VYSOKE UCENI TECHNICKE V BRNE

BRNO UNIVERSITY OF TECHNOLOGY

N
%
S

%
7~

FAKULTA ELEKTROTECHNIKY A KOMUNIKACNICH
TECHNOLOGII
—/ Q/ USTAV ELEKTROTECHNOLOGIE
FACULTY OF ELECTRICAL ENGINEERING AND COMMUNICATION
DEPARTMENT OF ELECTRICAL AND ELECTRONIC
Q TECHNOLOGY

STUDY OF THE PROPERTIES OF
HYPERPOLARIZED XENON-129 FOR MAGNETIC
RESONANCE IMAGING

STUDIUM VLASTNOSTiI HYPERPOLARIZOVANEHO XENONU-129 PRO ZOBRAZOVANI
MAGNETICKOU REZONANCI

DIZERTACNI PRACE
DOCTORAL THESIS

AUTOR PRACE Ing. JAN RYCHNOVSKY

AUTHOR

VEDOUC| PRACE prof. Ing. KAREL BARTUSEK, DrSc.
SUPERVISOR

BRNO 2009



This doctoral thesis was composed in the

Institute of Scientific Instruments
AS CR, V. V. 1.,

accredited for doctoral study degree
“Microelectronics and technology”
by a certificate from MEY'S issued on

13.3.2003

under the supervision of

prof. Ing. Karel Bartusek, DrSc.



VYSOKE UCENI
TECHNICKE V BRNE

Fakulta elektrotechniky

N\
a komunikacnich technologii

N
\K Ustav elektrotechnologie

DizertaCni prace

doktorsky studijni obor
Mikroelektronika a technologie

Student: Ing. Jan Rychnovsky ID: 16553
Roc¢nik: 1 Akademicky rok: 2008/2009
NAZEV TEMATU:

Studium vlastnosti hyperpolarizovaného xenonu-129 pro zobrazovani
magnetickou rezonanci

POKYNY PRO VYPRACOVANI:

DOPORUCENA LITERATURA:

Termin zadani: Termin odevzdani:

Vedouci préace: prof. Ing. Karel BartuSek, DrSc.

prof. RNDr. Vladimir Aubrecht, CSc.
Pfedseda oborové rady

UPOZORNENI:

Autor dizertacni prace nesmi pfi vytvareni dizertacni prace porusit autorska prave tretich osob, zejména
nesmi zasahovat nedovolenym zplisobem do cizich autorskych prav osobnostnich a musi si byt plné
védom nasledkd poruseni ustanoveni 8 11 a nasledujicich autorského zakona €. 121/2000 Sb., véetné
moznych trestn&pravnich ddsledkd vyplyvajicich z ustanoveni § 152 trestniho zakona ¢. 140/1961 Sb.



Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

Statement

I declare that I have worked on this thesis independently, under the guidance of
my supervisor, using only listed references.

Brno, 24™ August, 2009 Ing. Jan Rychnovsky



Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

Acknowledgements

I would like to thank my colleagues for their help and support during my work on
the thesis.

First and foremost I would like to thank prof. Karel BartuSek for his exceptional
help and guidance.

My deep appreciation goes to Dr. Zenon Starcuk, Jr. for his help and suggestions
during the experimental part of my research and for helping me with the mathematical
and physical background to my thesis. My thanks also goes to Dr. Zden¢k Buchta for an
exceptional co-operation during my research of optical part of the xenon
hyperpolarization device.

I would also like to thank to Mr. Richard Vasi¢ek and Mr. Stanislav Slechticky
for their precise work with and on the glass parts and to Mrs. Tatiana Sarlejové for her
precise work on the vacuum parts and her help with preparing of some experiments.

Least but not last, I would like to thank my parents and Lucie for their endless
support, love and encouragement.




Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

Keywords

. . 129 . . . .
hyperpolarization, ~ Xe, relaxation time, nuclear magnetic resonance, laser diode,
optical pumping, spin exchange, rubidium




Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

Klicova slova

. 129 v 7w . r . I I
hyperpolarizace, “~"Xe, relaxac¢ni Cas, jaderna magneticka resonance, laserova
dioda, optické Cerpani, spinova vyména, rubidium




Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

Abstract

The production of hyperpolarized gases (HpG), predominantly helium (‘He) or
xenon (‘*’Xe), have found a steadily increasing range of applications in magnetic
resonance imaging (MRI). Neither helium nor xenon are normally present in the body,
thus the magnetic resonance experiments do not suffer from unwanted background
signals. It has been demonstrated by several techniques of hyperpolarization that the
magnetic polarization (magnetization) of the noble gas nuclei can be increased to levels
that make practical application feasible. Hence, hyperpolarized gases may become a
useful tool for non-invasive investigation of human lung ventilation, permitting static
imaging during breathhold or probing the dynamics of inhalation/exhalation, or
functional imaging. In inanimate nature, hyperpolarized gas can be used as a contrast
medium for microporous materials, such zeolites, constructive materials in civil
engineering, etc.

This thesis describes the development and construction of a xenon (**Xe)
hyperpolarization (Hp) device. Buying hyperpolarized xenon from other research
centres abroad is inefficient mainly because HpXe transportation must be performed
fast and under specific conditions. That was the main motivation for developing our
own technology for production of HpXe. Well-handled technology could allow a
medical cooperation or cooperation with teams dealing with in/animate nature
(microporous material, gels, agriculture, animals, etc.).

The main aim of this work is to study the hyperpolarized noble gases theory with
concern to '*Xe and to experimentally prove and measure xenon relaxation times by
the NMR. Since it is possible to store hyperpolarized noble gases for later use, this
doctoral thesis also explores the potentials of hyperpolarized noble gas storage system
and its theoretical and experimental solution.

Mainly two types of experiments are described in this thesis. In both experiments,
sealed cylindrical Simax sample filled with xenon and supplement gas — nitrogen,
helium were used. The first type of experiment is based on thermally polarized xenon
and the second on hyperpolarized xenon. For hyperpolarization of '*Xe a high-power
laser was used. In this experiment, the relation between power spectral density of
optical pumping beam and efficiency of HpXe production process was investigated. The
optimal duration of optical pumping and relaxation times of HpXe were investigated
too.
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Abstrakt

Produkce hyperpolarizovanych plyni, predeviim helia ("He) nebo xenonu ('**Xe),
nachazi stale rostouci rozsah aplikaci v zobrazovani magnetickou rezonanci (MRI).
Helium ani xenon nejsou obyc¢ejné obsazeny v téle a experimenty tedy nejsou ovlivnény
nechténym signdlem z okolnich tkani. Ukazalo se, Ze n¢kolika hyperpolarizacnimi
technikami mtize byt magnetickd polarizace (magnetizace) jader vzacnych plynil
zvySena na hladinu, se kterou jsou praktické aplikace proveditelné. Hyperpolarizované
plyny mohou tedy byt uziteCnym nastrojem pro neinvazivni zkoumani lidského dychani,
dovolujici statické zobrazovani béhem zadrzeni dechu nebo zkoumdani dynamiky
vydechu nebo nédechu, nebo funkéniho zobrazovani. V nezivé ptirod¢, mohou byt
hyperpolarizovany plyny vyuzity jako kontrastni latka pfi studiu mikroporéznich
materiald, jako jsou zeolity, stavebni latky a hmoty, atd.

V této doktorské praci je popsan vyvoj a konstrukce aparatury pro hyperpolarizaci
xenonu (izotopu '*’Xe). Nakup hyperpolarizovaného xenonu od jinych vyzkumnych
center v zahrani¢i a jeho dovaZeni by ovSem nebylo efektivni a to zejména z diivodu
naro¢nosti  zajiSténi  potfebnych  fyzikdlnich  podminek  pro  piepravu
hyperpolarizovaného plynu. Toto bylo hlavni motivaci k vyvoji vlastni technologie pro
ptfipravu hyperpolarizovaného xenonu. Se zvladnutou technologii by bylo mozné
navazat spolupréaci s medicinskymi zafizenimi, nebo s tymy zabyvajici se zivou nebo
nezivou piirodou (napi. pfi studiu mikroporéznich materialt, gelt, v zemédélskych
aplikacich nebo pii vyzkumu vyuzivajicich zvitat, atd.).

Cilem této prace je studium teorie hyperpolarizovanych vzacnych plyni se
zaméfenim na '“’Xe a experimentalni ovéfeni a zméfeni relaxaénich asii pomoci
jaderné magnetické rezonance. Vzhledem k tomu, Zze je mozné hyperpolarizované
vzacné plyny skladovat pro pozdéjsi vyuziti, se tato prace také zabyva moznostmi
zasobniku hyperpolarizovaného vzacného plynu a jeho teoretickym a experimentalnim
feSenim.

V této praci jsou popsany piedevSim dva zakladni typy experimenti piipravy
hyperpolarizovaného xenonu. V obou jsou vyuzity zatavené valcové sklenéné vzorky
naplnéné xenonem a doplitujicim plynem — dusikem, heliem. Prvni z experimentd se
zabyvéa méfenim vlastnosti termalné polarizovaného xenonu a druhy métenim vlastnosti
hyperpolarizovaného xenonu. Pro hyperpolarizaci '*’Xe bylo pouzito vykonového
laseru a experimentalné byla zkoumana jednak mira polarizace na zakladé zmény
spektralni hustoty Cerpaciho laserového svazku a dale pak optimalni doba optického
erpani '*Xe a relaxaéni ¢asy xenonu.
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1. Introduction

In the 1950s Alfred Kastler developed an Optical Pumping (OP) technique that
earned him the Nobel Prize for Physics in 1966 [1]. Optical pumping is defined as a
process in which light is used to excite electrons from a lower energy level in an atom
or a molecule to a higher one. This process is commonly used in laser construction to
pump the active laser medium so as to achieve population inversion [2].

Thereafter, it was observed [3] that when buffer gases are used in the alkali OP
experiments, the nuclear spin polarization of the noble-gases is enhanced. By using OP
of alkali metal atoms and atomic spin-exchange collisions [4, 5], as published in the
early 1970s, huge enhancement of magnetic polarization of atom nuclei can be achieved
[6-15]. The polarization achieved by this technique exceeds the normally utilized
thermal equilibrium level produced in the magnets of standard nuclear magnetic
resonance (NMR) systems by 4 to 5 orders of magnitude. Therefore, despite the low
spin density characteristic for the gaseous state, hyperpolarized gases (HpG) can be
used as sources of NMR signals detectable with good signal-to-noise ratios (SNR),
which are comparable to or higher than those of water protons and independent of the
static magnetic field strength.

These signals are endowed with many interesting properties. For instance, HpG
may indicate the presence of oxygen due to the polarization sensitivity to the presence
of paramagnetic substances. Further properties of xenon — its high electronic
polarizability, hydrophobic nature and solubility in lipids [16] — enable the xenon atoms
to bind to other chemicals and reflect them by changes of the resonance frequency, to
dissolve in liquids, to cross biological barriers etc. These properties have formed the
basis on which a variety of HpG applications have appeared during last 10-15 years in a
wide range of NMR disciplines, mainly in medicine, biology, material sciences and
chemistry.

1.1. State of the art

At present time, medical applications of HpG especially are considered an
attractive concept [17, 18]. Neither helium nor xenon are normally present in the body,
so the magnetic resonance (MR) experiments do not suffer from unwanted background
signals. Among the potential medical applications, the opportunity to image organs with
low water content and/or with air spaces, such as colon or lungs, has raised considerable
amount of interest. Current conventional imaging techniques cannot provide good
images of these hollow spaces as well as the surrounding tissue. The described
applications show that HpG may become a useful tool for non-invasive investigation of
human lung ventilation, permitting static imaging during breathhold, imaging of the
dynamics of inspiration/expiration or functional imaging. Lung physiology and function
in healthy or diseased state can be thus more accurately evaluated and assessed if a
suitable multinuclear NMR system is available.
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So far, hyperpolarized (Hp) helium-3 (*He) has proven to have the greatest
potential for the elucidation of physiological and pathophysiological processes,
detecting small changes in the distribution of ventilation within the peripheral bronchial
system, assessment of diffusivity of *He atoms within the airways and the acinar
regions, as well as quantification of diffusion coefficients to characterize the
distribution of the alveolar size. Due to the state of environmental factors, industrial
influences, increasingly aged population, and smoking habits, use of hyperpolarized
helium for studies of chronic obstructive pulmonary diseases (COPD) is of growing
importance. Unlike the insensitive conventional tests, magnetic resonance imaging
(MRI) using hyperpolarized *He can serve as a non-invasive technique for early
diagnosis, differentiation, and staging of COPD.

However, the use of *He is not without problems. It is extracted from expired
tritium drained out of hydrogen bombs and so the *He supply is limited and its price is
high (about 1000 Euro/litre, purity 99.91%). In contrast to helium, '*’Xe is abundant
and cheaper (about 14-15 Euro/litre for xenon with natural isotopic concentrations, with
26% of '**Xe). For comparison, isotopically enriched '**Xe (89-91%) costs about 220
Euro/litre and isotopic pure '**Xe (99.8%) costs about 2 290 Euro/litre. The prices are
based on April 2009 data provided by supplier firms, such as Linde, Chemgas,
Eurisotop and AirProducts.

Some experimental values of hyperpolarized '*’Xe were measured. The new
method to image pulmonary perfusion and gas exchange by intravenous injection of
hyperpolarized '*Xe dissolved in saline was presented by [19]. The T, relaxation time
of 'Xe in the shaker with saline was ~12 min in 2 T system.

Like *He, '®Xe experiences long relaxation times in matter of hours. The Xe
molecular formation rate at 1 atm is about4-10’s™". That gives us an estimated T, for
gaseous '’Xe of around 3 hours, which is about what is observed in [20]. Solid phase
X e relaxation can be very long, 2.4 hours at 77K and 100’s of hours at 4.2 K [21].
[22].

In blood HpXe T, relaxation time of only 4.5 s was observed [23], which was
caused by HpXe strong interaction with environment (e.g. lipids), enhancing T; and
reducing signal. The next presented result introduces T; relaxation times for
deoxygenated and oxygenated pure perfluorooctyl bromide to be 312 £ 25 s and 90 + 31
s respectively. The T relaxation times for deoxygenated and oxygenated distilled water
were found to be 137+ 6s for deoxygenated and 95+ 10s for oxygentaed. The
measuring was obtained in 1.89 T MR system.

The T, in brain tissue was measured to be 13.95 + 1.23 s in 2.35 T [24].

In [25] is described the experiment concerning T, of the xenon in rat’s brain. The
T, relaxation time has been measured in vitro to fluctuates from 18 s in oxygenated
brain tissue to 22 s in deoxygenated brain tissue. The experiments were performed using
a 4.7 T spectrometer.

T; relaxation times give in [13] and measured directly in the cell for optical
pumping are given, during the hyperpolarization of Xe by Ti:Sa laser, in tens of
seconds, based on the temperature and the pressure of Xe and the pressure of N, cca
200mbar. T, relaxation time in a 3 T tomograph is assessed in the order of minutes.

It is necessary to say that the published results of measured relaxation times from
different research groups vary depending on the type of experiment, used chemicals and

-10-
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a quality of the used experimental device. It is not possible to give all the results and
configurations.

Xenon diffuses less rapidly than helium, which should ultimately yield sharper
MR images. However, because of the lower magnetogyric ratio (2.75 times),
experiments with '**Xe are less sensitive than those with *He. Furthermore, xenon is
harder to hyperpolarize and store than helium. Some specific problems arise from the
fact that xenon, unlike helium, dissolves quite well in blood and despite its
classification as an inert gas it interacts with many biological chemicals. Xenon passes
very well across the blood-brain barrier and produces anesthesia and euphoria (the
mechanism of these effects is not yet understood), which may result in some
complications during clinical investigations. However, despite these problems, it is
anticipated that xenon imaging of the lungs could be brought to the same level of
quality as that of helium imaging. Some physical properties of noble gases '*’Xe and
*He are shown in Tab.1.

Tab. 1:  Important physical properties of '’ Xe and *He. Adapted and modified from [43].

Parameter 129y o *He
Nuclear spin, K [h] Vo Vo
Natural abundance [%)] 26.4 |1.3710™

Gyromagnetic ratio, y [MHz/T] 11.777] 32.434
Normalized gyromag. ratio, y/yy 0.276 0.762

T, relaxation time limit [hours/atm] 4.1 744
Chemical shift range 7500 0.8
Optical pumping duration [min] 5 >120

It appears that by exploiting the same properties, numerous extensions of the
medical application of xenon are possible beyond lung space imaging [26-37]. Many of
the NMR parameters of xenon, including its resonance frequency and relaxation rates,
strongly depend on the nature of its physiochemical surroundings. It has been found that
xenon may also prove itself useful in the studies of the brain and for tracing blood flow
for applications such as perfusion imaging and angiography, as well as functional brain
imaging. In these applications, instead of inhalation, the hyperpolarized xenon can be
delivered into the tissues by local injections of biologically compatible solutions of
carriers in which the required magnitudes of xenon concentration and polarization
lifetime can be achieved. For in vivo studies, the injection can be administered
intravenously, intra-arterially, or directly into the target organ, depending on the
application and regarding the extent of invasiveness. Ultimately, the future utility of
hyperpolarized xenon for improving sensitivity and contrast in clinical or medical
science applications will depend on whether it actually improves upon present
methodologies. Certainly, there are still areas that require an intensive research and
methodological work as well, since the research is far from finished.

Besides the biomedical applications, hyperpolarized xenon (HpXe) can be used
with advantage to improve studies of the molecular structure and dynamics in such
systems as zeolites, catalysts, semiconductors, nanocrystals, liquid crystals, polymers or
proteins [30-37].

-11 -



Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

In solutions, HpXe may be of special importance for the different type of
molecular interaction investigation as well as for the selective detection and probing of
chemical and structural environment of the xenon binding sites in biomacromolecules.

HpXe can be also used for studies of different solid surfaces and interfaces
(through, for instance, spin polarization-induced nuclear Overhauser effect, SPINOE).
The possibility of all these applications is due to the fact that the xenon atom (in
contrast to helium) possesses a polarizable electron cloud which leads to its strong
interactions with molecules and materials and which may result in very large chemical
shifts in the observed xenon NMR spectra.

Furthermore, hyperpolarized noble gases open an exciting new frontier to “zero-
field NMR”. Expensive magnets representing centrepieces of MRI systems can be
replaced by inexpensive low field magnets in imaging experiments based on the use of
HpG. It is thanks to greater occupation of energy levels by the optical pumping than by
greater base magnetic field. The effect is more described in Chapter 4. Another
approach that could further improve the sensitivity of such low field MRI systems is
based on using a superconducting quantum interference device (SQUID) to detect the
NMR signal of the HpG [13].

Two methods of achieving the hyperpolarization of noble gases are known: a
direct metastability exchange applicable to *He only, and indirect spin-exchange
method involving polarization of atoms of alkali metal (Rb) vapours followed by
polarization transfer to noble gas atom nuclei through spin-exchange collisions (Fig. 1).

Fig. 1: Spin-exchange process with 3He is performed by binary collisions (left hand side).
Spin-exchange process with 129Xe is performed by the formation of van der Waals
molecules (right hand side).

-12 -
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The latter method is applicable to both *He and '*Xe. The most serious problem

of these procedures is the long-term preservation of the unequilibrium polarization,
which is adversely affected by all T; relaxation mechanisms that disrupt the adiabaticity
of the polarization evolution — spin-rotation interaction between HpG nuclear spins,
dipolar interaction of HpG nuclear spins with paramagnetic molecules, spin motion in
inhomogeneous fields, and especially collisions with the container walls. Under
favorable conditions, T, relaxation times of several days for 3He and several hours for
12X e have been observed (extensible to several days by preservation at liquid helium
temperature), as shown in Tab.1 As the conditions after HpG has been administered for
NMR, measurements are necessarily much less favorable, the relaxation time is
considerably reduced to several seconds. Effective transverse relaxation times T, of
about 10 ms have been observed with 3He, and 20-40 ms in '®Xe. As the loss of
polarization, due to T; and T, relaxation times, is irrecoverable, these facts impose
certain requirements for the choice and setup of NMR methods. For imaging, methods
known as low-flip-angle methods (such as FLASH) and/or multiple-echo methods (such
as EPI or FSE) can be used. The large '**Xe spectral bandwidth of >250 ppm has to be
taken into account in both spectroscopy and imaging as it implicates the minimum
sampling rates and together with the maximum achievable magnetic field gradient
strength it determines the chemical-shift displacement image artefacts. Because of the
considerable number of parameters affecting the final image or spectrum quality, it can
hardly be expected that the protocols used so far could be optimal.

Currently, about a dozen of laboratories in the world is known to deal with laser-
polarization of noble gases, including those of Princeton Univ. (Princeton, NJ), Univ. of
California (Berkeley Lab., Berkeley, CA), Harvard University (Walsworth Group,
Boston, MA), Ecole normale supérieure (Lab. Kastler Brossel, Paris), Univ. of Virginia
(Charlotteville, VA), Royal Marsden NHS Trust (London, UK), Univ. J. Fourier
(INSERM, Grenoble), Carleton Univ. (Herzberg Lab., Ottawa, ON), Mainz Univ. (Inst.
fiir Physik, Mainz), Phys.-Tech. Bundesanstalt (Biomedical Optics, Berlin), Michigan
Univ. (Dept. of Physics, Ann Arbor, MI), NIST (Physics Lab., Gaithersburg, MD),
Univ. of Nottingham (School of Phys. & Astr., Nottingham, UK), Univ. of Utah (Salt
Lake City, UT), Univ. Compl. de Madrid (Spain), Jagellonian Univ. (Krakow, Poland),
etc.

In many of these universities, this research accompanies more fundamental
physical research (such as light storage, Bose-Einstein condensate) using similar
technology.

The significance of such a co-operation may be justified by the search for cost-
efficient means of HpG production for medical users and/or for low-field scanners, e.g.
for lung examination or angiography. The real needs will depend on whether magnetic
resonance imaging (MRI) with HpG gets approved for clinical diagnostics of at least
lung diseases. Non-medical applications, especially those related to studies of various
biomolecules [30-33] and porous materials [34-38] might also gain an increased
interest.

A state-of-the-art *He polarizer running in the metastability exchange regime was
developed at the University of Mainz [39, 40] and it is used in collaborations for MRI
experiments using hyperpolarized *He. The polarizer can produce up to 1 liter/hour of
50% polarized *He and higher polarization can be obtained for lower flow rates.
Recently a more compact and less-expensive design was demonstrated at NIST [41]
being able to generate 1 liter/hour of 15% polarized helium.

-13-
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Since the 1970s scientific circles have displayed an increasing interest in
hyperpolarized noble gases. Our desire to use hyperpolarized noble gases in material
investigation and biomedical application led us to think about a possible development of
our own technology for noble gases hyperpolarization. When we take into consideration
the cost of hyperpolarized noble gases production, its transportation, and the storage
complications, it is more convenient to develop one’s own hyperpolarization technique.
Another reason for developing one’s own hyperpolarization technique is the difficulty
connected with a full take over of the hyperpolarization technique used in other
laboratories concerned with the issue.

In the ISI AS CR, v.v.i. the properties of '*’Xe have been measured in sealed glass
cell. The sample consisted of 100 kPa of xenon, 200 kPa of nitrogen, and a small piece
of rubidium. The hyperpolarized xenon spectral line amplitude was enhanced about 100
times than the one of thermally polarized xenon spectral line. The relaxation time T,
was between 360 and 549 ms [42].

-14 -
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2. Aims of the doctoral thesis

The main aim of the doctoral thesis is to generate a hyperpolarized **Xe and
investigate its relaxation characteristics. This fact led to several series of experiments
and result evaluations.

Because of the possibility to store hyperpolarized noble gases for later use, this
doctoral thesis also explores the potential of hyperpolarized noble gas storage system
and its theoretical and experimental solution.

-15-
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3. Structure of the doctoral thesis

The doctoral thesis deals with the design and construction of a compact system
designed for optical pumping of '*Xe, which is one of natural xenon gas isotopes.
Because of suggested system complexity and extensiveness, which connects and takes
advantage of knowledge of vacuum techniques, coherent optics, and NMR branches, the
work on this thesis was divided into several parts and phases.

The motivation and reasons for the construction of the system for xenon
hyperpolarization are explained in the Introduction. There, I slightly touch upon the
theory background, which is more described in chapter four.

In chapter two, the two main aims of the thesis are formulated and in chapter
three, the structure of the thesis is described.

Chapter 4 includes essential theory related to this work. It explains base of the
NMR, NMR techniques and NMR technique which was used for my experiments. In the
subchapter (4.1.) the theory about nuclear spin is mentioned, in (4.2.) the nuclear
polarization and in (4.3.) the hyperpolarization techniques are mentioned. The last
subchapter is dedicated to used NMR technique for conducted experiments.

In chapter 5, there are described three, independently functioned, main parts of an
experimental device. The first described part is a vacuum system (5.1.). The subchapters
of Chapter 5.1 provide more detailed description of individual vacuum parts.
Subchapters 5.2 and 5.3 deal with the optical (5.2) and NMR (5.3.) parts of the
experimental device.

Chapter 6 describes experimental results with 129Xe. First, the results concerning
thermally polarized xenon are described (6.1.). Second, the results of hyperpolarized
%Xe experiments are mentioned (6.2.) and compared to results of experiments with
thermally polarized xenon. The hyperpolarization experiments were conducted by free
running and ECL laser diode for rubidium optical pumping, and the results were
compared. All these experiments were accomplished with sealed glass cell. The
subchapter 6.3. includes information about optical pumping under continual flow and
describes the experimental arrangement. The last subchapter 6.4. discusses the impact
of a glass material on T1 relaxation time.

Last Chapter Conclusion reviews results and experimental arrangements for
xenon hyperpolarization. New ideas and procedure improvements in techniques of
xenon hyperpolarization are suggested.

-16 -
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4. Hyperpolarized noble-gases and NMR

The production of hyperpolarized gases, predominantly helium (*He) or xenon
Xe), have found a steadily increasing range of applications in magnetic resonance
imaging (MRI). It has been demonstrated that by several techniques of
hyperpolarization, the magnetic polarization (magnetization) of the noble gas nuclei can
be increased to levels that make practical application feasible. Hence, hyperpolarized
gases may become a useful tool for non-invasive investigation of biomedicine
applications and materials too.

(129

In order to narrow down the very complex theory, this chapter was constructed
based on the following literature [43, 44, 45, and 46].

4.1. The nuclear spin

A fundamental property of the atomic nucleus is the nuclear spin, described by the
spin quantum number /. Strictly speaking, the nuclear spin is a purely quantum
mechanical quantity, but in terms of classical physics it may be viewed as an angular
momentum - the nucleus rotates around its axis. Many atomic nuclei (mainly those with
an odd mass number) have a nonzero spin quantum number and can be studied with
NMR, e.g., 1H, 3He, 13C, ISN, 3P and 129Xe, etc. Nuclei having the spin quantum
number I = 0 “do not rotate” and cannot be studied with NMR. Most nuclei with an
even mass number, e.g., *He and '°C belong to this latter group. Due to its positive
charge, a rotating nucleus constitutes of a microscopic ring current, giving rise to a
microscopic magnetic moment u, which can be pictured as a microscopic compass
needle. When placed in an external magnetic field By, the magnetic moments orient
themselves along the magnetic field; but as opposed to compass needles, only discrete
orientations are allowed. The number of allowed orientations is given by 2/+1, and each
orientation is associated with a distinct quantum energy E,,,:

Em =—n- B(): myhBo (1)

where m = —1I, —I+1, ..., +I is the magnetic quantum number, and the constant vy is
called the gyromagnetic ratio, characteristic of each atomic nucleus. The magnetic
moment p cannot be oriented parallel to By, and will thus experience a torque trying to
align p with By. In analogy with a top rotating in the earth’s gravity field, this torque
will cause p to revolve around By with an angular frequency w, denoted the Larmor
frequency:

©=1B, @)
. . o . : 1
The nucleus investigated in this thesis '**Xe have the spin quantum number / = 5

and thus two orientations are possible: namely, parallel to By (“spin up”, T) and anti-
parallel to By (“spin down”, ¥). By vector addition of all the magnetic moments,
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oriented in either the “up” or the “down” direction, a macroscopic magnetization vector
parallel to B, is obtained:

M=) p+2m,. )

However, this magnetization cannot be observed unless a rotating, transverse
component is created. Such a component is created by tilting, or “flipping”, M
sideways, which in turn is accomplished by applying a second magnetic field, B,
perpendicular to By, and oscillating with the Larmor frequency. The angle at which the
B, field tilts M is called the “flip angle”. When a sample is placed near or inside a
receiver coil in the magnetic field, the transverse magnetization component (rotating
with Larmor frequency) will induce a voltage across the terminals of the receiver coil
with amplitude proportional to the magnitude of M.

4.2. Nuclear polarization

The number of nuclei populating each energy state may be denoted N, and N,

respectively. If the two populations are equal, their magnetic moments cancel, resulting
in zero macroscopic magnetization, and thus no NMR signal. Due to the slightly higher
energy associated with the “down” direction, the number of nuclei pointing “down”
will, however, be slightly fewer than the number of nuclei pointing “up” (N L < NT)

under thermal equilibrium conditions (Fig 2).

_ S0P 2

Thermal equilibrium Hyperpolarized

Energy

Fig. 2: Pictorial description of the orientation of the nuclei at thermal equilibrium and in
the hyperpolarized state. In the figure, the magnetic field (By) is directed vertically
upwards.[43]

o . . 1
The nuclear polarization P (for nuclei with the spin quantum number/ :E)

is defined by

P=——.
NT+N¢

4

The magnetization M, and thus the NMR signal, S, will be proportional to the
polarization and the total number of nuclei within the sample (N o =Ny +N, ):

S o N,P. (5)
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The populations of the energy levels are, under thermal equilibrium conditions,
governed by the Boltzmann distribution

N, = (6)

where N,, is the number of nuclei in the state m, E,, is given by (1), and 7 is the
temperature. By combining (4) and (6), it follows that P can be expressed as

B

P= tanh(zk—Tj . (7)

4.3. Hyperpolarization by brute force and optical pumping methods

From (7), it follows that the thermal polarization increases with increasing
magnetic field strength and decreasing temperature. A straightforward, “brute-force”
approach to increase the polarization in a sample consists of subjecting it to a very
strong magnetic field at a temperature close to absolute zero. The polarizations of
selected nuclei at 1.5 T and 310 K, and at 20 T and 4 K (the temperature of liquid
helium), are shown in Tab 2.

Tab. 2: The polarization of selected nuclei at 1.5 T and body temperature, and at 20 T and 4 K.

Nucleus | Fo'arization Py | Polarization P,
at15T,310K | at20T,4K
1H 4910-6 5110-3
*He 3.810° 3.910°
*xe 1.4-10° 1.4-10°

The polarization, which is in the ppm range at 1.5 T and body temperature, can be
hence increased by a factor of 1000 by cooling down the sample to liquid helium
temperature at a field strength of 20 T. If the sample could be brought from 20 T, 4 K to
1.5 T, 310 K instantaneously and without a loss of polarization, it could thus be
regarded as “hyperpolarized”. Fig. 2 illustrates the difference between thermal
equilibrium and the hyperpolarized state.

Eventually, the polarization level of the hyperpolarized imaging agent returns to
its thermal equilibrium value at a rate governed by the longitudinal relaxation rate T;:

t

P(t)=e " (P(0)-P

thermal

)+ Presma i (8)

where P(0) and Piermar denote the initial and equilibrium polarization values,
respectively. The relaxation rate T, depends on the chemical and physical environment
of the hyperpolarized nucleus, and can range from less than one second to minutes, or
even days, for some nuclei. The relaxation rate may differ significantly between in vitro
and in vivo conditions. In general, 'H has relaxation rates below 5 s in vivo, whereas
the relaxation rates of the other nuclei in Tab. 2 can be more than one minute.
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Whenever the hyperpolarization is created outside the body, the available signal
will depend on the concentration of the imaging agent after administration. Because
only a limited amount of the hyperpolarized imaging agent can be administered, its
anticipated concentration is 3 to 6 orders of magnitude lower than the natural 'H
concentration in the body. The polarization increase of about 1000 in Tab. 2 will thus
not be sufficient to compensate for the low concentration. To obtain polarization levels
where the hyperpolarized signal equals, or even outperforms, the 'H signal, the
“bruteforce” method would require temperatures in the mK range. Large-scale
production of hyperpolarized noble gases (*He and '**Xe) has been proposed using this
approach [47]; but due to the great technical challenges and costs associated with the
extremely low temperatures, this method has not yet been used for in vivo applications.

However, other techniques exist which sufficiently increase the polarization level
of certain nuclei, including 3He, 13C, and 'Xe.

I"I"IJ e — —— m._l
P.“.E =142 ﬁ Collisional , - +1/2
\ .. mixing A
i o+ ( i
: x"ﬁ&lﬁ:{ﬁtiﬂnﬁ
Syjp 112 _9_1_‘%___@5&55&_5__ +1/2
I'sp

Fig. 3: Simplified schematic of optical pumping for polarizing the valence electron of an
alkali atom. In this schematic the spin of the Rb nucleus is neglected.[44]

In [48] is showed that angular momentum could be transferred from the electron
spins of optically pumped Rb atoms [49] to the nuclear spins of *He by spin-exchange
collisions [48]. The method could be extended to efficiently polarize '*’Xe as well [50].
Rb atoms are pumped via the electronic transitions S, —F,(794.98 nm) and

Sy, = Py, (780.24 nm). For our experiments the D, transition line was used (S, — P, ).
For ¥Rb is D; transition hyperfine structure in Fig. 5 and for *’Rb is in Fig. 6. [51].

In a magnetic field, the former transition can be driven by circularly polarized
laser light (794 nm) to selectively pump the ground-state Rb electrons entirely to the

(+%or—%) state (Fig. 3). The electronic polarization of the optically pumped Rb

atoms is transferred to the nuclei of the noble gas atoms via formation of loosely bound
van der Waals molecules or via binary collisions (Fig 4).
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Fig. 4: Spin exchange between the electronic spin of a Rb-atom and the nuclear spin of a
Xe-atom via a van der Waals molecule (A) or via a binary collision (B).[43]

The former mechanism takes place at low pressure (below ~13 mbar), whereas the
latter mechanism dominates above ~500 mbar, or at strong magnetic fields [52].

Viewed macroscopically, the process creates a non-equilibrium polarization of the
noble gas nuclei. A classic review of optical pumping methods has been given by [53].

Hyperpolarization of *He can also be achieved by the method of metastability
exchange, first reported in 1958 [54].

In a low-pressure “He gas (about 1-2 mbar), °S; metastable atoms are formed by a
weak electrical discharge. By using circularly polarized light, transitions *S;—’Pg
(1083.0 nm) are induced. Due to strong hyperfine coupling, the nuclei of metastable
atoms become polarized. When a polarized metastable atom collides with an
unpolarized ground-state atom, a high probability for exchange of metastability exists:
the metastable and the ground-state atom exchange their electron shells, while the
nuclear polarization remains unaffected. Thus, the collision yields a polarized ground-
state atom and an nonpolarized metastable atom. The latter can once more undergo the
optical pumping process [55], [56], [57].

Although the theory of hyperpolarizing noble gases by optical pumping was
known in the early 1960s, large-scale production has only recently been possible, owing
to the development of high-power lasers [58], [59].

The spin-exchange method has the advantage of being able to polarize the gas at
high pressures (~10 bar), allowing direct dispensing of the gas from the
polarizer,whereas the metastable method only works at low pressure, subsequently
requiring cumbersome compression of the gas. On the other hand, the metastable
method is faster and can polarize a *He quantity of 2.5 1 (at 1 bar) to ~50% within one
hour, whereas the spin-exchange method needs polarization times of around 10 hours
for polarizing a quantity of 1 1 to ~40%. The spin exchange from Rb to '*Xe (at high
temperatures) is more efficient than to *He. Hence, the spin-exchange technique allows
faster polarization of '*Xe: typically, quantities of ~0.5 1 (at 1 bar) polarized to ~15%
in 30 min were obtained in our laboratory. An overview of the methods for
hyperpolarization of noble gases was recently published [60].
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Fig. 5: “Rb D, transition hyperfine structure, with frequency splittings between the
hyperfine energy levels.[51]
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Fig. 6: ¥Rb D, transition hyperfine structure, with frequency splittings between the
hyperfine energy levels. [51]
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4.4. Used NMR techniques

4.4.1. One pulse sequence

For NMR experiments with thermally or hyperpolarized '*Xe was used one
simple 90° pulse sequence, which is shown in Fig. 7.

interpul® delayiD1)  pulss(P1)

ac i sition trne (A
dead time (DE)

Fig. 7: Simple one pulse sequence, with 90° pulse.

In the beginning of the sequence is a delay time. Then RF 90° pulse was applied
and then the acquisition time was under way.

The length of 90° pulse was adjusted experimentally to obtain the highest spectral
line magnitude. An experimental simple saddle coil was used. The saddle coil was
exposed to mechanical manipulation caused by sample insertion and removal, and the
coil was retuned from time to time. Because of the mechanical manipulation, the 90°
was set before the measurement.

4.4.2. Spectroscopic saturation recovery sequence

The primary use of saturation recovery sequence is to measure T; relaxation
times, which is quicker than using an inversion recovery pulse sequence. Saturation
recovery sequences consist of multiple 90° RF pulses at relatively short repetition times
(Tr). An example of a saturation recovery sequence is shown in Fig. 8. After each
acquisition (echo) time, presaturation 90° pulses were applied to destroy longitudinal
mangetization. The next RF pulse was applied after Tr.

TR )
90 9 90

O

Echo M M o

)

Fig. 8: Spectroscopic saturation recovery sequence. TR is repetition time, 90 means 90
degree RF pulse, Echo is for data acquisition. Modified from [61].
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5. Functional parts of experimental setup for xenon
hyperpolarization

The experimental setup for xenon hyperpolarization in sealed glass cell was based
on laser diode, which is described in subchapter 5.2. The NMR part was used for
studying the '**Xe hyperpolarization rate, and is described in subchapter 5.3. The part,
which was used for sample creation is described in subchapter 5.1 as a vacuum part.
The same vacuum part was further used in an experimental setup for xenon
hyperpolarization under continuous flow, even though it was little bit modified, see
chapter 6.3. The block diagram of the experimental system is shown in Fig. 9.

: | NMR
—— - if’ 4
. 7 (==
} | g '
‘-—.-z*—-. ] A .
}f- 4 ‘ LD LC w2 —_—
A/ DC TC

Fig. 9: Experimental set-up for xenon hyperpolarization. TC is temperature controller, CS
is current source and PC is personal computer. LD is high-power laser diode; LC is
aspheric collimating lens; /2 is retardation half-wave plate; BG is diffraction grating in
Littrow configuration. M is mirror, A/4 is retardation quarter-wave plate and L1 and L2
are lenses formed optical telescope. HC are Helmholtz coils; DC is detection coil; TC is
target cell; A is aperture; PD is photodetector and NMR is 4.7 T nuclear magnetic
resonance System.

5.1. Vacuum part

The vacuum part could be divided into several parts, which are described in
following sections. The main component was turbomolecular drag pumping station,
which was used for the vacuum preparation. With this pumping station the part
containing special gases for samples preparation was also connected. For simple
connections and for simple joints Teflon or Stainless Steel tubing and Stainless Steel or
Viton sealed plastic stopcocks and valves were used. For all the glass parts Simax glass
was used. Other used materials will be specified whenever needed.
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5.1.1. Turbomolecular drag pumping station

In all of the experiments, the vacuum part was based on turbomolecular drag
pumping station TSH 071 E (Fig. 10) consisting of diaphragm pump MVP 015-2 with
limiting pressure <4.5-3.5 mbar (450-350 Pa) and turbomolecular drag pump TMH 071
P limiting pressure <1107 mbar (<1-10°Pa). Single gauge control unit TPG 261 and
vacuum gauge PKR 251 in ranges from 1000 mbar (1-10° Pa) to 5-10” mbar (5-10” Pa)
were used for vacuum measurement. All vacuum equipment used in the experimental
setup was manufactured by Pfeiffer Vacuum GmbH. Some vacuum fittings and valves
were home-made or by Lavat a.s., Chotutice.

Fig. 10:  Turbomolecular drag pumping station TSH 071 E.

5.1.2. Target cell and vacuum apparatus design

To conduct experiments with Rb optical pumping and Xe hyperpolarization, a
special target cell had to be made. It is shown in Fig. 11.

The cell is made from borosilicate glass which was chosen because of its price.
The cell is considered to be consumable and hence it has to be a low-cost product. The
price of the borosilicate cell is lower by approximately two orders in comparison with
the quartz glass cell. The flat windows of cell are made from borofloat and both of them
are fused to the simple cylinder. The optical quality of the borofloat windows is not as
high as the optical quality of fused silica windows but it is sufficient for this
application. The borofloat windows were used because of their high flatness and low
price. Active length of the cell is 92 mm and the inner diameter is 35 mm. The target
cell was completed at the ISI AS CR, v. v. i. under supervision of Dr. Petrii and his
group who has a great experience with a production of varied cell types, mainly the
iodine cells for iodine-stabilized He-Ne lasers [68] which are made from quartz glass.
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Fig. 11:  Target cell. The silver metal pieces — its rubidium in solid state (at the room
temperature).

After the cell was completed, it was cleaned with acetylene. The ampoule with
small amount of Rb was attached to the cell with a break-seal. The amount of Rb had to
be sufficient to reach of the saturated Rb vapour in the calefactive target cell (in this
case it was approximately 5 mg). The cell was connected to a vacuum apparatus by a
glass tube. The vacuum apparatus is sketched in Fig. 12. The apparatus has to be
evacuated because Rb oxidizes in the atmosphere and becomes explosive. After the cell
was connected, the turbomolecular drag pumping station, which is described in chapter
5.1.1., was turned on. During the evacuation process, the cell together with the
apparatus was heated to the temperature of about 120°C to be degassed. At least five
hours of pumping at this temperature followed by a few hours of pumping of the cool-
down apparatus are necessary to reach high vacuum inside the cell. This process
evacuated the apparatus down to a pressure of 8.10° Pa. The evacuated space is
subsequently overpressurized by the mixture of xenon (26% of **Xe), helium *He and
nitrogen N». Then, the glass vacuum valve between the cell and the apparatus is closed,
the cell is heated to approximately 100°C and then break-seal of the Rb ampoule is
broken. At the temperature higher than 38.85°C [69], Rb becomes a liquid and the Rb
vapour is released. The vapour together with Xe and the other buffer gases makes the
desired mixture of gases for xenon hyperpolarization.

-27-



Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

VS
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Xe He N

S L e e S

Fig. 12:  Vacuum apparatus used for the target cell evacuation. TC is target cell, Rb is
glass ampoule with rubidium, GV is glass vacuum valve, VT is vacuum tube, VV is vacuum
valve, VG is vacuum gauge, PS is turbomolecular drag pumping station, Xe is xenon bottle,
He is helium bottle and N is nitrogen bottle. HC are Helmholtz coils and VS is DC power

supply.

Several modification with experimental arrangement sketched in Fig. 12 using the
procedure described above were done. Different kinds of valves and couplings between
the cell and the apparatus were tried to be applied. The only requirement was, that the
valve has to be made from non-magnetic and a non-metal material, because a magnetic
material would disturb the homogeneity of the magnetic field the cell is placed in, and a
metal material would depolarize the hyperpolarized xenon. First of all, a Teflon valve
was applied in combination with a plastic tube to connect the cell and the apparatus
together. This material was preferred because the plastic tube guaranteed the flexible
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connection of the glass cell and stainless steel apparatus. The flexible connection
decreased the probability of the cell damage, but the plastic material was not suitable to
be applied in a high-vacuum system. Once the Rb oxidized due to insufficient air-
tightness after the Teflon valve was heated. The Rb oxidization is an irreversible
process. In this case, the oxidized Rb was liquid even at the room temperature and it
changed its color from silver to metal-yellow (like gold). In the next developmental
step, the glass vacuum valve and glass tube were used to connect the target cell and the
apparatus. This setup was developed and tested. It was found out, that the ground part
between the stopcock and the yoke, even though it was vacuum lubricated, was leaking.

Consequently, we decided to make a completely sealed target cell for the first
experiments with xenon hyperpolarization. The manufacturing procedure was the same
as the one described above, except for the part with the vacuum valve enclosing. After
the evacuation and over-pressuring by the mixture of Xe and the other buffer gases, the
glass tube between the cell and the apparatus was cut off, and the cell was sealed up. If
the pressure of the buffer gases is higher than atmospheric pressure, the cell has to be
cooled down by liquid nitrogen to reduce the buffer gas pressure under atmospheric
pressure before one can seal up the cell. Then, the break-seal was broken and the cell
was heated to approximately 100°C so that the Rb vapour was released. The practical
experiments with xenon hyperpolarization are described in Chapter 6.

The target cell is placed into a Helmholtz coil system designed to generate a
homogenous 10 mT magnetic field with homogeneity of 2.18-10™. The mentioned
system parameters are sufficient for the Rb energy levels splitting (Zeeman effect). The
system is supplied by highly precise stabilized DC power supply Agilent 6654A
(Fig.22 - at the bottom, in the middle)

5.1.3. Glass operating segment for xenon hyperpolarization under continuous
flow

Experimental setup for xenon hyperpolarization under continuous flow has
entirely different demands for a configuration in comparison to the method with sealed
cell, but the principle is the same. In continuous flow regime, the entities entering into
the system are noble gas (‘*Xe) to be polarized, quenching gas (N,), and possibly
helium (He) as a buffer gas, and rubidium to be optically pumped. The leaving entity is:
hyperpolarized noble gas in a gaseous or a frozen state, to be used or preserved for later
use. Nitrogen and buffer gas return into the continuous flow process, because the
temperature to freeze xenon is lower than their freezing point. Rubidium vapours were
cooled down in a water bath in temperature above 0-5°C.

Other parts participating in the continuous flow were: tubes as a gas distribution
system, peristaltic pump, hyperpolarized xenon storage tank, flow meter and NMR
probe, which will be described in one of the following chapters.

The important and interesting construction of a part for optical pumping, which
consists of three glass parts is shown in Fig. 13.

The first part was based on a chemical glass radiator with coils. A small rubidium
ampoule with a break-seal was attached to this part, using the same technology that is
described in chapter 5.1.2. The liquid rubidium was transferred into the radiator coils.
The radiator was heated by the hot-air pistol to 100°C through silicon tube reduction
(see Fig. 13 — a piece of white silicon reduction tube is visible in the bottom right
corner).
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The second glass part looks like a target cell described in chapter 5.1.2. with the
same active dimensions. It was heated by the residual heat flow getting out from the
radiator.

—

Fig. 13:  The Foamglas box with optical pumping glass parts. At the bottom of the
picture, there is the chemical radiator with coils. In the middle is the target cell (above the
cell is visible photodetector cable). On the top of the picture a small acrylic bath is visible
— as well as a rubidium condenser with five Simax arcs. The red parts are Rotaflo
stopcocks. In the picture two metal clips, which connect spherical grinded joins together,
are also visible.

The third glass part was made from a glass tube, modified into the serpent with
five arcs. This section served as a rubidium condenser and was immersed in a cold
water bath. The water bath was connected by plastic tubes with a standard bucket, in
which the water was cooled down by two spirals. The water reservoir was situated
under the table, as shown in Fig. 10. The bucket with a nominal volume of 10 1 is used
as a water reservoir. The reservoir was covered with an acrylic lid, on that was mounted
a small pump EHEIM 1048, the main component of the primary circuit of the rubidium
condenser. The secondary circuit was based on Ultra-Kryostat MK 70 and was
connected with the water reservoir by red plastic hoses. The temperature was controlled
by two old serially connected hollow copper heating spirals taken from an old
thermostat (Fig. 14).

On each of the three described glass parts were attached two Rotaflo stopcocks
with Teflon valves, which allowed both sides of each of the three parts to be sufficiently
closed, when disassembly was needed. The parts were connected together by glass pipes
with internal diameter 5 mm and ended by ground-semispherical joints and connected
by Stainless Steel clips.

The above described glass construction was placed in Foamglas® box - a black
box in Fig. 13. - which is a great ecological cellular glass thermal insulation material.
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Fig. 14:  Water reservoir (left hand side) — the bucket with acrylic lid, in which is a
thermometer. Small pump Eheim 1048 is mounted on the lid. Two spirals are connected by
red hoses with Ultra-Kryostat MK 70 (right hand side), which works as a cooler.

5.2. Optical part

The important part of the system for HpXe production is the setup for optical
pumping of rubidium atoms. In the majority of laboratories dealing with the HpXe
production, semiconductor laser system for optical pumping of Rb is used. Usually, it is
a system with enormous optical power output (up to a few hundred watts) and broad
emission spectrum (a full width at half maximum is a few nanometres). These systems
are commercially available and allow the continuous HpXe production but only a
fraction of the total optical power is employed in the Rb optical pumping process. It is
because of the broad laser emission spectrum which is much wider than the Rb vapour
absorption line. The extremely excessive optical power is not only wasted, but also
causes potential risk to the maintaining staff and has to be thus somehow safety
pumped.

In experiments described in this thesis, a high-power narrow-band semiconductor
laser system which allows optical pumping of Rb with much higher efficiency than the
mentioned commercially available systems was used. Such an arrangement should be
compact and portable enough to move it close to the site where NMR or MRI
experiments with HpXe will be performed.

For the pilot experiment with optical pumping of Rb atoms, the commercially
available Ti:Sa laser (Coherent, model 899-01) was used [53]. The laser is tunable in a
wide wavelength range. Its optical power output depends upon the power of the
pumping beam and also on the quality of the whole laser system adjustement. In our
case, the maximum value is approximately 1 W. One of the most important parameters
of the laser used in a spectroscopic application such as optical pumping of Rb, is the
emission linewidth. The Model 899-01 has two primary operating regimes, but
continuous laser frequency tuning is possible only in the broadband regime. In this case,
the Ti:Sa laser emission linewidth is 25 GHz which is broadly in accordance with the
rubidium absorption linewidth.
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Due to its spectral properties, the mentioned Ti:Sa laser is suitable for Rb optical
pumping. On the other hand, the laser is a system with opened optical resonator and it
makes it sensitive to fluctuations of the refractive index of air inside the optical
resonator which induce the variation of the laser frequency, and also to dust particles,
which presence in laser resonator leads to losses in the laser resonator and falling of the
output optical power and also induces fluctuations of the output optical power. Because
of this reasons, the Ti:Sa laser is not usable outside of the dust-free and air-conditioned
laboratory.

For experimental and practical use, semiconductor lasers seem to be the best
choice [54, 55]. Semiconductor lasers are nowadays widely spread in all laser
applications. They are relatively cheap, simple in operation, and also possible with high
output optical power. For this reasons, a high-power type of semiconductor laser was
used.

A major part of the research described in this work was conducted using a high-
power laser system, instead of the Ti:Sa laser. The laser system is based on a
semiconductor laser, specifically on a single stripe high-power laser diode. The
principal disadvantage of this kind of semiconductor laser is that its high output optical
power is spread in wide spectral range; typically it is about 1000 GHz.

To compare different kinds of lasers, a quantity known as “power spectral
density” is used. It represents the optical power concentrated in a specific spectral range
— in our case it could be the Rb absorption linewidth. From this point of view, the high-
power laser diode with a few watts of output optical power is far less advanced in
comparison with the Ti:Sa laser. Fortunately, there are a few useful ways to increase the
power spectral density at desired spectral ranges.

The simplest way to make the solid-state laser emission line (laser bandwidth)
narrower is to chill the active medium in order to reduce thermal broadening.
Unfortunately, it is not very effective way of reducing the bandwidth and on top of that
it changes the central wavelength of the emitted radiation.

An alternative approach is to replace one of the laser resonator mirrors with a
grating [56, 57, and 58]. A grating is an interferometric device that diffracts different
wavelengths at different angles. When it is aligned correctly at the end of the resonator,
it will reflect back to the active medium only the light at the center of the laser
transition line. Thus, lasing bandwidth is again reduced to the bandwidth of the
resonator’s round-trip gain. Either optical prism or diffraction grating could be placed
outside the laser resonator. In this case, a part of the laser radiation is lost. Nearly as
much laser power can be produced in a narrow bandwidth as in a wide bandwidth, when
the bandwidth-limiting device is inside the laser resonator. As for laser diodes, typically
one of the resonator mirrors is coated with antireflective material and replaced by an
external diffraction grating is used. This setup is called extended cavity laser (ECL).

5.2.1. Laser for optical pumping of Rb atoms

The block diagram of the laser system used in Rb optical pumping experiments is
shown in Fig. 15 [59]. The main part of the arrangement is the high power laser diode
S-A-3000C-200-H (Coherent). The maximum output CW power is approximately 3 W,
the central wavelength is about 797 nm at the temperature 25°C and the LD emission
linewidth is about 1 THz.
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Fig. 15:  Fig. A: Block diagram of the designed laser system. CS is current source, TC is
temperature controller, HVA is high voltage amplifier, AD/DA is AD-DA converter and PC
is personal computer, LC is aspheric collimating lens, /2 is retardation half-wave plate,
BG is diffraction grating in Littrow configuration. PZT is piezoelectric transducer, EFA is
extremely fine adjustment screw, MS is flexible plate. M1 is mirror and AAB is aluminum
alloy box.

The output beam is collimated with aspheric, high NA lens. To achieve the laser
diode emission linewidth reduction, a diffraction grating was used in simple Littrow
configuration as a wavelength selective feedback which was optimized by a retardation
half-wave plate exploiting the polarization sensitivity of the grating. In the experimental
setup, the holographic diffraction grating 2400-line/mm with Littrow angle 72.4° was
used.

Due to variability of the final laser system, the bottom plate of the ECL box is
used as breadboard which allows positioning of the optical components in ample range.
A laser diode is mounted on the rear plate which serves as a passive cooler. All dural
plates are black anodized to suppress unwanted reflections. The plates (except the top
one) are connected together by special glue for aluminum alloy, which is the plate
material. Glue was preferred to screws because the glued box is more similar to the one
made from duralumin bulk. The real view of the compact laser system is in Fig. 16.
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Fig. 16:  Compact laser system with high-power laser diode.

With the experimental setup shown in Fig. 15, we were able to reduce the laser
diode emission linewidth more than 10 times, from 732 GHz to 69 GHz full width at
half maximum. The power loss was 49%, from 3.14 W to 1.60 W.

The laser emission spectrum was measured by a commercially available
DK 480 2 meter monochromator equipped with USB 2.0 CCD line camera (Thorlabs).
The monochromator resolution is 0.04 nm. The laser spectrum recorded with the camera
is processed by software specially designed in Matlab. The obtained laser diode
emission spectrum in comparison with the ECL system spectrum is shown in Fig. 17.
The recordings of line profiles are scaled by normalizing with respect to the overall
optical power which was measured independently. The measured line profile of the
ECL laser is shown on the background of the original emission profile of the LD. To put
them into scale the reduced line profile is multiplied by the constant R (9) to equalize its
optical power spectral density with the one of the original emission profile.

_PS,
P-S,’

R )

where P, is output optical power of the ECL, S, is the integrated surface of the
line profile, P, is original LD output optical power and S, is the original LD integrated
surface of the line profile. The gain of the camera is the same in both cases.

The parameter R is simply a power spectral density enhancement ratio at the
desired wavelength. It is the parameter of the ECL system and describes the increase of
the peak normalized power spectral density achieved by the ECL. It is the ratio between
the ECL peak power spectral density and the original LD peak power spectral density.

Generally speaking, the parameter R is mainly reflective of the quality of the ECL
system adjustment. Its value widely varies during the system settings process. To reach
the best state, which is usually adequate to R = 3, the system has to be tuned extremely
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finely and precise. I reached of the ECL system settings quality for which is the
parameter R equal to 3.7.
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Fig. 17:  The laser diode emission lines. The solid curve is the LD original emission line
and the dashed curve is the reduced emission line.

L% e

The first experiment was conducted with the heavy, non portable Ti:Sa laser,
which is even more importantly, sensitive to dust. Therefore, the first experimental
device was placed near Ti:Sa laser in overpressured box that ensured a clean Ti:Sa optic
system without lowering optical laser power in time. In the second step, laser diode at
free running and ECL regime was used.

5.3. NMR part

The main part of the NMR system is a small bore horizontal magnet type MRBR
4.7 T /200 MHz with shielded gradients (Fig. 18) by Magnex Scientific Ltd. (now a
part of Varian Inc.), which has been in our institute since 2000. As gradient amplifiers
Techron 7700 by AE Techron, Inc. are used.

The original electronics were constructed with Kalmus 137C radio frequency
amplifier and PTS 500 frequency synthesizer and other home-made electronics.

The RF electronics, system control, data acquisition, and processing software
modules have been modernized since 2007 employing progressive technical solutions
based on digital signal synthesis and digital signal processor.

In principle, the electronics are based on MR6000 by MR Solutions Ltd. Some
specifications fit directly to our system and requirements. The electronics are
configured for 4.7 T magnetic field. The dual channel PTS D310 frequency synthesizer,
a set of high frequency filters, two preamplifiers, four receivers and some other
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modifications to the original MR6000 are our chosen adjustments for operating a
multinuclear system (Fig. 20)

As aradio frequency amplifier STI000M by CPCAmps is used.

A RF coils are mostly home made. The '**Xe RF coil is shown in Fig. 19.

Fig. 19:  Small "*’Xe saddle RF coil with a sample.
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Fig. 20:  In the left rack is ﬁom above downwards: PTS 0.1 - 310 MHz frequency
synthesizer, MR Solutions Ltd. spectrometer, CPC 1 kW amplifier, control PC, and shim
multiple current source. In the right rack are gradients current sources. The nuclei HF
filters are shown in the bottom right corner.

5.3.1. Small portable NMR system

In a quest for a small and portable xenon polarization system, a small NMR
experimental system (Fig. 21) was also designed, consisting of a home-made pair of
Helmbholtz coil, generating the magnetic field up to 10 mT with homogeneity of 2.18-10
4, supplied by highly precise stabilized DC power supply Agilent 6654A [77], and
home-made small RF system with RF saddle coil.
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The RF system bandwidth is from 9.7 kHz (4096 decimation) to max 156.25 kHz
(256 decimation). The minimal step of pulse time is 0.0005 ms and minimal step of time
delay is from 0.1 ms to 1600 ms.

The electronic box is connected to notebook or PC through USB interface and
controlled by the home-made software programmed in Matlab. The electronics and
saddle coil are projected and assembled for 'H resonant frequency 116.8 kHz at 2.74
mT what correspond to '**Xe resonant frequency (117.77) kHz at 10 mT.

Fig. 21:  The small NMR experimental system. Helmholtz coil (left hand side), electronics
(above) and current source (bottom) (in the middle), and control unit — PC (right hand
side).
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6. Experimental results

6.1. Thermally polarized xenon

First, experiments with the thermally polarized natural xenon (with natural
abundance 26.4% of '**Xe) were conducted.

The first set of samples based on glass capsules closed with plugged plastic tube
was created. These capsules were filled with natural xenon or xenon-oxygen mixture or
with paraffin oil or cyclohexane impregnated by natural xenon. Oxygen, paraffin oil and
cyclohexane were used to shorten presumed gases long relaxation time. The samples
were simple Simax glass cylinders of 14.6 or 26 mm in diameter and of around 50 mm
in length. The samples were filled with natural xenon under different partial pressures
and with previously mentioned kinds of mixtures. Capsules were inserted into magnetic
field of 4.7 T NMR system to achieve a thermodynamic equilibrium state given by
Boltzmann distribution. After several hours glass capsules were inserted one by one into
a small saddle coil and one pulse sequence was applied. All samples were without
signal. This might have been caused by the fact that the amount of diluted xenon in
paraffin oil or in cyclohexane was not sufficient, saddle coil’s small sensitivity to this
type of experiment or because the xenon gas or gas mixture (in case with oxygen) was
plugged without being frozen with liquid nitrogen and not (over)pressurized enough.

For the second attempt, sealed capsules with 2 and 0.5 atm of natural xenon were
prepared. These samples were frozen with liquid nitrogen before sealing and gave
signal after achieving thermodynamic equilibrium in 4.7 T NMR system. The signal of
129X e spectral line was proportional to the total pressure and volume of xenon gas.

In a few subchapters some of the experimental results are described and
presented.

6.1.1. Natural xenon spectral line magnitude

After the experience described in the previous chapter, the sealed glass samples
were prepared. The effort was to prepare samples preferably of around 1 atm of gas
mixture, or greater, because of a greater chance to obtain measurable signal. The
samples had around 50 mm in length and 26 mm in diameter. The gas pressure under 1
atm was defined by a pressure meter. The samples with gas pressure greater than 1 atm
were frozen before sealing. Therefore, the total pressure could have been a little bit
greater than the one previously described, because of a small residual inlet volume
between the sample and the valve. All samples were evacuated before filling in the
orders of 107-107 Pa.

The simple pulse sequence was used, with pulse length 80 us, strip width (SW)
50 000 Hz, number of samples (SI) 8 k, LB = 10. The FWHM (full width half
maximum) of spectral lines size in Tab. 3 was measured without LB.
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Tab. 3:  Thermally polarized xenon — signal amplitude results after several hours.

. Spectrum
Sample no. | Pressure [atm] | Magnitude [-] | FWHM [HZz] integral [
1 >0.2 15.4 - 122.5
1 >0.2 18.4 7.8 -
2 0.6 0.9? - 5.47?
3 0.9 2.3 - 21.5
4 0.3 0 - -
5 2 4.4 - R
6 >1 68.2 7.7 -
7 >2 141.7 7.2 -

In Tab. 3 there are shown results of the first experiments with small sealed
samples and thermally polarized natural xenon.

It appears from spectrum integral ratio between sample no. 3 and 1, that the real
pressure in sample no. 1 could have been about 5 atm. This roughly inaccurate
information was not remeasured and because of the character of these first experiments,
this was not considered a fundamental imperfection.

The pressure in samples no. 2, 3 and 4 is sufficiently defined and the results are
reliable.

The pressure in sample no. 5 was 2 atm before being frozen. The inner wall of this
sample was covered with Teflon.

The pressure in samples no. 6 and 7 is also specified before the sample was frozen
and sealed, so the real pressure could have been a little bit greater. With sample no. 7
the best result had been reached and because of its strong signal, this sample was used
as a reference, or for the saddle coil retuning when needed. For sample no. 7 the T,
relaxation time was measured by saturation recovery method. The maximum spectral
line magnitude was 143.4. Measured dates (Tab. 4) were fitted (Fig. 22) and T,
relaxation time 13.6 min (817.5 s) was enumerated in Matlab.

Tab. 4: Spectral line magnitude in dependence on TR.

Tr [s] | Magnitude [-]
12 2.9
60 10
300 43.2
600 74.7
3060 142
300000 141.7
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Fig. 22:  Spectral line magnitude dependence on repetition time Ty in saturation recovery

experiment, for sample no. 7 — natural xenon under pressure at least 2 atm. The last
measured value for Tr 300 000 sec is not shown because of a better and a more visible
resolution for the shorter repetition times.

6.1.2. Thermally polarized natural xenon in small samples

The next experiments were focused on determining the T; relaxation time. For
these experiments two capsules were prepared, the first one with 2 bars of natural xenon
with 26 mm in diameter, and the second one with 0.5 bar of oxygen (O,) and 0.5 bar of
xenon with 14.6 mm in diameter. Oxygen was used for T; relaxation time shortening.

The experiments were also based on the saturation recovery method. In the
beginning of the experiment 10 (20 for sample with 2 atm of xenon) simple 90°
presaturation pulses to break the thermal magnetization My had been applied and then
the measurement with settled repetition time Tr began. The spectral line magnitude is
defined by saturation recovery equation

MzM{l—exp(—g—RD, (10)

where M is a signal magnitude in Tr, My is a full magnitude of signal intensity,
Tr is a repetition time, T} is a longitudinal relaxation time.

6.1.2.1. Sample filled in with 2 atm of xenon

The sizes of spectral lines for different Tr are shown in Tab. 5 and were fitted in
Matlab (Fig. 23). The maximum size M = 10.7 of spectral line and T; relaxation time
2.2 hours were calculated.

-41 -



Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

Tab. 5:  Spectral line magnitude dependence on repetition times, saturation recovery

Tr [hours] | Magnitude [-]
0 0
0.5 2.1
1 4
2.5 7.4
5 9.3
14 10.6
20 11

12 '. I I T T

Magnitude [-]

0 ? 4 6 8 10 12 14 16 18 20
TR [hours]

Fig. 23:  Spectral line magnitude dependence on repetition time Ty in saturation recovery
experiment. Glass cell filled in with natural xenon 0.5 bar and oxygen 0.5 bar.

6.1.2.2. Sample filled in with 0.5 atm of xenon and 0.5 atm of oxygen

The sizes of spectral lines for different Tr are shown in Tab. 6 and were also fitted
in Matlab (Fig. 24). The maximum size M = 2.37 of spectral line and T, relaxation time
48.8 s were calculated.

Tab. 6:  Spectral line magnitude dependence on repetition times

Tr [S]| Magnitude [-]
2 0
20 0.9
40 1.4
60 1.6
120 2.05
240 2.45

-42 -



Study of the properties of hyperpolarized 129Xe for magnetic
resonance imaging

Magnitude [-]

0 al 100 150 200 290
T, [s]

Fig. 24:  Spectral line magnitude dependence on repetition time Ty in saturation recovery
experiment. Glass capsule filled in with natural xenon, 2 bars.

6.1.3. Thermally polarized natural xenon in the ,target cell”

For forthcoming experiments with hyperpolarized xenon new glass samples,
which production is described in the chapter 5.1.2., were prepared. The first one was
filled with a small amount of rubidium, xenon and nitrogen gas. The second one was
filled with a small amount of rubidium and xenon gas. The absence of nitrogen gas
allowed the rubidium vapour laser beam absorption to be visible to the naked eye. This
enabled a better laser diode adjusting to the rubidium absorption line.

For the size of these samples new RF saddle coil was developed. It was 100 mm
long and 40 mm in diameter. This larger coil was tuned in 54.767 MHz (synthesis
frequency 54.267 MHz) and the sensitivity was around 4 times lower in comparison to a
small saddle coil with 26 mm diameter.

Tab.7: Tab. X: Spectral line magnitude dependence on TR.

Te[min] | M
0 0

10 0.28

15 0.8

30 1.0

45 1.15
70 1.1
3600 1.4
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After 19 hours in 4.7 T magnetic field the first sample (Rb+N,+Xe) was without
any signal. Signal magnitudes of the second sample are shown in Tab. 7 and fitted in
MATLAB (Fig. 25). The maximum magnitude of spectral line 1.31 and relaxation time
T 22.67 min (1360.2 s) were enumerated.
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Fig. 25:  Spectral line magnitude dependence on Ty, after19 hours in 4.7 T. Glass sample
filled with a piece of Rb and xenon. Thermally polarized. . The last measured value for Ty
3600s is not shown because of better and visible resolution for the shorter times

Because of no signal from the sample with rubidium, xenon and nitrogen, a new
cell was made. The cell (chapter 5.2.1) was filled with a small amount of rubidium,
1 atm of nitrogen, and 2 atm of xenon natural gas. This new sample was inserted in the
magnetic field of 4.7 T for 47 hours (170000 s) to achieve the Boltzmann thermal
equilibrium. After 47 hours the simple 90° pulse was applied and the spectral line
magnitude was measured to be 24.3. The saturation recovery method was applied for
data measurement (Tab. 8) and fitted in Matlab (Fig. 26). The T, relaxation time 1614 s
(26.9 min) and spectral line maximum magnitude 24.1 was also enumerated in Matlab.

Tab. 8: Spectral line magnitude in dependence on Ty

Tr [S] | Magnitude [-]
0 0
600 9.4
1200 12.2
1800 15.2
3600 21.5
170000 24.3
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Fig. 26:  Spectral line magnitude in dependence on Tr. Thermally polarized xenon.

6.2. Hyperpolarized xenon experiments

In comparison to experiments with thermally polarized xenon further experiments
with hyperpolarized xenon were conducted. A cylindrical cell made from Simax glass
was filled with natural xenon with natural abundance of '*’Xe. The cell was a simple 92
mm long cylinder with the diameter 35 mm. The cell’s faces were made from Borofloat
windows. On the cell’s surface an Rb ampoule with a breakable glass valve was
mounted. Before the cell was sealed, it had been filled under vacuum condition with a
mixture of 100 kPa of xenon and 200 kPa of nitrogen. Than the breakable glass valve
was broken and the ampoule was heated over rubidium melting point, which made it
possible for the rubidium to be moved into the glass cell.

To allow thermostatization by a hot-air flow, the cell was enclosed in a teflon box.
The box with the target cell was placed in front of the 4.7 T NMR system in
homogenous 16 mT magnetic field.

A small amount of Rb was moved into the cell under vacuum conditions. Before
the cell was sealed, it was filled with a mixture of xenon '*’Xe (100 kPa) and nitrogen
N> (200 kPa). The target cell was heated to 100°C and the Rb vapour was optically
pumped for 30 minutes. Then, the target cell was placed into the 4.7 T NMR system to
obtain '*Xe spectral line.

The spectral line of '”Xe in natural state and the spectral line of the
hyperpolarized '**Xe are shown in Fig. 27. The amplification of the hyperpolarized
xenon spectral line amplitude was about 400 times.
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Fig. 27:  The thermally and hyperpolarized '*’Xe spectral line magnitude comparison.

The influence of the optical pumping duration on the '*Xe spectral line
magnitude is shown in Fig. 28. Relaxation time T, is 26.9 minutes (1614 s) for natural
state and 27.6 minutes (1656 s) for hyperpolarized state under given conditions.
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Fig. 28:  Dependence of magnitude of hyperpolarized xenon spectral line on duration of
laser optical pumping.
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6.2.1. Hyperpolarized xenon inversion recovery experiment

The next experiment with hyperpolarized xenon was conducted using inversion
recovery method.

The target cell containing mixture with nitrogen was inserted in the Teflon box.
The hot air pistol was set to 130°C and the cell was being heated for 20 minutes. The
laser beam emitted by laser diode in a free running mode was activated 10 minutes after
the heating had begun. Thereafter, the cell was placed within 90 seconds in the 4.7 T
NMR system. Ten presaturation pulses were applied and then the repetition time began.
From Tr=10 min 20 presaturation pulses were applied.

Tab. 9: Inversion recovery experiment with hyperpolarized xenon for T1 relaxation time
calculation.

Tr [min] | Magnitude [-] | FWHM [HZ]
3 0.9 271
5 1.3 32.9
10 1.3 37.7
20 1.8 29.6
50 2.8 28.7

The spectral lines magnitudes and their FWHM [Hz] (full width half maximum)
are shown in Tab. 9. The Tr and magnitudes were fitted (Fig. 29) in Matlab. The
maximum magnitude of 2.68 and T, relaxation time 12.86 min (771.6 s) were
enumerated in Matlab as well.

Magnitude [-]

0 L ] L ]

0 5 m 1 20 2% 30 3\ 40 45 A0
TR[min]

Fig. 29:  The dependence of hyperpolarized xenon magnitude on Ty, fitted in Matlab.
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6.2.2. Hyperpolarized xenon relaxation in different magnetic field

The additional measurement concerned with hyperpolarized xenon relaxation in
different magnetic field was conducted. For the experiment a glass cell with nitrogen
was used. The glass cell was inserted in the Teflon box for better insulation and better
warming up by a hot air pistol. The Teflon box was inserted into the Helmholtz coil
generating 10 mT magnetic field. The hot air pistol was set to 130°C and the cell was
heated for 20 minutes. After 10 minutes the laser beam emitted by laser diode in free
running mode was activated. Thereafter the cell was placed in the 4.7 T NMR system
within 90 sec. Then, after the repetition time Tg, simple 90° pulse was applied and the
signal magnitude was measured. For the first experiment the target cell was inserted in
4.7 T magnetic field, while Tr was running. For the second and third experiment the
cell was deposed on a chair in Earth’s magnetic field respectively in the magnetic field
generated by Helmholtz coil, while Tr was running. After Tr the experiment cell was
inserted into the 4.7 T NMR system within 90 sec and simple 90° pulse was applied.
The measured spectral lines magnitudes are shown in Tab. 10 and depicted in the Fig.
30.

Tab. 10: The hyperpolarized xenon spectral line magnitude fall in different intensity of magnetic
field and in the course of time.

Measurement t [min] Magnitude [-] FWHM [HZz]
5 55.4 28.2
. L 10 47.6 28.3
in the 4.7 T magnetic field >0 576 57
50 8.1 29.8
2 31.1 28.6
in the Earth's magnetic field 5 7.8 28.4
10 0.5 28.6
in 10 mT generated by 5 9 28
Helmholtz coil 10 L 29
20 0.3 20
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Fig.30:  The dependence of hyperpolarized xenon spectral line magnitude on time.
Target cell inserted for a time t in the 4.7 T magnetic field (blue), in the Earth’s magnetic
field (red) and in 10 mT generated by the Helmhotz coil (green).

6.2.3. Xenon hyperpolarization by laser diode in broad or narrow mode and its
spectral line magnitude

The last presented experiment shows the difference between xenon
hyperpolarized by broad laser diode emission spectrum and narrow laser diode emission
spectrum.

The high power laser diode was powered with 2.96 A and was tempered to
10.858°C.

The experiment had been conducted in a similar way to the previous one. The
target cell containing the mixture with nitrogen was inserted into the Teflon box. The
hot air pistol was set to 130°C and the cell was heated for 20 minutes. The laser diode
emission spectrum in free running mode has been activated 10 minutes after the heating
had begun. Thereafter, the cell was placed in the 4.7 T NMR system and simple 90°
pulse was applied after the time period shown in Tab. 11.
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Tab. 11: The dependence of xenon spectral line magnitude on acquisition time after optical
pumping in defined time t.

Narrow emission Broad emission
spectrum spectrum
t [s] Magnitude [-] | S/N [-]] Magnitude [-] | S/N [-]
40 698108 208.2 221019 67
40 583126 177.3 248583 76.2
40 596381 178.1 - -
40 587946 178.8 - -
60 528902 153.1 223386 68.7
60 535969 163.9 205959 63.8
60 532230 162.4 - -
80 517564 156.6 - -
80 478685 149.4 - -
80 507712 154.9 - -
120 449739 134.5 196006 59.9
120 462370 142.7 185345 56.9
160 392277 124.3 178974 55.7
160 404261 124.9 189439 58.2

The S/N (signal to noise) ratio was calculated as a magnitude (signal) divided by
noise. The noise data are not shown Tab. 11 shown, but their value was around 3300.

Because of good measurement repeatability some magnitudes to be measured
were skipped in the broad emission spectrum experiment.

In comparison to the previous hyperpolarized xenon experiments, which were
conducted by the home-made electronic and control software, this experiment was
conducted using the new electronic by MR Solution Ltd. That is why, the magnitudes
seem to be much greater. However, by the comparison of S/N ratio, it has been shown
that the data measured by the new system are comparable to the data obtained by the old
system. The data are given in Fig. 31. There is also visible, the difference in magnitude
of xenon hyperpolarization by broad (2.49 W) and narrow (1.49 W) emission spectrum.
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Fig. 31:  The time dependence of xenon hyperpolarization by broad and narrow emission
spectrum. The time period represents duration of relaxation in 4.7 T NMR system after the
laser was turned off.

6.2.4. Preservation of magnetization

Experiments related to preservation of the hyperpolarized xenon magnetization
were conducted in connection to the hyperpolarized xenon storage system concept.
Experiments were conducted with the sample no. 1 described in subchapter 6.1.2.1.

a) After 10 hours in 4.7 T magnetic field the sample was taken out and
placed into the Earth’s magnetic field for 1 hour. After 1 hour it was put
back to 4.7 T and 90° pulse was applied. The first attempt was without
signal.

b) At the second attempt, the sample was in 4.7 T for the period of 10 hours.
After that, it 90° pulse was applied. The spectral line size was 1.9. After
the pulse was applied the sample was put in 4.7 T magnetic field for 30
minutes. Thereafter, the sample was taken out and placed into the Earth’s
magnetic field for 60 seconds. Then the sample was placed back into 4.7
T within 45 seconds. The 90° pulse was applied immediately after that
and the xenon spectral line magnitude was 2.1.

C) The xenon spectral line magnitude time dependence was measured after
the sample was taken out after being 30 minutes in 4.7 T to the Earth’s
magnetic field. The sample was in the Earth’s magnetic field for defined
time (Tab. 12) and then put back into the 4.7 T and 90° pulse was
immediately applied. The Matlab approximation is in the Fig. 32. The
fall to zero of the spectral line size is about 10 minutes.
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Tab. 12: Thermally polarized xenon spectral line magnitude in time dependence.

t [min] | Magnitude [-]

0 2
1 2.7
2 2.15
3 2.2
5 1.6
8 1.2

3 T T T T T Ll f ! !
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25} |
% %
2¥ 1
X
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Fig. 32:  Thermally polarized xenon spectral line magnitude in dependence on time.

d) Another experiment with liquid nitrogen was performed. After 10 hours
in 47T the sample was taken out and frozen to liquid nitrogen’s
temperature. After 1 hour the sample was removed from liquid nitrogen
and put back in 4.7 T and 90° pulse was applied. The sample gave no
xenon signal. The signal remain zero even during the next experiment
when the sample was put for 30 minutes in 4.7 T and then for 5 minutes
into Earth’s magnetic field. Tab. 13 shows spectral line magnitudes of
natural xenon after being for 30 minutes in 4.7 T and after being for
defined time under liquid nitrogen temperature.
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Tab. 13: Spectral line size of natural xenon after 30 minutes in 4.7 T and after defined time t in
liquid nitrogen. * - sample taken out before superconducting magnet (magnetic field of
around 20 mT, ** - sample taken out before superconducting magnet and freezed to liquid
nitrogen temperature, *** - sample taken out before superconducting magnet and insert to 16

mT magnetic field.

t [min] | Magnitude [-]
0 2.1*
8 2.1%*
15 1.4*
8 2.2*
8 1.6

6.3. Continuous flow method

The previous experiments were conducted in a sealed cylindrical target cells made
from borosilicate (Simax) glass.

The physical properties, predominantly T; relaxation time, of thermally polarized
xenon, were measured by the “sealed” method. Many variation and measurement series
were conducted. Some of them are presented in previous chapters. Measurement in the
sealed regime was very time consuming, because after each scan the cell needed to be
warmed up and optically pumped again. Or in case of thermally polarized xenon the
Boltzmann equilibrium distribution had to be re-established.

In comparison to sealed regime, the continuous flow method allows continual
spin-exchange optical pumping process in the target cell to be running in a magnetic
field, sufficient for rubidium energy levels Zeeman splitting, outside of superconducting
magnet (in e.g. Helmholtz coils or in stray field of superconducting magnet). With the
aid of suitable tubing the target cell can be connected to a probe cell, which is placed in
RF coil in MR system. Thus, the probe cell can be supplied by the new hyperpolarized
gas in dependence to defined flow rate inside the system guaranteed by peristaltic
pump.

In comparison with the aim specifications of the doctoral thesis, mentioned in
chapter 2, the hyperpolarization under continuous flow was an extra task. With a
continuous flow experimental device it would be easier to check the design of the xenon
storage system, which is mentioned in chapter 6.3.2.

6.3.1. Continuous flow design

The continuous flow method design is depicted on scheme in Fig. 33. The scheme
consists of three parts, the first is vacuum part based on turbomolecular drug pump
described in subchapter 5.1.1., the second part is a gas delivery system, and the third
part is the main part for the continual flow, consisting of Teflon tubing, O, and moisture
filters, and flowmeter. The probe cell (Fig. 19) is a simple Simax cylinder connected
with the Teflon tubing. Hyperpolarized xenon storage system and Foamglas box are
depicted in Fig. 34.
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PROBE
FOAMGLAS
BOX CELL

STORAGE
SYSTEM

PERISTALTIC

@ Puwp
FLOWMETER

Fig. 33:  Continuous flow design. PS is turbomolecular drag pumping station, VG is
vacuum valve, PC personal computer. Xe, 129Xe, N, and He are gas bottles, O, and H,O
are oxygen respective moisture filters. The blue lines are connected to an evacuating
system. The red lines are connected to a gas delivery system and make a closed circle for
continual flow.

The part labeled Foamglas box on the Fig. 34 and 35 is described in more detail in
subchapter 5.1.3. The simplified schema is on the left hand side in Fig. 35. The storage
system simplified schema is on the right hand side in Fig. 35 and described in more
detail in subchapter 6.3.2.
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FOAMGLAS BOX STORAGE SYSTEM

TC

PERMANENT
CR MAGNETS

Fig. 34:  The scheme of Foamglas box contents and hyperpolarized xenon storage system.
TC is the target cell, CR is chemical radiator, WB is the cold water bath, NB is the
nitrogen bath (or nitrogen — alcohol mixture with the temperature of around -50°C).

6.3.2. Hyperpolarized xenon storage system

In order to preserve the properties of HpXe, T, relaxation time especially, a
simple xenon storage system had been suggested. It had been found [12, 43] that
magnetic field, liquid nitrogen temperature, and non metallic parts can help to preserve
the hyperpolarization of '*’Xe. The simplified schema of the storage system is depicted
in the Fig. 34 and the real part in Fig. 36. The glass storage part, called “cold finger”, is
in the middle of the permanent magnet, where the magnetic field is from 40 mT at the
bottom, 60 mT in the middle, and 40 mT on the top — measured in the axis of the cold
finger.
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Fig. 35:  Storage system for frozen xenon.

6.4. Impact of glass material on T, xenon relaxation time

The T; (longitudinal) relaxation time, known as a spin-lattice relaxation time is
also influenced by the interaction of an investigated matter with a sample material. In
our case the investigated matter is Xe and sample material is Simax glass. In [42] is
introduced a summary of how to reduce the wall relaxation time by coating cell’s wall,
and a washing procedure of the sample’s inner wall.

In our case the target cells were washed with acetone and additional washing or
coating procedures had not been executed. This chapter describes the experiment
concerning xenon T relaxation times influenced by the susceptibility of the glass cells.

For this experiment a cylindrical Delrin shell (Fig. 36) was prepared. The Delrin
shell consisted of two parts, the first one is a main cylindrical body, in which the glass
samples were inserted, and the second one is a screwed-on closure in which a Teflon
stopcock by Torr Seal is affixed. The closure with body was sealed by a rubber ring.

lmbber tube \
=gl ——
glass walve “ | N>

Fig. 36:  Delrin shell with valve. On the right hand side are shown glasses samples.
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The glass samples were simple cylinders 100 mm in length and 26 mm in outer
diameter. The four types of glasses were investigated: Simax, silica, Schott, and silica
glass coated with Teflon.

A glass tube was inserted into the Delrin shell and the closed shell was filled with
natural xenon pressurized to 3 atm. The electronics for experiment conduction were set
on LB = 10 Hz, SI =8k, SW =20k, G1 =20 dB, PW1 =5 dB, pl =150 ps, f=54.2691
MHz, NS =1, PNS = 10.

The measured T, relaxation times and calculated values of the glass
susceptibilities are shown in Tab. 14.

Tab. 14: Xenon T; relaxation times and wall’s susceptibility of used glasses

Simax | silica| Schott | silica + Teflon | Delrin
y - 10°[-] -88 |-8.79| -11.7 -8.79 -
T, [s] 1349 | 1025 1788 1459 1242
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7. Conclusions

This dissertation thesis explores the development and construction of a 129Xe
hyperpolarization device. Besides designing an experimental unit for HpXe production,
this thesis also explores the noble gases theories, focusing on 129Xe and experimental
verification of noble gases optical polarization efficiency in different physical
conditions.

This dissertation may be divided in two primal parts: constructional and
experimental.

The constructional part of this thesis covers not only a complex design of the
129Xe optical pumping hyperpolarization device, but also its implementation.
Suggested device enables the production of HpXe in continuous flow regime. The basis
for this device is a peristaltic pump that enables the gas mixture (Xe, He, N2) to flow in
a defined rate through a target cell. The combination of a flow and pressure variability
of xenon and buffer gases makes it possible to effectively research the polarization
process efficiency in various physical conditions. Suggested system thus enables an
examination of the influence of buffer gas pressures and a spectral magnitude of optical
radiation on the HpXe production efficiency and in addition, an optimization of this
process.

The constructional part of this thesis also includes a design and an
implementation of a device for the HpXe transportation and storage.

The experimental part of this thesis compares thermal and optical polarization
of xenon. At the beginning, trial experiments with thermally polarized xenon in order to
confirm the ability of 4.7 T NMR system to detect xenon spectral line were conducted.
These experiments were crucial for determination of optimal configuration and 4.7 T
NMR system detection chain parameters.

After conducting the trial experiment and designing an RF coil, experiments
with optical production of polarized xenon were initiated. Several sealed target cells
were constructed and filled with mixtures of xenon, rubidium, and buffer gasses in
various concentrations. These samples successfully confirmed the principle of optical
hyperpolarization of xenon. These samples were also used to experimental
determination of optimal time period for polarization of xenon with given capacity. At
the same time, a direct link between power spectral density of a pumping beam and
xenon polarization magnitude was established.

Furthermore, that experimental part of the dissertation was also interested in a
study of relaxation time of xenon in diverse conditions. Established relaxation times
fluctuated within the tens of seconds. This fact confirmed the necessity to design and
construct a transportation case for the polarized gas that would prolong the period
during which the gas is in a hyperpolarized state and therefore make it possible for the
hyperpolarized gas to be used in medicine and material engineering.

The results of trial experiments with optically polarized xenon were
subsequently applied in designing the previously mentioned experimental device for
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production of polarized xenon in continuous flow regime. Based on the knowledge of
working pressures and times that are necessary for reaching an optimal degree of
polarization, a suggestion and a selection of individual components for the device for
continual pumping was carried out. The components were selected in order to
accommodate the requirements for securing the maximal effectiveness of polarization
process in the continuous flow regime.

The evolution process of the device was concluded by series of successful
pressure tests and a new set of experiments to explore the efficiency of continuous flow
regime production is currently being planned.
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