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Abstract

The hyperpolarized noble gases (xenon 29Xe and helium ®He) delivered a great tool for
the growing number of applications, spanning nuclear physics, Medical Resonance Imaging
(MRI) and Nuclear Magnetic Resonance (NMR) spectroscopy studies. Hyperpolarization
may be achieved via the Spin Exchange Optical Pumping (SEOP, for 12Xe or ®He) or the
Metastability Exchange Optical Pumping (MEOP, 3He).

The main aim of this thesis is to present the design of a novel large scale SEOP polarizer,
built in the frame of the PhD thesis, for producing hyperpolarized 2?Xe for further medical
imaging of lungs. Increasing requirements for large volumes of hyperpolarized gases could
be realized by efficient polarizers, such as the novel polarizer presented here.

The thesis characterizes the optimum operating parameters of the polarizer. The po-
larizer works basing on the SEOP method, resulting in a high-yield of the polarized gas.
The main parts of the unit are presented: the coil system producing magnetic field, the gas
(129Xe and buffer gases: No, “He) and rubidium distribution system, the high-power laser
diode system spectrally narrowed with Volume Bragg Gratings for rubidium optical pumpin
and the high-volume SEOP cell. The SEOP polarizer was designed to work at the pressure
close to the atmospheric pressure with a low content of the 1?Xe gas in the SEOP mixture,
contained in a large SEOP cell (about 6 L inner volume). This is unique comparing to
majority of other SEOP designs, which use the high-pressure and small-volume cells. The
motivation, a brief overview of the state of the art in the hyper-polarized gases techniques,
the current status of the SEOP polarizer project and the future research plans are also part
of this work.
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Introduction

1.1 Motivation

”Science begins with counting. To understand a phemomenon, a scientist must
first describe it; to describe it objectively, he must first measure it. If cancer
medicine was to be transformed into a rigorous science, then cancer would need
to be counted somehow — measured in some reliable, reproducible way.”

— The Emperor of All Maladies: A Biography of Cancer
by Siddhartha Mukherjee

”Scientist in his laboratory is not a mere technician: he is also a child confronting
natural phenomena that impress him as though they were fairy tales.”

— Marie Sktodowska-Curie, A Biography by Eve Curie Labouisse

Pulmonary diseases are, after the heart diseases and stroke, the most frequent causes of
death. It is also known that the lung cancer is more common death cause in women than the
breast cancer. Pulmonary diseases such as chronic obstructive pulmonary disease (COPD),
asthma, cystic fibrosis, emphysema, and cancer are the leading causes of morbidity and
mortality globally and are characterized by a progressive and irreversible airflow limitation.

The severity of any airflow disease changes in a wide range and it is still an open question
how to determine its degree. The most common methods that are used in the diagnosis
of pulmonary diseases are rather nonspecific [1]. The multi detect computer tomography
(MDCT), positron emission n tomography (PET), and single photon emission computed
tomography (SPECT) direct imaging methods provide some information, but they cannot
image regional ventilation or perfusion, have limits of resolution, and expose the patient to
ionizing radiation [1].

For instance, we distinguish two main effects in COPD, obstructive bronchiolitis, mean-
ing anomalous inflammatory responses in the small airways, and emphysema, which is a
parenchymal destruction. Potential COPD clinical trials have been carried out to develop
an effective therapy, but they are usually based on spirometry, a method which cannot be
a main diagnostic tool due to its limited scope. Quantitative metrics must be implemented

13



14 Introduction

to better classify COPD phenotypes, as well as quantify illness progression and evaluate
therapeutic responses. This is the case for other lung diseases as well. Moreover, the need
for the continuous treatment evaluation calls for the development of a non-invasive diagnos-
tic procedure [2].For example, cystic fibrosis and cancer require constant monitoring of the
treatment progress.

The hyperpolarized (HP) *He and '2°Xe noble gases have become a great tool in a
growing number of non-medical applications such as neutron filters [3] or nuclear magnetic
resonance (NMR) spectroscopy studies of porous materials [4]. This fundamental break-
through would not possible without A. Kastlers work on optical pumping, which earned him
the Nobel Prize [5]. A. Kastler showed that by illuminating alkali vapors with circularly
polarized light one can obtain non-thermal equilibrium populations in the spin angular mo-
mentum sublevels. His theory was tested shortly afterwards by J. Brossel et al. on sodium
nuclei [6]. A comprehensive introduction to optical pumping was presented in a well-known
paper by W. Happer [7].

Hyperpolarized 3He or '2°Xe are produced by the the spin exchange optical pumping
(SEOP) method. The angular momentum from the resonant, circularly-polarized light is
transferred to the electronic spins of an alkali-metal, and is subsequently transferred to the
helium or xenon nuclei by the gas-phase collisions.

Hyperpolarization of 3He can be also obtained with another method, the metastability
exchange optical pumping (MEOP)!. First, using the radiofrequency discharge, a long-lived
energy level, the metastability state,is populated. Next, the optical pumping is performed
with circularly-polarized laser light to produce polarization of metastable atoms. Finally, the
metastability is transferred to helium nuclei via collisions with un-polarized helium atoms
at the ground energy level.

An important breakthrough was the application of HP noble gases as unique contrast
agents in the magnetic resonance imaging (MRI) of human lungs. Without exposing the
patient to ionizing radiation, MRI provides three-dimensional images characterized by good
spatial resolution and high signal-to-noise ratio (SNR). However, due to low water concen-
tration in the lungs, the use of hyperpolarized contrast agent is necessary. Several mapping
techniques (T3, Ts, diffusion imaging etc.) give an opportunity to diagnose the regional
heterogeneity of the lungs, evaluate ventilation and perfusion. Videos illustrating the dy-
namics of the gas propagation along the airways can be also obtained. In presented doctoral
thesis the focus is on '29Xe. The specific properties of xenon, mostly arising from the large
polarisability of its electron cloud, make this noble gas not only a good contrast agent in
the MRI medical diagnosis, but also a sensitive NMR probe for biological systems [8]. For
instance, xenon interacts with liquids, protein solutions and biological membranes, giving
information about their internal structure.

The lung imaging was always a challenge, and this new method of obtaining not only
morphology, but also information about lung functionality is very promising. The difference
in the NMR spectrum of about 200 ppm between gaseous and dissolved '2?Xe inside the lungs
[9, 10] gives quantitative information about variations in the lung structure and ventilation
that are caused by a spreading disease [11]. The information about the diffusion in alveolar
spaces and perfusion dynamics, which is not available with any other methods, can be also
obtained. Therefore this diagnostic method becomes the most novel technique in pulmonary
studies, along with its safety, non-invasiveness, and the usefulness for a number of lung
diseases. So far, after some promising results in the animal models studies [12, 13], the

LA detailed description of the metastability exchange optical pumping (MEOP) method for obtaining
hyperpolarized 3He is presented in the Appendiz B.
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method was proposed to diagnose the following diseases: COPD, cystic fibrosis, and cancer
in the pre-clinical trials [14, 15, 16].

A wide spectrum of possible MRI and NMR studies using HP '?°Xe as a contrast agent
calls for the steady source of polarized gas. Rising requirements for large volumes of HP
gas could be met only by the development of SEOP polarizers. A novel, large volume and
normal pressure oriented, SEOP polarizer was built, tested and optimized in order to supply
HP 29Xe gas for all kinds of experiments. It will be characterized in this Thesis.

1.2 Thesis summary

In the chapters that follow, I describe the theory of hyperpolarization of 2Xe and the
implementation of '?9Xe polarizer. This experimental work I have undertaken during my
PhD studies.

In particular, Chapter 2 presents the basics of nuclear polarization definition, its non-
equilibrium value that is achieved by the SEOP method and principles of mechanisms present
during this process - polarization build-up and relaxation.

In Chapter 4 1 describe the assembly of the 29Xe SEOP polarizer that was designed
and built. The main components of the polarizer are presented: a set of coils generating
a homogenous magnetic field, the laser system and optics, the SEOP cell, and the gas
distribution unit. The polarizer was built from scratch and the majority of parts were first
modeled and then home-built with the help of the mechanical workshop.

Chapter 5 shows the results of the '2Xe SEOP. The step by step experimental procedure
was described in detail. The initial NMR signal from the polarized gas was measured and
calibrated.

The discussion of the polarizer construction and obtained results is presented in Chapter
6. A careful analysis of pros and cons of undertaken steps is made. The thesis concludes
with Chapter 7, which gives the perspectives of the polarizer role in future applications in
medicine and material science that are planned.

During this time several modifications were introduced to the initial design , the major
being the upgrade of the laser system that allowed for a better polarizer performance. The
old laser system, which was used to perform first tests with measuring the signal from the
HP '29Xe is described in the Appendiz A. .

During my PhD I contributed to the implementation of two 3He MEOP polarizers,
took part in the experimental work concerning the metastability exchange optical pumping
technique, and in the application of HP 3He in medical imaging. This was my introduction
to the noble gases polarization techniques, and it is summarized in the Appendiz B. . The
first human lung scan obtained with this unique technique in Poland is presented.






Theory

2.1 Optical pumping and hyperpolarization

Let us consider a population of Niutq; of nuclei with spin one-half (I = 1/2) placed in a
static magnetic field Bg. In thermal equilibrium, the populations N and N4+ of two magnetic
sublevels corresponding to the magnetic quantum number m = £1/2 are described by the

Boltzmann law: N B
1 Ybo
SO — 2.1
e (<) (2.1)
where v is the gyromagnetic ratio, i the Planck constant, kg the Boltzmann constant and
T is the temperature. The Ny (N}) refer to spins aligned along (opposite to) the direction

of the main magnetic field By.
In a classical picture, the magnetic moment precesses about the direction of By with the

angular frequency wo-
wo = —’YBQ, (22)

where wq is known as the Larmour frequency. In the quantum mechanical picture, the
Zeeman interaction of nuclear spins with magnetic field causes the hyperfine splitting of
energy levels. The difference in energy between the two sublevels in the presence of magnetic

field is equal to:
AFE = EJ, — ET = —’}/hB() = hwo (23)

The polarization P of the system is defined as:
(2.4)
The bulk magnetization M, which is defined as the polarization per unit volume, will be

proportional to P and the density of nuclear spins. In thermal equilibrium, in the external
magnetic field By and at temperature T" we have:

P = tanh (WBO) . (2.5)

2kT

17
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In typical experimental conditions vABy/kT < 1, so we get:

Pa ’)/hBo
2kT

For medical MRI scanners operating at 1.5 T magnetic field and room temperature, the
polarization is of the order of 107° — 1076. In the proton MRI experiments, a high density
of protons in the human body compensates low polarization. The exception are the lungs,
in which the density of protons in the form of water vapor is three orders of magnitude
lower. Therefore the MRI imaging of human lungs becomes only feasible with the use of
noble gases such as 3He or '2Xe, because their polarization can be greatly enhanced via
optical pumping [7, 17].

In optical pumping, basically an angular momentum is transferred from the laser photons
to electronic and then to nuclear spins, thereby increasing the nuclear spin polarization in
the system (see Fig. 2.1). The non-equilibrium polarization can be about five orders of
magnitude higher than the thermal equilibrium polarization and that is the reason for calling
this phenomenon a hyperpolarization. The model of optical pumping will be presented in
the next chapter on Figure 3.3. For a given circular polarization of the laser light, o+ or
o—, the selection rules define which sublevels are populated.

TB” pumping TB"
B aacandinn

M thermal equilibrium ilibri
0 polarization M Zglna-rigl:tilozmm

(2.6)

Figure 2.1: Schematic difference between thermal equilibrium and non-equilibrium polar-
ization before and after optical pumping in gases.

It has been already mentioned that there are two methods for transferring the angular
momentum to the nucleus — metastability exchange optical pumping and spin exchange
optical pumping. The first is used for polarizing *He atoms, while SEOP is used for both 3He
or 129Xe. A careful handling of the experimental setup is required to obtain and maintain
the hyperpolarized '2?Xe or 3He gas for long periods of time. Details of the MEOP method,
3He polarizers, and their implementation in medical studies are presented in Appendiz B.
The SEOP method is the main subject of this thesis.

2.2 Atomic collisions

A proper operation of the SEOP technique requires the optical pumping cell to contain
various gases. The interactions between the gaseous atoms, especially these that posses
nuclear spins, can lead to spin exchange or spin destruction. Two types of interactions can
be distinguished, depending on the interaction time: the sudden binary collisions, and the
formation of long-lived van der Waals molecules (Fig. 2.2. ). The former is typical for all
atomiccollisions occurring in the SEOP and takes place at high pressure regime. The latter
characterizes the alkali-metal-atom-'2°Xe interactions and appears at low pressure. Here,
we focus on Rb-129Xe collisions:
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Binary collisions are dominant in the high pressure regime. Symbolically, for Rb-12Xe
we can write:

Rb(1) + Xe — Rb+ Xe(?). (2.7)

Binary collisions are characterized by two cross-sections: one describing the Rb-Xe
spin-rotation ogr and the second describing the Rb-Xe spin-exchange ogg. Binary
collisions have a short interaction time od 107!2 s. In the case of the SEOP experiments
with the Rb-Xe mixture, the spin-exchange due to binary collision is less efficient than
the spin-rotation, as the spin-exchange and spin-destruction rates are: H?%_X ©=210
x 10716 cm~'s~! (18, 19] and k2% ¢ = 9.07 x 1076 cm~'s~! [20], respectively.
So the difference must be caused by the spin-rotation interaction. Typical values of
spin-exchange and destruction rates due to binary collisions were given in [18]. Binary

collisions between two Rb atoms lead to the spin-temperature distributionamong Rb.

Van der Waals (vdW) molecule complex is formed during 3-body collisions as is shown
here:

Rb+ Xe+Y — RbXe+Y. (2.8)

In the SEOP experiment the Rb and '?Xe atoms require a third body Y, needed
for energy conservation, which often includes the heaviest atoms or molecules in the
mixture, Ny or 2Xe. The interaction time during collision is rather long, of the
order of 10=7 — 1072 s. The van der Waals molecule formation happens rather at
low pressure and this is the main reason why the presented polarizer operates in such
conditions. The Fermi contact interaction time is longer by three orders of magnitude,
which causes remarkably more effective polarization transfer than during the fast two-
body binary collisions. . Nevertheless, the spin-destruction and spin-exchange rates
are more significant. The vdW molecule formation leads to the asymmetry of the Rb
absorption line and the appearance of satellite absorption lines.

Nelson showed that the Rb spin loss rate is nearly entirely due to the binary Rb-12*Xe
type of collisions, whereas the spin-exchange rate is dominated by the spin-exchange that
occurs during the lifetime of the Rb-'2Xe van der Waals molecules [20].

a)
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Figure 2.2: Schematic representation of a) three-body van der Waals molecule formation
and b) two-body binary collisions between 2°Xe and Rb. Y is the third body: Ny, 129Xe
or rarely “He.
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2.3 The formation of the van der Waals molecule

The first work by Bouchiat et al. [21] confirmed experimentally the key role of creating van
der Waals molecules by Rb and heavy noble gases. The spin transfer occurs mostly via the
vdW molecule creation. Therefore the SEOP process applied to heavy noble gases becomes
more complex and the simple spin-exchange cross section model is insufficient.

The process hasthree main steps: the formation of the molecule in a three-body collision,
the evolution of the spins during the lifetime of the molecule, and the collisional break-up
(in which a buffer gas or another 29Xe atom is involved), as is schematically depicted on
Figure 2.2. The vdW molecule is weakly bound and nearly every collision separates them
into atoms again.

According to [22], the Hamiltonian of such interaction can be defined as follows:

The first term describes the the magnetic dipolar interaction between nuclear spin I and
electronic spin S of alkali-metal. The fourth and fifth terms s represent the interaction of
electronic and nuclear spin of alkali-metal atom with the magnetic field B, respectively.

Collision with van der Waals molecule creation is described with the spin-rotation (SR)
interaction xN - S, where N is the angular momentum of the pair of atoms about their
center of mass. This process causes only Rb relaxation without any infuence on the '29Xe
nuclear polarization.

The hyperfine interaction aK - S between the nuclear spin K of the noble-gas atom and
the electron spin of the alkali-metal atom S is responsible for transferring some fraction
of the alkali electron spin polarization to nuclear spins. This interaction is responsible for
the spin-exchange that occurs both within the van der Waals molecules, and during binary
collisions.

The A, «, and x are the coupling coefficients. They all depend on the internuclear
separation R between the alkali-metal atom and the '?9Xe atom (A = A(R), x = x(R),
a = a(R)) [24].

The spin-rotation interaction originates from the electron spin movement in the presence
of the magnetic field that is generated by the noble-gas or alkali-metal nuclear core. For
heavy atoms like 129Xe, the contribution from the magnetic field generated by the noble-gas
core is dominant.
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2.4 Theory of SEOP

Bouchiat et al. [23] showed that it is possible to transfer angular momentum to a nucleus
(then it was 3He) by spin-exchange, although it was a very slow process.

An extensive theoretical and experimental work on the spin-exchange and spin-relaxation
processes in alkali and noble gas systems was mainly carried out the by Princeton group.
129%e is a heavy atom with large electron cloud. When using '2°Xe, additional effects
occur in comparison to a small and non-reactive 3He. The basics of 2?Xe SEOP was fully
described in a series of papersby Happer and co-workers [7, 24] and Wagshul and Chupp
[25].

Spin-exchange optical pumping is a two stage process consisting of optical pumping of
valence electrons in the alkali-metal vapor and spin transfer to the nuclei. An increased
efficiency of the optical pumping process is achieved when buffer gases Ny and He (isotope
“He) are added to the cell. In this thesis the SEOP of '29Xe is described and rubidium
is chosen as the alkali-metal. Therefore, all the symbols that were used in the theoretical
considerations for 12Xe and Rbare relevant. Nevertheless, a short discussion about choosing
alternative nuclei and alkali-metal atoms are also presented in the following subsections.

Each step of SEOP can be considered separately.

The first process is the optical pumping of alkali-metal atoms by irradiation with cir-
cularly polarized light that is tuned tuned to proper transition (the scheme is presented in
Section 3.1). It depends on the alkali-metal vapor density which can be controlled by its
temperature. Furthermore, a well-established light source (e. g. tuning and providing a
full illumination of the laser light in the SEOP cell as described in detail in Chapter 3) is
a key for a high photon efficiency, which is the main factor in obtaining a high alkali-metal
polarization. First the rubidium polarization as a function of position z in the optical cell
along the laser propagation direction is calculated:

Pry(2) = ,}/01)(’2())1)_(’:2)1—\8[)7 (2.10)

where I'sp is the spin-destruction rate of alkali-metal polarization and +,,(z) is the optical
pumping rate, which depends on the alkali-metal absorption cross section o(v) and the
frequency- and position-dependent laser intensity profile within the cell ®(v, z) according
to:

Yop = /<I>(l/7 z)o(v)dv (2.11)
and
d®(v, z)
—
Photons are removed from the propagating light at each step dz, along the optical cell, and
[RD] is the rubidium density.
The spin-destruction rate is attributed to binary collisions with atoms in the SEOP

mixture (Eq. 2.13), or the formation and breakup of short-lived Rb-129Xe van der Waals
(vdW) molecules (Eq. 2.14):

= —[Rb] - B(v, 2)o(v) - (1 — Pry(2)). (2.12)

T§h =Y [Gilrgp (2.13)
Pulw _ 66183 (L )25 (2.14)
14092820 4 0.31 [ 7423

Xe] [Xe]
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xT=% is the Rb spin-destruction cross section coefficient for Rb binary collisions with each
gas atom present in the optical cell and [G;] is an atomic density of a given gas atom
(expressed in cm~3). The numerical values of the coefficients are reported in the Table
2.1. The second expression (Eq.2.14) was discussed in [26] and applies to systems where
large quantities of buffer gases are used. While the n?ﬁ,—i coefficients are pressure and field
independent, the spin-destruction component due to van der Waals collisions depends on
the gas ratio in the SEOP mixture. The above destruction rates contribute to the total

spin-destruction rate: T'sp = I'E§ + I'¢dV.

The Rb spin-destruction [em?s~1] Reference.

rate coefficient type

pEb R 42 x 10713 [27]
Koy 1.0 x T+26 x 10720 [27]
w2 1.3 x T3 x 107 [28]
Ko Xe 6.3 x (T —273.15)117 x 10717 [29]

Table 2.1: The Rb spin-destruction rate coefficients for binary collisions. T is the absolute
temperature.

The second step in the SEOP process is the transfer of spin polarization from the alkali-
metal electrons to the 29Xe nuclei via Rb-12Xe hyperfine interaction (the third term in
the Hamiltonian given in Equation 2.9). The spin-exchange time in '2?Xe is of the order of
tens of seconds and the xenon is able to form long-lived molecules with the alkali-metal.

The nuclear polarization is then given by:

_ VSE —( +1)t
Pxe(t) = (Prp)———=(1 — e \75E 2.1
elt) = (Pra) 2 (1 — e oY), (2.15)

where (RbD) is time- and volume- averaged rubidium polarization, ysg is the spin-exchange
rate and I' is the spin-destruction rate of the 12°Xe nuclear polarization. The latter is
dominated by a wall relaxation, but can be also caused by magnetic field gradients [30],
oscillating magnetic field noise [31], and collisions with other atoms that are present in the
SEOP mixture including 2°Xe atoms [32] (see Section 2.6).

The spin-exchange occursin two processes: binary collisions and Rb-'2Xe van der Waals
molecules creation [33]:

vsE = V88 + 8% (2.16)

V85 = K85 [Rb] = rip X[Rb], (2.17)
v v 1

v = kR R = g (B0, (2.18)
i

where /{gg is the Rb-'2Xe spin-exchange rate coefficient during binary collisions, HngW

the Rb-129Xe spin-exchange rate coefficient for the van der Waals molecule, and [Rb] is the
rubidium density. The spin-exchange rate coefficient for Rb-'29Xe value reported by [19]
equals:

e X =217 x 107 Bem3s ™1, (2.19)
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The parameter 1; is a vdW-specific rate and scales for each gas ratio for a given gas density
[G;]: xenon, helium or nitrogen [34].

It should be noted that the spin destruction for '?Xe is enormously high due to its
large electronic cloud. In the presence of spinless buffer gases, the electronic spin relaxation
rate can be long, but the collisions of 12°Xe atoms, carrying a nuclear spin, with Rb atoms
shorten the relaxation time significantly. This process is mediated by the cross relaxation
due to fluctuating magnetic field generated by '2°Xe nucleus and scales with the 129Xe atom
density Nx. and the velocity-averaged spin exchange cross section (ov). This means that
due to the large value of the kgp parameter of xenon of about 5200 x 107! em3s~1! [21],
129Xe

The Rb spin-exchange ~ [em3s™!]  Reference.

rate coefficient type

Ko b 4.2 x 10713 [27]
phb-Xe 2.7 x 10716 18]
phb-He 1.0 x 102° (27]

Table 2.2: The Rb spin-exchange rate coefficients for binary collisions.

Gas atom  Parameter 1; [Hz| Ref.
Xe 5230 [33]
N, 5700 [37] based on [38]
He 17000 [39] based on [33]

Table 2.3: Values for the parameter ;. The parameter is vdW-specific rate for each gas
atom with density [G;] [34].
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2.5 SEOP of *He

The first nucleus that was successfully hyperpolarized using SEOP was 3He and it has been
used in many SEOP experiments. .>He has a small cross section for spin-exchange with
alkali metals, so the spin-exchange time is slow, measured in tens of hours. On the other
hand, helium, just like xenon, has no nuclear quadrupole moment, thus is characterized by
a long spin-lattice relaxation time T;. Usually it is of the order of tens of hours, but using
special precautions can be even longer. This qualifies >He to be a useful contrast agent for
the MRI.

The fundamentals of SEOP of 3He are presented in [24, 27, 40, 41, 42].

3He is hyperpolarized via spin-exchange which occurs during binary collisions only. This
simplifies the theoretical model describing the spin-exchange process comparing to 2Xe.
However, it takes usually tens of hours to build-up sufficient polarization. Yet, the hyper-
polarization of 3He can exceed 70%, while for 129Xe it is no more than 20%.

The fundamental spin-exchange and spin-relaxation mechanisms for K-3He are signif-
icantly more favorable as compared to Rb->He [27]. Unfortunately, the laser system for
performing optical pumping in the potassium vapor is less developed than for rubidium and
difficult to build. Some improvement was made when a hybrid optical pumping scheme K-
Rb was introduced [43]. The standard optical pumping procedure with circularly polarized
laser light tuned to 795 nm in the rubidium vapor is performed and then the potassium
atoms are polarized by efficient Rb-K spin-exchange collisions.

Until recently, it was believed that if the alkali-atoms polarization reaches unity, the
helium polarization should also approach unity. However, an important observation was
made [41], that the surface relaxation (wall relazation) is responsible for the polarization
losses in ®*He. The surface relaxation rate was found to be linearly proportional to the
alkali-metal density, and it increases faster than the spin-exchange rate. This limits the
obtainable helium polarization. Generally speaking, the limitation can be quantied by a
phenomenological parameter X (called sometimes X-factor) [41]:

HSE[Rb]
Py. = (Prp)——————, 2.20
e = Rb>m5E[Rb] + e (2.20)
where parameter X is a part of:
Tye=T0+ X[Rb]/{SE (2.21)

(Prp) is the volume averaged rubidium polarization and kgg is the spin-exchange ratio,
given in the Table 2.2, [Rb] is the rubidium vapor density and I'g. the total relaxation rate
for He. T’y is considered as a sum of relaxation rates besides the wall realxation. The X
parameter was widely studied by NIST and Winsonsin groups and was found to be 0.2 or
greater and the value fluctuated from cell to cell. As well as for 2°Xe, the SEOP of He
requires a high polarization of alkali atoms. This is also achieved by using a high power
laser light, tuned to the alkali-atom pumping transition.
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2.6 Relaxation mechanisms in polarized '*Xe

For a given spin-exchange rate ysg, which depends on the pumping laser efficiency, the final
polarization Px. is ultimately limited by the spin-lattice relaxation time 7. It affects both
the polarization process and the available storage time of the polarized sample. Hence, in
order to optimize the overall efficiency,it is crucial to understand the physical mechanisms
that are responsible for relaxation. In recent years, a number of extensive studies concerning
the relaxation processes that occur in 29Xe were carried out [44, 45, 46, 47).

In this chapter a brief introduction to the spin-lattice relaxation mechanisms will be
presented and the most important conclusions about their origin will be discussed. The
total spin-lattice relaxation rate can be defined as a sum of relaxation rates that originate
from various mechanisms:

Til =I'=0,+I+Ty+T,+Too2. (2.22)
The symbols are defined in Table 2.6. The relaxation processes can be divided into two
types: intrinsic and extrinsic.

The intrinsic relaxation is due to fluctuations of the magnetic field dependent caused by
spin-rotation and chemical-shift-anisotropy (CSA) interactions [45]. They occur due to the
formation of persistent or transient Xe, van der Waals dimers. The persistent dimers are
created during three-body collisions and they last until the collision with another atom oc-
curs. During that time the relaxation process represented by I', takes place. The persistent
dimers are present at relatively low pressure [46]. , As it was predicted theoretically, the
experiment showed that for a fixed gas compositions (12°Xe with Ny, He and Ar), the re-
laxation rate due van der Waals dimers is independent of the total gas density [47],although
it still depends on the components ratio. It was calculated that concentration of persistent
dimers is equal to 0.5% for 1 amagat! of xenon [45]. The transient dimers result from binary
collisions and their contribution to relaxation rate is negligible in the standard, low pressure
SEOP regime. The relaxation due to transient dimers is equal to 1/T'; = 56/[Xe] [32], and
for low xenon contents (up to 2% in mixture as in our case) it can be neglected.

The extrinsic relaxation processes originate from magnetic field gradients (I'y), and col-
lisions with paramagnetic impurities in the SEOP cell(including oxygen (I'02)), or with the
glass walls (T'y,).

The contributions from intrinsic relaxation processes can be kept low for ?°Xe densi-
ties below 0.1 amagat [46]. In order to reduce the extrinsic relaxation, it is important to
produce a highly homogeneous external magnetic field and use clean cells with low content
of paramagnetic impurities. In our case, the SEOP cell was cleaned and then evacuated to
about 10~ mbar before each run. The wall relaxation mechanisms in the case of '2Xe have
not been studied extensively so far, which is in contrast to 3He, where both . coated and
uncoated cells were investigated [48, 49, 50]. Some experiments suggests that the dominant
relaxation mechanism is the Fermi-contact interaction between the xenon nuclear spin and
the valence electron at the glass surface [46].

In xenon SEOP setup, some coatings of the wall containers are used. The silane and silox-
ane based surface coatings can lengthen the hyperpolarized 2?Xe storage time by inhibiting
the gas diffusion to the glass surface where it interacts with paramagnetic impurities

11 amagat corresponds to the number of ideal gas molecules per unit volume at 1 atm (= 101.325 kPa)
and 0°C (= 273.15 K) [51]. The density of an ideal gas at STP is 1 amagat = 2.69 x 101 cm~3 [40]



Type Origin Contribution Ref.
r, long-lived van der Waals dimers (persistent dimers) Taon 1+ (3.65 x 107%)B3](1 + 7 [[)i]] )t [47]
Iy spin-rotation relaxation in short-lived dimers (transient dimers) 5[2(16;; [52]
r, diffusive motion in magnetic field gradients D Xe(VB—EiL)2 [53]
Ty wall relaxation ~ %

Tos interaction with paramagnetic oxygen 0.388% 273T[K] [54]

Table 2.4: Definitions of the intrinsic and extrinsic relaxation mechanisms with its origin and the contribution to the total relaxation rate.
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[65]. The wall relaxation is also suppressed at high magnetic field [46] and strongly
depends on the surface-to-volume ratio of the cell.

A different approach was chosen in the Repetto et al. work [56], where no coatings were
used.For experimentally evaluated values: T} =~ 370 h, TF ~ 4.5 h (in pure Xe), 722 ~ 1000
h (low oxygen partial pressure : 1076 bar), T{ < 500 h, the total relaxation time was about
18 h.

It is clear from the above discussion that the formation of xenon dimers and the wall
relaxation are the main factors limiting the achievable T7. Therefore the first assumption
in the design of the SEOP polarizer was to keep a low xenon concentration. This condition
results in choosing a large SEOP cell, which produces a sufficient amount of HP gas during
1 — 2 batches.

As far as the long-term storage of HP xenon is concerned, the best method is to freeze
it at liquid nitrogen temperature, which will be described in the next subsection.

Relaxation of frozen hyperpolarized '?°Xe

There are two purposes of cryogenic accumulation of hyperpolarized 12°Xe.First of all, at
liquid nitrogen temperature the buffer gases can be completely removed from the hyperpo-
larized '2°Xe. The second reason is to minimize the relaxation processes. It was measured
that at 77 K (liquid nitrogen temperature) the spin-lattice relaxation time is about 2.5 h [57]
and at 4.2 K (liquid helium temperature) it can reach 60 h [58]. The method and apparatus
for the cryogenic accumulation of HP '2Xe was patented by Cates et al. [59], and this work
led to developing new ways ofcontinuous and long-term storage of HP '2?Xein the frozen
form.
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Figure 2.3: Xenon phase diagram [60]. Xenon liquefies at 166 K and freezes at 161 K at
standard atmospheric pressure.

The theoretical explanations of relaxation processes in solid 12?Xe given in [57, 61, 62]
were confirmed experimentally. However, this problem is still not fully understood. It is
assumed that the nuclear spin-flip Raman scattering of lattice phonons is the source of
relaxation [57]. At low temperature the 12°Xe can be also depolarized by '3'Xe that is
present in the solid sample (abundance of 21.18 %). Such depolarization originates from
the cross relaxation between the two isotopes [61], which is mediated by the nuclear dipole-
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dipole interaction [62]. The cross-relaxation was confirmed by observing the polarization
transfer to 1 Xe [61]. The relaxation of 3'Xe is very fast since it is also caused by the
Raman scattering of phonons but mediated by much stronger he quadrupolar interaction
[63]. This leads to the one observation that relaxation in xenon crystal depends on 31Xe
appearance, which mainly means that '3'Xe atoms behaves as a defects in face-centered
cubic 12°Xe crystals [64] and producing large electric field gradient leading to quadrupole
splitting. In other words, the quality of the xenon crystal and its vulnerability to relaxation
depends on physical conditions during the process of condensation from gas to solid [58].

In the generally accepted model describing the relaxation processes in solid xenon the
temperature is divided into three ranges, in which different mechanisms dominate [62] where.
Below 50 K, the dipole-dipole interaction between 12°Xe and 13! Xe is responsible for relax-
ation:

_ Halip ( (Ia'raﬁ)(ra6‘15)>
Vg = Hels (1 oy, , 2.2
dd Ialﬁrzg 5 3 Tiﬂ ( 3)

where I, Ig are the nuclear spins of two xenon atoms and r,g is distance between them.
Between 50 K and 120 K, the spin-rotation interaction dominates and isdescribed by the
following equation [62]:
VST = CK(TQB)IQ -Naﬁ, (2.24)

where N,z is the relative angular momentum of the pair of xenon atoms and cg is the
spin-rotation coupling coefficient which decreases exponentially with distance (743).

Above 120 K relaxation is again governed by the Vy, interaction, but the expected
relaxation time is lower, which is considered to be due to vacancy diffusion [65], both in
natural and enriched xenon.

The relaxation time in the frozen '2°Xe increases with magnetic field. The longest T}
of more than 3 hours was reported at 4.2 K and fields above 1 T [62]. It means that large
amounts of hyperpolarized '2°Xe can be stored in such conditions for a couple of hours.

The most critical moment of the cryogenic freezing procedure is the phase transition.
The relaxation mechanism for liquid xenon is believed to be well approximated by Equation
2.24 [32, 66, 67]. Comprehensive measurements in the liquid and solid state show that the
relaxation times at the melting point temperature (161 K) are 60 s for 0.2 T and 5 min for
0.4 T [62].

In order to use the HP xenon gas it must be thawed. G. D. Cates et al. reported that
the polarization loss during recovery can be of the order of 1 — 2 % [68]. During storage
the magnetic field can be kept at lower values ~ 0.2 — 0.7 T (Fig. ?7?), while unfreezing
should be carried out at the elevated magnetic field to avoid the polarization loss, which
can otherwise occur within minutes/seconds. . Consequently,the time spent near phase
transition must be minimized. For this reason, a special configuration of the cryogenic
unit was proposed by I. C. Ruset et al. [26], which is now universally used in most SEOP
setups. The HP gas flows inside a spiral accumulation cell which is located inside the
cryogenic dewar. The dewar is filled with liquid nitrogen, but its level is controlled in order
to minimize the temperature gradients inside the frozen 2Xe (melted xenon does not mix
with xenon snow). This method causes the gas to freeze uniformly, creating a thin surface
layer and reducing relaxation. The system allows also to quickly remove liquid nitrogen
when the gas is thawed.



Characterization of atoms participating in
SEOP

3.1 Alkali-metals

Among the alkali metals, potassium, rubidium and cesium are most interesting for the SEOP
technique.

The application of K in 12Xe SEOP experiments was reported in [69]. Extensive studies
on Rb-129Xe spin exchange at the atmospheric pressure were conducted by Cates et al. [33],
and some new results for a similar pressure range for K-'2?Xe and Cs-'2?Xe were obtained by
Shao et al. [70]. The experimental results show that the ratio of spin-exchange (favorable
process) to spin-rotation (unwanted process) varies considerably among the alkali-metal
atoms.

Rubidium is a quite popular alkali metal for optical pumping experiments, due to high
density of its vapor in the temperature range of 100 - 200°C (Fig.3.1), and the good separa-
tion of D; and Dy lines. The fact that relatively inexpensive, high-quality, high-power laser
sources are available, also favors Rb.

There are two stable isotopes in natural rubidium: 8°Rb and 8"Rb, and their properties
are describes in Table 3.1. The D; and D; lines correspond to the transition to the first
excited state 5P/, and 5P3/5 of 85Rb, respectively (see Fig.3.2).

Isotope 85Rb 8"Rb
Abundance 722 % 278 %
Nuclear spin ~ 5/2 3/2

Table 3.1: Natural rubidium isotopes

29
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Figure 3.1: Vapor pressure of Rb calculated in [71, 72]. The vertical line indicates the
melting point of 39.3°C. The SEOP is performed at temperatures ranging from 70° — 180°,
depending on the total pressure in the cell.

The valence electrons in the rubidium vapor are polarized by optical pumping. A sim-
plified scheme of OP is presented on Figure 3.3. The laser light is tuned to to the 794.7 nm
wavelength, corresponding to the 5251/2 — 52P1/2 transition, . The 251/2 and 2P1/2 are
the ground and the first excited states, respectively. In the presence of magnetic field these
states are split into two sublevels described by the magnetic quantum number m; = +1/2.
The angular momentum from the right circularly polarized light o+ is transferred from pho-
tons to rubidium valence electrons. For o+ photons have a spin magnetic moment m; =
41 and are absorbed by rubidium atoms according to the Am = +1 selection rule. During
one optical pumping cycle the 2P, s2,my = +1/2 state is populated and subsequently it
decays back to the ground state. The decay processes obey the magnetic quantum num-
ber selection rule Amj; = 0,+1 (with the emission of photon with 7 and o=+ polarization,
respectively). After a number of cycles the atoms are deposited in the 25, s2mg = +1/2
state, thus producing a net orientation of the Rb electron magnetic moment in the ground
state.

In order to achieve a high spin polarization, the build-up process must be faster than the
ground state electron spin lattice relaxation. An extensive theoretical study of electronic
relaxation during optical pumping in rubidium atoms is presented in [73].

All Rb relaxation processes that do not contribute to the Rb'2%-Xe spin-exchange, are
referred to the spin destruction (SD) and are characterized by the rhe, * parameters (their
values are presented in Tab. 2.1). The following processes are described below: Rb-Rb
collisions, Rb collisions with buffer gases or with the walls of the container.

Rb-Rb collisions conserve the total angular momentum of colliding alkali atoms, but
redistribute it among the ground-state sublevels. The collisional Hamiltonian has
the following form [24]: Ve, = JS;S;, where the J = J(R) coupling coefficient is of
electrostatic origin.
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Figure 3.2: 5 Rb atomic structure in an external magnetic field. The two rubidium D; and
D5 lines are indicated.

Rb collisions with buffer gases occur during a short time which is typical for binary
collisions and cause the relaxation of electronic polarization. The spin destruction
parameters for the Rb-buffer gases processes were calculated elsewhere, see Table 2.1.

Wall relaxation is pressure independent but depends on the cell geometry (surface to
volume ratio) and its surface properties (paramagnetic impurities). This type of re-
laxation can be minimized in a high field regime or by using glass with smaller para-
or ferromagnetic centers content and covering the cell walls with special coatings [55].

collisional
m; mixing m,

relaxation

processes
Figure 3.3: Simplified rubidium optical pumping scheme (the Rb nuclear spin is neglected)
for the laser light of positive helicity tuned to Dy (25; /2 = 2p, /2 transition). The collisional
mixing of the atomic sublevels is described in Section 3.3.
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3.2 Xenon

As it is summarized in Table 3.2, xenon has two stable isotopes possessing non-zero spin:
129Xe and '3!'Xe, both with sufficient natural abundance.

Isotope 129¥e  13lXe
Abundance [%)] 26.44  21.18
Nuclear spin 1/2 3/2

Giromagnetic ratio [y,/(2r) MHz T—Y]  11.777  3.496

Table 3.2: Properties of natural stable xenon isotopes.

Large xenon electron cloud makes 2Xe a good marker for NMR studies due to its
outstanding sensitivity to surroundings. It has been shown that the largest chemical shift in
xenon compounds reaches 7500 ppm (Fig. 3.4) [74]. Since xenon NMR spectroscopy in not
the main topic of this thesis, only a few examples of xenon as a contrast agent will be given.
The first group of materials that were tested with 2Xe were porous materials, e.g. Na-Y
zeolites [4, 75] and mesoporous silica gels [76]. A possibility to study diffusion in cavities
and surface properties in materials by the '?Xe NMR spectroscopy has provided a great
tool for chemistry and biology.

A real breakthrough for medicine was an idea of lung imaging with hyperpolarized 2°Xe,
which was co-invented by A. Mitchel [77]. The *?9Xe properties allow to measure the amount
of gasous 1?9Xe or 12Xe dissolved in a tissue or blood quantitatively [11]. There is relatively
large separation of peaks of different amplitudes in the HP 29Xe NMR spectrum of lungs.
This allows to test such physiological parameters as perfusion, alveolar surface area, septal
thickness, interphase diffusion kinetics, and blood kinetic exchange rates, and notice their
changes caused by the evolving pulmonary disease.
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XeO," XeF, XeF, Pt/Na-Y
/ \/ \/ \
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Xe/H,0  Xe/Perfluocarbons

Figure 3.4: Xenon chemical shift scheme adapted from [74].
In contrast to '2Xe, the '3'Xe isotope has not been studied extensively. It was first

observed by the NMR technique in 1954 [78]. The 31 Xe has nuclear spin 3/2, so its nuclear
electric quadrupole moment interacts with electric field gradients. This dominant interaction
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is responsible for both broadening of NMR spectral lines [79], and substantially shorter than
1 s relaxation time 73. The NMR spectrum is a triplet with different broadening for main
and satellite peaks. The nuclear polarization in thermal equilibrium for spin 7 > 1/2 nuclei
is equal to:

[v[hBo

P= 3T (I+1). (3.1)
For ¥1Xe at 9.4 T and 300 K it is 4.41 x 1076 [79]. The enhancement factor that can
be achieved by SEOP is on the order of 5000. The final 3! Xe polarization strongly depends
on the xenon total density (as the rubidium polarization is xenon density dependent), but is
mainly limited by the short nuclear relaxation of '3'Xe. In consequence the SEOP method
for 'Xe is much less efficient than for '2°Xe, and is not used in any NMR applications

involving hyperpolarized markers.

3.3 Buffer gases

Due to relatively narrow absorption line only about 1% of the laser light is absorbed by
the alkali-metal vapor [39], producing its low polarization. A higher polarization can be
achieved by adding buffer gases. Compared to helium, xenon gas is not convenient as
the pressure broadening medium, because it depolarizes the optically pumped alkali-metal.
Two buffer gases are commonly used: helium (isotope He) and nitrogen (N3). Fukutomi
et al. [80] studied the application of foreign gases to the optical pumping mixture at the
total pressure of 1 bar. They observed that the polarization increases with the decreasing
amount of Xe gas. The composition of Xe, Ny and *He must be optimized to balance the
spin polarization of the alkali-metal atoms during optical pumping with their depolarization
caused by collisions with the buffer gas atoms. Apart from reducing the Rb vapor diffusion
towards the walls, there is a number of reasons why buffer gases are crucial for making the
SEOP process efficient:

Pressure line broadening. The interaction between the Rb electronic cloud and the
buffer gas atoms distorts the Rb atomic sub-levels. The resulting shift of the atomic
energy level depends on the intermolecular distance between interacting atoms. The
observed line broadening and the line shift increase with pressure, because the atomic
distance becomes smaller. The broadenedD; line of the alkali vapor results in more
efficient absorption of the laser light. Operating at lower pressures — 1 bar or less,
though, impose using laser with linewidth narrowed.

Radiation trapping. It takes place in an optically thick alkali vapor. Normally, the alkali
electron would relax back to its ground state by emitting a randomly polarized photon,
which can scatter several times in the vapor [7, 81].This process would reduce the
pumping rate. Therefore the Ny gas is introduced into the SEOP mixture in order
to quench the excited atoms during collisions with them, causing them to relax to
the ground state non-radiatively. The Ny is known to be efficient in dispersing the
energy associated with the vibrational and rotational modes of the molecule and has
a large quenching cross section, of the order of 50 A [7]. The amount of nitrogen that
is necessary to minimize the radiation trapping differs in various SEOP setups.

Collisional mixing. Collisions of Rb atoms with “He and Ny results in collisional mizing of
atomic sublevels, which leads to the redistribution of the excited state electrons among
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their Zeeman sublevels. The transition probabilities, characterized by the Clebsh-
Gordon coeffcients, are following: 1/3 for 52P 5, my = +1/2 — 52515, my = +1/2
transition (the same azimuthal quantum numbers) and 2/3 for 52 Py 5, my = +1/2 —
52512, my = —1/2 transition (different azimuthal quantum numbers). The collisional
mixing equalizes the spin populations of the excited states, causing the transition
probabilities to be also equal: 1/2. This contributes significantly to the spin-exchange
process and increases the optical pumping efficiency. Statistically, three photons are
needed in average to pump one atom into the final polarized state, but in the presence
of collisional mixing two photons aresufficient. The ground states are also susceptible
to such collisional mixing, but with a smaller probability. The mixing of ground state
levels contributes to the spin-destruction rate.

The third body. Both N and 2?Xe take part in the process of the van der Waals molecule

formation, being responsible for the energy conservation during the collision.
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Comment

Taking into consideration all physical processes affecting the SEOP that were described in
the previous sections, the main idea of the SEOP polarizer to be constructed was developed.
The decisions were made concerning the choice of alkali metal, the corresponding laser
source, the noble gas, and many other technical parameters. The SEOP polarizer was
designed to work at the atmospheric pressure with a low content of the 2Xe gas in the
SEOP mixture contained in a large SEOP cell (about 6 L inner volume). This is unique
comparing to majority of other SEOP designs, which use high-pressure and small-volume
cells. To our knowledge, there is only one similar polarizer developed by the Hershman
group [26].






The polarizer

Schematically, the polarizer consists of the following components: (a) the system of coils
producing a homogeneous magnetic field, which is parallel to the direction of the laser light,
with the strength of a few tens of Gauss, (b) a glass cell (the SEOP cell) with the alkali-metal
droplet connected to (c) the gas distribution system, which controls the gas compostion
inside the SEOP cell, and (d) the outlet directing the polarized gas to the accumulation
system, (e) the laser system and (f) the NMR detection system. Each component of the
presented 2°Xe SEOP polarizer was carefully designed and built from the scratch.

4.1 Construction and general remarks

The general aim of the design was to build a simple and mobile 2Xe SEOP polarizer.
Aluminum profiles (30 x 30 mm, Rezroth Bosch Group) form a frame (1750 x 650 x 650
mm), which supports two aluminum plates. The first plate is situated at the top and is
connected with the second plate located at the bottom with four brass roads (1 cm) and
two profiles. The first plate was drilled in order to provide holes for mounting the optical
components. This plate will be called the optical table. In addition, a big hole at the
center of the optical table was cut for the laser beam and became handy for the pumping
cell installation. The bottom plate prevents the rods from bending and is a support for an
aluminum container. This plate has also a round hole cut in order to provide a window
for the laser tests (rubidium absorption and laser power loss after passing the SEOP cell as
described in Section 5.1). Two aluminum profileswere mounted below the optical table and
used as a track for a special plexiglas frame (see Section 4.2). Additional aluminum profiles
were added transversely between the main profiles on four sides, in order to prevent the
main frame from twisting. All materials are nonmagnetic — only aluminum or brass were
used. Since most small brass screws and nuts were not available commercially due to their
unique shapes, they were manufactured by the technical workshop.

37
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4.2 Homogeneity of the magnetic field

A homogeneous magnetic field within the volume of the SEOP cell is required. The value of
magnetic field was chosen to be 21 G — a value below the range shown to decouple molecular
spin exchange (following the paper [82]). Eight rectangular copper coils generating the field
were mounted on four brass rods inside the aluminum frame They can be moved along z-axis
and located in the required position with about 1 mm precision. The coils are connected in
series (6 external + 2 internal) and powered separately by two current sources (PSM-6003,
GW Instek), so it was important to calculate the ratio between the two currents to achieve
the best homogeneity.

The simulation of magnetic field distribution was based on the Biot-Savart equation for
a rectangular current loop [83] with dimensions a x a, a = 430 mm and different numbers
of turns: 80, 92, 102, 116 (for pairs going from the center to the end). We set the z — axis
and the x — y plane to be parallel and perpendicular to the magnetic field, respectively. The
final value of the magnetic field induction is a sum of fields generated by all loops. This
value was simulated initially using Matlab.

Figure 4.1: Movable plexiglas frame for the fluxgate magnetometer positioning (a). Four
four brass rods inside the aluminum frame supporting coils (b).

The eight coils were first arranged to optimize the field homogeneity on the central axis
(0, 0, z). The main challenge was in positioning the coil with maximum precision, as the
simulation showed that even 1 mm shift in one coil position causes a dramatic change of
the magnetic field homogeneity. The final coil arrangement was set with the help of a
three-axis fluxgate magnetometer (M03 Three-Axis Fluxgate Magnetometer, Barrlington).
Three components of magnetic field B (Bz, By, B.) were mapped with the resolution of
0.001 Gauss. The fluxgate was mounted on a moving frame, which could move up and down
inside the coils parallelly to the z-axis, sliding between the two aluminum profiles (Fig.
4.1a).

The moving frame consists of two plexiglas plates connected by eight brass pins, so that
their relative position is fixed. Each plate has 20 holes for positioning the magnetometer in
the x — y plane. Each hole has 25 mm diameter and the distance between their centers is
35 mm. The map of the maximum values of magnetic field inhomogeneity throughout the
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SEOP cell volume isshown on Figure 4.2. The coordinates of the fluxgate magnetometer
are given on the x and y axes, while the numbers represent the largest inhomogeneity that
measured measured across 80 cm in the z direction. The shape of the contour lines at the
bottom of the graph suggests some asymmetry in the magnetic field, which can be caused
by the presence of wires which attach coils to power suppliers, or by the measurement setup
itself (the magnetometer readout was sensitive to a small displacement inside the holes).
The position of coils and the currents were established after several iterations. The
magnetic field inhomogeneities inside the coils and inside the SEOP cell were found to be
0.15 and 0.05 Gauss, respectively, for the main field equal to 10 Gauss. To produce the
field of 21 Gauss, the corresponding currents for internal and external coils were equal to
2.79 and 3.16 A. The experimental values of magnetic field along the z axis together with
simulated values are presented on Figure 4.3. Since the magnetometer can operate at the
range of 0 — 10 Gauss, the results are given for lower magnetic field of order of 7 Gauss.

i
35,00 mm
)
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S

3 el

3 g
35,00 mm .

Figure 4.2: The map of magnetic field inhomogeneity near the SEOP cell: the coordinates
of the fluxgate magnetometer on the x — y plane are given on x and y axes, while the values
(in red) represent the maximum inhomogeneity measured along 80 cm in the z — direction,
expressed in Gauss. The circle indicates the SEOP cell location inside the coils.
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Figure 4.3: Magnetic field By measurement for magnetic field of order of 7 Gauss (matching
magnetometer working regime).

4.3 Rubidium

A 5 gram rubidium ampoule (99.75%, argon sealed in the breakseal ampoule, STEM) was
connected with a metal-glass connector (Stainless Steel to 7740 Pyrex Tube Adapter, 1/47,
Swagelok) in order to fit the stainless steel tubing system. A small glass inset with a
magnetic pin inside was sealed to the ampoule in order to be able to break the safety glass
ending with the pin. After fixing the rubidium ampoule in place, it was evacuated, about 1
atmosphere of nitrogen was added and then the metal piece was heated up to 45°C, so that
it melted. This process was necessary in order to remove the argon layer.

Initially, we tried to transfer the rubidium vapor through the heated stainless steel pipes
(Swagelok) to the SEOP cell. Despite locating the ampoule in a hot oil bath (up to 140
— 160°C), the filling of the SEOP cell with 5 grams of rubidium was unsuccessful. The
diameter of the pipes was too small and the rubidium vapor had a tendency to condense on
their inner walls in the first place. Therefore the initial setup was modified to shorten the
distance between the ampoule and the SEOP cell, which led to a significant improvement
of the rubidium transfer.

The SEOP cell was first carefully cleaned with phosphoric acid and acetone.

In the improved setup (Fig. ?7?), the ampoule was connected to the metal-glass connector
with the 2-component epoxy adhesive glue and no valve was used . As it is shown on Figure
4.8, the only remaining valves were M1 (the main valve for shutting off the gases), P8
(the pump valve) and FI (the blind exit e.g. for a phantom) , and the second ampoule
was located behind the K1 valve on the T-connector (Swagelok). Additionally, in order to
prevent rubidium from going in the direction of K1 valve, a pipein front of the T-connector
has a U-shaped form. After evacuating the whole system with the turbo molecular pump
(TMP) (TPS-compact, Varian) to below 10~ mbar, the glass protection was broken and the
ampoule was heated manually with the air blower. The glass protection was broken using a
home-made coil that was wired around the ampoule and powered by the auto-transformer
(AC current, 50 Hz), which made the metallic pin move up and down and break the glass.
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Figure 4.4: Pictures of rubidium ampoules: inside the aluminum container (a) and after the
rearrangement in the final position (b).

Figure 4.5: The metallic rubidium inside the SEOP cell viewed from the optical window at
the top of the cell.

Afterwards the coil was removed. This procedure allowed all metallic rubidium to reach the
SEOP cell when it was warmed.

In Figure 4.5 the metallic rubidium is present inside the SEOP cell as viewed from the
optical window at the top of the cell (a), and from the bottom through the glass window of
the aluminum chamber (b), respectively.



42 The polarizer

4.4 Gas distribution

A xenon gas enriched with the 12Xe isotope (> 91 %) isotope was used in experiments.
The SEOP of '29Xe requires rubidium vapor and buffer gases - *He and No, which are
distributed from the inlet system presented in Figure 4.6. The supply is provided from the
three bottles:

1. 129Xe, enriched (> 91 %): 0.5 1, 77 bar, 99.9999% purity, Spectra Gases
2. “He: 99.9999%, purity Linde

3. Nay: 99.9999%, purity Linde

stainless steel

(a)
Figure 4.6: 129Xe polarizer inlet system picture (a) and scheme (b). B - flow meter (Brooks),
P - pressure transducers, G - getter filter, TMP - turbo molecular pump, X1, X2, X3 - 129Xe
gas distribution valves, HI, H2, H3 - 3He gas distribution valves, N2 - Ny gas distribution

valve, G1, G2, G3 - getter inlet and outlet valves, PI - turbo molecular pomp valve, M1 -
main valve.

Nitrogen is distributed manually through the reductor and the valve (Swagelok). All
valves are certified to be helium leak-tight. Xenon and helium supplies are additionally
equipped with the flow controllers (Brooks) for the precise gas volume selection, however
this pathway can be omitted, depending on the valves position. All tubes (Swagelok) were
cut, bended and connected with the valves and other inlet system components with the tube
fittings (Swagelok). The obtained gas mixture is filtered with two filters: 5 pm (Swagelok)
and the getter filter (P52QC50R2, Saes Getters). The pressure inside this system is mea-
sured by the pressure transducer (S Model Transducer, Swagelok) equipped with the prop-
erly calibrated voltmeter. The inlet system is evacuated using the turbo-molecular pump
(TPS-compact, Varian). After several hours of heating, the vacuum reached 9.6 x 10~7
mbar on the pump gauge. The inlet system is connected to the polarizer by a stainless steel
tubing, so the gas mixture goes directly to the SEOP cell via the MI valve (the labels of
all valves are shown on Figures 4.6b, 4.8).
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4.5 The SEOP cell with heating and cooling system

The SEOP cell is located in the center of the polarizer, surrounded by the set of coils and
mounted inside the aluminum container. The cell is supported by a Teflon ring from the
bottom and attached by an aluminum clip to the polarizer frame at the top. The cell is a
glass (Pyrex) cylinder 80 cm long with the outer and inner diameters of 10 cm and 9.5 cm,
respectively. The optical window for the laser beam has a diameter of about 9 cm. The cell
has two outlets - five cm long glass tubes terminated by the KF 16 flanges, so that they can
be easily connected to other parts of the polarizer with the glass or stainless steel flanges
through the glass-to-metal chain clamps ( Evac).

During the SEOP process the cell must be kept at a high temperature of up to 160°C.
The heating system consists of an aluminum chamber filled with 25 liters of silicone oil
(silicone fluid linear, AK 350, VVackelr®)7 which is thermally isolated by glass wool and
additional aluminum cover. Four blocks of wool are attached to the chamber with needles.
The oil temperature can be controlled from room temperature up to 200°C with a bifilar
pair of heaters and the temperature regulator (PID 500-1-0-00, Java Automatic), which
is additionally monitored by the PID Temperature Controller with the PT100 probe. It
takes less than 2 hours to reach 160°C. At the elevated temperature the metallic piece of
rubidium becomes a thick vapor. The bifilar arrangement of the heater avoids the generation
of magnetic field inhomogeneity.

Figure 4.7: The rubidium removal system: the cooling medium is a bended copper pipe
which clamps a copper sheet around the SEOP cell.

Rubidium must be removed from the gas mixture at the output and this is achieved by
a cooling band attached to the cell at about 2/3 of its height. The cooling band is a bended
copper pipe which clamps a copper sheet around the cell (Fig. 4.7). Additionally, some
thermal paste was added between the pipe and the copper sheet to improve the thermal
contact. During the cooling process the pipe is filled with circulating water and rubidium
atoms condense in the cold region. The experiment showed that there is no macroscopic
amount of rubidium above the cooling band. Otherwise rubidium could be seen at the top
of the cell and would have to be removed manually with the air blower or with heating
bands warmed up to 120°C and left for a couple of hours. During the cleaning process the
bottom of the SEOP cell must be maintained at the room temperature.
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Figure 4.8: A complete scheme of the 12°Xe polarizer: The SEOP cell with hot and cold
regions and the cryogenic system areshown. The gas inlet system is not presented here in
detail (see Figure 4.6). M - main valve, K1, K2 - SEOP cell inlet and outlet valves, N1,
N2 - the NMR test cell inlet and outlet valves (NMR coil was built but not tested during
the experiment), C1, C2 - the cryogenic accumulation cell inlet and outlet valves, P2, P3
- valves for turbo molecular pumps, P - pressure meter. The cryogenic accumulation cell
is located under the polarizer in its magnetic field. The solenoid NMR coil and cryogenic
accumulation cell were bulit, but not tested.

4.6 Gas outlet

The gas outlet presented on Figure 4.8 starts with the K2 valve, from which the polarized
gas is transported by a Pyrex glass tube to the C1 valve, which is in front of the cryogenic
accumulation cell. This part was manufactured by local glassblower. An additional exit (P8
valve) was prepared for connecting a turbo-molecular pump ( Pfeiffer) for cleaning purposes.
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The pressure inside the gas outlet (including the SEOP cell) is measured by a membrane
pressure gauge (Honeywell) attached to a small glass tube. The pressure gauge is read by
a custom made calibrated microcontroller system.

The overall view of the polarizer is presented on Figure 4.9. Four copper sheets cover the
aluminum frame in order to eliminate any light reflections and provide some electromagnetic
shielding at the same time.

Figure 4.9: Overall view of the xenon polarizer. Four copper sheets s mounted on aluminum
profiles form a Faraday cage (one wall was removed for closer look inside). The optical setup
can be seen at the top, also enclosed during operation.
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4.7 Laser and optics

The first step of the SEOP process is optical pumping. Therefore a laser source providing
the circularly polarized light is the prerequisite component of the polarizer. In order to
make the SEOP process efficient, two conditions must bemet: high power laser and full
illumination (without dark regions) of the SEOP cell.

The first condition can be fulfilled by using commercially available laser diode arrays
(LDA), which are commonly used for SEOP experiments, for their high power, compactness,
and low cost. LDA produces tens to hundreds of Watts of continuous wave power by
integrating many individual laser diode emitters into a single array. Due to some differences
in individual laser diodes, the spectrum of the whole array cannot be well characterized by
a Gaussian profile [84]. Nevertheless, it has a typical linewidth of 2 nm FWHM. . The
important design criteria of LDA are the number of emitters, their width and spacing. The
best beam quality and brightness is obtained by using a small number of closely spaced
emitters. Still, the main weakness of conventional LDAs is the broad 2 - 3 nm non-uniform
line shape of the emitted light, compared to the relatively narrow 0.1 nm alkali metal
absorption bands, resulting in a significant inefficiency of the laser power absorption.

The problem of spectral mismatch causing low laser power absorption by alkali metals can
be resolved by increasing the pressure in the optical pumping cell, which leads to broadening
of the Lorentzian-shaped atomic absorption lines. However, this method cannot be applied
to continuous flow, large volume xenon polarizers, which operate at the atmospheric or
even lower pressure. Therefore two new techniques of increasing the laser power density at
the required wavelength have been proposed recently: the application of an external cavity
[84, 85], and the use of volume holographic gratings (VHG) [86, 87, 88].

Chann proposed to narrow the frequency range of the LDA stack by collimating the
light from each emitter [84]. Then the light is reflected off a diffraction grating at a uniform
angle and returned to the emitter with high efficiency. Channs setup produces 14 Watts of
output from 20 Watts input power with the linewidth of 60 GHz.

Unfortunately, this narrowing method becomes complicated due to so called smile effect,
which is a small curvature of the linear arrangement in the LDA. Smile causes a number of
technical difficulties such as inequality of the central wavelengths coming from all emitters,
different incident angles or astigmatism of the optical apparatus, and the alignment errors
[89]. The smile compensation is essential for a good LDA performance and it can be done
by the introduction of an additional plane mirror, which makes the spectral distribution
among emitters uniform [89].

An alternate way is to use Volume Holographic Gratings (VHG), also known as Volume
Bragg Gratings (VBGs), which was reported to narrow the laser line with efficiency exceed-
ing 90% [90]. VHG is made of photosensitive glass bulk slabs [91] which contain Bragg planes
with varying indices of refraction [92]. Such components are manufactured by holographic
techniques and are characterized by a high optical damage threshold. VHG operates as an
external feedback, which feeds a narrow portion of the laser emission spectrum (with the
wavelength characterized by gratings) back into the laser cavity [87].

Two different laser system were used for our SEOP experiments . The first is a home-
made laser system based on a high power laser diode equipped with VBG, while the second
is a commercial two-diode array laser (Scientific DUO FAP System, FWHM = 2 nm laser
spectrum, maximum power of 60 W, Coherent). The first one will be described in this
section, while the second was used at the beginning of experiments just after polarizer
assembly and was eventually replaced. A short description of this initial setup is presented
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in Appendiz A.

A high power laser diode narrowed and stabilized to 794.7 & 0.6 nm (M1B-794.7[0.6]-35C-
VBG, DiLas) is driven by a CW laser diode driver (CW, 60 Watts, LDD-60-4, Fkspla). A
home-made cooling unit consists of two Peltier cooling modules matching the diode geometry
and possessing the recommended heatsink capacity of > 70 Watts per bar. All electronics
parts are enclosed in a metal box (Fig. 4.10b), while the diode with accompanying optics is
mounted on the radiator directly on the optical table (Fig. 4.10a). The schematic diagram
of electronics is presented on Figure 4.111.
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Figure 4.10: High-power laser diode mounted on radiators (a) and its current and temper-
ature controllers are enclosed in a metal box (b).

1 The electronics design and assembly was done by Janusz Kuzma, Atomics Optics Depatment; The
schematic diagram was provided by Janusz Kuzma
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Figure 4.11: The scheme of high power laser diode with CW laser diode driver and cooling
unit used in the ?9Xe polarizer.

An accurate design of the optical setup is required to provide a uniform illumination
over the entire volume of the SEOP cell. It is quite a hard task if a large SEOP cell is used,
making the optical arrangement complicated. A full illumination prevents the depolarization
from unpolarized Rb atoms, and a proper light alignment (parallel to magnetic field) reduces
the skew light effect [93]. In the case of using the fiber, the beam is expanded with a set
of circular lens. When the diode bar is chosen, an additional cylindrical lens must be used
to reshape the beam from linear to circular profile. The optical arrangement is described
below.

The original output beam from the laser diode is highly divergent, astigmatic, and has
anelliptical profile. For this reason, a collimating optics consisting of cylindrical lens (Dilas)
must be mounted in front of the diode output. The aperture width after the collimating
lens is about 9 mm and now the beam spot is elongated, which is undesirable for most
applications. In order to match the beam profile with the optical window of the SEOP
cell, another set of optical components was applied. The scheme of the experimental setup
showing the laser beam configuration is presented in Figure 4.12. Two telescopes for the
beam collimation and circularization were used, both made of a set of two lenses: ocular and
object-lens. The first telescope uses two cylindrical lenses, L; (Plano-Concave Cylindrical
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Lens, f = -25 mm, BK7, 19 x 25 mm, Fksma Optics) and Ly (Plano-Convex Cylindrical
Lens, f = 500 mm, BK7, 50 x 50 mm, Fksma Optics). Next the beam is directed to the
polarizing beam splitter (PBS) and because diode laser light is linearly polarized (parallel),
after a half-wave plate (Quartz Multi Order quarter waveplate, retardation 1/2 at 795 nm,
coated at 795 nm, diameter 75 mm, Fksma Optics) the linear polarization direction is
rotated and the beam goes perpendicular (only s — polarized beam leaves PBS). The linearly
polarized beam is circularly polarized by a quarter wave plate (Quartz Multi Order quarter
wave plate, retardation 1/4 at 795 nm, coated at 795 nm, diameter 75 mm, Eksma Optics).
Two mirrors (BK7, SF A\/10 at 633 nm, coated HR > 99.5% at 795 nm for 45°, Eksma
Optics) direct the beam into the SEOP cell, but before that the second telescope (lenses
L3 and Ly) expands the beam profile. Calculated distance between the lens L3 (Biconcave
Lens, BK7, f = -200, Fksma Optics) and Ly (Biconvex Lens, BK7, f = 500 mm, Fksma
Optics) is 470 mm.

Again, all optical components are enclosed in a protective box. Apart from the ven-
tilation module that was used in the previous set-up, an additional ventilation sleeve was
mounted to the aluminum radiator. This provides an extra air wash to the complicated
radiator structure and keeps this component cooler during many hours of operation.
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Figure 4.12: Scheme of the optical system designed for the high-power laser diode. Figure
shows the arrangement on the optical table (a) and the beam path to the SEOP cell (b). D
— diode, R - radiator, Ly, Lo — cylindrical lens (the first telescope), Ls, Ly — spherical lens
(the second telescope), PBS - polarizing beam splitter, M; — dielectric mirror located after
the first telescope, My — dielectric mirror located after the second telescope and directing
the laser light into the polarizing optics, M3 — dielectric mirror mounted at the 45° angle
with respect to the optical table and directing the circularly polarized laser light into the
SEOP cell, A\/4 — quarter-wave plate, A/2 — half -wave plate.
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Figure 4.13: The optical table with laser diode and optics for the beam alingment.

4.8 Low Frequency NMR Spectrometer

The Low Frequency NMR Spectrometer (Aurora, Magritek), designed to work in the 0 +
100 kHz frequency range, was used for monitor the NMR signal from the polarized 12°Xe.
The Aurora includes a built-in low frequency transmiter and receiver, so that no additional
equipment is required except for the NMR coil. The spectrometer is connected to a PC via
the USB interface and a easy to use software Prospa controls data acquisition and processing.

A tuned RF coil must be designed for NMR transmitting and receiving.. A short de-
scription of the NMR, coil implementation will be given below. The resonant frequency of
the RF coil is determined by:

1

f 21V LC’ (4.1)
where L is inductance of the coil and C capacitance, which is connected in series to form a
resonant circuit.. For better performance two separate coils should be used for transmitting
and receiving. The transmitting coil should produce a uniform, magnetic field By, which is
perpendicular to the main static field and used to excite the nuclear spins. Therefore it is
usually a large Helmholtz coil. The receiving coil is perpendicular to both the main and the
B; fields, in order to minimize the coupling during transmission. Together with the tuning
capacitors, the transmitting and receiving coils form a serial and parallel resonant circuit,
respectively, to match the output impedance of the transmitter and the input impedance of
the receiver. The energy losses in the resonant circuit can be represented by the equivalent
resistance R, which includes the resistance of the coil and RF losses. The quality factor Q
is defined as: [94]:

(4.2)

where wy, is the operating frequency. Q determines the sensitivity of the receiving coil
and the ringing time of the transmitting coil following the RF pulse.

The Aurora spectrometer operates with a single transmitting-receiving coil. The spec-
trometer has a built-in duplexer, which switches the RF coil between the transmitting
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and receiving modes automatically. A parallel tuning capacitance can be set by the soft-
ware. Therefore a small saddle coil 6 x 6 cm made of 80 turns of copper wire was made. The
RF coil parameters are presented in Table 4.1. For tuning to the resonance frequency (24700
Hz) an external capacitor connected in parallel was used and the internal capacitance in the
Aurora system was set to zero.

RF coil
R 91| Q 225
L mH] 1.3 | f[Hz] 24700
C nF] 31 N 80

Table 4.1: The transmitting-receiving RF coil characteristic. Q — quality factor at resonance
frequency, N — number of turns, C — capacitor connected parallel to the coil.

4.9 Preparation of cryogenic accumulation unit for HP xenon

As it was explained in Section 2.6, the cryogenic accumulation is one of the ways to storage
the HP '29Xe at minimum polarization losses. The second job of cryogenics is to separate
the HP xenon from the buffer gases and rubidium. Most of the polarization survives the
phase transition (when proper physical conditions are satisfied), so large quantities of HP
gas can be stored for transport. It is also a convenient way to gain time for preparing an
experiment involving HP xenon (MR imaging, spectroscopy). The experimental values of
longitudinal relaxation time are of the order of days at 4.2 K and 1000 G [61]. The main steps
in preparing the cryogenic accumulation is to quickly and completely freeze and re-freeze
the HP 12Xe.The time of both steps must be minimized because at temperatures close to
the xenon melting point (161 K), the relaxation rate increases due to vacancy diffusion in
the solid. This would result in polarization losses in the freeze-and-thaw cycle and exclude
the feasibility of xenon MR experiments.

The second method which is based on the accumulation of the HP xenon in a gaseous
state is less complicated. It was developed in order to simplify the polarizer design [95].
Rubidium filters are required in this approach, as rubidium contamination is hazardous
(only less than 5 ng amounts are accepted in medical applications). A proper cool-down of
the SEOP cell and a rapid transfer of the gas into the Tedlar bag must be provided and
optimized, taking into account the relaxation in the gas phase [95]. A successful experiment
resolving these problems was reported in [56].

The method of storing and delivering HP xenon depends on particular applications. In
our case it was to be used in a medical facility, which is located at a long distance from the
lab. Therefore it was decided to build the cryogenic accumulation unit, although it is more
complex to construct and handle.

Two accumulation units were built, each equipped with a Pyrex glass spiral cell with
inlet (C1) and outlet (C2) valves (see. Fig. 4.8) located inside two cryogenic dewars (5L,
CX500, Taylor-Wharton).

The magnetic field is generated by a solenoid made of copper wire wound on a PCV
tube. The wire is fiberglass coated. After winding 245 turns, an additional layer of glue was
applied to fix the wires in place.
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A special mounting made of Teflon (PTFE) was designed to match the dewar neck (216
mm diameter) in a way, that it hangs on the neck as a lid. The lid has a lower part — a
frame designed for two Helmholtz-like coils. The RF Coil consists of two rectangular coils
(23 cm x 7.5 cm) in parallel, each made of 80 turns of copper wire in the cotton cover. The
Helmbholtz-like refers to the fact that their distance is not equal to their radius. The coil
was tuned with capacitors and connected to a male BNC.

The presented unit was designed and built, but it was not tested yet. The procedures of
transporting the HP xenon to the cryogenic glass cell, storing and recovering will be carried
out in next months.

(a) (b)

Figure 4.14: The accumulation unit: during test with liquid nitrogen (a) and its spiral glass
cell (b).
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Final note about the polarizer assembly

During the time when the polarizer was in the process of assembling and testing, the whole
laboratory was moved to another facility. In the new location the polarizer was put inside a
Faraday cage (Fig. 4.15). The polarizer, the gas distribution system and two turbomolecular
pumps were placed inside the cage, while the gas bottles were kept outside the cage and
connected via the cage wall. The NMR electronics and the new laser diode temperature
and current control units were also located outside the cage and connected via tubes in the
cage walls.

Figure 4.15: The experimental setup: the '2Xe SEOP polarizer (a) is located inside the
Faraday cage (b) with the gas distribution system and turbomolecular pumps (d). Two of
three gas bottles (*He and Ny) are located outside the Faraday cage (c).
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5.1 Optimization of the laser system

There are three critical issues in the laser system design for the SEOP experiment: obtaining
sufficient output power of the order of tens of Watts, full illumination of the optical pumping
cell, and narrowing the laser spectral width to match the Dy line profile of rubidium. . The
laser source current and temperature control is characterized in this section. After mounting
the diode laser on a cooling radiator, first tests were performed in order to evaluate: (a)
output power versus current, (b) axial and horizontal divergence of the beam, and (c)
wavelength tuning by the temperature change.

The laser power was measured for two temperatures of the diode bars: 20.0°C and
23.0°C, using the power meter (Medium Power Thermal Sensor — 400 mW to 300 W, Ophir).
The results are shown on Figure 5.1.

The next step was to check the radiator performance. A small optical temperature sensor
(BM859CFa, Brymen) was attached to the radiator to measure its temperature during the
laser operation. Its output was connected to the USB port of the computer. When the
current increased from zero to the maximum value of 40 A for a given diode temperature
(eg. 20.0°C), the radiator temperature rose from 22.2°C to 28.0°C. When the laser operated
at the maximum current for a longer time, the radiator temperature reached about 30.0 —
31.0°C. For this reason, an additional cooling was necessaryby the ambient air, which was
delivered through the pipes. The diode temperature was then stabilized and operated at
the desired 25.0°C for many hours without overheating.

The evaluation of the beam divergence was required to properly design the optical beam-
shaping system. The laser diode (D) was mounted on the optical table with screen (S) and
CCD camera (CCD) (Fig. 5.2a). The screen is made of the semi-transparent paper with the
millimeter scale, so that the increase of the beam diameter as a function of the screen diode
distance could be observed by the camera. The distance between the screen and camera
was kept fixed, and the distance between the diode and screen (d) changed from 10 to 140
cm. The measurement was made for the current above the threshold current of the diode
(10 A), when all bars are switched on uniformly. The horizontal and vertical divergences
were measured to be 1° and 0.1°, respectively.

55
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The last step was a proper wavelength tuning for the rubidium optical pumping. For a
fixed current of 40A, the temperature of the diode was varied. A simple setup (shown on
Fig 5.2b) consisted of the power meter (PM), which was located on the laser beam axis,
and a collimator, placed at an angle. Part of the laser light reflected from PM was collected
by the collimator and analyzed by a spectrometer (HR 4000, Ocean Optics). The results
presented in Figure 5.3, show that the 794.7 nm wavelength which corresponds to the Dy
line of rubidium can be obtained by setting 25°C and 40 A. The temperature was eventually
corrected to 25.5°C, when the same measurement was performed in the SEOP cell with the
rubidium vapor present.
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Figure 5.1: The diode laser (Dilas) power as a function of current measured for two diode
bars temperatures 20.0°C and 23.0°C .
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Figure 5.2: Optical setup for diode laser tests of beam divergence (a) and wavelenght with
temperature tuning (b). D — diode mounted on radiator, PM — power meter, S — screen, d
— distance between diode and screen, C — collimator.
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Figure 5.3: The laser diode (Dilas) wavelength tuning for a fixed current of 40 A (a) and a
fixed temperature of 28°C (b). The OP transition at 794.7 nm corresponds to ~25°C and

40 A.



58 The experimental results

The eventually chosen laser source is characterized by a narrow output spectrum, achiev-
ing better matching to the Rb D line. In Figure 5.4 the difference in the laser spectral
widths is presented. The laser diode (Dilas) with the spectrum narrowed to 0.2 nm (red)
and the laser diode array (Coherent) with the broad spectrum of 2.0 nm (green) were op-
erating at their maximum powerof 30 W (and 25.5°C) and 60 W, respectively and their
spectra were measured by a spectrometer (HR 4000, Ocean Optics). The old (Coherent)
laser system is described in Appendiz A.
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Figure 5.4: Comparison of output spectra of the laser diode (Dilas) with the spectrum
narrowed to 0.2 nm (red), and the laser diode array (Coherent) with the broad spectrum of
2.0 nm (green), both operating at their maximum power of 30 W and 60 W, respectively.
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5.2 Rubidium absorption in SEOP cell

Rubidium reference cell

An initial test was performed using a rubidium reference cell with known rubidium density
of 9.69 - 10° ecm~3 at 23°C. The laser equipped with the temperature controller (TED 200C,
Thorlabs) and the laser diode current controller (LCD 205 C, Thorlabs) was tuned to 780
nm (Dy Rb line). The laser beam was split with a nod. About 4% of laser intensity passed
the rubidium reference cell and measured by the PD1 photodiode (Fig. 5.5a). The second
part of the beam, of about 92% of laser intensity, was collimated, directed to the SEOP cell
by the fiber, and measured by the PD2 photodiode.

Two rubidium spectra measured after the rubidium reference cell and after the SEOP
cell were compared at the beginning of each experiment to make sure there is a rubidium
vapor in the latter (Fig. 5.5b). For natural rubidium, the Dy spectrum consists of four peaks
corresponding to F=1 and F=2 for 8"Rb and F=2 and F=3 for 8°Rb, when no magnetic
field is present.

This setup was used to check whether the rubidium vapor reached the SEOP cell when
the first rubidium ampoule was disposed.
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Figure 5.5: The scheme of optical table with rubidium reference cell (a), where: D — 780 nm
laser diode, N — nod, M — mirror, PD1 — photodiode, C — collimator and fiber for beam going
to the SEOP cel; Dy unsaturated absorption spectrum of both rubidium isotopes (**Rb and
87Rb) in the reference cell (red) and in the SEOP cell (green) (b).

Absorption profiles in the SEOP cell

The xenon and buffer gases were added to the SEOP cell during the experiment and the
laser light absorption was measured by the HR 4000 spectrometer (Ocean Optics). The
temperature and pressure were increased and the gas ratio modified in order to find the
optimum set of physical parameters, which leads to the highest NMR signal from HP '?9Xe
in this specific SEOP polarizer. Computational modeling predicts even higher laser light
absorption when the laser characterized by a narrow line is used [39]. By comparing the
present experiment with the previous results that are presented in the Appendiz A, this
prediction was confirmed.
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After rubidium was introduced to the SEOP cell, gases were added always in the same
order, first 29Xe, then Ny and finally “He up to 1 bar at 160°C). Simultaneously, the
absorption profiles of the light passing through the SEOP cell and reflecting from the surface
of the power meter were measured with the spectrometer. When the temperature increased
from room temperature to 160°C, the rubidium vapor was getting more dense, thus more
laser light was absorbed and less light was captured after the SEOP cell. In order to avoid
the saturation of the spectrometer, two filters were used at the beginning of this procedure,
which were removed afterwards, when the rubidium vapor was getting dense.
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Figure 5.6: Rubidium absorption profiles for rubidium vapor (vaccum) at 80°C (red), after
adding 52 mbar of 129Xe (blue) and 151 mbar of Ny and 129Xe (green).

The first result is shown on Figure 5.6. As it can be clearly seen, adding just 52 mbar
of 129Xe to the rubidium vapor increases the absorption significantly. The experiment was
repeated for various gas ratios and the changes in the absorption profiles were observed at
the temperature varied from ~80 to 160°C (Fig. 5.7a and 5.7b). The amplitudes of the
profiles are getting smaller with growing temperature, which means that the absorption
of the laser light in the vapor increases. Near maximum temperature of 160° the profile
disappears almost completely, which is an experimental confirmation that the 0.2 nm laser
light spectrum matches the rubidium D; line of ~0.1 nm. In contrary, when the previous
laser of 2 nm linewidth was used, only a small fraction of the laser light was absorbed, as
it is presented in Appendiz A. In order to compare the lasers of wide and narrow spectra,
it is useful to introduce the coefficient of laser power per unit linewidth, in Watt/nm. Such
comparison is shown in Table 5.1. The laser of narrow spectrum supplies five times more
Watts per nm, improving the optical pumping efficiency, when only 65% of power of the
wide line laser (Coherent) is used.
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Figure 5.7: Variation in the absorption profiles for two extremal 1??Xe : Ny :
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3He gas ratios
used for SEOP: 5 : 10 : 85 % (a) and 2 : 10 : 88 % (b). With growing temperature the

maximum of the profile is getting smaller , indicating the increasing absorption of the laser
light by the Rb vapor in the SEOP cell

Temperature in the SEOP cell

The Beers absorption law can be used to calculate the absorbance for a given dimension of
the SEOP cell and known rubidium density. The density was calculated from Equation 5.1
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Laser type Maximum power Power measured* Coefficient

[nm)] [Watt] [Watt] [Watt/nm]
0.2 30 16 150
2.0 60 46 30

Table 5.1: Comparison of power per unit linewidth for the two lasers used. *refers to the
laser power measured at the optical window of the SEOP cell.

SEOP Mix no. !?Xe N, *He

1 ) 10 85
2 2 10 88
3 2 20 78
4 2 30 68

Table 5.2: Various gas mixture ratios used for SEOP expressed in %.

[97] for a given temperature (see also Fig. 3.1):

1010-55(4132/T)

[Rb] = OT x 10~ "em ™3 (5.1)
where kp is the Boltzmann constant and T temperature in K. It is believed that at tem-
peratures close to the oil temperature of 120 — 140°C the rubidium densities are around
2.01 — 6.2 - 10" cm™—3. However, the density distribution is rather inhomogeneous due
to non-uniform rubidium evaporation and gas mixing, which was confirmed in numerous
experiments exhibiting the anomalous regions of reduced Rb polarization [96].
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5.3 The NMR signal from gasous polarized '*Xe in the SEOP cell

The dependence of the 12?Xe polarization efficiency on parameters such as: gas composition,
pressure, cell temperature is monitored in situ via low-field NMR. In contrast to *He, there
is no optical method to assist NMR technique (see details in Appendiz B). The problem with
any novel 12°Xe polarizer design is that it does not comes with manual, and confirmation
of its proper operation comes from probing nuclear signal of HP gas. The last step is
nuclear signal from HP '29Xe calibration with reference water sample, which allow to fully
parameterize polarizer performance.

Tuning to resonance frequency

In the simplest NMR experiment, the population of nuclei will be subjected to excitation
pulse (magnetic field By), applied at the Larmor frequency:
v
=—B 5.2
f % 0 ( )
where v is the gyromagnetic ratio, equal to 11.777 MHz per T for 12°Xe, and By the static
magnetic field. The SEOP experiment is performed at 21 G (0.0021 T) yielding f = 24.7
kHz.
After the RF excitation pulse, a resonance (NMR) signal at the same frequency is re-
ceived. This signal S is directly proportional to the polarization P according to:

S o ?NP, (5.3)

where N is the number of excited nuclear spins.

RF pulse calibration

The maximum NMR signal is generated by the 90° RF excitation pulse, which rotates the
magnetization to the transversal plane. It is necessary to properly adjust its length and
amplitude, taking into account the effects of temperature, pressure, and the gas content
ratio in the SEOP cell.

The Aurora low-field spectrometer software allows to specify the following parameters:

o RF pulse — By pulse duration [ms], transmit level [V],
e receiver characteristics— receive gain, acquisition delay [ms],
e sequence timing — repetition time [s].

Other parameters determine the spectral bandwidth and the number of data points acquired.

Initial settings of NMR parameters were made using the MEOP experiment with 3He,
simultaneously with the optical method of measuring nuclear polarization. Details of the
MEOP as well as the optical method are provided in Appendiz B.

Since a similar optical method for 12°Xe is unknown, the RF pulse calibration was done
during the SEOP experiment. A mixture of 129Xe, Ny and “He at the total pressure of 1013
mbar was illuminated with the laser beam (Coherent laser, maximum power 46 W at the
optical window), in the presence of static magnetic field. For a fixed resonance frequency of
25102 Hz, the NMR signal as a function of the RF pulse length and amplitude was measured.
The highest signal was observed for the B; pulse duration of 2 ms and 3 V amplitude (see
Fig. 5.8). The ringing time of the RF coil was found to be about 400 us.
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Figure 5.8: Determination of the 90° RF pulse length for the RF coil interfaced to the
Aurora spectrometer. Data points were fitted to the sinus function.

Polarization calibration

The absolute polarization of HP '2Xe can be calculated by comparing the NMR signals
from xenon and the thermally polarized water sample, using the following equation 5.4:

SxePuNgyrsin(ang)f(ve)e Tars

Py = (5.4)

tixe ’
SuNxeBxevxesin(axe) f(vxe)e Toxe
where Sx. and Sy are the NMR signals for HP '2Xe and 'H, respectively. N is the
number of corresponding nuclei, Si20 y, the xenon isotopicabundance, v the corresponding
gyromagnetic ratios, « the flip angles. To simplify the calculations (and omit the RF coil
retuning), the same resonance frequency was used in both measurements by reducing the
magnetic field to 0.59 mT in the case of 'H. The 90° RF pulse lengths were equal to 2.1 ms
and 0.55 ms for xenon and protons, respectively. The exponential factors take into account
the transverse relaxation effects that reduce the NMR signal due to the delays t; between
the end of the RF pulse and the start of data acquisition. The number of 12?Xe nuclei was
calculated from the ideal gas equation, whereas Ny is equal to:

_ 2pH20VNA
18 ’
where pp,0 is the water density, V the sample volume, and N4 the Avogadro constant.
Py is the nuclear polarization of water in thermal equilibrium:

hyu Bo
P =
B = kT

Nu (5.5)

(5.6)

At room temperature, 298 K, in 0.59 mT magnetic field, for the proton gyromagnetic ratio
of 42.63 MHz/T, the proton polarization was calculated to be 2.02 - 1072, Such a small
value is not a problem to measure for a high density water sample. The number of 2°Xe
atoms to be inserted into Equation 5.4 was calculated from:

pXeV
Nxe = 5.7
Xe kBTXe7 ( )
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where px. is the partial pressure of '29Xe, V the volume, and Tx. the gas mixture temper-
ature. An enriched '29Xe was used in the experiment, so B2 x. equals 0.91.

The f(v) is a Lorentzian function describing the frequency response of the RF coil.
Since the NMR signals for both HP 129Xe and thermally polarized 'H were measured by
the same coil at the same frequency, these factors in Equation 5.4cancel. T, are the spin-spin
relaxation times, which were calculated from the FWHM linewidths of the corresponding
NMR spectra. These are in fact the effective transverse relaxation times 73, which take
into account the magnetic field inhomogeneity effects. The delay times t4 were in the range
of 3 — 4 ms.

The 'H NMR signal was obtained from thermally polarized water sample located inside
the same solenoid, which will be used in the cryogenic storage system. To match the
resonance frequency to that for '2°Xe, the current was set to 0.917 A, which corresponded
to 0.59 mT field. The weak signal was accumulated, using the repetition time of 6s, letting
the longitudinal magnetization fully recover between the consecutive scans. The acquisition
delay was equal to 6 ms, to avoid the ringing effects. Typical HP '2?Xe and 'H NMR spectra
acquired on the Aurora spectrometer, after 1 and 8000 scans, respectively, are shown on
Figure 5.9. For the same gas mixture and RF pulse parameters, the NMR signal was about
1.5 times stronger when the new (Dilas laser of 0.2 nm linewidth was used, as compared to
the old configuration with the Coherent laser (2 nm linewidth, 45 Watt). This result was
further improved by a careful choice of operating temperature and the partial pressures of
gases.
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Figure 5.9: 129Xe polarization calibration: (a) reference water NMR spectrum at 0.59 mT
after 8000 averages (90° pulselength 0.55 ms, 3 V amplitude) and b) HP 2°Xe NMR spec-
trum from the SEOP cell containing 2% ?°Xe, 20% Ny and 78% “He, acquired at 2.1 mT
(a single scan, 90° pulse length 2 ms, 3 V amplitude) and (c) HP 2Xe NMR. spectrum for
the same gas mixture and RF pulse parameters, but using the (Dilaslaser diode.

5.4 Spin-exchange and spin-destruction calculations

Designing a SEOP polarizer is a complex task which requires some trade-offs to be made in
many factors that affect the spin-exchange ~vsg and spin-destruction I'sp rates. Theoretical
calculations of these parameters will be compared with their experimental values.. In the
described polarizer a large ~ 6 L SEOP cell was filled with the mixture of 1?°Xe, Ny and
4He at different gas ratios up to 1 bar of total pressure and at temperatures ranging from
100 to 150°C. Calculations were done with Equations 2.17, 2.18, 2.13 and 2.14 (defined in
Section 2.4). The binary term vZS in Equation 2.17 is gas independent and the value for
spin-exchange binary cross section equalb kES =2.17 x 10716 cm3/s [19], while the van der
Waals contribution must be calculated for a given gas ratio using Equation 2.18. The density
of rubidium was determined from the Kilian formula [97]. The gas densities as well as the
spin-exchange and spin-destruction rates calculated for this experimental setup are shown
in Table 5.3. The theoretical calculation suggested that spin-exchange is more efficient for
lower xenon density (here 2%) and the optimal temperature for the chosen xenon density
does not depend on the Ny:*He ratio.
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Figure 5.10: Theoretical calculation of spin-exchange vsg and spin-destruction I'sp rates
as a function of temperature, for different gas densities used in the SEOP mixture at the
total pressure of 1 bar .
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Gas ratio Temp Gas densities of YSE T'sp
129Xe : Ny : 3He 129X e, Ny, “He
[%] °C] [em ] 5] 5]

5:10: 85 150  8.90x10'7, 3.40x10'8 1.48x10'° 1.23x10~! 3.06x10%
5:10: 85 140 9.12x10'7, 3.48x10'8, 1.51x10" 7.17x1072 3.01x10*
5:10: 85 130 9.35x10'7, 3.40x10™, 1.55x 101  4.07x1072 2.97x10*
5:10: 85 120 9.58x10'7, 3.66x10'4, 1.59x10'? 2.24x1072 2.93x10*
5:10: 85 110 9.83x10'7, 3.75x10%, 1.63x10'° 1.20x1072 2.90x10%
2:10: 88 150  3.77x10'7, 4.20x10', 1.48x10" 1.33x107' 1.34x10*
2:10: 88 140 3.86x10'7, 4.31x10%™, 1.52x10'° 7.76x1072 1.32x10%
2:10: 88 130 3.95x10'7, 4.41x10%, 1.56x10'?  4.40x1072 1.31x10*
2:10: 88 120 4.05x10'7, 4.52x10™, 1.60x10'  2.43x102 1.30x10*
2:10: 88 110 4.16x10'7, 4.64x10'4, 1.64x10'  1.30x1072 1.29x10*
2:20: 78 150  3.22x10'7, 6.86x10'%, 1.34x10" 1.46x10~' 1.20x10*
2:20: 78 140 3.30x10'7, 7.03x10'4, 1.37x10' 8.50x1072 1.18x10*
2:20: 78 130 3.38x10'7, 7.20x10™, 1.40x10"  4.82x1072 1.17x10*
2:20: 78 120 3.47x10'7, 7.39x10', 1.44x10" 2.66x1072 1.17x10*
2:20: 78 110 3.56x10'7, 7.58x10', 1.47x10" 1.42x1072 1.16x10*
2:30: 68 150  3.56x10'7, 1.03x10%, 1.20x10Y° 1.58x10~! 1.37x10%
2:30: 68 140 3.65x10'7, 1.05x10'°, 1.23x10" 9.19x1072 1.36x10*
2:30: 68 130 3.74x10'7, 1.08x10'%, 1.26x10'  5.21x1072 1.36x10*
2:30: 68 120 3.84x10'7, 1.11x10%, 1.29%x10'° 2.87x1072 1.35x10*
2:30: 68 110 3.93x10'7, 1.14x10'%, 1.32x10" 1.53x1072 1.35x10*

Table 5.3: Theoretical calculation of spin-exchange ysg and spin-destruction I'sp rates for
different gas densities used in SEOP mixture at 1 standard atmosphere pressure. Values are
calculated with the ideal gas equation of state for xenon and helium and the van der Waals
equation is an equation of state for nitrogen.
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5.5 The results of '>?Xe polarization in the SEOP cell

The application of the new laser characterized by a narrow output spectrum led to higher
efficiency of the SEOP process, hence to the stronger NMR, signal measured. This allowed
for more accurate determination of physical parameters and better optimization of the
experimental setup. A simplified scheme of location of sensors that were used for the gas

pressure, NMR signal, absorption, and oil temperature measurements is shown on Figure
5.11.
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Figure 5.11: Simplified diagram of location of sensors used for measurement of gas pressure
(P — membrane pressure gauge, M — microcontroller), NMR signal (NMR coil connected to
the Aurora spectrometer), absorption (Ocean Optics) and oil temperature (Optical temper-
ature sensor). NMR signal and Ti4,, measurements are performed in the top part of the
SEOP cell, above the room temperature.
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NMR signal dependence on the SEOP cell temperature for different
gas ratios

The SEOP cell optimal temperature (established by the silicone oil temperature) depends
on the gas mixture ratio. The oil was heated from 85 to 165°C and the NMR signal was
measured by the low frequency Aurora spectrometer. The total pressure inside the SEOP
cell was maintained at around 1 bar. The results presented on Figure 5.12 show that the
highest NMR signal is obtained at about 140°C for 20 mbars of xenon. For higher content
of xenon (~ 5% in the mixture) the optimal temperature decreases to about 135°C. Adding
xenon up to 20 mbar moves optimal temperature to values of about 140°C. Varying the
partial pressure of nitrogen does not change this temperature for a given content of xenon
in SEOP cell, but changes the value of polarization. The measurement was done in the
presence of laser light (FWHM 0.2 nm, 795 nm, 30 W) and points were collected when
polarization reached equilibrium (for a given oil temp.)
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Figure 5.12: 12Xe NMR signal amplitude as a function of the SEOP cell temperature for
different gas mixture ratios of 12°Xe : Ny : *He = 2 % :10 % : 88 % (blue), 2 % : 20 % : 78
% (green), 2 % : 30 % : 68 % (black) and 5 % :10 % : 85 % (orange). Below 120°C there
was no difference in NMR signal for all ratios.



The results of 12?Xe polarization in the SEOP cell 71

Polarization build-up and 7} in the SEOP cell

The rubidium polarization reaches steady state after a few seconds, while the xenon polar-
ization process takes much longer and can be monitored. The laser was switched on and
the polarization build-up time was measured. When the steady state was achieved, then
the laser was switched off and the 77 decay was monitored. The polarization build-up and
T1 top decay curves are presented in Figure 5.13a. The build-up curves were fit to:

y(t) = A(1 — e BY), (5.8)
where t = tpyi1d—up is the build-up time and
P
A= <7:Eb>zslf, B=rvsg+T. (5.9)

The build-up time is shorter than 4 minutes and the plateau was reached in about
15 minutes. After 30 minutes the laser was switched off and the decay time T4 o, was
measured in the hot SEOP cell (temperature > 40°C). The decay curves were fit to the
following equation:

y(t) = Ae™T + Yo, (5.10)

where T' = T 40 is the decay time in the presence of dense rubidium vapor. The calculated
T1 10p values for given physical conditions are listed in Table 5.4 and theyare smaller than
4 minutes. Such a short relaxation time is expected due to spin-destruction collisions with
non-polarized alkali atoms.

The determined optimal temperature and the NMR signal dependence on the gas content
ratio (mostly xenon partial pressure) were reproducible. Similarly, adding nitrogen at fixed
xenon partial pressure produced higher NMR signals (see Fig. 5.13b).

Gas ratio Temp. Total Sxe,maz touild—up T Px.
129X e:Ny:3He pressure in hot cell

(%] [°C] [mbar] [a.u.] [min] [min] (%)
2:10: 88 155 1013 0.33 £0.01 2.00£0.16 1.36 £ 0.23 0.91 + 0.22
2:20:78 145 1008 0.42 +0.02 2.14+0.16 1.84 +£0.19 1.13 £0.29
2:20:78 142 1022 0.48 + 0.01 2.29 +0.11 231 £0.37 1.27 £0.29
2:20: 78 140 1006 0.34 £0.04 1294+ 0.21 1.22+£0.41 0.91 + 0.30
2:20: 78 134 1014 0.35 +£ 0.02 2.58 +£0.21 227 +0.46 0.92+0.24
2:20:78 115 970 0.23 +0.14 4.08 + 0.57 3.06 £ 0.38 0.60 £+ 0.49
2:30: 68 143 1030 0.55 + 0.02 2.62 +0.18 3.37 £ 0.65 1.45 £ 0.35
2:30: 68 135 1026 0.58 £ 0.02 3.53 +£0.22 3.16 £ 0.26 1.50 + 0.37

Table 5.4: Values of maximum NMR signal with corresponding polarization values, signal
build-up time tpyid—up and decay time T, in hot SEOP cell, for three gas ratios: 2 : 10 :
88 %, 2:20: 78 % and 2 : 30 : 68 % at different oil oven temperatures.
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Figure 5.13: Polarization build-up and decay after switching on and off the laser, respectively
for three gas ratios: 2 : 10 : 88 % (dark red), 2 : 20 : 78 % (yellow, orange) and 2 : 30 :
68 % (red, green) at different oil oven temperatures: 135 — 155°C (a) and for gas ratio 2 :
20 : 78 % at different oil oven temperatures: 115 — 150°C (b). Calculated parameters are
presented in Table 5.4.

Polarization calculations

Using Equations presented in Section 5.3 one can calculate the absolute polarization of
xenon by comparing its NMR signal with the water signal, which is of the order of 3.5 x
1073, As it is shown in Table 5.4, the polarization is of the order of 1%, which is rather low
comparing to other systems known from literature. However, it is difficult to find a design
operating in similar physical conditions (pressure of 1 bar, large SEOP cell and 16 Watt
laser power). The polarizer designed by the Hersman group [26] produces polarization that
exceeds 64 % by using 1kW of laser power. Therefore increasing the applied laser power
would be the first step in improving the efficiency of the present design. Moreover, the cell
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illumination should be refined. In the present optical system the laser beam size does not
match the size of the optical window, causing about 2/3 of the pumping cell to be dark.The
collisions between polarized and non-polarized rubidium atoms reduce the efficiency of the
SEOP process due to spin destruction effect. of The optimal set of parameters that was
obtained up to now refers to the experiment with the closed SEOP cell. It is not necessarily
optimal in the continuous flow regime, which is the ultimate goal of the designed polarizer.
It is necessary to determine how the xenon polarization depends on the gas flow rate. Such
studies are planned in the near future.

5.6 Considerations about rubidium handling

The SEOP process requires an alkali-metal vapor to be used for optical pumping. Following
most designs, rubidium was chosen for the designed polarizer, because it is available and easy
to handle. However, there is a problem that was reprted in all SEOP polarizers. During
operation, the internal surface of the glass cell is gradually covered by rubidium. Since
small cells are more susceptible to this effect, they cannot be used for longer than about
one month. Our large SEOP cell could operate for several months without replacement,
provided the rubidium was handled with special care. First of all, a 5g ampoule of metallic
rubidium was inserted in a vertical position, preventing it from pouring out along the cell
walls during warming. It was noticed that a rubidium layer formed on the metal-glass
connection, reducing the rubidium amount inside the cell to less than 5 g. Then a cooler
band was used to remove rubidium from the upper part of the cell. Finally, if there was
any rubidium remaining at the top of the cell, one could get rid of it by a simple cleaning
process (see Fig. 5.14a).

Occasionally, another problem occurs during the experiment, due to the air leak. In the
presence of oxygen the RbO3 is formed and the cell becomes useless (see Fig. 5.14b). The
presence of oxygen in the cell causes a gradual decrease of the NMR signal, making further
measurements impossible. In such a case it is necessary to replace the cell and repeat the
rubidium filling process, which takes maximum two days.

Such accident happened due to a loose valve that fell out at high temperature. All glass
valves are sealed with a high vacuum grease (Apiezon H Grease, Apiezon ME&I Materials
Limited), which remains hard up to 240°C. Before opening or closing the valve an air blower
is used to heat it above that temperature making the grease softer, and this way a strong
force that could break the glass is avoided. However, the valves that are located in the
cryogenic unit operate at low temperature and must be sealed with another grease (high
vacuum grease working between -273° and 30°C, Apiezon N Grease, Apiezon M&1 Materials
Limited). One of these valves was not protected by additional fasteners and a part of it fell
out when the temperature reached 160°C. This was noticed immediately by the decrease of
the NMR signal.

Another set of glass tubes for higher pressure operation is planned to be used in the near
future. They have special valves that can sustain more than 2 bars of pressure (10 mm,
high performance stopcocks, Rotaflo) and do not need any grease.

5.7 Approach to SEOP experiment

There is a large number of adjustable parameters that affect the operation of the SEOP
polarizer. A mind map can be constructed which illustrates most relevant physical pro-
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Figure 5.14: The rubidium inside the SEOP cell. During operation metallic rubidium covers
internal surface of the glass cell (a). A greenish layer of the rubidium oxide can be noticed
in (b-d) following the air leakage.

cesses occurring during the SEOP and their relationship (Fig. 5.15). It is clear that a
compromise must be made between the level of polarization, amount of HP '?9Xe gas, and
the production time. The specific application of the designed polarizer is an important
factor in choosing the optimum combination of experimental conditions. Since the designed
polarizer is intended for medical imaging of human lungs, a large amount of HP 1??Xe is
required. It is believed that the described SEOP polarizer will satisfy these requirements
after some further improvements mentioned in this thesis, which are in the advanced stage
of implementation and should increase its throughput.
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Discussion and further developments

6.1 Results comparision among other SEOP experiments

There are only few 2°Xe SEOP polarizers worldwide. Most of them operate at higher
pressure of 2 bars or more, using a small volume SEOP cell of ~ 100 — 500 cm?. According
to my knowledge, only two designs use a large SEOP cell operating at atmospheric pressure:
one in the Hershmans grup [26], and the one presented in this thesis.

The first results reported in literature showed that the maximum '2?Xe polarization did
not exceed 10 % [98]. It was due to the unfavorable combination of low laser power, broad
output spectrum, not uniform light distribution in the cell, and the limited knowledge of
relaxation processes at that time. Much higher polarization of 65% reported by [99] was
achieved with the 210 W laser characterized by 1.6 nm FWHM linewidth, operating at 4.6
bars for efficient pressure broadening. A significant progress was made when new, high
power and narrow output spectrum lasers were developed. Using a diode stack (90 W,
1.5 nm FWHM) it was possible to produce 0.3 1 of HP 12*Xe having 64% polarization in
one hour [85]. When the laser linewidth was narrowed to 0.3 nm FWHM at 60 W, the
polarization increased to 84%.

Polarization Laser power and FWHM  Pressure  Cell Oven Ref.
%) (W], [ mbar] o] [°C]
65 210, 1.6 4600 250 140 Zook et al. [99]
84 60, 0.3 1000 Zhu et al. [85]
10 27, 0.27 1300 75 100 Nikolaou et al.[80]
90 200, 0.27 1300 500 Nikolaou et al.[100]
64 90, 1.5 1300 160 Ruset el al. [26]

Table 6.1: Values of 12?Xe polarization achieved in different SEOP experiments.

Nikolaou et al. [86] used volume holographic grating to narrow the laser linewidth to 0.27
nm, which led to 10 % polarization at 27 W. Applying the 200 W laser in the same setup

77
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increased the polarization to 90% [100]. The principal parameters and obtained results in
some 129Xe SEOP polarizers are summarized in Table 6.1.

An interesting observation was made that a small detuning from the D; rubidium line
resulted in higher polarization, and this effect was density dependent [101]. However, this
occurs at the cost of some reduction of laser power, detuned from its nominal frequency.
This effect is also observed in our laser diode.

In our polarizer 16 W of laser power is used, as measured on the optical window of the
SEOP cell. It will be increased in the near future, improving the spin-exchange efficiency
to some extent [102]. Some modifications of the beam design and the cell shape are also
planned for better cell illumination, which will increase the spin-exchange regardless of the
laser power.

6.2 Discussion

The application of HP '?°Xe gas in medical human lung imaging and materials science
was the motivation for designing and constructing the '2°Xe SEOP polarizer. Operating
at about 1 bar and low 2?Xe concentration of 2 — 5% it produced about 0.12 — 0.30 liters
of gas polarized to about 1 % in less than 5 minutes. Further developments of the 29Xe
SEOP polarizer will be directed towards achieving higher xenon polarization. The major
limiting factor in the present design is the laser light absorption in rubidium vapor. It can
be increased in two ways: by improving the laser performance or by elevating the pressure.
In our case narrowing the linewidth of high power laser was combined with maintaining
low total pressure in the SEOP cell. During the SEOP process, the creation of van der
Waals molecules is essential for efficient polarization transfer from rubidium to !2Xe. This
requires low or normal pressure [22]. Faster spin-exchange and slower relaxation rates can
be obtained at low pressure. Impressive volume polarization levels were reported at 1.3 low
pressure [26], which is a promising observation. Although the absorption efficiency can be
improved by adding buffer gases, the total pressure in the cell is then increased, which the
opposite to our initial goal. A new set of glass components with the stopcock valves that is
designed for higher pressure operation is already prepared for implementation. When the
previous laser with the 2.0 nm linewidth was replaced by the new one with the linewidth
narrowed to 0.2 nm, the polarization level increased by the order of magnitude. Further
improvement will be made by using a new SEOP cell, with a smaller optical window that
matches the laser beam diameter. An increase of the laser power is also planned.

Although the application of large volume SEOP cell was successfully tested by Hersman
et al. [26], it is not a standard solution in the SEOP polarizers. Usually a small cylindrical
cell of about 2 liters volume is used [100], in which an elevated pressure of 2 bars or more
is maintained. Our motivation to use a larger cell was to produce sufficient amount of
HP '2Xe in one cycle, which is important for medical applications. There are several
advantages of using a large volume SEOP cell. First of all, an increased volume of rubidium
vapor absorbing the laser light improves the optical pumping efficiency. Furthermore, a
longer residence time of ?°Xe in the longer cell makes the spin-exchange more efficient and
allows the polarization to saturate. Finally, a large cell has smaller volume-to-surface ratio,
reducing the wall relaxation.

Low pressure SEOP polarizers use long cells to increase the total laser light absorption.
It adds another complication to the proper operation, because the SEOP cell needs to be
uniformly filled with rubidium vapor at satisfying level. This was successfully resolved in
our setup. Some problems may occur due to an inhomogeneous temperature distribution
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along the cell caused by the laser absorption, and due to back reflection of the laser light
from the alkali metal layer. A careful optical setup is necessary to make sure that the laser
beam illuminates the whole volume and provides an adequate optical penetration of the
SEOP cell even at higher temperatures. On the other hand, small SEOP cells need to be
periodically replaced, because rubidium quickly covers their internal surfaces.

Generally speaking, a considerable progress has been made in recent years both in un-
derstanding the physical processes taking place during the SEOP process, and in improving
its performance. However, several important problems remain to be solved.

One of the problems is low 2Xe concentration, which needs to be maintained in the
SEOP cell. Otherwise non-spin conserving Rb-129Xe collisions would reduce the achievable
rubidium electron spin polarization. Moreover, xenon dimers appearing at higher xenon
densities would contribute to nuclear relaxation [47]. The spin-rotation interaction occurring
in the short-lived 12°Xe-129Xe complex species is believed to be the responsible relaxation
mechanism in gaseous '2Xe [52]. In this regard, a new effect has been recently discovered
by Whiting et al. [88], namely an anomalous 2°Xe polarization dependence on the xenon
partial pressure in the SEOP cell. The polarization was unusually low at small xenon
partial pressure, achieved maximum at 400 mbar, and stayed surprisingly high up to 1300
mbar. The origin of this effect is not fully understood yet, and additional experiments and
simulations are in progress [88].

Up to now, the operation of the SEOP polarizer in the batch mode was discussed, in
which a closed SEOP cell is periodically filled with the fresh gas mixture. After completing
the polarization process, the gas mixture is cooled to remove buffer gases and rubidium
vapor and put in the cryogenic storage cell. The operation of the SEOP polarizer in the
continuous flow regime is much more demanding and requires a careful adjustment of all
critical parameters. Some polarization is lost in such setup. Therefore it is important to
monitor the flow constantly during on-line medical trials, using NMR. Since a fresh xenon
is continuously flowing through the RF coil, the flipping angle of the exciting RF pulse can
be longer than the usual 10°, boosting the NMR signal. The consecutive cooling and storing
of hyperpolarized xenon is done in the same way as in the batch mode.

For successful implementation of experiments with HP 12?Xe, the extraction of xenon
from the polarizer, storage, and delivery should be carried out at the minimum loss of
polarization. The cryogenic storage system dedicated for both batch and continuous flow
modes of operation was prepared. The frozen xenon placed in the dewar filled with liquid
nitrogen is located inside the solenoid, producing the magnetic field of about 200 Gauss, to
reduce the relaxation effects during the phase changes. The whole unit can be transported
to hospital using a portable power supply for maintaining the magnetic field. After thawing
a gas portion into a special bag (Tedlar Bag®, Sigma Aldrich), it can be inhaled by the
patient.

The medical facility in the John Paul 1T hospital in Cracow is already prepared to perform
human lung imaging using hyperpolarized noble gases. The 1.5 T Siemens Sonata Magnetic
Resonance medical scanner is equipped with two additional RF coils (GE HDxt 1.5 T MR
system, Rapid Biomedical) that are tuned to *He and 12°Xe resonance frequencies. The first
successful pre-clinical tests were performed with hyperpolarized *He gas [103]. More details
are given in the Appendiz B.
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6.3 Further developments

Last but not least, one of the final steps of each HP gas usage can be an experiment
performed in low magnetic fields. Not only low cost and no need for maintaining supercon-
ducting magnets simplify experiments, but also the benefits of low-field MR imaging are
potentially numerous [104, 105, 106, 107].

A home-build low-field (of only 0.088 T magnetic field) scanner was constructed years
ago in Faculty of Physic (Jagiellonian University) with co-operation with Faculty of Physics
and Nuclear Technology (University of Mining and Metallurgy in Cracow) within PHIL
project!.

The scanner consists of Nd-Fe-B magnet (two pole plates) assembled in a special frame
so that all repulsive and pulling forces between elements in the magnet structure were
controlled. The homogeneity in working area was about 100 ppm, and then 50 ppm after
implementation of passive shimming [108]. The detailed description of the low-field scanner,
its initial adaptation, shimming procedure and test of series of fast MRI sequences for the
purpose of animal lungs imaging and tests of current limitations of the system in terms of
achievable SNR and resolution are presented in [109] and in listed PhD Theses [110, 111, 112].
The RF coils are driven by power amplifier (Dressler) via a matching circuit and a passive
duplexer. A low noise preamplifier (AU-1583, MITEQ) is used for amplify the signal induced
in the RF coil.

Tuning the scanner to 2°Xe frequency? is a mandatory step for imaging. The console
was equipped with a home-built frequency converter, which makes it possible to perform the
MR experiments at either 'H, >He and !2?Xe. The procedure of frequency tuning of this low-
field scanner is presented in [112].The RF coil is a transmitting-receiving coil built within
project presented here [113]. It is a combination of short solenoid with pairs of circular
coil at the ends of the coil. Set of tuning and matching capacitors are located after the
coil in an aluminum box (matching-tuning box), which can be easily removed and replaced
with different set of capacitors (Non-magnetic Trimmer Capacitors, Voltronicscorp). This
a handy way to change between 'H, 3He and '??Xe frequencies. Two other modules, which
were replaced are a mizer and RF unit. The mixer mixes (sum and substract) 3He frequency
(2.84 MHz) with values settled with generator (6.57 MHz for 'H and 3.87 MHz for '29Xe).
Next, values are filtered into 3.73 MHz and 1.03 MHz for 'H and '2°Xe, respectively.

1The European PHIL project — Polarized Helium to Image the Lung — a European consortium to study
emphysema and other lung diseases with HP 3He, see report on: hitp://arziv.orq/pdf/physics/0501127.pd
Y g g Y
2A great role of Dr Zbigniew Olejniczak responsible for calculations and implementation new electronics
for tuning to ?9Xe resonance frequency
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Starting from the first HP 3He MR image of human lungs [114], most of medical studies
was performed using this contrast agent. The heterogeneous distribution of ventilation in
asthma [115], chronic obstructive pulmonary disease [116], and cystic fibrosis [117] were
investigated. The introduction of HP 129Xe opens new possibilities in MRI of human lungs,
apart from anatomic, ventilation, and perfusion studies. The alveolar surface area, septal
thickness and vascular transit times can be measured. The Apparent Diffusion Coefficient
(ADC) maps can be also obtained.

Initial tests to evaluate the safety and tolerance of inhaling HP '29Xe were made [15].
Although xenon has strong anesthetic properties, no side effects were observed during the
imaging protocols. Healthy subjects as well as patients with mild or moderate COPD
tolerated a portion of HP 12?Xe quite well. First ADC maps using 12°Xe were also measured
[118]. Depending on the stage of disease, the air trapping and hyperinflation in airways
can modify the ADC maps to different extent, and can be quantitatively measured by
counting the number of defects per slice. Sequences using diffusion-weighted techniques can
determine some microstructural changes in the emphysematous lung [119]. For example,
COPD can be represented by severe types of abnormalities such as emphysema, bronchitis,
and bronchiectasis and their nonspecific manner is problematic in terms of distinguishing
those types. This causes substantial overlap in diagnosis.

Proton MR diagnostic imaging of human lungs was always challenging, due to low proton
density [120]. Other diagnostic methods either use ionizing radiation (CT, PET, SPECT),
or provide very limited information (spirometry). According to preliminary results, HP
129Xe MRI will provide new and quantitative information about gas delivery, exchange,
and transport in human lungs. The method shows considerable potential of extending our
knowledge of lung diseases and improving their diagnosis. Moreover, the method is sensitive
enough to detect the lung cancer in a very early stage of development.

HyperCEST is a new technique involving HP '29Xe that was developed by the Alex
Pines group [121]. By encapsulating HP '29Xe in cryptophane [122], it makes possible to
detect the tissue biomarkers that are of special interest in biological systems. CEST is
the NMR chemical shift saturation transfer technique, which increases the signal from the
regions where this NMR biosensoris located. This allows to detect the target molecules
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in a non-invasive way. Recently it was reported that encapsulated HP '2?Xe can detect
nanomoles of interesting analytes [123] characterized by 65 ppm chemical shift, depending
on the type of cryptophane (comparing to 190-230 ppm in solutions) [124].

The implementation of any MRI or NMR study with hyperpolarized '?°Xe requires an
access to the HP gas source. It is believed that the growing demand will stimulate further
progress in the SEOP polarizers design, improving their performance and providing large
amounts of hyperpolarized gas for various applications.

The SEOP polarizer presented in this work is an initial step towards a large-scale pro-
duction of HP 129Xe for medical studies, but also can be used for material studies.



Appendix A — Design and
characterization of old diode laser system
with optical setup

8.1 Design

A two diode laser array (Scientific DUO FAP System, Coherent) of 60 W maximum power
was initially used in the SEOP polarizer. Each diode operating at 30 A had its own current
and temperature control unit and was characterized by 2 nm spectral width. The laser
outputs were coupled to optical fibers and combined by the collimator.

Two different optical arrangements were tested, but only the second one (Fig. 8.1) was
eventually used for the reason that will be explained later. Two non-polarized beams from
the fiber bundle go into the collimator and then enter the beam expander, consisting of 100
mm dispersing and 500 mm focusing lenses, separated by 400 mm. The reason for using such
a homemade beam expander was to reduce the power dissipation in the polarizing optics
which would be caused by two closely separated ((2 x 800 um) laser beams. A dielectric
mirror (M;)(BK7, SF /10 at 633 nm, coated HR > 99.5% at 795 nm for 45°, Eksma
Optics) reflected the expanded beams to keep it within the optical table of limited size.

Two expanded (50 mm each) and partially overlapping beams are then divided by the po-
larizing beam splitting cube (PBS, BK7, Eksma Optics). The reflected linearly s-polarized®
beams pass a multi order quarter-wave plate (A/4, BK7, quartz, retardation A/4 at 795 nm,
Eksma Optics) that produces the circular polarization and are directed into the SEOP cell
by three mirrors My, M3, and My.

The transmitted p-polarized? beams pass the half-wave plate, which rotates their linear
polarization to the same orientation as that of the reflected ones. Then they enter the second
PBS which improve their linear p-polarization, are converted to circularly polarized beams
by the second quarter-wave plate, and directed into the SEOP cell by two mirrors M5, and
M.

Ls-polarization refers to the polarization plane perpendicular to the polarization axis of the PBS
2p-polarization refers to the polarization plane parallel to the polarization axis of the PBS
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Consequently, four, almost overlapping laser beams are directed down by two additional
mirrors towards the optical window of the SEOP cell and cross at about its center. Since
the optical window is not covered by the antireflection coating, some power loss occurs. All
together, the effective laser power of 46 W is measured at the optical window of the SEOP
cell due to power losses in the optical setup. The details of laser power measurements and
tuning are given in the next Section 5.1.

For safety reasons, the laser is enclosed in a large custom made box made of non-magnetic
material, which is shown in Figure 4.9. The internal surfaces of the walls are painted
with black graphite spray. The laser power was measured with the (Ophir) power meter.
Initially, the measurements were carried out with the (collimator 1), which belonged to the
Scientific DUO FAP System, but was incompatible with two laser beams. An excessive
power loss occurred due to small separation of laser beams. Therefore the collimator 2
(High Power, 808nm, 50W, Gold-FAP-Laser-Diode-Collimator-Lens-SMA-Optic, Coherent)
designed for two bundle fiber type was applied. However, although the power measured after
the collimator 2 was slightly higher, another problem occurred, because the two separate
beams directed towards the beam expander (Eskma Optics) were not properly focused,
which caused some power loss. The final arrangement included the the collimator 1 and the
home-made beam expander, which minimized the power loss (Fig. 8.2).

Additionally, a small radiator was applied to the collimator 1 for heat dissipation.

p - polarized beam

s - polarized beam

Figure 8.1: Schematic diagram of '??Xe polarizer optical system a home-made beam-
expander. PBS - polarizing beam splitter, Mj,3 ,5 - dielectric mirrors reflecting laser light
mounted perpendicularly to optical table, My,s - dielectric mirrors directing the laser light
into the SEOP cell mounted at the 45° angle to optical table, A/4 - quarter-wave plate, \/2
- half-wave plate, L; - dispersing lens, Ly - focusing lens, C - collimator (collimator 1 or
collimator 2), R - radiator.
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Figure 8.2: Optical system mounted at the top of the '2Xe polarizer. It is enclosed in the
box during operation for eye protection.

8.2 Laser power measurements

As it was described in the previous section, some modifications were necessary in the optical
system in order to minimize the power losses. A series of measurements of the laser power
was made with the (Ophir) laser power meter for a single diode (Fig. 8.3 for the right
diode), at five different arrangements of the laser output:

e 1 - collimator 1

e 2 - collimator 1 with single lens

e 3 - collimator 1 with the telescope (Eksma)

e 4 - collimator 1 with a home-made beam expander
e 5 - collimator 2

The measurement showed that the maximum power of 60 Watts could not be reached
at the optical window of the SEOP cell. The highest power of 23.45 W was measured with
the collimator only, but such arrangement was not acceptable. The power loss difference
between the collimator 1 and collimator 2 was about 0.6 W. The addition of a single lens
after the collimator 1 caused some power loss. The home-built beam expander increased
the output laser power by about 8 W.

The second condition for laser system design for SEOP (full illumination of the SEOP
cell) imposed usage of the first original collimator. The second one designed to work with two
bundle fiber type has two outputs for focusing two separate beams, but further arrangement
was complicated. The final cell illumination was satisfactory at the expense of lower laser
power, but with easier way to arrange optics.

Two separate laser diodes, each 30 Watt, were tuned to the D; rubidium line. For clearer
view one of them is called left and another right, corresponding to the appearance of controls
at the front panel. Each diode had to be tuned separately by setting its temperature.
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Figure 8.3: Laser power for different combinations of collimator and beam expander. The
results are shown for the right diode.

Spectral light profiles of the laser in the SEOP cell additionally filled with 100 mbar of
nitrogen are presented on Figure 8.4, as a function of the diode temperature . Nitrogen was
necessary for pressure broadening of the D; rubidium line. The laser beam after passing
through the SEOP cell was detected by the fiber equipped with the collimator, and trans-
ferred to a slit of the spectrometer (adapted from Carl Zeiss Jena monochromator). Its
spectral resolution was better than 0.02 nm and to operate at the infrared range it required
a CCD camera. The spectrometer was calibrated by measuring the reference lines D; and
D5 from a small rubidium cell with radio frequency discharge.

An absorption dip corresponding to the D; rubidium line can be clearly observed at a
specific diode temperature (Figure 8.4), which is equal to 22°C and 18°C for the right and
left diode (not shown), respectively.
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Figure 8.4: Laser diode bar temperature tuning with only right diode switched on in the
presence of 100 mbar of nitrogen and rubidium vapor at 144°C. Matching diode bar tem-
perature value for Dy is 22°C for the right diode (red line).

8.3 Absorption profiles

After determining the optimum diode temperature, the effect of buffer gases was studied.
Only a single, right diode was used, at the temperature of 22°C and the current of 30
A, providing the maximum laser power of 22.5 W. The buffer gases were added while the
temperature of oil was increased to 150°C.

The absorption profiles are shown on Figure 8.5. They demonstrate the increased ab-
sorption of the incident laser light, resulting from the pressure broadening of the Rb D;
resonance line that is caused by the buffer gases.

This laser system could not be re-designed to narrow its line width, due to the fiber
module that was already fixed. Therefore a more efficient laser source was required in a
long run. Still, the first successful 2°Xe polarization experiments were performed with
this setup. The NMR signal measurements and some optimization of the polarizer will be
described in the next section.
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Figure 8.5: Rubidium absorption profiles in the presence of buffer gases: nitrogen and helium
(only some profiles were presented for clearer view). After reaching 212 mbar of nitrogen,
up to 614 mbar helium was added.

8.4 Polarization of '**Xe in the SEOP achieved with old laser

The first NMR signal of polarized '2°Xe was measured inside the SEOP cell using a saddle
RF coil that was mounted at the top of the SEOP cell, as it was shown on Figure 5.11.

Each experiment started with cleaning the gas distribution system and the SEOP cell
with the turbo molecular pump. A vacuum of 10~7 mbar and 10~° mbar was usually reached
in the stainless steel unit and the glass system, respectively. The gas mixture was prepared
manually, starting from '2Xe and then adding N, and “He. These steps were carried out
at room temperature. Otherwise the rubidium film would start covering the upper parts of
the SEOP cell, especially in vacuum and at the temperature above the rubidium melting
point. Before turning on the oil heating, the air ventilation was switched on to protect the
optics from the oil vapor.

Then the temperature was increased to the desired value (140°, 150° and 160°), with
water circulating in the cooler band. In order to stabilize the magnetic field, the power
supplies driving the coils had to be switched on about half an hour before the experiment.
The laser was turned on using the parameters determined previously. The illumination was
monitored with the laser viewing card (NIR Detector Card, Thorlabs) to make sure the
optical components did not move.

Polarization measurements in different conditions

The first results obtained with the Coherent laser diode and a small RF coil mounted at the
top of the SEOP cell are shown in Table 8.1. Different temperatures and gas ratios were
used, keeping the the total pressure just above 1 bar. The NMR signal for 5% of 12?Xe in
the gas mixture was higher than for 2%, but further polarization values showed opposite
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trend.
Content [%] Temperature Pressure Build-up time NMR signal
129%e Ny “He [°C] [mbar] [min] [a.u]
2 20 78 140 1084 20.5 0.31
2 20 78 150 1107 9.2 0.29
2 20 78 160 1117 7.1 0.19
) 20 75 140 1077 8.8 0.41
5 20 75 150 1089 1.2 0.32
5 20 75 160 1109 9.7 0.21

89

Table 8.1: NMR signal measurement in different conditions in the presence of magnetic field
By = 21 Gauss and 45 Watts laser power. The NMR signal from mixture with higher '29Xe

content is stronger, but further calculated polarization is lower.

Content [%)] Temperature Pressure NMR signal
129Xe Ny “He [°C] [mbar] [a.u.]
5.7 20 743 140 1070 0.40
5.7 20 743 160 1058 0.20
5* 20* 75" 140 1077 0.11
5* 20" 75* 160 1109 0.08

Table 8.2: NMR signal measurement in different conditions in the presence of magnetic field
By = 21 Gauss and 45 Watts laser power for clean and contaminated* cells (NMR signal
was at the noise level).

The NMR spectra obtained at different experimental conditions after a single RF pulse
are shown on Figure 8.6. A high level noise could be reduced by putting the entire system
into Faraday cage. Polarization was calculated against water sample for all measurements
(the method described in section 5.3). Consequently, the value of polarization was lower
than that obtained with the new laser system and the difference was one order of magnitude

lower.
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Figure 8.6: The NMR signals from HP 29Xe after a single RF pulse at 2.1 mT measured by
the Aurora spectrometer for 2% '29Xe, 20% Na, 78% * He (a — ¢) and 5% 12°Xe, 20% N,
75% “He and temperatures 140°C (a, d), 150°C (b, e) and 160°C (c, f). The signals were
measured 20 minutes after the laser was turned on. The SEOP cell was filled with rubidium
4 months before.

Polarization build-up

In a closed SEOP cell and assuming a good filling factor of the RF coil, the dynamics of
129X e polarization can be described by the following phenomenological equation [88]:

_ SE —(yse+Tsp)t
PX t) = PRb . <—) (1 — e \7SE SD , 8.1
0= (Pra) - (25— ) )
where (Pgyp) refers to rubidium polarization, while the vsg and I'sp correspond to spin-
exchange and spin-destruction rates, respectively. The results of single pulse NMR measure-
ments monitoring the signal growth after the laser was switched on are shown Figure 8.7,
and the build-up times determined by the fitting to single exponentials are given in Table
8.1.
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Figure 8.7: '29Xe polarization build-up illustrated by the NMR signal at two different 129Xe
contents 2% (orange, red) and 5% (green, blue) and temperatures: 150°C (orange, blue)

and 160°C (red, green).






Appendix B - Polarizing *He

Several pre-clinical and clinical studies suggest that compared to HP '2Xe, HP 3He is a
superior contrast agent in MR investigations of human lung morphology. *He is an inert gas
which quickly leaves the human body, and its application does not cause any side effects. On
the other hand, apart from MRI, HP '?°Xe has found much wider application in materials
science, chemistry and related disciplines, where its large chemical shift range is exploited
in the NMR spectroscopy, as it was discussed in previous chapters.

3He has 2.7 times larger gyromagnetic ratio than 129Xe, which increases the sensitivity of
MRI significantly. The main disadvantage of using HP *He in a routine clinical diagnostics
is the shortage of its supply, due to dramatic increase of the demand in recent years [125].
Since the only source of 3He is tritium decay, an efficient recycling of the gas is mandatory
[126].

In this chapter, fundamental aspects of polarizing 3He are described and the design of
two polarizers and their implementation in MRI studies are presented [103, 128, 127]. My
participation in this work started with my MSc, and continued during my PhD studies.

9.1 Theory of MEOP of *He

The possibility of polarizing *He by optical pumping has been known since 1963 [129]. Non-
equilibrium hyperpolarization in He can be obtained via metastability exchange optical
pumping. In contrary to SEOP, the MEOP is performed without any other buffer gases and
takes place among helium atoms themselves. The MEOP, schematically presented in Figure
9.1, is a three stage process and takes place at low magnetic field, which produces hyperfine
splitting and also prevents the optically prepared orientation from fast relaxation.

In the first step, helium atoms are excited with radio frequency discharge. This way the
23S metastable state (as it is characterized by a long residence time) is populated due to
electronic collisions occurring in the plasma. The density of metastable helium atoms is 3
to 5 orders of magnitude lower than the rubidium density in the SEOP experiments [130].

The optical pumping is performed in the second step, when metastable He atoms ab-
sorb the circularly polarized laser light tuned to the 23S — 23P transition. The hyperfine
interaction causes the transfer of electronic polarization to nuclear spins.
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Figure 9.1: Energy levels diagrams for the MEOP process. (a) A weak radio frequency
discharge promotes a small fraction of helium atoms into the excited metastable state 23S,
where the optical pumping occurs by the circularly polarized laser light tuned to 1083 nm.
Nuclear polarization is transferred to atoms in the ground state 1'Sy by metastability-
exchange collisions. (b) Closer view of the 23S; — 23P3 transitions, with the most efficient
Cg and Cy pumping lines. (c) Simplified spectrum of He at magnetic field below 10 mT
with all C,, pumping lines for n =1 —9.

In the last step the nuclear polarization is transferred from metastable to ground state
helium atoms by atomic collisions.

In contrary to SEOP, which is a relatively slow process taking place at atmospheric
pressure, the standard MEOP is much faster, but operates at low pressure of about 1 mbar
only. An increase of operating pressure causes a dramatic drop of achievable polarization.
Therefore a mechanical compression is necessary in practical application, leading to addi-
tional relaxation. It has been recently found that performing the MEOP at high magnetic
field, of the order of 1 T, it is possible to increase the operating pressure to several hundreds
of mbars, without losing too much of polarization [131, 132, 133]. This method is called the

MEOP in non-standard conditions and can be conveniently implemented in the clinical 1.5
T MRI scanner [127].

Systematic studies of the MEOP process at high magnetic fields (0.45, 0.9, 1.5, and 2 T)
and elevated pressures (32 and 64 mbar) were performed [134]. The experimental parameters
such as laser power, beam profile, and the shape of the optical pumping cell were optimized.
The effect of rf discharge intensity on the plasma-induced nuclear relaxation was also studied,
establishing the best conditions for maximum MEOP efficiency.

The structure of 23S and 22P energy levels is significantly changed at high magnetic
field, imposing different conditions for the 1083 nm transition [135]. An elevated pressure
modifies also the plasma distribution, which concentrates near the cell walls. In order to
maximize the laser light absorption, a modified optical setup using axicons to reshape the
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laser beam into a doughnut shape was successfully implemented [136].

A non-destructive measurement of 3He polarization is possible with optical methods
[137, 138], which is advantageous when compared to the NMR technique. In the non-
standard conditions MEOP, a probe beam tuned to 23S; — 23Pj3 transition is introduced.
By monitoring the populations of two 23S sublevels, which do not take part in optical
pumping, the absolute nuclear polarization of 3He can be determined.

9.2 Polarizers and lung imaging with HP 3He

3He MEOP can be performed in two types of polarizers, the first operating at standard
conditions and the second at non-standard conditions, which are shown on Figure 9.2.

The first one was built several years before [?], but during my PhD studies it was
upgraded. The throughput was increased from 0.4 scc/min to 3 scc/min (sce - standard
cubic centimeter), which made it possible to perform initial medical tests with HP 3He.

An aluminum frame supports six quadratic coils generating a homogeneous magnetic field
of 16.4 Gauss. The apparatus is mounted on the table placed inside. The Pyrex MEOP
cell (5 cm diameter, 48 cm length) is located in the center. A new ytterbium-doped 10 W
fiber laser (Keopsys) produces the beam, which is expanded by the Kepler-like telescope
(magnification 7x, Eksma Optics). Then the beam passes through the polarizing beam
splitter and is circularly polarized by the quarter-wave plate. The laser light propagates
along the direction of applied magnetic field and is back reflected by a mirror to increase its
absorption. The gas handling system which is connected to the cell, apart from supplying
3He, can also provide *He for cleaning purposes. The outlet of the cell supplies the polarized
helium gas to the peristaltic compressor (patent by P.-J. Nacher [139]), which increases its
pressure from initial ~1 mbar to about 200 mbars. Then it is accumulated in the 1.1 L
Pyrex storage cell (wall relaxation time of 150 h). The final polarization in this unit was 30
%.

First imaging of the rat lungs were performed on the home-made 0.088 T MR system.
The HP 3He was prepared on-site, quickly transported to the scanner, and administered to
the anesthetized animal. Since the rat lungs needed a small amount of polarized gas, the
procedure resulted in obtaining quite satisfying images [140].

For the MR imaging of human lungs, about 300 ml of HP ®He is required for a single
patient, supplemented by Ny or *He up to the atmospheric pressure. The polarized gas
was prepared in the lab and transported to the clinic in a magnetically shielded transport
box [141]. The imaging experiments were performed on the Siemens Sonata 1.5 T medical
scanner, located in the John Paul IT Hospital in Krakow [128]. The gas was transferred
to a Tedlar bag using a smaller version of the peristaltic compressor. Under supervision
of medical personnel, a healthy volunteer who was already put inside the scanner breathed
the gas and the FLASH imaging sequence was applied. Although some polarization losses
occurred during transportation, a satisfactory image was obtained, as shown on Figure 9.3a.

The performance of MRI with HP 3He was dramatically improved, when a high-field po-
larizer operating in non-standard conditions inside the medical scanner was implemented.
The polarization losses occurring during gas compression and transportation were elimi-
nated.

The polarizer was mounted on a wooden table that fits inside the RF birdcage coil,
which is dedicated for lung imaging using HP 3He. The optical pumping takes place in
three cylindrical cells connected in series and equipped with electrodes for producing RF
discharge. The electrodes are driven by two home-made power amplifiers. The laser beam
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Figure 9.2: The 3He MEOP polarizer operating at standard conditions (a) and its simplified
scheme (b) (both adapted from [140]), and the *He MEOP polarizer operating at non-
standard conditions inside medical scanner (adapted from [140]) (c) and its simplified scheme
(d) (adapted from [127]). PI - presure meter, M - mirror, G - getter filter, F - filter, BS -
beamsplitter cube, v/4 - quarte-wave plate; PBS - polarizing beamsplitter cube, M - mirror,
v/4 - quarter-wave plate, /2 - half-wave plate, V - valve, 1 - the gas distribution system
inlet, 2 - output for cleaning, 3 - inletto the accumulation cell.
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(b)

Figure 9.3: Images of healthy volunteer’s lungs using a FLASH sequence with the HP 3He
obtained in the low-field (a) and high-field (P = 20.8 £ 1 %) (b) polarizers. Parameters:
20 cm slice thickness, 35 cm FOV, 64 x 64 matrix, flip angle: 11°, 16.64 kHz bandwidth,
TE = 3.6 ms, TR = 7.5 ms (a); 20 cm slice thickness, 38 cm FOV, 128 x 128 matrix, flip
angle: 8.6°, TE = 3.7 ms, TR = 7.9 ms, SNR = 56.3 (b).

is expanded by a Kepler-like telescope and formed into a doughnut shape with the pair of
axicons. Then the beam is split into three parallel beams with a set of half-wave plates,
mirrors and beam splitters which pass through the three OP cells. Each beam is circularly
polarized with quarter-wave plates. The gas exiting the last cell is compressed by small
peristaltic compressor driven by a non-magnetic pneumatic engine (Globe Airmotors BV),
and accumulated in the storage cell. Both the compressor and storage cell are mounted on
a separate table, which remains in the magnet after the main polarizer is removed, to make
room for the patient. The gas distribution system consisting of 3He and *He containers and
the turbo molecular pump for cleaning are located in a separate room, far away from the
scanner. The initial operating parameters of the high field polarizer were taken from the
previous systematic studies that were carried out with the sealed OP cells. The optimum
laser power, operating pressure, and the rf discharge intensity as a function of applied
magnetic field were determined. The operating conditions for the continuous flow through
the open cells had to be modified. The achievable polarization of about 40% was lower, as
expected, mainly due to some impurities introduced to the cells by the gas flow. Still, a
satisfactory image of the healthy volunteers lungs was obtained, as shown on Figure 9.3b.
The same FLASH imaging sequence with slightly different parameters was used. Based on
this result, systematic clinical studies with the cooperation of medical staff will be carried
out, to prepare routine diagnostic protocols. These will be afterwards expanded to include
the MRI technique using HP '2°Xe, which was the subject of my PhD studies.
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