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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 (3He) nor xenon (129Xe) 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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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 129Xe are less sensitive than those with 3He. 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 129Xe and 
3He are shown in Tab.1.  

Tab.1: Important physical properties of 129Xe and 3He. Adapted and modified from [19] 

Parameter 129Xe 3He
Nuclear spin, K [ћ] ½

Natural abundance [%] 26.4 1.37·10-4

Gyromagnetic ratio, g [MHz/T] 11.777 32.434
Normalized gyromag. ratio, γ/γH 0.276 0.762

T1 relaxation time limit [hours/atm] 4.1 744
Chemical shift range 7500 0.8

Optical pumping duration [min] 5 >120

½

 
 It appears that by exploiting the same properties, numerous extensions of the 

medical application of xenon are possible beyond lung space imaging [20–31]. 
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 [24–31].  

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. 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 3He 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). 
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The latter method is applicable to both 3He and 129Xe. The most serious problem 
of these procedures is the long-term preservation of the unequilibrium polarization, 
which is adversely affected by all T1 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, T1 relaxation times of several days for 
3He and several hours for 129Xe have been observed (extensible to several days by 
preservation at liquid helium temperature), as shown in Tab.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). [34] 

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 129Xe 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 T1 was between 360 and 549 ms [32].  
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2  AIMS OF THE DOCTORAL THESIS 
The main aim of the doctoral thesis is to generate a hyperpolarized 129Xe 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. 
3  HYPERPOLARIZED NOBLE-GASES AND NMR 

In order to narrow down the very complex theory, this chapter was constructed 
based on the following literature [33–36]. 
3.1 THE NUCLEAR SPIN 

A fundamental property of the atomic nucleus is the nuclear spin, described by the 
spin quantum number I. 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. 

The nuclear spin theory description is outside the limits of the Ph.D. thesis 
syllabus. 
3.2 NUCLEAR POLARIZATION 

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

( )↑↓ < NN  under thermal equilibrium conditions (Fig 2). 

 
Fig. 2: Pictorial description of the orientation of the nuclei at thermal equilibrium and in 

the hyperpolarized state. In the figure, the magnetic field (B0) is directed vertically 
upwards.[33] 

The nuclear polarization P (for nuclei with the spin quantum number
2
1

=I ) is 

defined by 
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The magnetization M, and thus the NMR signal, S, will be proportional to the 
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where Nm is the number of nuclei in the state m, Em is quantum energy mγћB0, and 
T is the temperature. By combining (1) and (3), it follows that P can be expressed as 

⎟
⎠
⎞

⎜
⎝
⎛=

kT
B

P
2

tanh 0hγ
.                                                 (4) 

3.3 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
Polarization P1 at 

1.5 T, 310 K
Polarization P2 at 

20 T, 4 K
1H 4.9·10-6 5.1·10-3

3He 3.8·10-6 3.9·10-3

129Xe 1.4·10-6 1.4·10-3
 

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 
T1: 
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( ) ( )( ) thermalthermal PPP
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,                                   (8) 

where P(0) and Pthermal denote the initial and equilibrium polarization values, 
respectively. The relaxation rate T1 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, 1H 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. 

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 1H 
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 
1H signal, the “bruteforce” method would require temperatures in the mK range. 
Large-scale production of hyperpolarized noble gases (3He and 129Xe) has been 
proposed using this approach [37]; 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 129Xe. 

 
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.[34] 

In [38] is showed that angular momentum could be transferred from the electron 
spins of optically pumped Rb atoms [39] to the nuclear spins of 3He by spin-
exchange collisions [38]. The method could be extended to efficiently polarize 129Xe 
as well [40]. Rb atoms are pumped via the electronic transitions 2121 PS − (794.98 
nm) and 2321 PS − (780.24 nm) - the D1 transition line was used. 
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  In a magnetic field, the former transition can be driven by circularly polarized 
laser light (794.98 nm) to selectively pump the ground-state Rb electrons entirely to 

the ⎟
⎠
⎞

⎜
⎝
⎛ −+

2
1

2
1 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 1).  

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 [54], [55]. 

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 3He quantity of 2.5 l (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 l to ∼40%. The spin exchange from Rb to 129Xe (at high 
temperatures) is more efficient than to 3He. Hence, the spin-exchange technique 
allows faster polarization of 129Xe: typically, quantities of ∼0.5 l (at 1 bar) polarized 
to ∼15% in 30 min were obtained. An overview of the methods for hyperpolarization 
of noble gases was recently published [56]. 
3.4 USED NMR TECHNIQUES 
3.4.1  One pulse sequence 

For NMR experiments with thermally or hyperpolarized 129Xe was used one 
simple 90° pulse sequence (Fig. 4).  

 
Fig. 4: 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. 
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3.4.2  Spectroscopic saturation recovery sequence 
The primary use of saturation recovery sequence is to measure T1 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. 5. After 
each acquisition (echo) time, presaturation 90° pulses were applied to destroy 
longitudinal mangetization. The next RF pulse was applied after TR. 

 
Fig. 5: Spectroscopic saturation recovery sequence. TR is repetition time, 90 means 90° 

RF pulse, Echo is for data acquisition. Modified from [44] 

4  FUNCTIONAL PARTS OF EXPERIMENTAL SETUP FOR 
XENON HYPERPOLARIZATION  

 
Fig. 6:  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; l/2 is retardation half-wave plate; BG is diffraction 
grating in Littrow configuration. M is mirror; λ/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. 

The experimental setup for xenon hyperpolarization in sealed glass cell was based 
on laser diode. The NMR part was used for studying the 129Xe hyperpolarization 
rate. The part, which was used for sample creation is described as a vacuum part. 
The same vacuum part was further used in an experimental setup for xenon 
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hyperpolarization under continuous flow, even though it was little bit modified. The 
block diagram of the experimental system is shown in Fig. 6. 
4.1 VACUUM PART 
4.1.1  Turbomolecular drag pumping station 

In all of the experiments, the vacuum part was based on turbomolecular drag 
pumping station TSH 071 E (Fig. 7) 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 <1·10-7 mbar (<1·10-5Pa). Single gauge control unit TPG 261 
and vacuum gauge PKR 251 in ranges from 1000 mbar (1·105 Pa) to 5·10-9 mbar 
(5·10-7 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. 7: Turbomolecular drag pumping station TSH 071 E. 

4.1.2 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. 8. 
The cell is made from borosilicate glass which was chosen because of its price. 

The price of the borosilicate cell is lower by approximately two orders in 
comparison with the silica 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. Petrů and his group who has a great experience with a production 
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of varied cell types, mainly the iodine cells for iodine-stabilized He-Ne lasers [45] 
which are made from quartz glass. 

 
Fig. 8: Target cell. The silver metal pieces – its rubidium in solid state (at the room 

temperature). 

After the cell was completed, it was cleaned with acetone. The ampoule with 
small amount of Rb was attached to the cell with a break-seal. The cell was 
connected to a vacuum apparatus (Fig. 9) by a glass tube. 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 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 8·10-5 Pa. The evacuated space is subsequently 
overpressurized by the mixture of natural xenon (26% of 129Xe), helium 4He and 
nitrogen N2. 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 [46], 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. 

Several modification with experimental arrangement sketched in Fig. 9 using the 
procedure described above were done. The only requirement was, that the couplings 
and valves have 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 
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and the apparatus together. 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 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. 

 
Fig. 9: 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. 

 15



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.  
4.1.3  Glass operating segment for xenon hyperpolarization under 
continuous flow 

 
Fig. 10: The Foamglas box (great ecological cellular glass thermal insulation material) 

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. 

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 (129Xe) to be polarized, quenching gas (N2), 
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 
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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. 10.  

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. 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. The target cell was heated by the residual 
heat flow getting out from the radiator.  

 
Fig. 11: 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. 

A serpent glass tube part with five arcs serves as a rubidium condenser and was 
immersed in a cold water bath. The water bath was connected by plastic tubes with a 
standard bucket. The bucket reservoir was covered with an acrylic lid, on that was 
mounted a small pump EHEIM 1048, and was cooled down by an old Ultra-Kryostat 
MK 70, which was connected with the water reservoir by red plastic hoses and two 
old serially connected hollow copper heating spirals (Fig. 11). 
4.2 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 
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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 [47]. 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. 

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 [48, 49]. 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. 
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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 [50, 51, 52]. 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). 
4.2.1  Laser for optical pumping of Rb atoms 

 
Fig. 12: 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, λ/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 block diagram of the laser system used in Rb optical pumping experiments is 
shown in Fig. 12 [53]. The main part of the arrangement is the high power laser 
diode S-λ-3000C-200-H (Coherent). The maximum output CW power is 
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approximately 3 W, the central wavelength is about 797 nm at the temperature 25°C 
and the LD emission linewidth is about 1 THz. 

With the experimental setup shown in Fig. 12, 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 which is, with 
respect to the linewidth reduction, adequate to the quadruple increase of the power 
spectral density at desired wavelength. 
4.3 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. 13) 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 modifications to the original MR6000 are our chosen adjustments for 
operating a multinuclear system. As a radio frequency amplifier 5T1000M by 
CPCAmps is used. A RF coils are mostly home made. The 129Xe RF coil is shown in 
Fig. 13.   

 
Fig. 13: 4.7 T, 200 MHz NMR system with traversing sample table. Small 129Xe saddle 

RF coil with a sample in detail. 
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5  EXPERIMENTAL RESULTS 
5.1 THERMALLY POLARIZED XENON 

First, experiments with the thermally polarized natural xenon (with natural 
abundance 26.4% of 129Xe) 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 129Xe spectral line was proportional to the total pressure and volume of xenon gas.  
5.1.1 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 best result had been reached with sample filled with around 2 atm of natural 
xenon and because of its strong signal, this sample was used as a reference, or for 
the saddle coil retuning when needed. The T1 relaxation time was measured by 
saturation recovery method. The maximum spectral line magnitude was 143.4. 
Measured dates were fitted (Fig. 14) and T1 relaxation time 13.6 min (817.5 s) was 
enumerated in Matlab. 

 21



 
Fig. 14: Spectral line magnitude dependence on repetition time TR in saturation 

recovery experiment, for sample filled with 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. 

5.1.2 Thermally polarized natural xenon in small samples 
The next experiments were focused on determining the T1 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 (O2) and 
0.5 bar of xenon with 14.6 mm in diameter. Oxygen was used for T1 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 M0 had been applied and 
then the measurement with settled repetition time TR began. The spectral line 
magnitude is defined by saturation recovery equation 
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where M is a signal magnitude in TR, M0 is a full magnitude of signal intensity, TR 
is a repetition time, T1 is a longitudinal relaxation time. 

The spectral lines magnitudes for different TR were fitted in Matlab (Fig. 15) for 
sample filled in with 2 atm of xenon. The maximum size M = 10.7 of spectral line 
and T1 relaxation time 2.2 hours were calculated. 
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Fig. 15: Spectral line magnitude dependence on repetition time TR in saturation 

recovery experiment. Glass cell filled in with natural xenon 0.5 bar and oxygen 0.5 bar. 

The spectral lines magnitudes for different TR were also fitted in Matlab (Fig. 16) 
for the sample filled in with 0.5 atm of xenon and 0.5 atm of oxygen. The maximum 
size M = 2.37 of spectral line and T1 relaxation time 48.8 s were calculated. 

 
Fig. 16: Spectral line magnitude dependence on repetition time TR in saturation 

recovery experiment. Glass capsule filled in with natural xenon, 2 bars. 

5.1.3 Thermally polarized natural xenon in the „target cell“ 
For forthcoming experiments with hyperpolarized xenon new glass samples were 

prepared. The first one was filled with a small amount of rubidium, xenon and 
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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. 

After 19 hours in 4.7 T magnetic field the first sample (Rb+N2+Xe) was without 
any signal. Signal magnitudes of the second sample are fitted in MATLAB (Fig. 17). 
The maximum magnitude of spectral line 1.31 and relaxation time T1 22.67 min 
(1360.2 s) were enumerated. 

 
Fig. 17: Spectral line magnitude dependence on TR, after19 hours in 4.7 T. Glass 

sample filled with a piece of Rb and xenon. Thermally polarized. . The last measured value 
for TR 3600 sec 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 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 and fitted in Matlab (Fig. 18). The T1 relaxation time 1614 s (26.9 
min) and spectral line maximum magnitude 24.1 was also enumerated in Matlab. 
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Fig. 18: Spectral line magnitude in dependence on TR. Thermally polarized xenon. 

5.2 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 129Xe. 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 129Xe (100 kPa) and 
nitrogen N2 (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 129Xe spectral line. 

The spectral line of 129Xe in natural state and the spectral line of the 
hyperpolarized 129Xe are shown in Fig. 19. The amplification of the hyperpolarized 
xenon spectral line amplitude was about 400 times. 
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Fig. 19: The thermally and hyperpolarized 129Xe spectral line magnitude comparison 

The influence of the optical pumping duration on the 129Xe spectral line 
magnitude is shown in Fig. 20. Relaxation time T1 is 26.9 minutes (1614 s) for 
natural state and 27.6 minutes (1656 s) for hyperpolarized state under given 
conditions. 

 
Fig. 20: Dependence of magnitude of hyperpolarized xenon spectral line on duration of 

laser optical pumping. 

5.2.1 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. 
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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. 

The spectral line magnitudes for different TR were fitted (Fig. 21) in Matlab. The 
maximum magnitude of 2.68 and T1 relaxation time 12.86 min (771.6 s) were 
enumerated in Matlab as well. The FWHM [Hz] (full width half maximum) of 
spectral lines was approximately 30 Hz. 

 
Fig. 21: The dependence of hyperpolarized xenon magnitude on TR fitted in Matlab. 

5.2.2  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 TR, 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 depicted in the Fig. 22. 
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Fig. 22: 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). 

5.2.3 Xenon hyperpolarization by laser diode in broad or narrow mode 
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 t [s].  

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. 23. 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. 23: 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. 

5.2.4  Preservation of magnetization 
Experiments related to preservation of the hyperpolarized xenon magnetization 

were conducted in connection to the hyperpolarized xenon storage system concept.  
• 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. 

• 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. 

• 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 t [s] and 
then put back into the 4.7 T and 90° pulse was immediately applied. The 
Matlab approximation is in the Fig. 24. The fall to zero of the spectral line size 
is about 10 minutes.  

 29



 
Fig. 24: Thermally polarized xenon spectral line magnitude in dependence on time. 

5.3 CONTINUOUS FLOW METHOD  
The previous experiments were conducted in a sealed cylindrical target cells made 

from borosilicate (Simax) glass.  
The physical properties, predominantly T1 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 5.3.2. 
5.3.1  Continuous flow design 

The continuous flow method design is depicted on scheme in Fig. 25. The scheme 
consists of three parts, the first is vacuum part based on turbomolecular drug pump  
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Fig. 25: Continuous flow design. PS is turbomolecular drag pumping station, VG is 

vacuum valve, PC personal computer. Xe, 129Xe, N2 and He are gas bottles, O2 and H2O 
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. 

 
Fig. 26: 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). 

described in subchapter 4.1.1., the second part is a gas delivery system, and the 
third part is the main part for the continual flow, consisting of Teflon tubing, O2 and 
moisture filters, and flowmeter. The probe cell (Fig. 9) is a simple Simax cylinder 
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connected with the Teflon tubing. Hyperpolarized xenon storage system and 
Foamglas box are depicted in Fig. 26. 

The part labeled Foamglas box on the Fig. 25 and 26 is described in more detail in 
subchapter 4.1.3. 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. 26 and described 
in more detail in subchapter 5.3.2.  
5.3.2  Hyperpolarized xenon storage system 

In order to preserve the properties of HpXe, T1 relaxation time especially, a 
simple xenon storage system had been suggested. It had been found [12, 29] that 
magnetic field, liquid nitrogen temperature, and non metallic parts can help to 
preserve the hyperpolarization of 129Xe. The simplified schema of the storage system 
is depicted in the Fig. 26 and the real part in Fig. 27. 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. 

 
Fig. 27: Storage system for frozen xenon. 

5.4 IMPACT OF GLASS MATERIAL ON T1 XENON RELAXATION 
TIME 

The T1 (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 129Xe 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 T1 relaxation times influenced by the susceptibility of the glass 
cells. 
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For this experiment a cylindrical Delrin shell (Fig. 28) 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. 

 
Fig. 28: Delrin shell with valve. On the right hand side are shown glasses samples. 

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 measured T1 relaxation times and calculated 
values of the glass susceptibilities are shown in Tab. 3. 

Tab. 3: Xenon T1 relaxation times and wall’s susceptibility of used glasses 

Simax silica Schott silica + Teflon Delrin
χ · 10-6 [-] -8.8 -8.79 -11.7 -8.79 -

T1 [s] 1349 1025 1788 1459 1242  
6  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. 
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 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 
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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