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In the view of growing application of hyperpolarized xenon in various fields of science and medicine, the avail-
ability of relatively low cost, reliable polarizers is of the utmost importance. The article describes the design and
construction of the spin exchange optical pumping (SEOP) polarizer for *?°Xe, operating in the stop-flow mode.
Using 9 W of laser power at the input of 1 litre optical pumping cell, a single batch of the gas mixture is polarized
in about 15 minutes. The xenon nuclear polarization is calibrated against the thermally polarized water and xenon
phantoms. It reaches about 40 % in the gas mixture containing 3 % of isotopically enriched xenon. The hyper-
polarized xenon is accumulated in the detachable liquid nitrogen dewar containing 0.6 T Halbach magnet with
the cold trap inside. All components that are important for the effective operation of the system are described

in detail, and possible improvements are pointed out.
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1. Introduction

The unique properties of hyperpolarized '?°Xe gas
have been explored in the fields of physics, chemistry,
biology, and medicine, as reported in recent excellent
books [1-3] and review papers [4-6]. First of all, although
xenon as a noble gas is chemically inactive, 2Xe chem-
ical shift range as observed in the NMR spectroscopy is
very large, due to its high sensitivity to chemical environ-
ment. This feature has been used in material science and
chemistry, for example in studying porous materials [7].
Second, by inhaling HP xenon gas, high resolution MR
images of human lungs can be obtained, providing struc-
tural information that is inaccessible by other techniques,
like proton MRI, and CT. This led to the development
of very sensitive diagnostic methods for asthma, COPD,
cystic fibrosis, and other lung diseases [8]. Moreover, dy-
namic ventilation studies can be performed. In this par-
ticular application, 2°Xe has successfully replaced 3He,
which is nowadays used to smaller extent due to its ex-
tremely high cost [9]. Third, in contrast to 3He, 129Xe is
soluble in blood, opening interesting possibilities to use it
as a contrast agent in perfusion studies [10], and in mag-
netic resonance imaging of various organs, including
human brain [11-12].

In all these applications, it is necessary to increase sen-
sitivity by hyperpolarizing 12?Xe, in order to compensate
low gas density. The most popular method to achieve this
is the Spin Exchange Optical Pumping (SEOP) [13-15].
Several designs of the SEOP '29Xe polarizers are reported
in the literature [16-20]. Commercial 1?9 Xe polarizers are
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also available [21-22]. In order to produce large amounts
of polarized xenon, they operate either in a single cycle
mode, using large optical pumping cells, or in a contin-
uous flow mode, with consecutive xenon accumulation.
Both approaches require a high-power laser to be used,
of the order of several tens of watts or more, and a sophis-
ticated optical setup. Typical polarization levels achieved
are in the range 35-45 % at the production rate of a few
litres of gas per hour.

This article describes the design and implementation
of the low cost, stop-flow '2?Xe polarizer using the SEOP
method. It operates at the 3-6 % xenon concentration
in the gas mixture. One-litre optical pumping cell con-
taining a rubidium droplet and a mixture of xenon and
buffer gases is heated to 120-140 °C and irradiated by
9 W laser light, producing in a single cycle 30-60 cm? of
polarized xenon in 10-15 minutes. Then the hyperpolar-
ized xenon is separated from the buffer gases and stored
in the liquid nitrogen cold finger. Five cycles are neces-
sary to provide about 300 cm? of hyperpolarized xenon
for imaging purposes.

2. Hyperpolarization of ?°Xe
via the SEOP process

Polarization of atoms with nuclear spin one-half, in-
cluding hydrogen atoms, which are a typical source of
NMR signal in medical imaging, is defined by:

N, — N

= #7 (1)

T+ N,
where N4 and N are the populations of nuclei in the
higher and lower energetic states respectively. In ther-
mal equilibrium, the application of the Boltzmann law
leads to the following approximate formula for the nu-

clear polarization:
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where # is the Planck constant, v gyromagnetic ratio,
B magnetic field induction, kg the Boltzmann constant
and T temperature in Kelvin. In B = 1.5 T at the hu-
man body temperaturethe formula gives rather low pro-
ton polarization of ~ 5 x 1076, Nevertheless, in the case
of highly hydrated tissues, this is compensated by high
concentration of hydrogen nuclei. The problem arises
when thin and low-moisture lung parenchyma is to be
imaged. Therefore, the idea of using hyperpolarized
noble gases (*He or '?9Xe) for lung imaging was con-
ceived [23-26]. Hyperpolarization of 129Xe gas obtained
via SEOP method, exceeds the thermal value by almost
five orders of magnitude.

The SEOP process takes place in a glass optical
pumping cell (OP), which is placed in a low magnetic
field, to remove the degeneracy of electronic hyperfine
states. A droplet of rubidium is put into the OP cell,
which is filled with a mixture of xenon and buffer gases
(*He and Ny), at proper proportions. The OP cell is
heated to about 120°C, to evaporate rubidium. A high-
power laser operating at the basic optical transition of
rubidium (D7, 794.7 nm), produces a circularly polarized
beam that irradiates the entire volume of the OP cell.
A high nuclear polarization of 2°Xe is obtained in a two-
stage process. First, a selected electronic state of ru-
bidium is optically pumped, by transferring the angular
momentum of circularly polarized photons to the rubid-
ium valence electrons. Then the electron spin orientation
is transferred to '>°Xe nuclei by collisions. Depending
on the physical conditions created in the OP cell (such
as the partial pressures of individual gases), two mecha-
nisms can be responsible for this process: binary Rb—Xe
collisions or three-body Rb-Xe-Ny collisions leading to
the creation of the van der Waals Rb—Xe molecules [27].
The latter is much more efficient, the Fermi contact inter-
action appearing in the van der Waals molecule being the
preferred spin transfer channel. The following collision

with the N5 molecule breaks down the van der Waals
molecule into atoms. The nitrogen gas plays an addi-
tional role, causing a non-radiative relaxation of rubid-
ium atoms from the excited state to the ground state,
thus avoiding the resonance emissions of D; photons at
random directions and polarizations that would disturb
the optical pumping process. The efficiency of the opti-
cal pumping process can be further enhanced by the ad-
dition of “He gas to the OP cell, through the process of
collisional mixing (*He atoms colliding with excited ru-
bidium atoms). Buffer gases, especially helium, increase
the pressure in the OP cell and cause the absorption line
to widen. As a result, more photons can be absorbed
in the optical pumping process.

The optimization of the SEOP process relies on the ap-
propriate choice of several experimental parameters.
They include the composition of the gas mixture in
the OP cell [28-30], its operating temperature, volume of
the optical pumping cell [31-33] and the laser power [34].
Moreover, since the natural abundance of the spin one-
half xenon isotope is only 26.44 %, it is preferred to use
an isotopically enriched medium, with the 129Xe content
exceeding 85 %. The efficiency of the SEOP process can
be described by the achieved final nuclear polarization
of 129Xe, the time necessary to reach it (the build-up
time), and the amount of hyperpolarized gas that can be
extracted from the OP cell for further use.

3. Apparatus

The presented SEOP 29Xe polarizer operates in the
low pressure regime, in the stop — flow mode. The block
diagram of the polarizer is shown on Fig. 1. The cen-
tral part of the device is a glass cylindrical OP cell, in
which the SEOP process takes place. A drop of rubid-
ium metal is put into OP cell in the inert atmosphere of
argon or nitrogen, before installing it inside the polarizer.
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Fig. 1. Basic functional blocks of the polarizer.
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Then the OP cell is filled with the prepared mixture of
xenon and buffer gases by a gas dosing system, through
a stainless steel tubing. The pressure in the OP cell is
controlled by a gas regulator. A non-magnetic thermally
isolated chamber equipped with the hot air circulation
system holds the OP cell, controlling its temperature,
thus producing rubidium vapor of required pressure in-
side the cell. The magnetic field of 3.6 mT with homo-
geneity of the order of 1 % in the region of OP cell is
generated by eight square-shaped coils surrounding the
heating chamber, and stabilized to better than 0.1 %.
Rubidium is optically pumped by the circularly polar-
ized laser beam, which is tuned to the rubidium D; line
of 794.7 nm, and shaped by a specially designed optical
system, to assure the irradiation of the entire OP cell.
A precise optical spectrometer with diffraction grating
and the CCD detector equipped with the fiber optic in-
put controls the laser tuning and measures the absorption
of the laser beam.

The xenon nuclear polarization is measured by a small
surface coil attached to the OP cell and interfaced to the
modified pulse NMR spectrometer (Aurora, Magritek).
When the polarization reaches the steady state, the gas
mixture is transferred via the flexible, non-depolarizing
tube (Masterflex) to the liquid nitrogen cryogenic system.
This separates xenon from and buffer gases. A four-stage
diaphragm pump removes the non-frozen buffer gases
(helium and nitrogen) from the cold finger. The electron-
ically controlled mass flow controller maintains a con-
stant flow of buffer gases pumped out of the cold finger,
which is critical owing to the decreasing pressure in the
OP cell during transfer. The solid polarized xenon is
stored and accumulated in the cold trap that is placed in
the permanent Halbach magnet and submerged in liquid
nitrogen. The alignment of the HP xenon transferring
route with respect to magnetic field is optimized to re-
duce depolarization effects.

All components are mounted on a non-magnetic frame
consisting of aluminum closed profiles (Rexroth system,
Bosch). Additionally, a turbomolecular pump is used for
initial cleaning of the OP cell and the gas supply system
(not shown). The principal components of the polarizer
are described in more details in the following subsections.

3.1. Optical Pumping cell

Preliminary experiments of the SEOP process were
performed in a large OP cell of 6 litres and produced
insufficient nuclear polarization, due to limited laser
power [35]. Therefore a smaller OP cell was designed.
It is a bone-shaped Pyrex tube of 5.6 cm inner diam-
eter and 41 cm length, resulting in the 1010 cm?® in-
ternal volume. The input and output optical windows
(without any anti-reflective cover) have larger diameter
of 6.3 cm to avoid laser beam distortions that might be
caused by deformations of the glass surface created in
the process of connecting with a glass tube. Two stop-
cocks (Teflon valves, Rotaflo) with gas connectors are
installed at the distances of about 5 ¢cm from the ends
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of the cylinder. They are equipped with special threads
for mounting the Masterflex gas tubes, which allows an
easy OP cell replacement in the case of contamination.
Initially, the OP cell is thoroughly cleaned and put into
the glove box that is filled with argon. Approximately
0.5 g of metallic rubidium is heated to about 50°C, and
after removing the Teflon part of the Rotaflo valve it is
dripped into the OP cell.

3.2. Heating system

In order to get the required rubidium vapor pres-
sure inside the OP cell, it is necessary to heat it to
the temperature in the 100-140 °C range. However, the
valves equipped with the teflon sealing, as well as plas-
tic Masterflex tubes should be kept at ambient temper-
ature. For that purpose, a thermally isolated heating
chamber in the form of aluminum box (19 cm height,
31 ¢cm width, and 53 cm length) was constructed. The
inner surface of the chamber is covered by mineral wool
for thermal insulation. The inlet and outlet of the heat-
ing chamber are connected to the closed air circulation
circuit by 10 cm inner diameter flexible airflow tubes also
isolated with mineral wool. The air circulation system is
powered by the 2 kW electric heater and the centrifugal
fan. The NTC thermistor installed close to the OP cell
is used to measure temperature, and the PID controller
(Selec, model PID500) stabilizes it with 0.1°C accuracy.
The heating chamber is equipped with optical windows
(100 mm diameter, 80 mm clear aperture) for the input
and output of the 6 cm diameter laser beam. These op-
tical windows have an anti-reflective coating at 795 nm
(Eksma Optics, Lithuania).

8.8. Magnetic field generation

The magnetic field is generated by a set of eight coils
that are wound on the square (43 cm side) supports
with optimized number of turns and their positions [35].
The coils are divided into three sections (34+2+3), which
are supplied by three independent current sources provid-
ing 5.11 A, 4.80 A, and 5.11 A, respectively, with 10 mA
accuracy. Each coil in subsequent pairs, counting from
the center of the system, have 80, 92, 102 and 116 turns,
respectively. The distances between individual coils as
measured from the geometrical center are 66, 210, 382
and 520 mm. The achieved magnetic field homogeneity
is better than 1 % in the OP cell region. The magnetic
induction of 3.6 mT corresponds to the '2?Xe resonance
frequency equal to 42.4 kHz, which was chosen to be far
from any interfering RF noise.

3.4. Laser, beam expander and polarization optics

A high power narrowband laser beam that is precisely
tuned to the electronic transition of rubidium is required
for the SEOP process. The best choice for this task is
a laser diode array (LDA), which consists of a set of
semiconductor laser diodes mounted on a common heat
sink [36-38]. The industry standard for the near infrared
LDA laser is the 19-diode bar with 150 pm emitter width,
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Fig. 2. Picture (top) and scheme (bottom) of the
laser setup with beam shaping and polarization optics.
LDA — Laser Diode Array; CC — cylindrical collima-
tor; CL; and CL2 — concave and convex cylindrical
lenses; SL; and SL2 — concave and convex spherical
lenses; Mi,Ms2, M3, My — mirrors; PBS — polariz-
ing beam splitter, A/2 and A\/4 — half-wavelength and
quarter-wavelength plates.

500 pm pitch and 6 degrees divergence angle [39-40].
The commercial LDA  (M1B-794.7]0.6]-35C-VBG,
DILAS) is wused, generating the laser beam of
794.7 nm wavelength (D; rubidium transition) with
the 0.9 nm FWHM (full width at half maximum).
The LDA is equipped with the Volume Bragg Grat-
ings (VBG) resonator which reduces the bandwidth
and stabilizes the wavelength. The LDA heat sink is
mounted on a copper radiator. Two Peltier coolers
controlled by homemade PID circuits and installed
between the radiator and the water cooled aluminum
block stabilize the LDA temperature to better than
0.1°C. This satisfies the required heat sink capacity
for maximum 30 W of optical output power, assuming
42 % efficiency of LDA. The LDA is controlled by the
commercial laser diode driver, supplying maximum 60 A
(Ekspla). The optical setup is shown on Fig. 2.

The LDA has been factory equipped with a cylindrical
collimator (CC), focusing the fast axis of the LDA emit-
ters. In order to fit the laser beam profile to the geometry
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of the OP cell, two refracting telescopes for the beam
collimation and expansion are used. The first telescope
increases 20 times the diameter of the collimated LDA
beam in the fast axis direction, using two cylindrical
lenses: the plano-concave ocular CL; and plano-convex
telescope lens CLy, with the focal lengths of —25 mm and
4500 mm, respectively. The second telescope expands
4.5 times the beam diameter using two spherical lenses:
the bi-concave ocular SL; and bi-convex telescope lens
SLo, with the focal lengths of —200 mm and +500 mm,
respectively. The LDA produces beam with 20:1 linear
polarization. The expanded beam (with light intensity
lower than 1 W/cm?) passes the \/2 plate, which ro-
tates the direction of linear polarization. The linearity
of the beam is further improved by the polarizing beam
splitter cube (PBS). The beam passes the cube perpen-
dicularly, so that only s-polarized beam leaves PBS. Fi-
nally, the linearly polarized beam is circularly polarized
by the A/4 plate. The optical system uses four dielectric
mirrors, the last two of which serve to direct the pumping
beam along the cylindrical axis of the OP cell. All lenses
and multi-order plates were made by Eksma Optics and
have anti-reflection coatings at 795 nm.

An optical spectrometer is used for measuring the
light absorption in the OP cell and for final tuning the
LDA to atomic transition (USB HR 4000, Ocean Optics,
with 1800 lines/mm diffraction grating and 25 pm slit).
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Fig. 3. Spectra of the pumping beam after passing
through the OP cell (a, b). At higher temperatures of
the OP cells, the pumping beam is strongly absorbed.
Spectra for temperatures above 120 °C are shown in part
(b), in an enlarged vertical scale.
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The multimode fiber installed behind the output win-
dow of the heating chamber collects the laser light that
passed through the OP cell and transmits it to the slit
of the spectrometer. The optimized laser beam form-
ing system allowed for uniform illumination of the in-
put window of the OP cell. With an LDA emission of
about 16 W, 9 W were obtained at the OP cell input.
The high density of the rubidium vapor inside the heated
OP cell makes almost all light of the pumping beam
(tuned to the absorption line D; and widened addition-
ally as a result of collisions with helium atoms) absorbed.
The examples of temperature dependent partially ab-
sorbed pumping beam spectra are shown in Fig. 3.

8.5. Gas mizture preparation

The SEOP process is carried out in a mixture of three
gases: xenon, helium and nitrogen in the presence of
rubidium vapor. The polarizer operates in the stop-
flow mode, with a portion of prepared gas mixture sup-
plied to the OP cell at the desired pressure of 1.25 bar.
The concentration of the xenon gas which is "°Xe iso-
tope enriched to 91% (Messer) ranges from 3 to 6 %.
It is sufficient to obtain from 30 to 60 cm?® of hyperpo-
larized medium under normal pressure in a single cycle
of polarization.

The gas mixing system is shown on Fig. 4. It con-
sists of three high-pressure cylinders equipped with pre-
cise, two-stage reducers. All reducers end with Swagelok
connectors for 6 mm diameter and 1 mm thick stain-
less, electropolished 316 steel tubes, which are used for
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all necessary connections. The needle valves (Hooke) of
helium leakage class are used for the gas flow control.
A high-efficiency turbo-molecular pump with a scroll pre-
pump (TPS Compact, Varian) is used for initial evacu-
ation. All interconnections of the gas handling compo-
nents are made with the Swagelok standard, ensuring
tightness and a high degree of gas purity. High purity
(Class 6.0) nitrogen and helium buffer gases are stored
in CYL; and CYLs, respectively, while CYLj stores iso-
topically enriched xenon. The desired gas mixture is pre-
pared in CYLy, which is switched between two positions.
In the position drawn in the solid line and marked as [F],
it is filled successively with xenon, helium, and nitro-
gen through the mechanical 0.5 ym micro filter, until it
reaches the pressure of 9 bar. In the position drawn in
the dashed line and marked as [D], the CYLy bottle feeds
the gas mixture to the OP cell through the precision re-
ducer PR, and the NV; needle valve. Since CYLy4 has
1 liter volume, the prepared portion of the gas mixture is
sufficient to perform nine polarization cycles in the 1 litre
OP cell, resulting in 270 to 540 cm? of polarized xenon
under atmospheric pressure.

3.6. Xenon cold trap

After completing the polarization cycle, the OP cell
is drawn off at the constant flow rate by a 4-stage di-
aphragm pump. A mass flow controller that is installed
at the inlet of the pump (F-202-AV-M10-PGD-88-V,
Bronkhorst) allows to adjust the gas flow rate in the 7
to 15 scc/min range (scc — standard cubic centimetres),

Fig. 4.
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Picture (left) and scheme (right) of gas handling system. CYLi_4 — gas cylinders, MVi_4 — main valves,

PR;-4 — precision reducers, NV;_g — needle valves, MF — micro-filter, PM — precise pressure meter, DV — digital
voltmeter, PV — pump valve, TMP — turbo molecular pump; OPC — gas connector to the OP cell.
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emptying the OP cell in 120 to 60 s. The gas mixture
passes through the cold finger that is immersed in liquid
nitrogen, where the xenon freezes, while the remaining
gases are pumped out. A commercial 26 mm outer di-
ameter cold finger made by Sigma—Aldrich is used.

In order to preserve the nuclear polarization of frozen
xenon during storage and accumulation process, it is nec-
essary to keep it in a high magnetic field, of the order
of hundreds mT [41]. A permanent magnet with the
Halbach structure was constructed for that purpose, us-
ing the N42 type NdFeB magnets of 20 x 20 x 50 mm?
dimensions, characterized by 915 kA/m coercive field
strength [42, 43]. The Halbach structure was simulated
by the finite element method, using the FEMM pro-
gram [44], and the results are shown on Fig. 5 (left).

Fig. 5.

Simulation results of the Halbach structure
(left); magnet during assembling (right).

The assumed internal bore diameter was equal to
30 mm, and the total magnet length 100 mm. Colored
maps indicate the values of magnetic field induction in
a 200 mT (green) to 830 mT (violet) scale. The mag-
netic induction is about 600 mT, with homogeneity bet-
ter than 10 % in the region of the cold finger, which has
23 mm internal diameter. Two identical Halbach struc-
tures were combined to obtain the magnet of 100 mm
total length. The magnet supports made from the PLA
material were printed on a 3D printer. Both structures
were connected by 8 brass rods threaded at the ends.
The structures were compressed together (overcoming
the repulsive force of the magnets) by successive tighten-
ing the nuts at the ends of the brass rods. The process
of assembling the magnets is shown in the Fig. 5 (right).
The Halbach magnet with the cold finger inside is put
into 5 litre liquid nitrogen dewar. When the accumu-
lation of the frozen xenon is complete, the dewar can
be transported to the final destination, where polarized
xenon can be thawed. The polarization loss during the
whole procedure including 30 min transport time, is of
the order of 50%.

4. NMR signal measurements and calibration
of xenon polarization

The polarization process is monitored by a dedicated
NMR system. A square 50 x 50 mm? RF surface coil
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made of 80 turns attached to the central part of the OP
cell is tuned to 42 kHz and interfaced to the Aurora
NMR spectrometer (Magritek). The free induction decay
(FID) signal excited by a single RF pulse is directly sam-
pled and recorded using the Prospa program (Magritek).
The NMR spectrometer is supplemented by an active
Q-spoiling circuit, reducing the RF coil ringing time from
12 ms to 1.5 ms. Since the NMR monitoring system
probes only about 15 % of the OP cell volume, it does
not interfere with the polarization process.

In order to determine the absolute value of xenon po-
larization, the same setup was used to measure the NMR
signal from the premagnetized water phantom of geom-
etry that was matched to the OP cell. It was put in
the OP cell place for the purpose of calibration. The By
magnetic field was reduced by the yxe/7, factor, so that
the resonance frequencies for xenon and hydrogen were
equal. The 90° RF pulse length was reduced accord-
ingly. Since the same RF coil was used, all experimental
parameters affecting the NMR signal intensity, such as
the measured volume, RF coil quality factor, and the re-
ceiver sensitivity were identical.

The NMR signal from the thermally polarized wa-
ter phantom was rather weak, so that its accumulation
would be necessary to achieve sufficient accuracy of the
calibration procedure. However, the fluctuations of the
By magnetic field cause the FID phase to be unstable,
making the averaging procedure unfeasible. Therefore,
the water phantom was premagnetized using an addi-
tional cylindrical coil that produced a pulse magnetic in-
duction B;, = 16.95 mT. The coil is switched on for a
certain period of time, such that the water sample po-
larization reaches equilibrium. Then it is switched off,
and the NMR signal is measured after the magnetic field
returns to its equilibrium By value.

The relaxation processes of water in the fields
Biot = Bo+ B, = 17.9 mT and By =1 mT are shown
in Fig. 6a and b, and the determined 7} times were equal
to (2.9 £ 0.2) s and (2.5 &+ 0.4) s, respectively. Based
on these measurements, the prepolarization time was
set to 9 s, and the second parameter enters the Eq. 3
for the absolute xenon polarization as T3 ,, to correct
for the relaxation in the interval dt = 100 ms between
switching B;, off and applying the RF pulse.

The absolute value of xenon polarization Px. was
calculated from the following formula [17], modified by
an additional factor that takes into account the relax-
ation of water in By during dt:

Sxe _ Pxe Nxe f129 Vxe

Sp Py Ny Tp
" exp (— tdel/T{Xe) 3)

exp ( — tdel/TQ*p) exp ( — (5t/T1,p) ’

where Sxe, Sp are the signal intensities of xenon and wa-
ter, respectively, obtained as integrals of the real part of
the Fourier Transform of corresponding FIDs. P, is the
calculated polarization of water phantom in By in ther-
mal equilibrium at ambient temperature, Nx. and N,
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the numbers of xenon and proton nuclei in the measured
volume, 129 the isotopic abundance of 2°Xe, and tqe
is the dead time of the NMR receiver, which is equal to
1.5 ms. T3y, and 15, are the xenon and proton trans-
verse relaxation times, respectively, including the mag-
netic field inhomogeneity effects. The Ny, was calcu-
lated from the ideal gases law, and the number of protons
is equal to:

N, = 2pn,0V Nay @)
Mwu,o0
where pm,o0 is the water density, V measured volume,
Nay Avogadro number, and My,o molar mass of water.

Due to limited capabilities of the Prospa program,
the directly sampled FID signal was transferred to Ori-
gin (Origin ver. 2017, OriginLab Corp.) for further
processing. The implemented Digital Quadrature algo-
rithm allowed for filtering, complex Fourier Transform
(FT), phase correction, and integration of the real part
of the spectrum.

5. Results

Two separate series of experiments were carried out.
The first one aimed at achieving maximum possible po-
larization of xenon in a single step, while the second
focused on producing large amounts of polarized xenon
using the stop-flow mode.
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5.1. Generation of the largest possible
zenon polarization

In order to determine the optimal experimental con-
ditions for a single OP cell filling mode, the following
parameters were varied: xenon concentration in the gas
mixtures (2 to 7.5 %), pressure inside the OP cell (0.95 to
1.25 bar), and the OP cell temperature (110 to 140°C).
The highest polarization was obtained with the param-
eters equal to 3 %, 1.2 bar, and 120°C, respectively.
A typical single pulse FT NMR spectrum of polarized
xenon is shown in Fig. 7b, with the gas mixture propor-
tions of '?9Xe:*He:Ny equal to 3.2:71.7:25.1. For com-
parison, Fig. 7a shows the spectrum of pre-polarized
water phantom. The transverse relaxation times as
determined from the envelope of the FID signal were

5 xe = (15.1 £ 1.3) ms and T3, = (17.8 &£ 1.7) ms for
xenon and protons, respectively. Using the Eq. (3), the
absolute nuclear polarization of xenon was found to be
Pxe = (39£2.3)% . From the exponential build-up curve
of xenon polarization which is shown in Fig. 8, the time
constant Thyild—up = (6.0 £1.3) min was also calculated.

5.2. Producing large amount of hyperpolarized zenon
in the stop-flow mode

In this case, it was necessary to find the best compro-
mise between the xenon polarization level and production
efficiency. Taking into account polarization losses due to
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Fig. 7. FT NMR spectra of pre-polarized water phan-
tom (a) and hyperpolarized xenon (b).
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Fig. 8. Typical xenon polarization build-up curve.

relaxation processes during accumulation and storage,
it was decided to accumulate five 60 cm? portions of
moderately polarized xenon in about an hour. Each step
consisted of 8 minutes of polarization and 4 minutes of
xenon extraction and refilling OP cell with the new gas
mixture. The xenon concentration in the gas mixture
was increased to 6 %, resulting in the reduction of its
final polarization to an average of 14.4 %, but allowing
to accumulate 300 cm?® of HP Xe in one hour. The frozen
medium was transported in the cold finger inside the
Halbach magnet and liquid nitrogen dewar to hospital
in about 30 minutes.

Fig. 9.
(middle) and in the Tedlar bag, 10° RF pulse, (right).
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A clinical 1.5 T Siemens Avanto medical MRI scan-
ner that is installed in the John Paul II Hospital in
Krakéw was used in this experiment. An upgraded soft-
ware and the dedicated for lung imaging birdcage coil
purchased from Rapid Biomedical made it possible to op-
erate the system at the '?9Xe resonance frequency equal
to 17.6 MHz. A dedicated xenon phantom was used to
tune the MRI scanner to the 2°Xe resonant frequency,
determine the 90° RF pulse length, and calibrate the po-
larization of the hyperpolarized xenon. It was made of
the 6 mm thick polycarbonate tube, which was filled
with the 85 % (Cortecnet Europe) 129Xe isotope enriched
xenon gas at 9 bars and 1 bar of oxygen, to shorten
the longitudinal relaxation time. The internal volume of
the phantom equal to 566 cm?® corresponded to 4330 scc
of 129Xe isotope. The phantom was thermally polarized
by the magnetic field of medical scanner. According to
the Eq. (2), the nuclear polarization of xenon at 295 K
in 1.5 T was Piperm = 1.44 x 1076,

The cryogenic transport system for hyperpolarized
xenon is shown in Fig. 9 (left), near the medical scanner
room. Using the optimal route to minimize depolariza-
tion effects, the cold finger containing frozen xenon was
transferred to the medical scanner magnet bore. There it
was immersed in hot water so that the thawed xenon ex-
panded into 1 litre Tedlar bag. Subsequently the Tedlar
bag was filled to up to 1 litre with pure nitrogen.

A single shot NMR experiment using the RF pulse with
a flip angle of 10° was performed, and the resulting FT
NMR spectrum is shown in Fig. 9 (right). The ampli-
tude of hyperpolarized xenon line was about 700 times
greater than from the xenon phantom, which is shown
in Fig. 9 (middle). Taking into account the amount

ppm T ppm

HP Xe cryogenic transport system, (left); FT '?Xe NMR spectrum of xenon in the phantom, 90° RF pulse,
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of 2Xe in both containers, different RF pulse flip an-
gles, and the calculated thermal polarization of xenon in
the phantom, the nuclear polarization of the defrosted
xenon was estimated to be about 9 %. This is the result
of relaxation processes occurring during accumulation,
storage, and transportation. A successful attempt was
made to obtain the first MR image of the human lungs
after inhalation with the gas portion described above,
but it had a low quality. Therefore the improvement of
accumulation and xenon thawing techniques is necessary.

6. Conclusions

The design and construction of the low cost SEOP
129X e polarizer operating in the stop-flow mode was de-
scribed. Using a commercially available array of laser
diodes with an external resonator, an optical system
was made to form and polarize the laser beam. Despite
the low laser power, which was about 9 W at the input
of the OP cell, the nuclear polarization of 129Xe reached
a value of about 40 % in 1 litre of gas mixture contain-
ing 3 % isotopically enriched xenon, in the experiment
made in a closed OP cell. The larger amount of HP Xe,
as needed for lung MRI, was obtained by accumulation
in the cold trap that was placed inside the 0.6 T Halbach
magnet. The accumulation of five portions of polarized
gas was carried out. The OP cell was filled with a gas
mixture containing 6 % xenon. In one hour, a portion of
300 cm?® of HP Xe was obtained. In a single accumulation
step, the average xenon polarization was 14.4 %. After
accumulation process, storage, transportation and de-
frosting, the polarization of HP xenon decreased to 9 %.

Further improvements of the system are planned to
increase the polarization and amount of xenon obtained
in the accumulation mode. First of all, a more pow-
erful laser will be implemented, to shorten the SEOP
process and increase the degree of polarization. Further-
more, the gas mixture preparation and dosing will be
improved, to make the process more reproducible and to
eliminate the rubidium oxidation effects. Furthermore,
in order to reduce the xenon polarization losses during
storage and transportation, the installation of the po-
larizer in the hospital is considered. The xenon defrost-
ing process should be also improved so that HP Xe can
be brought into high magnetic field of the MR scanner
in the gas phase.
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