Consequently, people tried to amplify the
efficiency of using DLA lasers. A promising approach involves utilizing diode arrays
with 1-2 emitters capable of generating power outputs ranging from 2 to 4 w. These
arrays have showcased improved performance in SEOP when their emission is refined
through external cavities. This approach is detailed in the discussions presented in
Ref. [54]. Furthermore, a technique proposed in Ref. [55] outlines the usage of Etalon
for feedback in order to narrow the line width of a DLA.

In our setup, we use two 40 W diode-laser arrays from DILAS laser, one for Rb
and one for Cs, to optically polarize the alkali-metal vapor. These lasers are tuned to
resonate precisely at the 795 nm D; frequency for 8’Rb and 895 nm D; frequency for
Cs and subsequently refined with great care, resulting in a notably narrow bandwidth
of ~ 0.3 nm (equivalent to roughly 130 GHz). This refinement process was conducted

using a Littrow cavity, as explained in Ref. [56]. In this technique, the laser acts as an
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almost concentrated point source, with divergence being diffraction-limited in both
directions. To collimate and expand the laser beam, we use two spherical lenses. The
outcome of this collimated emission is then guided towards an adjustable diffraction
grating, serving the purpose of selectively directing a specific wavelength back into
the diode array. This feature enables the controlled tuning of the output wavelength.
In particular, the first-order diffraction from the grating is the feedback for frequency
and line width adjustment. Fig. 3.13 shows the schematic of the Littrow cavity in

our setup, and Fig. 3.14 shows a picture of our setup.

Mirror
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refracted S-light
. . Pol. Diode laser
D\ffr.actlon PLCX BICX Beam Half containing the gain
grating lens lens splitter wave medium
plate
P-light
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Light linearly

polarized at an angle >-Light

Figure 3.13: Schematic of narrowing a diode laser array using a Littrow cavity.
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\ Cs Pump Laser

: I Rb Pump Laser

N Lssﬁ,

Figure 3.14: Picture of our pump laser optical table. Elements A-D show the nar-
rowing arm and elements F-I show the pumping arm. ‘A‘is a 1/2
wave plate to adjust the amount of light that goes to each arm. ‘B*
is a polarizing beam splitter that splits the beam in the directions of
the narrowing and pumping arms. ‘C‘ is a spherical lens with a 50
mm focal length and 50 mm diameter. ‘D¢ is a spherical lens with a
100 mm focal length and 100 mm diameter. ‘F* is a set of mirrors on
a rotational base, changing between Rb and Cs lasers. ‘G‘is a 1/4
wave plate to change the linearly polarized laser beam to a circularly
polarized beam. ‘H* is a spherical lens with a 50 mm focal length and
100 mm diameter to expand the beam and reflect it on the cell. ‘I* is
an optical chopper for measurements in the dark.

3.5 Optical Detection and Probe laser

We do optical detection based on Faraday rotation, using a 120 mW distributed-
Bragg-reflection (DBR) diode laser array from Photodigm. The laser propagates

transverse to the applied field and is detuned ~ 0.6 nm from the Dy resonance (780
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nm and 852 nm for Rb and Cs, respectively). In the Faraday effect, the plane of
polarization of a linearly polarized light rotates when it passes through a magnetized
material. Faraday rotation within a magnetic field has been thoroughly investigated
and utilized to measure both the density of alkali-metal vapor and its polarization
[57, 58, 59]. We detect the Faraday rotation of the linearly polarized probe beam. In
our detection setup, as shown in Fig. 3.15, after the probe lasers, we have a 1/2 wave
plate, the sample cell, a lens to focus the light, a polarizing beam splitter cube, and
a set of balanced photodiodes from Thorlabs that will subtract and amplify the two
input signals (Fig. 3.16).
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%irror Cell A/2 plate
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-V U_} U Mirror

Beam Spherical
Splitter | ense
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Figure 3.15: The schematics of our detection setup.

Under conditions of no optical pumping, the 1/2 wave plate is configured such
that the photodiodes yield a combined output current of zero (meaning equal light

to each arm of the photodiode). However, when the alkali-metal vapor possesses a
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Figure 3.16: Picture of our detection setup.

polarization, it induces a Faraday rotation angle 6 on the linear polarization of the

probe beam, as explained by [43].

W[A]zé( 1 1 )
H = — P 3.8
3mec A3/2 A1/2 ( )

where [A] is the alkali-metal number density, [ is the path length through the alkali-
metal vapor, e and m, are the electron charge and mass, respectively, P is the alkali-
metal polarization, Az, and A;/, are the angular frequency detunings of the probe
beam from the Dy and D; resonances, respectively. In practice, we use Dy light for

Faraday rotation, and the 1/A;/, term is negligible. The photodiode produces a
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current proportional to sin (6), as long as 6 is small, the photodiode current directly
maps the shape of each of the hyperfine resonances and is directly proportional to

the Rb magnetization.

65



CHAPTER 4

SPIN-DESTRUCTION RATE MEASUREMENTS

4.1 Introduction

The emergence of MRI for human subjects through the utilization of hyperpolar-
ized noble gases [6] has spurred significant advancements in Xe-alkali-metal SEOP [29]
within high-pressure buffer gases [52]. One crucial question is which alkali-metal is
the best partner for polarizing Xe. Rb has generally been favored in this respect over
the past few decades due to the availability of inexpensive high-power diode lasers at
the Rb Dy wavelength (795 nm). However, Cs has some practical advantages: it has a
higher vapor pressure than Rb at a given temperature, and the optical pumping rate
per watt for Cs is 12% faster than Rb. So, studying the SEOP efficiency in different
systems is essential to understand which alkali-metal Rb or Cs is the best candidate

for producing hyperpolarized Xe. The SEOP efficiency is:

e/ [A]_ e[l
IRY/Xe] TR

Mse = (41)

where [A] and [Xe] are the alkali-metal and noble gas Xe number densities, v is
the alkali-metal-noble gas spin-exchange rate due to collisions with Xe, I' Efe) is the
alkali-metal electron-randomization rate due to collisions with Xe, and kg is the

alkali-metal-noble gas spin-exchange rate coefficient.
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Although high-pressure of He is widely used for spin-exchange between Xe and
alkali-metals, there is a significant absence of thorough studies on spin-relaxation and
spin-exchange rates in these particular high-pressure circumstances, especially in the
case of the Xe-Cs system. Some studies have presented spin-relaxation rates for the
Xe-Rb system [45, 34], but few studies on Xe-Cs exist. In this study, we present the
alkali-metal spin-destruction rates for Xe-Rb and Xe-Cs systems at different pressures
with the same gas composition *He(94%)-N(3%)-Xe(3%), which is similar to the
ones used in magnetic resonance imaging polarizers, and compare the two. Collision-
related phenomena govern the characteristics of spin-relaxation in the Xe-alkali-metal
SEOP process, and a comprehensive theory outlining their impacts can be found in
[13]. As introduced in Chapter 2, the alkali-metal-Xe van der Waals molecules with a
binding energy of roughly 20 meV [60] and binary collisions between the two species
result in the alkali-metal electron spin-relaxation. In typical SEOP experiments at
pressures on the order of an atmosphere, the primary share of spin-relaxation stems
from binary collisions since the molecules are loosely bound and can be easily broken
up by any collisions. However, the contribution from molecules is still significant.

The molecular behavior of alkali-metal-noble gas is a function of gas density as
explained in [13, 12]. Based on what was described in Chapter 2, section 4, con-
sidering the hyperfine period /A where A is the hyperfine interaction coefficient as

a reference, at low enough gas pressure, the molecular lifetime 7 is longer than the
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hyperfine period, preserving the coupling of alkali-metal electron spin S to both its
nucleus I and the molecule’s rotational angular momentum N via the spin-rotation
interaction. In this regime, which is known as the ‘long lifetime‘ regime [34], the
molecular contribution to the spin-relaxation rate increases as the gas density in-
creases due to the consequent increase of the molecular formation rate 1/Tyw. As
the gas pressure increases, there is a region where 7 and hyperfine period are com-
parable, resulting in the saturation of molecules’ contribution to the spin-relaxation
rate. As the molecular formation and break-up rates compete, it results in a short
molecular lifetime that interferes with the coupling of S to N, but I - S coupling is
still strong. This is called the ‘short lifetime® regime. At even higher gas pressure
where 7 is much shorter than the hyperfine and spin-rotation (h/y where v is the
spin-rotation interaction coefficient) periods, both I-S and N - S become weak. This
is known as the ‘very short lifetime regime [34]. This chapter represents the study
of the alkali-metal spin-destruction rate for Xe-Rb and Xe-Cs systems in the short
and very short lifetime regimes, where the spin-destruction of the alkali-metal atoms
is primarily due to the binary collisions with Xe. Still, we measure the molecular

contribution as well.

4.2 Theory

The alkali-metal vapor polarimetry technique we follow draws inspiration from a

procedure introduced by the team at Princeton [44]. Their approach involves utilizing
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a transverse RF field adjusted to match the resonance frequency of the alkali-metal
electron paramagnetic resonance (EPR). This configuration generates a transition
of spins between the hyperfine sub-levels, which depends on the polarization of the
alkali-metal atoms, and a transversely probing beam with circular polarization detects
this transition. One can establish the relative populations of different energy levels by
sweeping the RF frequency across all the Zeeman sub-levels of the alkali-metal atoms.
When integrated, the appropriate proportion of these sub-level transition areas rep-
resents the absolute polarization of alkali-metal. In this study, we follow a version of
this technique, building upon the principles of Faraday rotation as described in Refs.
[59, 58]. Instead of directing a circularly polarized probing beam perpendicular to the
sample cell, we require a weak, linearly polarized probe beam. As a result of Fara-
day rotation, when the RF frequency aligns with the Rb resonance, the probe beam
undergoes a rotation due to the circular dichroism. The degree of rotation angle is
inversely correlated with the Rb polarization. By sweeping the RF frequency across
all the Zeeman sub-levels of alkali-metal atoms, one can derive information about the

relative populations of each sub-level.
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4.2.1 Alkali-Metal Polarimetry

The alkali-metal ground state Hamiltonian in the presence of an oscillating trans-

verse magnetic field B, cos (wt)i and, in the absence of light, is [13]

H = Hy + gsj45S; By coswt (4.2)

where Hy is the RF-free Hamiltonian with eigenenergies FE,, and eigenstates |m).
The resonance peaks will be resolved completely with high polarization and a large
enough static magnetic field. The time evolution of population transfer between the

two states |m) and |m — 1) due to the oscillating magnetic field is [61]

d m,m— 1
L = (Em — Em—l — W) Pmm—1 — VYAPm,m—1

dt (4.3)
+ Vm,m—l (pm—l - pm)

where py, m—1 = (m|p|m—1) is the transition probability, p,, and p,,—; are the number
densities of states |m) and |m — 1) with energies E,, and E,, 1, respectively, va is

the spin-destruction rate of the alkali-metal and

Vinm—1 = (m|gspts Sz By|m — 1) (4.4)

Considering the form of Eq. 4.3, it is valid to assume exponential form p,, ,,—1 =
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oe~ ™! as a solution and by substituting it into Eq. 4.3 we get

ido ivac  (m|V|m —1) (pm-1 — Pm)
— =(E,,— E,,_1 — - 4.
o (B m_1 — W) o 5 + 5 (4.5)

In the steady state where ig—f = 0 one can get

(m|VIm —1) (pm-1 — pm) /2
(B — For1 — ) —i7a)2 (4.6)

The time evolution of density for each |m) and |m — 1) sub-level is [61]

iCiZm = (m[V|m —1) (7/2) = (m = 1|V |m) (0//2) (4.7)
idig_l = (m = 1V|m) (0/2) = (m|[V|m = 1) (0" /2) (4.8)

then one can use Eqs. 4.6, 4.7 and 4.8 and get

Do _ Dot (Vi 1) (0 /2) = (m — 1|V |m) (02

dt dt

— (m = 1|V|m) (0/2) + (m|V|m — 1) (07/2)
(4.9)

= 2(m|V]m — 1) (6*/2) — 2(m — 1|V|m) (c/2)

_ [mlVim = D1 (om — pmr)
(Em - m—l)2 + 7/%/4
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F(F+1)—m(m—1)

knowing (m|V|m — 1) = 4(2111)?

gspp Bz [13], the simple form of Eq. 4.9 is

d(pm_pm—l) _ ( YA > < gs,uBBx >
di (Em — Em-1 —w)* +13/4) \4(2I +1)°

(F(F+1)—m(m—1) (w)

(4.10)

So one can say that the time evolution of population transition between two sub-

levels |m) and |m — 1) is proportional to (F'(F + 1) —m (m — 1)) (pm — pm—1) [61].

BTz oBSz
Z1 24

Being in the spin temperature limit [13] where p = with Z; and Zg being the
nuclear and electron partition function and 3 being the spin temperature parameter
and based on Eq. 4.10 one can assume the ratio of areas under the two successive
resonance peaks is [61]

F(F+1)—m((m-—1)

A:F(F+1)—(m—1)(m—2)

e? (4.11)

In Refs. [29] and [13], it is indicated that while being in the spin temperature

limit, the alkali-metal polarization is

P=2(s.) = tan(8/2) = S "
=2(S.) =tan (8/2) = ———
z 5/2 —3/2
P2 +efl (4.12)
_65—1
P41
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Substituting e from Eq. 4.11 into Eq. 4.12 we get

C[F(F4+1)—(m—1)(m—2)JA—[F(F+1)—m(m-1)]
P FFA ) —m—)(m—2 AT [F(F+1)—m(m— (4.13)
For example, in the case of 8"Rb with I = 3/2 we have
3A -2
P=517 (4.14)

where here A is the ratio of areas under the peaks of the |22) — |21) and |21) — |20)
transitions (Fig. 4.1).

If the polarization of the sample is not high enough, and the static magnetic field
is not large enough, then we have partially resolved peaks and in this case [61]

241

P
2A+1

(4.15)

where now A is the ratio of the area under the peak of [22) — |21) transition to the

combined area of |21) — |20) and |11) — |10) transitions.

4.2.2 Alkali-Metal Relaxation Rate Measurement

By measuring the relaxation of the spin polarization in the dark, an experimental
technique developed by Franzen [49], significant information can be learned regarding

the relaxation mechanisms of alkali-metal atoms. For this technique, we use an optical
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Figure 4.1: 3 Rb spectrum with high polarization and in the presence of ~ 28 G
magnetic field, all the resonance peaks are well resolved.

chopper, which is placed in the way of our pump laser beam path, close to the focal
point of the last lens in the optical train of the pump beam. Then, we record the FID
at different time intervals to get the alkali-metal polarization decay. The alkali-metal
relaxation transient we observe experimentally refers to the longitudinal electron spin
polarization (S,). Working through the theory for a mono-isotopic alkali-metal like
Cs is more convenient. Then, it can be generalized to a poly-isotopic alkali-metal like

Rb, where the isotopic average should be incorporated. Longitudinal spin polarization
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evolution is described as [13]

dF) _ d(Tr(Fep) _ o (Fz@) (4.16)

Eq. 4.16 is a nonlinear equation, so the solution to this equation cannot be
described as a finite sum of exponentials. However, in the low polarization limit, the
nonlinear terms become negligible compared to linear terms; hence, at this stage of
polarization, (F,) can be given as a linear combination of single exponential with
different time constants. In the spin temperature limit, a paramagnetic coefficient €
can be introduced to express the alkali-metal atomic spin polarization (F,) in terms

of the electron spin polarization (S,),
(F,) =(14+¢€)(S,) (4.17)

this paramagnetic coefficient at a low polarization limit is e = (4/3) I (1 + 1) [13]. We
label the upper and lower manifolds of total spin projection as {(a,) with a =1+ 1/2
and (b,) with b = I —1/2 respectively where (F.) = (a.)+ (b,). In general, the decays
of (F,) and consequently (S,) are complicated, but as shown by [13] under certain
conditions at low polarization, all spins decay similarly, and they can be described
by multi-exponential decay with different time constants corresponding to all the

relaxation modes of (a,) and (b,). At this low polarization, one of these relaxation
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modes is much longer than the others, representing the slowest relaxation mode,
enabling us to isolate it from the others and measure it. The time evolution of the

upper (a,) and lower (b,) manifold spins is [13]

d | (a:) Alaz) + B(b:)
— = (4.18)
dt
(b,) C{a) + D(b.)
which can be written in a simpler and more familiar form of
(as) _ | {az)
% =-T (4.19)
(b2) (b2)
. A B
with —I" = . considering the equations for evolution of (a.) and (b.), it is
C D
valid to suggest the followings as possible solutions
(a,) = cre™ M 4 cpe !
(4.20)

<bz> = dlei’ylt + dg@ivﬁ

where 7, and 75 are the common time constants corresponding to different relaxation
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modes of the decay. Substituting these suggested solutions into Eq. 4.19 we get

.| G
T

dy
.~ | C2
r

dy

:fyl

:’y2

&1

d

C

da

(4.21)

One can write Eq. 4.21 in a more compact form, 'V = vV, in which V and ~

are the eigenvector and eigenvalue of the T, respectively, and the smallest eigenvalue

corresponds to the slowest decay rate that we measure experimentally. In general, in

every SEOP experiment, the evolution of spin polarization of the alkali-metal atom

is governed by these processes [13]

e The hyperfine interaction I - S.

e The Zeeman effect on both nuclear and electron spins I- B and S - B.

e The optical pumping.

e Spatial diffusion of the polarized atoms.

e Alkali-metal-alkali-metal spin-rotation and spin-exchange collisions.

e Alkali-metal-buffer gas spin-rotation collisions.

e Alkali-metal-noble gas spin-rotation and spin-exchange collisions.
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e Alkali-metal-noble gas van der Waals molecule formation in the presence of a

third body.

Many of these processes are sudden with respect to alkali-metal nuclear polariza-
tion or with respect to the hyperfine period, meaning their correlation time 7. is much
shorter than mqp = A/AIL- S, resulting in the sudden processes that only involve elec-
tron spin and will leave nuclear spin intact. The nuclear polarization will be affected
indirectly by interacting with electrons between collisions. Therefore, the density ma-
trix is usually written as the sum of electron polarization part pg and a part without

electron polarization pg which won’t be affected by these sudden processes [13]

p=ps+ps (4.22)

where pg = }lp + S pS and pg = %p — S - pS and they are labeled as ¢ and © - S in

[13]. All the above processes govern the density matrix time evolution [13]:

e The hyperfine (I-S) and Zeeman interactions (I-B) and (S - B):

dp 1 _ T
o= E[H, p] where H = AI-S+ g,upS.B — TI - B. (4.23)

e The optical pumping with pumping rate R and the mean photon spin s:

d
d—i’ — —Rps +2Rs - Sps. (4.24)
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e Spatial diffusion:

dt

% _ paz,

where D is the diffusion coefficient for the alkali-metal atoms.

e Alkali-metal-alkali-metal spin-rotation collisions with potential

Vaa = (3/2) A (35:8¢ — 2):

@ 1

dt

o Alkali-metal-alkali-metal binary spin-exchange collisions Vi, = JS; - S;:

dp _
dt

1
Tex

ps +

Tex

= —— and
Tan Ps

1

T = Woaa).

A(S)-Sps and Tl — [Al{ur).

o Alkali-metal-buffer gas spin-rotation collision Viq, = 1IN - S:

dp 1
dt B Tbsr

ps Where

. = [Y] <‘7bsr’/>-

e Alkali-metal-noble gas spin-rotation collision Vyg = yysIN - S:

dp
dt

1

= ———ps Wwhere

Tns
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(4.26)
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e Alkali-metal-noble gas binary spin-exchange collision Vg = agsK - S:

dp nK N
Lo r 2 A(K) - Spg 4.30

where K is the noble gas nuclear spin, 1y is the isotopic fraction of noble gas

(77129 = 0264) and 1/TKS = [Xe](aKSy>.

e Alkali-metal-noble gas spin-rotation interaction during molecule formation

Vinns = YmnsN - S:

dp 1 [(2¢2 1 (202 Jr
it~ Taw (77) fspS_TVw( 37) (21 +1)° (F-Fo—F-pF), (431)

_— ImnsN7e
h

where ¢, is the rms precession angle of alkali-metal electron spin

1

around the molecular spin and T

is the molecular formation rate, in the
‘short lifetime’ regime ¢, = w,7. and in the ‘long lifetime* regime ¢, = 57257,
with 7. being the correlation time which is equal to molecular lifetime under

certain conditions [13].

e Alkali-metal-noble gas spin-exchange collision during molecule formation
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VmKS = a/mKSK - S:

(4.32)

where ¢, = =57 is the rms precession angle evolution for the van der Waals

molecules.

fs is the fraction of molecules with a ‘very short lifetime* [13]

1 1
s = 1+ (wner)’ 1+ (wneC/[G))? (4.33)

and

1 1
fe= 2 2
1+ (wyr/20 + 1) 1+ (wurTe)

1 1

1+ (w,C/ 2T +1)[G])* 1+ (wurC/[G))°

(4.34)

is the fraction of molecules with a ‘short lifetime’. Here 7 = % where C' is the pro-
portionality constant which has units of ‘amagat.s' (1 amagat = 2.69 x 10! cm™3)

and can be defined as the molecular breakup rate coefficient C' = 1/(opr) and [G]
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is the total gas density. The effect of spin-rotation interactions always decreases (p)
through the p, part, as the negative sign in the differential equations indicates. On
the other hand, the spin-exchange terms are divided into two parts: one part is those
interactions that transfer polarization out of the alkali-metal atom, which acts like the
spin-rotation terms, and the other part is those interactions that transfer polarization
into the alkali-metal atom known as back polarization. Based on whether the correla-
tion times of the damping terms stated above are shorter or longer than the hyperfine

they can be classified as S-damping or F-damping terms. An F-

. h
period Tar = 473,

damping term’s correlation time is equal to or larger than the Tgp, indicating that
I and S are well connected. As a result, an F-damping perturbation can only cause
transitions within the same manifold when F' is conserved in magnitude, i.e., when
Am = £1 and AF = 0. On the other hand, because an S-damping term’s correlation
time is much shorter than the m7yp, I and S can be thought of as being uncoupled
during the brief interaction. The S-damping perturbation can cause transitions from
one manifold to another without conserving F, i.e., Am = +1 and AF = +1. The

total time evolution of the density matrix will be the sum of all the above terms [13]

dp 1 1
— =—[H - 2Rs - Spg) + DA?p —
o Z.h[ ,p] + (—Rps + 2Rs - Sps) + P bs
. 4(S) - Spg — LI (F-Fp—F . pF) (4.35)
Tu s T T el 1) T pomip '
4+ 4K)-Sps+ ———— [(K) - (Fp + pF — 2iF x pF
T (K) - Spg (2I+1)2Tfe[< ) (Fp+p pF)]
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where T%x is the alkali-metal-alkali-metal spin-exchange rate, Tid is the sum of all

S-damping rates, %d is the sum of all F-damping rates, TL is the sum of all the spin-
exchange rates between alkali-metal and noble gas atoms with lifetime much faster
that the hyperfine period and % is the sum of all spin-exchange rates between alkali-
metal and noble gas atoms with lifetime in the order of or longer than the hyperfine
period. Eq. 4.35 under certain conditions have a simpler form. We can omit the
optical pumping term for the ‘relaxation in the dark‘ measurement. In the case of the
‘Pulsed-EPR' experiment, where we don’t have any RF field and at low polarization,
the density matrix is longitudinal, and the Hamiltonian has no direct effect on the
relaxation so we can neglect the first term in Eq. 4.35 [62]. Since we are interested
in the low polarization part, we make sure that we don’t keep the pumping light on
long enough for nuclear polarization build-up so we can omit the terms proportional

to (K) as well [62]. In our case, the diffusion term is small enough to be neglected

[13]. These simplifications result in a more compact form of Eq. 4.35

d 1 1
2 (ps — 4(S) - Spg) — T
sd

dt T

ps — (F-Fp—F-pF)  (4.36)

(21 +1)* Tig

So, one can say, in general, under the defined conditions and simplifications, the

time evolution of the density matrix is affected by three processes [13]

dp dp dp dp
P [ &P bl i 4.37
dt (dt)ex+(dt)sd+<dt fd ( )
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Now that we have the rate equation of the density matrix, it is straightforward to
get the time evolution of (a,) and (b,) based on Eq. 4.16 and different terms of Eq.

4.37

daz) _n (a @)

dt “dt
’ ; ; (4.38)
P P P
—Tr (0. (£ Tr (a. (£ Tr (a. (£
' (a (dt)ex) o (a <dt>sd) o (a (dt)fd)
and the same differential equation holds for (b,) as well
dib:) =Tr bz@
dt dt
(4.39)

dp dp dp
:T bz i T bz I T bz 74
r( (dt)ex)+ r( (dt)sd)+ r( (dt)fd)
Considering Egs. 4.38 and 4.39 and referring to Eq. 4.19 we can rewrite I as

I'= fex + fsd + ffd (440)

By substituting different terms of Eq. 4.37 in Eqgs. 4.38 and 4.39 and simplifying
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them, one can get each term of Eq. 4.40[62]

O B URE SRR
o 3)PTw —[IP+3[1) -2 [I?+3[1]+2
N O B U I T
s = 57, o
SR 3 -2 [P ]2
) L1 o0
I'ta = 12T
0 1

We can get the same results using a qualitative approach. Taking into account only
the dominant processes of alkali-metal-noble gas binary collisions and alkali-metal-

noble gas van der Waals molecule formation we can write the differential equation of

(F,) as

where [I] = (2] 4+ 1) and the S-damping and F-damping rates are:

1T =Toim+nafslvw , 1/T = frl'ww, (4.43)
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where [y, = [Xe](opimv), and

1 P2 202 k[Xe] [k rar\2 2 (YNT\’
F — rTa b — | — —
W va(nK2+3 : 2(h>+3 h

RG], [k pa? 2 (AN Nk | 2\ o
= (2 (h> T3\ —rrtlozt3)w

['yw is the ‘very short lifetime molecular contribution to alkali-metal spin-relaxation,

1/Tyw is the molecular formation rate, and x = yN/a. Tyw is a density-independent
quantity [34], and it only depends on x the chemical equilibrium coefficient, C' the
proportionality coefficient, r the Xe fraction in the total gas density [Xe] = r[G] (in
our experiment 7 = 3%) and w,. Knowing the differential equation for (F,) and based
on the relation between (F,) and (S,) one can get the differential equation for (S,)

and solve it for the low polarization limit

— (S.) (4.45)

where the slowest decay rate, associated with electron-randomization, is

r in i 1+€z FV
YA = b +Z(77if5,i+fF,i77< >) l

1+¢€ 2L +1)?) 1+¢€ (4.46)
2 Thinl'vw I?
A bin B inl v E vW
R P VR D

where this is the general form that applies to both mono-isotopic and poly-isotopic
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alkali-metal atoms, with i accounting for different isotopes. In Eq. 4.46, € = >, (n;€;)
and the last three terms are first-order corrections that account for small deviation
from the spin temperature limit. The parameters A, B and E are functions of fg;

and fr; determined by the perturbation theory described in [62].

4.3 Experimental Setup and Procedure

We performed our measurements on two sets of four 1-inch-diameter spherical
Pyrex cells; one set included a few milligrams of Rb, and the other set contained a
few milligrams of Cs metal to analyze Rb and Cs spin-relaxation under comparable
conditions. We aimed for four different total gas pressures for both sets of cells,
1.5,2,2.5, and 3 amagats, with a fixed gas composition of 94% *He, 3% Ny and 3%

enriched '2Xe. Table 4.1 shows a complete description of our cells.

| Cell Volume (cm®) *He (torr) Ny (torr) Xe (torr) Total (torr) |

309A (RD) 5.6 1149.2 36.8 34.2 1220.1
309B (Rb) 5.3 1534.2 49.6 49.1 1632.8
309C (Rb) 5.5 1918.9 57.0 64.1 2040.0
309D (Rb) 6.1 2294.7 73.3 72.2 2440.2
310A (Cs) 6.3 1143.6 36.6 31.0 1211.2
310B (Cs) 6.4 1523.4 49.0 49.3 1621.6
310C (Cs) 6.3 1856.2 62.6 62.0 1980.8
310D (Cs) 6.5 2294.4 73.7 74.7 2442.8

Table 4.1: Volume and gas pressures of the eight cells, gas pressures are measured
at room temperature ~ 20° C. Xe gas we used in our cells is enriched to
90% '29Xe. The errors on the pressures and cell volumes are ~ 4 — 5%
and ~ 2%, respectively.

We do a relaxation in the dark measurement using the pulsed EPR technique. In
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this method, the cell is placed in the temperature-controlled oven. The oven tem-
perature was maintained at 130° C, and it was measured by a resistive thermometric
device (RTD) affixed right below the cell. The oven was centered between two 24-
inch-diameter coils, having Helmholtz configuration and producing a static magnetic
field By ~ 28 G. A specially designed circuit provided the stability of the static field to
control and stabilize the current through the coils, the details of which can be found
in [51], enabling us to stabilize the static field to at least a part in 105. To optically
pump the sample, we used 40-W diode laser arrays (models M1B15-790-SS4.1 and
M1B-892.2-60C-SS4.3 from DILAS for Rb and Cs, respectively). The pump lasers
were tuned to Rb and Cs D; resonances, and they were narrowed to ~ 0.3 nm with
an external Littrow cavity. We used a 1/4 wave plate to make the linearly polarized
pump laser beam circularly polarized. We did an optical detection of the alkali-metal
polarization based on Faraday rotation using 120-mW lasers (models L785P090 and
L850P100 from Thorlabs for Rb and Cs, respectively) narrowed to ~ 0.3 nm. The
probe lasers were &~ 0.6 nm detuned from the D, resonances to avoid absorption of
the beam, big Faraday rotations, and their effect on the shape of the resonance peaks
so that we were able to measure the areas under the peaks accurately. We used a
linearly polarized probe beam, propagating transverse to the applied magnetic field.
On its way, it passed through a 1/2 wave plate, the cell, a focusing lens, and a po-

larizing beam splitter cube and got detected by a set of balance photodiodes (model
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PDB415A from Thorlabs). The pulsed EPR experiment was done using the Redstone
TNMR spectrometer (Tecmag). Using the Tecmag we generated the EPR excitation
pulses at the alkali-metal Larmor frequency, Fig. 4.2 shows the sample pulse sequence
we programmed in TNMR software. The Tecmag is also the receiver, and it receives
the subsequent optically detected FID signals from the photodetectors.

Tecmag, combined with the TNMR software, is a sophisticated setup enabling
us to generate pulses with a specific amplitude, frequency, and pulse width. We
amplified the RF pulses using the power amplifier (model BT02000-AlphaSA from
Tomco) and sent the pulses to the tuned and matched EPR coil. We made sure that
the oscillating magnetic field B; that these pulses generated was small enough so that
the spins were flipped by a small angle < 10°, resulting in a small Faraday rotation of
the probe beam. To figure out the strength of the B; field at a fixed pulse amplitude,
we sent pulses with different pulse widths starting from the smallest value and then
increased the pulse width until we saw a symmetric spectrum (Fig. 4.3), indicating

that the flip angle is 90° and we have done a 7/2 pulse. Then, using the relation

0 = yBit (4.47)

where 7 is the alkali-metal gyromagnetic ratio, and ¢ is the pulse width; we calculated
the strength of B; at that fixed pulse amplitude and then for this B; strength and

amplitude using the Eq. 4.47, we calculate the pulse width that corresponds to a
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Figure 4.2:

Event Number = [ [T

Name: | | | Triger | tp | Acastart | warmup | | | | |
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+| ] Scope_Trig
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+] [ F1_PhRst
] L F1_Ampl
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+ JL F1_PhMod
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+| [ F1_Freq

+ JL F1_TxGate
+ [l Fi_UnBlank
+ JL F2_PhRst 1
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] [l F2_Atten F2 attn
+ [ F2_PhMod
+ L F2_Ph Ee L
+| [ F2_Freq
+ JL F2_TxGate |
+ [l F2_UnBlank T
+ JL FO_PhRst 1
+] [ RX_PhMod
+] L RX_Ph

+| [ RX_Freq
+ JL RX_Blank T T

IU'\/\

+ ]G
— [iii] CTRL

Line Event Table or Variable Notes o Haveform

Acquisition ‘Frequenq’| Procassing‘ M\sc.‘ Display| Sequence 1

Nucleus Rb Scans 1D 150 Points 2D 0 Sw 2D 5000Hz
Observe Freg, 19.8500011HHz  ActualSeans 1D 150 Actudl Points 20 S/ 3D 5000Hz
Acq, Faints 1024 ScanStatlD 1 Points Stait 20 1 S/ 4D 5000Hz
Foints 10 1024 Fiepeat Times 1 Points 3D 1 Duwel_2D 100u
S +/- 1250000Hz 5.4 Dimension 1 Actual Foints 3D 1 Dwel30 100u
Fiter 1250000Hz Dummy Seans 0 Points Stat 30 1 Duel_4D 100u
Duel Time 400n FiecelverGain 35 Points 4D 1
Acg Time 409.6u Feceiver Phase 0 Actual Foints 4D 1

1

Last Delay 10m Foints Start 4D

Sample pulse sequence for Rb. The sequence starts with a fixed delay of
~ 150 ps (columns 1 and 2) as a warm-up time for Tecmag. Next, the
delay table for the chopper (column 3) starts. The Tecmag receives the
trigger from the chopper and will continue the pulse sequence based on
the delay table entries (1000 us - 8000 s in the case of Rb and 1000 us
- 12000 ps in the case of Cs with step size 100 us). After the delay time,
the receiver window opens (column 5), since we do optical detection, the
detection part is decoupled from the RF excitation allowing us to open
the detection window even before the pulse comes. Then the pulse with
a specific pulse width and amplitude is sent to the RF amplifier and
then the corresponding FID signal is received from the photodetector.
This sequence repeats based on the number of scans and the entries of
the delay table for the chopper.
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small flip angle below < 10°. Table 4.2 shows typical pulses for Rb and Cs.

Intensity (arb Unit)

1
N | \ } \L—‘J ! L
L J\
18700 18800 18900 19000 19100
Frequency (kHz)
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Rb spectrum as a
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200000

Intensity (arb unit)

100000 ~

0 4

-100000 -
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Figure 4.3: Rb spectrum after applying a /2 pulse. The top figure is from a simu-

lation being done in MatLab, and the bottom figure is an experimental
Rb spectrum after applying a 7/2 pulse.

For the relaxation in the dark measurement, we used an optical chopper running

at 40 Hz with a 50% duty cycle, with alternating 12.5 ms light and dark periods.
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| Alkali-metal | Pulse Width (ns) | By (G) | Frequency (MHz) |

Rb 200 0.2 19.8
Cs 300 0.2 9.9

Table 4.2: The RF pulse configuration for different alkali-metals in the relaxation
in the dark measurement.

Whenever the chopper sensed the start of a dark time period region, it sent a TTL
pulse to the Tecmag, triggering it to start the pulse and acquisition sequence. The
sequence was programmed in a way that the trigger started the procedure with pro-
gressively increasing delay time of step size 100 us. Fig. 4.4 shows the experimental
setup of our relaxation in the dark measurement using pulsed EPR.

Using the TNMR software, a Fast Fourier Transform FFT was done on the FID
signals received from the Tecmag. In total, for Rb, we took a total of 70 FIDs, each
corresponding to a gradually extending delay time in the dark (Fig. 4.5), and in the
case of Cs we took 110 FIDs to cover the Cs’ slower decay (Fig. 4.6).

Each FID was a result of 150 scans and adjusted gain in order to boost SNR, (Fig.
4.7). This procedure was done on three different days, and the final rate was reported
as the average of these three days’ measurements.

To get the alkali-metal polarization decay vs. time, we acquired all the EPR
spectra corresponding to each delay in the dark. Based on the orientation of the
EPR coil with respect to the static magnetic field, which was transverse to the static
magnetic field, there was a 180° phase difference between the upper manifold F' = 2

resonance peaks and the lower manifold F' = 1 resonance peaks, helping us to integrate
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Figure 4.4: The relaxation in the dark measurement using pulsed EPR. The optical

chopper runs at 40 Hz and triggers the Tecmag by sending a TTL pulse
to start the pulse sequence. Tecmag sends the RF pulse to the Tomco
amplifier to get amplified, and after amplification, it is sent to the EPR
coil to generate the oscillating magnetic field that will excite the spins.
Larmore precession of the spins is detected via Faraday rotation of the
probe beam through the balanced photodetectors and is sent to Tecmag.
We process the FID signals using TNMR software.

the areas under the upper manifold resonance peaks for all the spectra and knowing

the fact that the area under these resonance peaks is proportional to the alkali-metal

polarization we were able to use the integrated areas and plot them vs. the delay

times in order to replicate the polarization decay and get the relaxation rate from it,

Fig. 4.8 shows samples of Rb and Cs polarization decay.

In order to get the slowest decay rate, which is the fundamental electron spin-
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Figure 4.5: The figure on the top shows all the 70 Rb spectra as a result of relaxation
in the dark measurement using the optical chopper to detect the Rb
polarization decay in the course of time. The bottom left figure is the

first spectrum, which was taken in the light, and the bottom right figure
is the spectrum corresponding to ~ 6 ms delay time in the dark.

relaxation rate 5 from the multiexponential relaxation transient (Fig. 4.8), we fitted
the transient from its initial point to single exponential decay and recorded the decay
time constant and its associated error. This procedure was done repeatedly while

progressively excluding data points from the start of the transient and changing the
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Figure 4.6: The figure on the top shows all the 110 Cs spectra as a result of relax-
ation in the dark measurement using the optical chopper to detect the
Cs polarization decay in the course of time. The bottom left figure is
the first spectrum, which was taken in the light, and the bottom right
figure is the spectrum corresponding to ~ 6 ms delay time in the dark.

initial point of the fitting until the extracted time constant reached a plateau with
a reasonable error of 1-6%, Fig. 4.9 shows samples of decay transient and fitting

procedure for both Rb and Cs.
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Figure 4.7: Sample FID for Rb, this FID was taken while the pump laser was on.
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Figure 4.8: Plot of the area under the resonance peaks vs. time for Rb (left) and Cs
(right) based on the spectra taken from the measurements in the dark.

4.4 Results and Analysis

Table 4.3 shows the measured spin-destruction rate v, with its error for Rb and

Cs, and Fig. 4.10 is the plot of the measured spin-destruction rate vs. total gas

density.

By looking at values of y5 for Rb and Cs and comparing them, one can see that
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Figure 4.9:

Sample Rb (a) and Cs (b) polarization decay and single exponential
fitting procedure to get the electron spin-relaxation rate 5. The figures
on the left show the sample decay transient, and the figures on the right
show the fitting procedure of fitting the transient with single exponential
decay while eliminating points from the beginning of the transient until
the time constant of the single exponential decay stays unchanged within
its error.
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Figure 4.10: Rb and Cs measured spin-relaxation rate vy, vs. total gas density.
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\ Cell Total gas density (amagat) ~va (1/s) Ty (1/s) |

309A (Rb) 1.50 1170£80 12636864
309B (Rb) 2.00 15044+86 162434928
309C (Rb) 2.51 1657105 17895+1134
309D (Rb) 2.99 18654200 2014242160
310A (Cs) 1.49 678445 14916990
310B (Cs) 1.99 899+35 19778704
310C (Cs) 2.48 1131442 248824924
310D (Cs) 3.00 123868  27236+1496

Table 4.3: Values of measured spin-destruction rate v5, which comes from the single
exponential decay fit of the alkali-metal polarization decay and electron-
randomization I'y values which are related to 4 through the paramag-
netic coefficient T'y = (1 + €) ya.

Yes is about 30 to 50% smaller than g, over the range of density and the specific
temperature 130° C that we performed our experiment. In order to exclude any
temperature effect on measurements, we performed the same spin-destruction mea-
surement at two other temperatures 110° C and 150° C on the cells 309A containing
Rb and 310A containing Cs with fixed total gas density, the results are shown in table

4.4 and Fig. 4.11.

Temperature(®° C) g (1/8) 7cs (1/5) |

110 980+100  642+43
130 1170£80  678£45
150 1181491 742452

Table 4.4: Values of measured spin-destruction rate v, for cells 309A and 310A with
the fixed total density of ~ 1.5 amagat containing Rb and Cs respectively,
at three different temperatures to understand the effect of temperature
on the spin-relaxation rate of the alkali-metal atoms.

One can see from the table and figure that no matter what the temperature is for
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Figure 4.11: Rb and Cs measured relaxation rate vy, vs. temperature.
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fixed gas density and gas composition, v¢s is smaller than ~g;, with no overlapping of
their associated error bars. This observation led us to conclude that this difference
between spin-destruction rates is not due to temperature or alkali-metal vapor density,
and this observed discrepancy is due to a more fundamental difference between Rb
and Cs atoms.

The electron-randomization rate, I'y can be calculated using the measured re-
laxation rate and the paramagnetic coefficient. In the case of Rb, because of its
poly-isotopic nature 'y, = (1 + €) yrp, with € = >, n;¢;, and for mono-isotopic Cs
Ics = (€4 1) yos. The values of € and n are given in table 4.5 and the values of T'
are given in table 4.3 along with the values of 4. It is insightful to plot 'y vs. total
gas density, as it can be observed from Fig. 4.12 and values of ['y in table 4.3 over
the studied range of density the electron-randomization for Rb, is ~ 30% smaller
than electron-randomization for Cs, which is due to the effect of the paramagnetic
coefficient, also known as the slowing down factor ¢ = 1 + €, which indicates that
the measured alkali-metal relaxation rate is slowed down because of the hyperfine
coupling of alkali-metal electron with its nuclear spin.

To test our work and make sure that our experimental results match the theoretical
results, we utilized Nelson and Walker’s theoretical model [34]. In their model, we
replaced all the dependent variables with their expressions in terms of [G], the total

gas density, and obtained Eq. 4.46. We substituted the constants with the values
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Figure 4.12: Rb and Cs electron-randomization rate I'y vs. total density.
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given in the table 4.5 and left [G] to be the independent variable. Then, we made
the required adjustments to the parameters that were specific to the gas composition,

temperature, and the respective alkali-metals.

’ Constant \ Unit \ Rb \ Cs ‘
WHF (rad/s) WHF8; = 1.91 x 1010 & WHF8T = 4.29 x 1010 5.78 X 1010
W (rad/s) 8.48 x 10® 9.42 x 10%
€ €85 — 11.67 & €g7 = 5 21
n Mgy = 0.72 & ngr = 0.28
x 3.2 2.9
[A] (amagat) 2.61 x 107° 3.72x107°
I Iys =5/2 & Igr=3/2 7/2

Table 4.5: Rb and Cs parameters that are needed to determine the fundamental
decay rates gy, and ¢ according to Eq. 4.46.

With these modifications and substitutions, and using Nelson and Walker’s [34]
values for k, C, (0ecv) and (opiyv) in the case of Rb (table 4.6), we plotted the modified
function vs. total gas density on top of our data points and as it can be seen in Fig.
4.13, the blue line is Nelson and Walker’s model for 3% Xe, which matches our data
points. Indicating that our data points seem to be consistent with the theoretical
model, so in the case of Rb, under our experimental condition, it is reasonable to
have the same parameters as Nelson and Walker.

In Fig. 4.13, the red line shows the prediction of Nelson and Walker’s model in
the case of Cs being adjusted to our experimental conditions. For Cs, we used the
same values of k, C and (o) that Nelson and Walker used for Rb, but ~ 1.4 times

bigger (onimv) (table 4.6), and as it can be seen in Fig. 4.13 one can say that our
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Figure 4.13:
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Rb and Cs measured relaxation rate vy, vs. total density for fixed gas
composition 94% *He, 3% N, and 3% Xe at 130° C. The blue line is
Nelson and Walker’s model adjusted for Rb under our experimental
conditions of 3% Xe and 130°C temperature. The red line is what
Nelson and Walker’s model would predict in the case of Cs under our
experimental conditions.
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| Parameter | Unit \ Rb \ Cs \

K (amagat™!) | 41x1073 | 4.1 x1073

C (amagat~'s71) | 9.8 x 10° | 9.8 x 10°

(oexv) | (amagat—'s™1) | 2.3 x 100 | 2.3 x 10
(opinv) | (amagat='s™1) | 244000 341600
Lo (s7) 6428 8024

Table 4.6: Rb and Cs parameters used to plot the solid lines of Fig. 4.13.

points match the predicted theoretical model to a large extent. The larger value of
(opinv) in the case of Cs, is supported by the larger spin-exchange and spin-rotation,
cross-sections in the case of Xe-Cs than Xe-Rb, reported in [63]. Following Nelson and
Walker’s [62] steps in order to apply the perturbation theory and get the coefficients

A, B, and F regarding the correction terms in Eq. 4.46, in terms of Rb we got

A = —0.0449

B = —0.0416 fss5 — 0.0482 fsg7 + 0.00669 frss — 0.0151 frsr

E = —0.2536 fsg5> + 0.00909 fsg5 fos7 — 0.0286 fss7> — 0.000933 frgs> (4.48)
+ 0.0042 f s frsr — 0.00473 frsr® — 0.00248 fsss frss

+ 0.000557 fsg5 frar + 0.00917 fsg7 fras — 0.0206 fss7 frs7

and in the case of Cs,

A=-00197 B=-00394fs C =—00197fs. (4.49)
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4.5 Conclusion

In this work, we measured the alkali-metal electron spin-relaxation rate and cal-
culated its respective electron-randomization rate for both Xe-Rb and Xe-Cs systems
for a fixed gas composition of 94% “He, 3% N, and 3% Xe over the total gas density
range of 1.5-3 amagat. We found out that the electron-randomization rate I'y for the
Xe-Rb system is ~ 30% lower than the electron-randomization rate for the Xe-Cs
system (table 4.3), T'rp, >~ 0.7T'cs. We tested and compared our results with Nelson
and Walker’s theoretical model [62] and based on the Fig. 4.13, it is valid to say
that by applying the right adjustments to the model to incorporate our experimental
conditions, our results match their theoretical predictions to a large extent which
resulted in the values for different parameters in table 4.6 based on our experimental
conditions.

The measured relaxation rates for these alkali-metals are predominantly due to
Xe. Considering the conditions under which we performed the measurements, other
relaxation mechanisms are negligible with respect to the contribution of Xe. Hence,
it is valid to consider the calculated electron-randomization to be due to Xe and call
it F&XG). This F&XQ) is one of the parameters needed to calculate the alkali-metal-noble

gas spin-exchange efficiency

Moo = Yee/ [A] _ ke [Xe]
se F(AXe) [Xe] F(AXe)

(4.50)
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In order to reach a conclusion regarding 7y, we still need to measure the alkali-
metal-noble gas spin-exchange rate 7. Chapter 5 is dedicated to the study of the

alkali-metal-noble gas spin-exchange rate for Xe-Rb and Xe-Cs systems.
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CHAPTER 5

SPIN-EXCHANGE RATE COEFFICIENT MEASUREMENTS

5.1 Introduction

SEOP [13, 29] is the preferred technique in producing large quantities of polar-
ized 12Xe and 3He. In this method, circularly polarized light is used to optically
pump the mixture of alkali-metal and noble gas in the vapor phase. The alkali-metal
electron spins absorb the angular momentum of photons and get polarized. This po-
larization is then exchanged between the alkali-metal electron spin and the noble gas
nuclear spin through the spin-exchange processes, such as binary collisions and van
der Waals molecule formation, resulting in hyperpolarized noble gases. The nuclear
spin polarization of these hyperpolarized noble gases is much larger than the thermal
equilibrium polarization. This increase in the number of polarized spins will benefit
many of their applications, such as MRI [64, 65] and surfaces studies [7, 66]. The
most popular noble gases used in the hyperpolarization technique are 3He and 12?Xe,
where 2°Xe is more favorable for a variety of investigations in the field of science
and medicine [67, 68], because of its characteristics and qualities, such as having a
strong interaction with other chemical and biological molecules, Xe is soluble in lipids
and thus in a wide variety of tissues, having strong chemical shift and etc [69]. For
a long time, Rb was the chosen alkali-metal for the SEOP process because of the

inexpensive high-power lasers available at the D; resonance. Now studies have shown
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both experimentally [70, 71] and theoretically [72, 73] that Cs tends to have a higher
spin-exchange cross-section with the '?Xe. In addition, at the same temperature,
Cs has higher vapor pressure than Rb and its optical pumping rate is ~ 12% faster
than Rb per watt of D; laser light [73]. These properties, along with recent progress
in producing diode lasers at the longer Cs D; wavelength of 895 nm, have increased
interest in studying the Xe-Cs system and comparing it to Xe-Rb. For measuring
the SEOP efficiency, we need to have information about the spin-destruction rate of
the alkali-metal electron as well as the spin-exchange rate between the alkali-metal
and the noble gas. For both Xe-Rb and Xe-Cs systems, the spin-exchange happens
through binary collisions and van der Waals molecules [12, 28]. There exist many
studies on Xe-Rb systems [14, 28, 69, 74|, but there are fewer investigations of Xe-Cs.
Refs. [75, 76] conducted studies on Xe-Cs van der Waals molecules, and some studies
exist on the binary piece of Xe-Cs spin-exchange [73]. However, the previous mea-
surements and studies are old and they were mostly done using a method called ‘the
relaxation rate’ method which is particularly bad for Xe because it requires assump-
tions about the temperature dependence of the wall-relaxation rate. Many of these
studies also make assumptions about the alkali-metal number density by using the
vapor-pressure curve, which we know is unreliable. That’s why these measurements

need to be reproduced by alternative methods. In this work, the goal is to study and
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compare the SEOP efficiency for Xe-Rb and Xe-Cs systems,

Yo/ (Al yeelXe] _ KuelXe]
FgXe)/[Xe] - PSAXG)[A] B F&xe) (5.1)

Nlse =

where [A] and [Xe] are the alkali-metal and noble gas Xe number densities, e

) is the alkali-metal electron-

is the alkali-metal-noble gas spin-exchange rate, Fg(e
randomization rate due to Xe, and kg is the alkali-metal-noble gas spin-exchange
rate coefficient. For this, we had to measure the alkali-metal electron-randomization
rate due to the Xe (I’ AXQ)) and the spin-exchange rate coefficient k.

We measured the electron-randomization rate via relaxation in the dark and ob-
tained the result that the Rb rate is ~ 30% slower than the Cs rate. In this work, we

have measured the spin-exchange rate coefficient via a method called ‘repolarization’

7).

5.2 Theory

Fundamental time evolution of the noble gas (Xe in our case) polarization due to

spin-exchange collisions with alkali-metal atoms can be described as [29]

dPxe
dt

= ku[A] (Ps — Pxe) — T Pxe + ko[A] (-% - pXe) (5.2)
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the first term in Eq. 5.2 is the spin-exchange term between the alkali-metal atom
and noble gas atom, Py = (S.)/S is the volume averaged spin polarization of alkali-
metal and Px, = (K,)/K is the noble gas nuclear spin polarization. Where S, and
K, are the alkali-metal electron and noble gas nuclear longitudinal spin with z being
the direction of the applied static magnetic field, S and K are the alkali-metal
spin and noble gas nuclear quantum numbers respectively and k, is the isotropic
hyperfine interaction coefficient arising from the Fermi contact fields that the two
nuclei create. The spin-exchange between the alkali-metal electron and noble gas
nucleus happens during these Fermi contact hyperfine interactions. The second term
Iy, is the relaxation that arises from the noble gas collisions with the container wall
[13, 29]. The third term with the coefficient k; is the spin-exchange term between the
alkali-metal atom and noble gas atom due to the anisotropic hyperfine interaction.
This term arises from the effect of the alkali-metal electron magnetic field on the noble
gas magnetic moment through-space (as opposed to contact), and it has been shown
both experimentally and theoretically that this term is small compared to the isotropic
interaction [13, 29]. Hence, we can neglect the term k;, and we set k, = ks. The
isotropic interaction polarizes the noble gas atoms parallel to the alkali-metal electron

spin, and the anisotropic interaction polarizes the noble gas atom anti-parallel to the
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alkali-metal electron spin [29]. The solution to Eq. 5.2 is

kse [A]

Pl =T,

(P_A o 6_(kse[A]+Fw)t)

One can see from Eq. 5.3 that the noble gas polarization build-up rate is

1—‘Xe - kse[A] + FW

and when we wait long enough the steady-state noble gas polarization is

(5.3)

(5.5)

Egs. 5.4 and 5.5 point to two methods for measuring k.. The first method

is known as the ‘relaxation rate’ method in which I'x. is measured as a function of

alkali-metal density [A], and the slope of the graph is the spin-exchange rate coefficient

kse, while the intercept is I'y, [78, 79]. One assumption in this method is that Iy, is

temperature independent, and it requires measuring the alkali-metal density [A] or

estimating it from vapor-pressure curves.

The second method relies on Eq. 5.5, and it’s called the ‘rate balance’ method
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[77]. One can solve Eq. 5.5 for ki

(5.6)

all the quantities on the right-hand side of this equation, including the alkali-metal
density, must be measured. But there is no need for any assumption regarding I'y,
since any effect on I'y, due to the temperature will affect Px, and I'x, in a way that
their product stays constant [77].

The third method that we used in our measurement is the ‘repolarization‘ method
introduced by Baranga [47]. This method utilizes the measurement in the dark, which
will simplify things, and the key points of this method are that there is no need for
any assumption about I'y,, and one does not need to measure the alkali-metal number
density. This method relies on the spin-exchange process between the alkali-metal
and noble gas, where the polarization transfers between the polarized alkali-metal
atom electron and the nuclei of the noble gas atoms during collisions. This process
is a two-way process, meaning the same way that polarized alkali-metal can transfer
its electron spin polarization to the noble gas nuclear spin, the reverse can happen as
well. As explained before, angular momentum transfer between the alkali-metal and
the noble gas happens during binary collisions or van der Waals molecule formation
in the presence of a third body. For a noble gas, like Xe, at a low gas pressure of a few

tens of torr, the van der Waals molecules play a significant role in both spin-exchange
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and spin-relaxation of atoms compared to the binary collisions. Since the lifetime of
these molecules is in the order of nanoseconds being long enough, F is a good quantum
number, and only AF' = 0 transitions are allowed. At these low pressures, to diminish
the effects of van der Waals molecules, one has to have a high magnetic field of a few
hundred Gauss [12]. On the other hand, at higher gas pressures of multi-atmosphere,
where we perform our experiments, the van der Waals molecules’ lifetime is so short
that they can be neglected compared to the binary collisions. The spin-dependent
interactions such as the spin-rotation interaction N - S and the isotropic hyperfine
interaction (binary spin-exchange) K - S between the alkali-metal atoms and noble

gas atoms are responsible for the alkali-metal spin-loss process

V(R)=+v(RIN-S+a(R)K-S (5.7)

the first term is the coupling between the alkali-metal electron spin S and the rotation
angular momentum of the colliding pair N; it roots back in the magnetic field gen-
erated by the moving charges in the collision and the isotropic hyperfine interaction
between S and noble gas nuclear spin K is from the magnetic field inside the nucleus
of the noble gas atom [29]. spin-loss happens during interactions in Eq. 5.7, while the
spin-rotation N - S causes the alkali-metal to lose polarization, the isotropic hyperfine
interaction K - S transfer spin polarization back-and-forth between the alkali-metal

electron and the noble gas nucleus. In the absence of pumping light and in the spin
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temperature limit, the total alkali-metal longitudinal spin F, = S, 4+ I, and polariza-

tion time evolution are [29]

dff = DAY(F.) = Do(Sz) + kol Xe] ((K2) = (S2)) (5.8)
dc% = DA’Py — I;—WPA + ksixe] (Pxe — Pa) (5.9)

In both Eq. 5.8 and Eq. 5.9, the first term is the diffusion term, which is negligible
since, in our case, the collisional losses are greater than the diffusion losses; the
second term is the alkali-metal electron spin-relaxation term due to all other collisional
processes except the spin-exchange interaction with the noble gas, and the last term
is the spin transfer term in which the alkali-metal atom both loses its polarization to
the noble gas atom and gains polarization from the polarized noble gas atom known
as the ‘back polarization‘. Based on the definitions one can see that ke [Xe|+1'y, = ['a
which is the alkali-metal electron-randomization rate and @ + F?WPA = F?A = YA
which is the measured alkali-metal electron spin-relaxation rate and ¢ is the slowing
down factor. At the steady state using Eq. 5.9 one can get kg [77]

VN

kse =
P Xe [Xe]

(5.10)
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resulting in alkali-metal polarization to be

. kseP Xe [Xe]

P
A Ts

(5.11)

this equation states that in the absence of the pumping light, the alkali-metal po-
larization is a balance between the rate at which it gets its polarization back from
the noble gas through the spin-exchange process and the rate at which it loses its
polarization during these collisions. For measuring the spin-exchange rate coefficient
ks using the ‘repolarization‘ method Eq. 5.10, there are a few parameters that need

to be measured experimentally:

['a: the alkali-metal electron-randomization rate (A detailed explanation of the

theory and how we measured the spin-destruction rate is given in Chapter 4).

e [Xe|: the noble gas number density.

Pxe: the noble gas polarization, which has reached a steady state.

Py: the alkali-metal steady state polarization in the absence of light, which
arises from the spin-exchange with the polarized noble gas, transferring polar-

ization back to the alkali-metal electron spin.
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5.2.1 The Noble Gas Density

The Xe density [Xe] is measured precisely while we are making the cells and filling
them with different gases using the ideal gas law, as explained in Chapter 3, but for

experimental purposes, it will be easier to measure Px.[Xe| together as one parameter.

5.2.2 The Noble Gas Polarization

The Xe polarization is measured by measuring the alkali-metal frequency shift due
to the Xe polarization. Groover [27] was the first one who showed that the polarized
noble gas atom will induce a shift in the electron paramagnetic resonance frequency of
the alkali-metal atom. This effect is a two-way effect, meaning polarized alkali-metal
atoms will cause a shift in the nuclear magnetic resonance of the noble gas, as well.
The Fermi-contact interaction aK - S between the alkali-metal electron spin S and
the noble gas nuclear spin K, is responsible for these frequency shifts by producing
an average additional magnetic field, as well as the spin-exchange between the two
species. The coupling coefficient a depends on the inter-atomic separation R and can
be expressed as [80]

8 LK

@ (R) = g1 (R) (5.12)

where 1 (R) is the wave function of alkali-metal valance electron, px is the noble gas
magnetic moment, up is the Bohr magneton, and g; = 2 is the electron ¢ factor.

As a result of this interaction, the magnetic moments of the two species cause each
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to experience a strong magnetic field from the other. This interaction and change
in the magnetic field that the polarized spins cause will result in a shift in their
Larmor procession frequency [29]. At low enough magnetic fields, one can neglect the
quadratic Zeeman effect on the splitting of the hyperfine resonances of the alkali-metal
atom. The frequency shift that the alkali-metal experiences due to the polarized noble

gas is [29]

8 dv 8w 1 gslps| px
Alua] = 5T L galus_px

3 g eMxe = Fu Ty i aeXel () (5.13)

A similar relation holds for the frequency shift of the noble gas nuclear magnetic
resonance frequency as well. I and K are the alkali-metal and noble gas nuclear spins,
respectively. K, is the longitudinal noble gas nuclear spin, h is Planck’s constant, and
dv/dB is the alkali-metal gyromagnetic ratio. For a given noble gas magnetization,
the scale of the shift is determined by kaxe and the alkali-metal gyromagnetic ratio.
Kaxe is called the enhancement factor, and the way it is defined in [27], it is a ratio
of magnetic field increment that the valance electron of the alkali-metal atom expe-
riences to the field increment that the noble gas with the same density and nuclear

polarization will produce in a spherical cell. kaxe can be written as [80]

Kaxe = (Ko — K1) + €axehi (5.14)
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where (ko — k1) refers to the alkali-metal-noble gas binary collision and eaxer refers
to the van der Waals molecules contribution. In [80], the definitions of ko and k; are
given but at high pressure regime raxe goes to ko which is a pressure-independent
quantity

Ko = / 2| (R) |2e”V B/ ET4n R AR (5.15)
0

In Eq. 5.15, V (R) is the van der Waals potential, describing the force between
the alkali-metal and the noble gas atoms [29], so in this limit, and knowing the fact
that Px. = (K,)/K, the alkali-metal EPR frequency shift due to the polarized noble

gas is

87 dv
Alva| = ?@ﬁouXePXe[Xe] (5.16)

One can get the term Px.[Xe| from this equation

3 A’I/A| 3 A|I/A|

Py [Xe] = — s Pe[Xe] = = AL
e[Xel BT % rotixe xelXel = g o e ni

(5.17)

So, to get Pxe[Xe] we need to measure the alkali-metal frequency shift due to

the noble gas polarization Av, and use the known constants such as the enhance-

ment factor ko, alkali-metal gyromagnetic ratio 32, noble gas gyromagnetic ratio 2%,

Planck’s constant A and the noble gas nuclear spin K.
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5.2.3 The Alkali-Metal Back Polarization

The last piece to Eq. 5.10 is the alkali-metal back polarization P, in the dark,
which is from the exchange with the polarized noble gas. To measure the back
polarization of the alkali-metal atom, one can employ the measurement in the dark.
As it is stated in [77] and shown in Chapter 4, at high polarization, and while pumping
light is on, the area under the alkali-metal, resonance peaks represent the alkali-metal

polarization at that stage

(5.18)

where A is the ratio of the area under the |FF 'm) — |[FF m — 1) transition peak to
the area under the |[F' m — 1) — |F' m — 2) transition peak. In the case of 5 Rb,
with I = 3/2, taking the two peaks representing |2 2) — |2 1)and |2 1) — |2 0)

transitions, we get

3A—2

= —
Rb ™ 8412

(5.19)

and in the case of Cs, with I = 7/2, by taking the two peaks representing |4 4) —

|4 3)and |4 3) — |4 2) transitions, one can get

TA-4
CTA+4

Fes (5.20)
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Knowing the absolute polarization in the light (high polarization where the for-
mula holds) for these alkali-metal atoms and relating that polarization to the total
area under all the resonance peaks, it is straightforward to use that value and map
out the polarization decay using the area under the peaks for all the spectra that we

get from the measurement in the dark, we can get the absolute polarization in the

dark.

5.3 Experimental Setup and Procedure

For measuring the alkali-metal and noble gas spin-exchange rate coefficient kg
based on Eq. 5.10, there are a few parameters that need to be measured. The noble
gas Xe number density is measured while making the cells using the ideal gas law
as explained in Chapter 3, the alkali-metal back polarization P, from polarized Xe,
while the pumping light is blocked and being in the dark, the alkali-metal electron-
randomization I'y and the Xe polarization Px.. Experiments are done on the same
cells that we used in the alkali-metal spin-relaxation measurements in Chapter 4. Two
sets of 1-inch-diameter, spherical Pyrex cells, one set had a few milligrams of Rb, and
the other set had a few milligrams of Cs metal with four different total pressures
1.5, 2, 2.5, and 3 amagats with fixed gas composition of 94% “He, 3% N, and 3%
enriched ?Xe (table 4.1). The optical pumping setup is shown in Fig. 3.14, where
we used two 40-W diode laser arrays (models M1B15-790-SS4.1 and M1B-892.2-60C-

SS4.3 from DILAS for Rb and Cs, respectively) to pump the samples optically. The
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lasers were tuned to D; resonance of Rb and Cs, and they were narrowed to ~ 0.3
nm via an external Littrow cavity. The pump light was linearly polarized, and we
used a 1/4 wave plate to make the linearly polarized light circularly polarized for
optical pumping purposes. We did optical detection via Faraday rotation for this
experiment. We used two 120-mW diode lasers from Photodigm DBR lasers (models
PH780 DBR and PH852 DBR for Rb and Cs, respectively) tuned to ~ 0.6 nm off the
D, resonances of Rb and Cs with line widths of 0.7 and 0.5 MHz in case of Rb and Cs
respectively. We detected the Faraday rotation of the linearly polarized probe light
using a set of balance photodiodes (model PDB415 A from ThorLabs). Our optical
detection setup is explained and shown in Chapter 3, section 5. For measuring the
alkali-metal electron-randomization and back polarization from the polarized noble
gas atoms, we repeated the relaxation in the dark measurement using pulsed EPR
as described in Chapter 4. We used an optical chopper with a 50% duty cycle on
the path of our pump beam with a frequency of 40 Hz and a period of 25 ms (12.5
ms blocking the light and 12.5 ms letting the light pass through), and the Redstone
NMR spectrometer (tecmag) to both generate the EPR pulses and receive the free
induction decay FID signal of the sample from the photodetector. The details of
the equipment and how we did the experiment are described in detail in Chapter
4. Here, we made some changes to the way we performed the experiment. In this

measurement, we wanted to get the value of polarization from the ratio of areas
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under the alkali-metal resonance peaks using Eq. 5.18. Hence we had to perform
our experiment at a magnetic field By that would resolve the alkali-metal resonance
peaks completely. So, in the case of Rb, we did the measurements at By ~ 28 G with
the 8"Rb EPR frequency of ~ 19.8 MHz and in the case of Cs, we performed our
experiment at By ~ 46 G with Cs EPR frequency ~ 15.8 MHz. For each alkali-metal
atom, we took 57 spectra pulsing with a delay table starting from 1000 us to 12200 us
with a step size of 200 us. To generate a small oscillating magnetic field By using RF
pulses, we chose a pulse amplitude of 15(in TNMR unit) and pulse width of 300 ns,
for both Rb and Cs to ensure a small flip angle and hence a small Faraday rotation
signal so that the shape of our signal will be intact, and the area under the resonance
peaks will be a true representation of the alkali-metal polarization. The schematic of
the relaxation in the dark measurement using pulsed EPR is shown in Fig. 4.4. In
order to boost our SNR, each FID is a result of 500 scans, and the adjusted receiver
gain, each FID corresponds to a delay time in the chopper timetable. Then, using
the TNMR software, we took a Fast Fourier Transform (FFT) of the FIDs to get the
alkali-metal spectra (Fig. 5.1 and Fig. 5.2).

In the case of Rb, measurements were done at 130°C, and in the case of Cs,
they were done at 110°C to create the condition of having almost the same number
densities for each alkali-metal atom while doing the experiment to have a more reliable

comparison of the results.
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57 Rb Spectrum Corresponding to Progressively Increasing Delay Time
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Figure 5.1: Rb spectra from the relaxation in the dark measurement. Shows the
polarization decay of the alkali-metal atom as the delay time or, corre-
spondingly, the time spent in the dark increases.

For each sample cell, first, we measured the relaxation in the dark and then the
frequency shift measurement under the same condition, with the optical chopper
on while doing the measurement to make sure that the frequency shifts that we
measured presented the true, noble gas polarization that created the back polarization
of the alkali-metal atoms. This sequence was repeated five times for each cell, so the

reported results are the average of five measurements, and for reproducibility check,
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57 Cs Spectra Correspondign to Progressively Increasing Delay Time
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Figure 5.2: Cs spectra from the relaxation in the dark measurement. Shows the
polarization decay of the alkali-metal atom as the delay time or, corre-
spondingly, the time spent in the dark increases.

the experiments were done on different days as well.

For the measurement of relaxation in the dark, we used the optical chopper run-
ning at 40 Hz to block the pump light, and it sent the trigger to tecmag to start the
EPR pulse sequence. We took 57 spectra for each cell corresponding to the delay

table of 1000 us to 12200 us with a step size of 200 us to get the polarization decay

125



of the alkali-metal atoms (Fig. 5.3).
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Figure 5.3: The figure on the top left shows the Rb spectrum in the light, and the

top figure on the right shows the Rb spectrum after being in the dark
for 10 ms. The figures on the bottom show the Cs spectrum in the light
(left) and Cs spectrum after being 10 ms in the dark (right).

Using the spectra in the light Fig. 5.3 and Eq. 5.18 we calculated the polarization

of alkali-metal atom in the light, and since the polarization is proportional to the

total area under the curve, we integrated the area under every spectrum of the 57

spectra, and calculated the polarization for each spectrum and plotted the alkali-metal
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polarization decay vs. time (Fig. 5.4 and Fig. 5.5).
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Figure 5.4: Rb polarization decay vs. time as a result of the measurement in the
dark. The value of polarization at each timestamp is calculated by
integrating the total area under the corresponding spectrum and using
the polarization in the light and its area as a reference to calculate the

polarization value.

For measuring Xe polarization, we measured the alkali-metal frequency shift since
the size of the frequency shift is proportional to the magnetization of the polarized
atoms. In our case, the alkali-metal frequency shift is proportional to the Xe magne-
tization. Therefore, the alkali-metal frequency shift can be used for Xe polarimetry
and get the Xe polarization based on Eq. 5.5. In the frequency shift measurement,

we follow the frequency of the alkali-metal paramagnetic resonance. Everything in
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Figure 5.5: Cs polarization decay vs. time as a result of the measurement in the
dark. The value of polarization at each timestamp is calculated by
integrating the total area under the corresponding spectrum and using
the polarization in the light and its area as a reference to calculate the
polarization value.

the Eq. 5.5 is known except for the alkali-metal frequency shift, which we measured,

and then the polarization of noble gas was determined.

Atom Nuclear Spin  Gyromagnetic Ratio(kHz/G) Ko

Rb 1 =3/2 [71/27] = 699.58 518+8 [81]
Cs [=17/2 71 /27| = 349.86 620+10 [81]
Xe K=1)2 |v1/2m| = 1.18

Table 5.1: The values of constants in Eq. 5.5. The values of the gyromagnetic ratios
for the alkali-metal atoms are the corrected values based on the effect of

the static magnetic field.
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The design of the experiment is to monitor and follow the alkali-metal EPR fre-
quency using the locking setup and record the change in the alkali-metal EPR fre-
quency as the Xe polarization gets destroyed by using RF pulses. Electronics and
equipment needed for the measurement of alkali-metal frequency shift are quite com-
plicated, but here is a broad view of the experimental setup and principles behind
it. Fig. 5.6 shows the schematic and different pieces of the experimental setup for
frequency shift measurement.

To follow the alkali-metal EPR frequency, we use the traditional locking system
that generates an error signal based on an absorptive peak derivative to lock into
the EPR frequency and follow it. To get the alkali-metal hyperfine transition, a
continuous wave (CW) RF generates the oscillating magnetic field B; at the alkali-
metal EPR frequency, and this B; field is applied parallel to the probe beam and
transverse to the pump beam, and the static magnetic field By. Like in the pulsed
EPR experiment, the B; field will induce transitions between the hyperfine sub-levels
of the alkali-metal atom and will flip the spins by a small angle into the transverse
plane. In the transverse plane, the spins start the steady state precession about the
static magnetic field. This precession results in the Faraday rotation of the linearly
polarized beam. This Faraday rotation signal will be manifested as an oscillating
voltage at the photodiode with the same frequency as the excitation frequency. The

photodiode output signal is fed into an RF mixer (Model ZAD-1-1 15542 from Mini-
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Figure 5.6: Rb and Cs frequency shift measurement schematics and setup in our
lab. For measuring the alkali-metal frequency shift, the VCO provides
the RF signal and sends it to the RF amplifier, and then the EPR coils
to generate the oscillating magnetic field B; to excite the alkali-metal
spins. The Faraday rotation signal from the photodiode is sent to an
RF mixer to mix with the reference signal and get demodulated to an
audio frequency. The signal from the mixer gets amplified, and then
it is fed to the lock-in amplifier, which is referenced to the modulated
frequency from the audio source. The lock-in amplifier generates the
error signal based on the derivative of the EPR absorptive peak, and
this error signal gets processed using the adder circuit. Then, it is sent
back to the VCO, which will output an RF frequency to make the lock-in
amplifier output voltage zero. This frequency is shown on the frequency
counter. Using the frequency generator and the home-built RF pulse
generator, a train of ~ 7/2 pulses is sent to the NMR coil to flip the Xe
nuclear spins and saturate them to generate the maximum change in
the magnetic field that the alkali-metal electron spins sense and hence
get the maximum frequency shift.
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Figure 5.7: The frequency shift measurement electronics used in our laboratory.

Circuits) to get mixed with the same frequency as the alkali-metal EPR frequency
and gets demodulated to the audio frequency. Because the mixer outputs the sum
and difference of the input frequencies, which here are the same, the output of the
mixer will be a DC signal corresponding to the relative amplitude of the two inputs.
The purpose of CW RF is to provide a steady state excitation of the alkali-metal
spins, and hence this DC level, as the output of the mixer, represents the size of the

modulation of the photodiode output, which is a true representation of how much spin
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is in the transverse plane. The frequency generator (Model DG1022 from RIGOL) can
both do a frequency sweep and receive a DC voltage to program the output frequency
(voltage control oscillator). The frequency sweep part is used to generate the alkali-
metal spectrum, which can be seen on the oscilloscope, and the VCO is used in the
locking scheme to follow the EPR frequency. For following the EPR frequency, the
B; frequency is modulated at 200 Hz with a modulation amplitude of 4 kHz. When
the photodiode output is demodulated, this B; modulation, which translates to a 200
Hz envelope modulation of B; at the photodiode, will be outputted as a 200 Hz sine
wave from the mixer, and then it is fed into the lock-in amplifier (Model SR530 from
Stanford Research Systems) to generate the error signal, that is fed back to the VCO
to make it follow the EPR frequency. Based on the frequency of the RF excitation
with respect to the EPR frequency, the amplitude of modulation out of the RF mixer
varies. On either side of the resonance peak, this amplitude is large, and on the top
of the peak, it is small. So, when the output of the RF mixer is fed into the lock-in
amplifier, the output of the lock-in amplifier is a derivative of the resonance peak.
This derivative signal is positive on the left side of the peak, negative on the right
side of the peak, and zero on the peak. The zero crossing is the error signal, which is
sent to the VCO to follow the EPR frequency. The output of the VCO is then shown
on the frequency counter (Model 53220A from Agilent) as a function of time (Fig.

5.8).
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Figure 5.8: Rb and Cs sample Frequency Shift. The frequency counter dwell time
was 500 ms. The VCO was locked to the EPR frequency. We allowed
the system to become fully polarized and reach equilibrium while the
optical chopper was on. Then, using an RF pulse generator, we sent
a train of pulses to the NMR coil to destroy the Xe magnetization,
which changed the magnetic field sensed by the alkali-metal electron
and resulted in the EPR frequency shift. We kept sending the pulses

until the Xe magnetization was fully destroyed and the alkali-metal EPR
frequency was stable.

The electronics and set up for frequency shift measurement can be divided into two
parts. One part includes the VCO, RF mixer, and RF amplifier, which are responsible
for generating the B; field and demodulating the photodiode output frequency to
audio frequency. The other part consists of the audio amplifier, lock-in amplifier,
audio source, and the adder circuit, which generate the modulation of excitation
frequency, process the error signal from lock-in amplifier, and feed it back to the
VCO to make the VCO follow the EPR frequency. After being able to lock to the
EPR frequency and follow it by creating a change in the noble gas polarization based

on the Fermi-contact interaction, the magnetic field sensed by the alkali-metal spins
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changes, which will result in a shift in the EPR frequency, which can be followed,
using the locking scheme, and can be seen on the frequency counter. To generate the
change in the noble gas polarization, we used a surface coil right below the cell, a
frequency generator, and a home-built RF pulse generator. A train of RF pulses at
the NMR frequency of Xe, 34k Hz at ~ 28 G and 52 kHz at ~ 46 G, with a pulse
width of 100 us and repetition rate of 125 ms was sent to an audio amplifier, and
then the NMR coil to generate an oscillating magnetic field that excites the noble gas
spins and flip them ~ 90°. The pulse train destroyed the Xe magnetization, which
resulted in a change in the magnetic field the alkali-metal sensed and caused a shift
in the alkali-metal EPR frequency. We kept the pulse generator on until the alkali-
metal EPR frequency reached an equilibrium. Then, the pulse generator was turned
off to allow the Xe to be repolarized and reach its equilibrium value. This process
was repeated after each measurement of alkali-metal electron-randomization and back

polarization, and each time, three measurements of frequency shift were taken.

5.4 Results and Analysis

After getting the alkali-metal polarization decay vs. time, we followed the steps
explained in Chapter 4 in order to fit the low polarization part of the polarization
decay transient to a single exponential. The time constant of the single exponential
decay represents the alkali-metal spin-relaxation rate, and the Y{, the vertical offset

or the plateau of the single exponential decay, shows the steady state polarization

134



that the alkali-metal polarization reaches when it is in equilibrium with the polarized

noble gas in the absence of the pump light (Fig. 5.9).
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Figure 5.9: Rb and Cs polarization decay single exponential fit procedure. Points
were progressively eliminated from the beginning of the decay transient,
and the fit was done until the value of the relaxation rate reached a
plateau (figures on the right). The single exponential time constant
and the Y, values from the fit were recorded as the alkali-metal spin-
relaxation time and back polarization.

By comparing this alkali-metal polarization decay with a polarization decay tran-
sient for the same cell under the same conditions, but with the Xe polarization de-

stroyed with a train of 7/2 pulses (to make sure there is no polarized Xe throughout
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the whole relaxation in the dark measurement), one can see that, in this case, the

alkali-metal polarization decays to zero (Fig. 5.10). Fig. 5.11 shows the difference in

Rb polarization decay for sample cell 309D between the two cases of having polarized

Xe throughout
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Figure 5.10:

the relaxation in the dark measurement and not having polarized Xe.
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Rb polarization decay vs. time, the Xe polarization was destroyed by

a train of m/2 pulses throughout the whole decay to make sure there
is no source of polarization to repolarize Rb.

For calculating the alkali-metals frequency shifts, the data from the frequency

counter was transferred to the computer and was plotted vs. time using OriginLab

software. The

frequency counter dwell time was set to 500 ms, and for calculating
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Figure 5.11: Rb polarization decay vs. time, for both cases of having polarized
Xe and not having polarized Xe during the relaxation in the dark
measurement, on top of each other. It can be seen that in the case
of having no polarized Xe, the Rb polarization decays to zero, but in
the case that we have polarized Xe, Rb polarization decays to a non-

zero level, which indicates the equilibrium state that it reaches with
polarized Xe.

the value of the frequency shift, about 10 s of data before the shift and 10 s of data
after the shift in the plateau regions (corresponding to about 20 data points on each
side) were averaged, and then subtracted to get the frequency shift. The error on the
frequency shift is based on the standard deviation of the points that were averaged,
Fig. 5.12 shows a sample frequency shift calculation for Rb and Cs.

The results of frequency shifts, spin-destruction rates, and back polarization for
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Figure 5.12: Rb and Cs frequency shift calculation. About 10 seconds before and
after the shift, corresponding to about 20 points on each side, were
chosen to be averaged to get the EPR frequencies before and after the
shift. The shifts were calculated by subtracting these two frequencies,
and the errors were based on the standard deviation of the chosen

points.

both Xe-Rb and Xe-Cs are presented in table 5.2. Using the values and constants
in table 5.1 along with the values of the slowing down factor (¢ = 10.8 for natural

abundance of Rb and 22 for Cs) and the respective equations, It is straightforward to
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get the spin-exchange rate coefficient kg, and Xe polarization Px., which are presented

in table 5.3.
| Cell Avp(KHz)  va(1/s) Ca(1/s) Py |
309A (Rb) 1.894+0.11 1170£80  12636+864 0.0095+0.0004
309C (Rb) 3.48+0.13 1657+105 17895+1134 0.0074+0.0002
309D (Rb) 3.5840.05 18654200 2014242160 0.0067+0.0002
310A (Cs) 1.08+£0.06  642+43 141244946  0.012940.0007
310B (Cs) 1.86+£0.07 845456  18590+1245 0.012140.0003
310C (Cs) 2.2240.11  1074+£71 2362841582 0.0095+0.0005
310D (Cs) 2.36+£0.08 1169+78 25718+1722 0.008740.0002

Table 5.2: Values of measured alkali-metal frequency shift Av,, spin-destruction
rate 7a, electron-randomization rate I'y, and back polarization P, from
polarized Xe, which come from the single exponential fit of the alkali-
metal polarization decay and frequency shift measurements.

| Cell ke x 10715(Cm?/s) Pxe [Xe]x10" (Cm?) |
309A (Rb) 7.52+0.34 0.157+0.007 0.12
309C (Rb) 4.4740.20 0.154+0.005 0.21
309D (Rb) 4.4340.20 0.141-0.004 0.24
310A (Cs) 12.214:0.96 0.164=0.011 0.10
310B (Cs) 8.7340.40 0.17740.007 0.16
310C (Cs) 7.29+0.52 0.16840.008 0.20
310D (Cs) 6.8540.27 0.14840.005 0.25

Table 5.3: Calculated values of spin-exchange rate coefficient kg, and steady-state
Xe polarization Pk, using the measured values in table 5.2, the constants
and parameters in table 5.1 and Eqs. 5.10 and 5.5.

In general based on [12] and [70], the spin-exchange rate is

Yse = [A] (% + kB> (5.21)

where kg and kg.p denote the molecular and binary pieces of the spin-exchange
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rate coefficient and [G] is the total gas density, resulting in the total spin-exchange
rate coefficient to be

kse—M
Fee = Fee. 22
G e 022

By plotting kg vs. 1/total density, useful information regarding the spin-exchange
rate for different spin-exchange mechanisms can be extracted (Fig. 5.13).

The intercept of the line fit in both graphs represents the binary collision con-
tribution to the spin-exchange rate coefficient kg since the intercept corresponds
to a very high total gas density, and at high densities, the binary collisions are the
dominant process for the spin-exchange between the alkali-metal atoms and Xe. The
slope of the line fit indicates the van der Waals molecules’ contribution to the spin-
exchange k.. The results for the binary piece kg .p are comparable to the results
that Jau et al. [69, 73| got for the binary piece of spin-exchange rate coefficient in
the case of Xe-Rb and Xe-Cs systems, and any observed discrepancy between the val-
ues may arise from variations in temperature and gas compositions employed during
the respective experiments, and the fact that they performed the experiment at high
magnetic field ~ 9 T and then extrapolated the low magnetic field results from their
high magnetic field results. The noticeable errors associated with our fit parameters
arise from the nature of the linear fit and the fact that we have very few data points.

By plotting the kg values for Xe-Rb and Xe-Cs systems vs. 1/total density on

the same graph, one can get a better understanding of the difference between the two
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Figure 5.13:
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Xe-Rb and Xe-Cs spin-exchange rate coefficient vs. 1/total density.
The parameters of the linear fit will provide us with information about
the contributions of binary collisions and van der Waals molecules to
the spin-exchange process.
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systems (Fig. 5.14).
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Figure 5.14: Spin-exchange rate coefficient for Xe-Rb and Xe-Cs systems vs. 1/total
density on the same graph. It suggests that at any corresponding total
density and respective temperatures kg for Xe-Cs system is larger than
Xe-Rb system.

The data plotted in Fig. 5.14 shows that the Xe-Cs system seems to have a higher
spin-exchange rate coefficient than the Xe-Rb system by ~ 35%, which may suggest
that Cs is a better candidate for spin-exchange optical pumping process to polarize
Xe, but by referring to the electron-randomization rate vs. density figure (Fig. 4.12),

where it suggested that Cs has a larger electron-randomization rate than Rb, one can

see that this will cancel the effect of the higher spin-exchange rate coefficient to some
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extent.

5.5 Conclusion

We measured the alkali-metal spin-exchange rate coefficient for both Xe-Rb and
Xe-Cs systems for a fixed gas composition of 94% *He, 3% N, and 3% Xe over the
total gas density range of 1.5-3 amagat. We found out that the spin-exchange rate
coefficient k. for the Xe-Rb system is ~ 35 — 40% lower than the spin-exchange rate
coefficient for Xe-Cs system (table 5.3), ksexerb ~ 0.63  kse xe.cs. Our values for the
binary piece of kg is comparable to values that exists in the literature [69, 73|, and
any discrepancies may arise from the different magnetic field By, temperature, gas
composition, and total gas densities since the value of ks, depends on the Xe partial
pressure. By this comparison between Xe-Rb and Xe-Cs systems, one may suggest
that since the kg for the Xe-Cs system is larger than the one for the Xe-Rb system, Cs
can be a better partner for polarizing Xe. But in order to decide which alkali-metal
is better for polarizing Xe, it is best to refer to the spin-exchange efficiency, which
will take into account both the spin-exchange rate coefficient and the alkali-metal

electron-randomization effects.

Yoo/ [A] _ Yse [ Xe] — Fse[Xe] (5.23)

Xe - Xe Xe
Y9/ Xe] 9] o

Nse =

We used the values for kg and [Xe] from table 5.3 and T’ X{e) from table 5.2 and Eq.
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5.23 to get the spin-exchange efficiency for both systems. The values are reported in

the table 5.4.

| Cell Tse |
309A (Rb) 0.0604+0.0035
309C (Rb)  0.0475+0.0024
309D (Rb) 0.0471=0.0023

310A (Cs) 0.078920.0067
310B (Cs)  0.0687-0.0034
310C (Cs) 0.0567-+0.0041
310D (Cs) 0.059140.0024

Table 5.4: Calculated values of spin-exchange efficiency 7.

The values in table 5.4 suggest that Cs has slightly better spin-exchange efficiency
than Rb in our experimental regime, commonly seen in magnetic resonance imaging
polarizers, but not dramatically better to imply the absolute idea of Cs being inher-
ently the best partner for polarizing Xe. However one may conclude that Cs is a
better partner due to its other practical advantages, like having ~ 12% more photons

per watt of Dy laser power, and at a given temperature it has a higher vapor pressure

than Rb.
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CHAPTER 6

SUMMARY AND CONCLUSION

In this dissertation, in Brian Saam’s lab, I had the opportunity to investigate the
alkali-metal-noble gas spin-exchange efficiency for Xe-Rb and Xe-Cs systems. For
that, there were two principal quantities that needed to be studied and measured ex-
perimentally. The alkali-metal spin-destruction or the electron-randomization rates,
and the alkali-metal-noble gas spin-exchange rate coefficient. The motivation behind
doing these studies was the absence of experimental studies on these quantities for
Xe-Cs. Second, the studies on the Xe-Rb system needed a fresh revisit due to the
different and inconsistent reported values. Last, but not least, Rb was the alkali-
metal of choice for the SEOP process to polarize noble gas atoms like Xe, and this
comparison between the two systems of Xe-Rb and Xe-Cs, was needed to know which
alkali-metal serves as a better agent for SEOP and polarizing Xe.

In the second chapter, I presented a brief and overall description of the SEOP
theory and different pieces of it like alkali-metal magnetic resonance, the alkali-metal
spin-destruction, and the alkali-metal-noble gas spin-exchange.

In Chapter 3, I described our general apparatus for the relaxation in the dark
measurement for studying the alkali-metal spin-destruction rate and the alkali-metal
frequency shift measurements for studying the alkali-metal-noble gas spin-exchange

rate coefficient.
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The fourth chapter, presents our work on the measurement of the alkali-metals
Rb and Cs spin-destruction and electron-randomization rates. We did the so-called
‘relaxation in the dark’ measurement using the pulsed EPR technique. We got the
results that v, for Cs is ~ 30 — 40% smaller than v, for Rb, but taking into account
that effect of the paramagnetic coefficient € or the slowing down factor ¢, we got
the electron-randomization rate I'y for both Rb and Cs. I'gp came out to be ~ 30%
smaller than I'cg due to the difference in the values of € (5Rb(nat,) = 10.8 and e¢s = 22),
suggesting that Cs has a bigger electron-randomization rate than Rb, and hence a
slower polarization decay.

In Chapter 5, we studied the other piece to the spin-exchange efficiency 7, which is
the spin-exchange rate coefficient for both Xe-Rb and Xe-Cs systems. For measuring
the ki, we had to measure Xe polarization for which we utilized the alkali-metal
EPR frequency shift measurement due to polarized Xe. Our experimental results
of kg suggested that the Xe-Rb system has ~ 30 — 40% smaller spin-exchange rate
coefficient compared to the Xe-Cs system, which was comparable to the existing
results in the literature.

By taking into account the results for both experiments and knowing the values
for 'y and kg for both systems, we calculated the efficiency for these systems. The
results showed that Cs may have a better SEOP efficiency than Rb by ~ 20 — 30%,

suggesting that Cs may be a better partner for polarizing Xe. Besides the results
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of SEOP efficiency, Cs has other advantages compared to Rb such as higher vapor
pressure at a given temperature and ~ 12% more photons per watt of D; laser power.

The entire project detailed in this dissertation was started with the intention
of better understanding the physics involved in the SEOP as well as making useful

contributions to the field.
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