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We report the design, construction, and initial tests of a hyperpolariser to produce polarised ***Xe and *He gas for
medical imaging of the lung. The hyperpolariser uses the Spin-Exchange Optical Pumping method to polarise the
nuclear spins of the isotopic gas. Batch mode operation was chosen for the design to produce polarised ***Xe and
polarised *He. Two-side pumping, electrical heating and a piston to transfer the polarised gas were some of the
implemented techniques that are not commonly used in hyperpolariser designs. We have carried out magnetic
resonance imaging experiments demonstrating that the ®He and ***Xe polarisation reached were sufficient for imaging,
in particular for in vivo lung imaging using **Xe. Further improvements to the hyperpolariser have also been
discussed.

1. Introduction
1.1 Magnetic Resonance Imaging (MRI) of the lung

In the year 2020, severe acute respiratory syndrome coronavirus-2 (SARS-Z~V-2) pandemic caused a serious global
health crisis. SARS-CoV-2 not only has a high mortality rate [1] but als~ lor.g-term effects especially in lung [2].
However, there is still a lack of methods in dealing with these potentiz( chi dnic effects. Magnetic resonance imaging
(MR) is one of the most important tools for diagnosis because of it< uniyue contrast of protons in tissues. However,
MR imaging of the lung is difficult because its low proton densit, .na s further complicated by the many air-tissue
interfaces that cause magnetic susceptibility artefacts and a rap i r.ecay of the MR signals in lung. The use of
hyperpolarised isotopic gases *He and ***Xe has revolutionised VIR Ilung imaging and opened up the important new
research field of functional lung imaging.

Hyperpolarised gases belong to a new class of int.aler contrast agents and can be used to achieve high spatial-
temporal resolution MR images of lung. These gases ‘re able to increase the MR signals by approximately 10,000
times compared with that from a sample in the,mal equilibrium [3]. The first hyperpolarised gas MR image was
reported nearly three decades ago in a mouse lur.y “'si.g **Xe [4], and in human lungs using *He two years later [5].

1.2 Spin-Exchange Optical Pumping produr ion  f hyperpolarised ***Xe and *He gases

Hyperpolarised gas can be produced usiny a 1iyperpolariser based on a process called Spin-Exchange Optical Pumping
(SEOP) [6, 7]. The SEOP process tr auieve nuclear polarisation is a three-step process: optical pumping, collisional
spin-exchange and hyperfine intere ~tior In a typical arrangement, the centre piece is a glass cell (optical pumping cell,
or “OPC” in short) containing a 1..’xture of either **Xe gas or *He isotopic gas, nitrogen and vapour of alkali, either
rubidium, potassium, or a selecte” mixture of both. Circularly polarised laser light with wavelength set to the D1
transition line of the alkali illuminates the mixture. The circular polarisation of the light results in the optical pumping
process selectively exciting alkali atoms in one of the two spin-states of the ground state 23, , to the 2Py, excited state.
Subsequent decay of the excited state induced by collisions or spontaneous emission returns the excited atom to the
ground state. This sees a majority of the excited atoms re-populate equally the two spin-states of the ground state.
Since the circularly polarised laser light selectively pumps one spin-state, the alkali vapour reaches a high polarisation
in the spin state that has not been optically pumped.

In the next step, spin-exchange between an alkali atom and a noble gas atom occurs when the two collide. This
process transfers the polarisation of the alkali atom to the noble gas atom. In the final step, hyperfine interaction
further transfers the atomic polarisation to the nuclei of the noble gas. As the alkali-noble gas spin-exchange collision
has a relatively low cross-section, a majority of the polarising time is spent on waiting for enough spin-exchange to
occur. It takes minutes for ***Xe to reach high polarisation and it takes many hours or days for *He. The physics of
SEOP has been studied extensively. These studies have informed selection of the parameters of a hyperpolariser.

1.3 Motivation and selection of the hyperpolariser characteristics
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*He gas stored in a GE-180 glass cell was transported in a uniform magnetic field container from a production facility
in Mainz, Germany. The journey took more than 30 hours. Due to the polarisation lifetime (the exponential decay
time-constant is commonly referred to as “T1”) between 80 to 130 hours in the transporter, there was sufficient
preservation of the polarisation for experiments [8]. In fact, the closest hyperpolariser to Melbourne at the time was in
Japan, which takes 15-hour flight time. The carefully choreographed transportation process worked to establish MRI
hyperpolarised gas lung imaging research in Melbourne. However, it was virtually impossible to transport ***Xe over
similar distances. The T1 of hyperpolarised *Xe in a uniform magnetic field of up to several Tesla is less than 10
hours. In a viable transporter that keeps frozen xenon in a glass vessel inside a Halbach cylinder at up to several
hundred mT, the ***Xe polarisation would have a T1 of a few hours. Therefore, to establish a local production
capability for hyperpolarised gases for MRI, we carried out a project to design and construct a hyperpolariser. The
project goal was to construct a hyperpolariser and demonstrate that MRI imaging with polarised **Xe and polarised
*He could be achieved.

The first design choice was whether to use Spin-Exchange Optical Pumping (SEOP) or Metastable Exchange Optical
Pumping (MEOP) [9]. At present, MEOP systems can polarise *He while SE 2 systems can polarise both **Xe and
*He. At the Monash Biomedical Imaging centre where the hyperpolariser is v . ted, a 3-Tesla MRI scanner was
upgraded for ***Xe imaging. The hyperpolariser is within a two-minute wal:. to *ne 3T scanner and a second MRI
scanner for polarised ®He imaging as discussed above is located within  one hour drive. We therefore aimed to
provide both polarised ?*Xe and polarised *He and consequently dec:*ed w use SEOP.

The next decision was a choice between using batch mode setup and' ':sing continuous gas-flow mode setup. In batch
mode setup to polarise either ***Xe or ®He, the operations to prlaise eitner gas are similar. The main differences are (1)
the combination of the gas species, (2) the polarising temper.'t.re between 60°C to 100°C for ***Xe and between
160°C to 200°C for *He, and (3) polarised *He gas needs 1. he cooled down before extraction. Conventional gas-flow
mode is well-suited for hyperpolarised ***Xe product on, :specially in conjunction with a cryogenic setup using liquid-
nitrogen cold-trap to freeze and collect the ***Xe in lary. dose. Freezing polarised ***Xe also increases its polarisation
lifetime to allow several cycles of production. Stoi>ae and transportation in a high magnetic field would further extend
the *Xe polarisation lifetime. A Halbach cylinzer ~rovides up to several hundred mT and is often used together with
a cryogenic setup. This method works well alen ii rart because the time to polarise **Xe is usually measured in
minutes. In contrast, at least half-a-day is u. 'ally equired to polarise *He. The shortest “pump-up” time-constant
reported at the time was close to five hour. 110}, meaning that it would reach about 2/3 of the maximum polarisation
in that time. Thus, polarised ®He productiv> would have a lower benefit from continuous-flow operation. A continuous
flow hyperpolariser can in principle >~ u~.gned to also operate in a stop flow/batch mode to polarise *He [11, 12]. A
technical complexity in realisin~ st.~h a nyperpolariser is related to the relatively high polarising temperature of *He.
Care must also be taken to ensure v < stop-flow mechanism does not reduce the polarisation and furthermore the
design would involve considerablc :&D efforts to develop. As our focus was on the production of a hyperpolariser
within the constraints of a reasonable time and the available resources to demonstrate successful operation with MRI
measurements, we opted for a batch mode design.

For the production of hyperpolarised *?*Xe, a setup to freeze xenon in a Halbach cylinder would be advantageous to
have but the mechanism to freeze and thaw xenon, and the field uniformity and the prevention of depolarisation due to
zero-field-crossing along the flow path needs time and effort to develop. Transporters with 1.2 mT uniform magnetic
field were available to us. Although the polarisation lifetime is only ten to twenty minutes for polarised ***Xe in
gaseous state at this field strength, the hyperpolariser location is within two-minute walk to the 3T scanner with ***Xe
MRI setup. Therefore, we focused on construction of the hyperpolariser and application to the initial MRI imaging
measurements as reported here, with improvements in the collection and transportation device to be undertaken at a
later stage.

In relation to the characteristics of SEOP and noble gas polarisation, there have also been advances in a number of
hyperpolariser technologies that have yet to be adopted in hyperpolarisers manufactured for medical imaging
applications. Some of these technologies are two-side pumping, electrical heating, a piston to transfer the polarised gas
and incorporation of the recycling and purification setup into the gas circuit. In this report, we provide further details
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work is consistent with the decades of continuous advancement of hyperpolariser technology carried out by many
groups.

2. Materials and Methods

The hyperpolariser consists of six major parts (Fig. 1): an optical pumping cell, cell temperature control oven, laser
optics, uniform magnetic field coils, gas circuit and automation. In addition, an auxiliary gas-transporter to transport
polarised gas to the MRI scanner is include in the suit of equipment. In order to supply polarised ***Xe and polarised
*He, batch mode operation was chosen for the hyperpolariser. In addition to being able to polarise both types of gas
isotopes, batch mode has more flexibility for the control of the alkali vapour pressure and the polarisation time
required to optimise the performance of the hyperpolariser. In a departure from existing hyperpolariser designs, we
used two-side pumping method, electric heating and a piston gas driver to extract the polarised gas from the optical
pumping cell.

2.1. Optical pumping cell

The optical pumping cell was fabricated from GE-180 alumina silicate ala,s (Fig. 2). The glass was originally
developed by General Electric for use with sodium lamps. It can sustai ' the Jresence of alkali at elevated temperature
whereas other types of glass would be corroded and become opaque ! 1.3]. in addition, a blown GE-180 cell was found
to be less porous, potentially reducing the wall-relaxation that def.ui.vises the gas [14]. The glass cell has 120mm 1D
and 80mm inner length, and a volume of 0.9 litres. A borosilicate '=ss flange was welded to the circular end of the
cell to provide gas passage. The glass flange was custom-made with zmm ID passage from end to end to reduce the
“dead volume” where the gas is not polarised. An additioi 2" c: pillary was welded onto the cell to prepare for the

distillation of alkali into the cell.

A pneumatically actuated valve was mounted onto the alass flange to contain the gas during the polarising process.
The valve uses a 5mm diameter FFKM perfluor~lastomer ball (Dupont Kalrez®) to plug the opening of the glass
valve. Retracing the Kalrez® ball allows the gar u flow through a channel in the valve. An additional Kalrez® O-ring
sealed the space from the flange to the valva \ 'hile the valve is outside the high-temperature region, Kalrez® was
chosen for its high-temperature stability uc ‘o 3.7°C and for its chemical inertness. The body of the valve was made
entirely from either grade-2 titanium o aluminium. We chose these materials instead of stainless steel to avoid
residual magnetism commonly found o1, machined stainless steel components, which would depolarise the gas.
Polarised gases during transfer from *he oxccal pumping cell to a transport cell pass about 40mm of the valve material.
Our previous tests have shown no (=gra Jation of gas polarisation with either type of valves.

After fabrication the cell body wa. .epeatedly rinsed with filtered soapy water followed by sterile filtered water. Clean
nitrogen gas was flowed through the cell to remove the water while preventing contaminants from entering. The
pneumatic valve was attached and an ampoule containing 1 gram of alkali, in our case rubidium, was sealed into the
capillary. Through the opened valve, the cell was pumped by a turbomolecular pump while baked at 450°C. Both the
valve and the ampoule of alkali remained outside the oven. Residual Gas Analyser was used to monitor the level of
water until its partial pressure dropped to 2x10°® mbar, after which the baking ceased and the assembly cooled to room
temperature. While still attached to the vacuum pump, the alkali was heated by a heat gun and distilled into the cell.
Finally, the capillary was closed by a flame torch at a location close to the cell and the remaining capillary and
ampoule were removed.

2.2 Cell temperature control oven

The degree to which *He gas is polarised and the pump-up rate depends on the alkali vapour density which in turn
depends on the OPC temperature and the laser heating effect, and the photon density available for optical pumping
[15]. For ***Xe gas, the rate also depends on the gas mixture [16]. Such dependencies have been mapped out
extensively [17].
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placed in an oven to control the temperature. The oven walls were made from virgin grade Teflon®™ sheets to provide
the insulation. Double-pane glass windows at the two sides were covered with anti-reflective coatings to allow the
laser light to reach the OPC.

Conventionally, heating is done by flowing pre-heated air into the oven. The drawback is that large quantities of hot
air are constantly vented from the hyperpolariser. We have instead adopted electric heating [18] to reduce heating the
ambient environment. To prevent magnetic interference, a heater pad with a “non-inductive” wiring pattern was used.
The heater pad was placed 90mm below the cell and driven by a DC power supply.

Without air flow, a temperature gradient may develop in the oven. When polarising **Xe, air flow from a compressed
air supply at a rate less than 10 cc/min is introduced from the top of the oven to induce convection. The temperature
inside the oven is monitored by two RTD temperature sensors. One sensor is placed on the inside of the top lid at
40mm above the top of the cell. The other sensor is placed underneath an opaque Teflon cell-support bar at 20mm
below the bottom of the cell and 30mm above the heater pad. The sensors are outside the volume illuminated by the
laser beam so as to avoid erroneous temperature readings due to laser heatiry. The temperature readings are typically
within 1°C of each other. In fact, we found little thermal gradient after shutting ~ff the air flow when polarising ***Xe
at temperatures between 80°C and 100°C. When polarising *He between 80 = to 200°C, about 10 cc/min air flow
achieved the same thermal uniformity. A further improvement may be t".c ''sc of a piezoelectric fan inside the oven to
circulate the air inside the cell rather than by introducing external air f'o.* th-ough the oven.

2.3 Laser optics

Narrow bandwidth solid-state lasers with volume Bragg grav.ig (VBG) attached have in recent years replaced the
large array of optics of an external Lithrow cavity [191 L. ~ur setup, we use 794.7nm (in air) lasers with VBG
narrowed bandwidth of 0.3-0.4 nm. Each laser stack .u: sis.c of four lines of 60W laser and each emission line has a
VBG built in. A temperature regulated distilled wate f'ow at 1.3-1.5 Ipm is used to cool and control the temperature
of the laser. With the VBG built-in, the layout ~nd opeiution of the laser optics is highly simplified (Fig. 3). Optics
were used first to collimate the fast-axis which has a 36° divergence. The linearly polarised laser light then passes
through a polarising beam splitter to ensure 1af laser going downstream has virtually no elliptical component. A
quarter-wave plate then changes the laser t, c.-cuiarly polarised. A fan is used to keep the waveplate and the beam
splitter cool as a precaution. The rest of “he ~ntics are cylindrical lenses to shape the laser beam profile in order to
have a highly parallel beam that fully ili-'mi.ates the OPC but not illuminating the oven body. The laser light needs to
be parallel to the applied magnetic fie: in nrder to be most effective in the optical pumping process.

The system geometry uses “sicec u..zing” with the laser entering the cell from the cylindrical side. In addition, most
if not all hyperpolarisers for medica imaging use single-side pumping with the laser coming from one direction only.
We instead use a two-side pumping scheme: two laser beams enter from opposing side of the OPC. Our previous
experience has shown that two-side pumping in batch mode operation results in higher polarisation. We believe this is
related to lensing — the directional change of the laser light by the glass wall. The curvature of the glass cell causes the
laser to deviate from being parallel to the magnetic field. This can be corrected by optics. There are however also
variations of the glass thickness in the cell wall that result in non-uniform redistribution of the laser intensity, which is
virtually impossible to correct. In this situation, two-side pumping may allow a more even distribution of laser light
throughout the cell volume, as it is unlikely the lensing from both side of the cell results in depleted laser intensity in
the same region, thereby improving the polarisation. We performed single-sided pumping and found the FID signal at
the MRI to be lower by as much as 30% compared to the signal from using two-side pumping. This comparison is
possible as the precise climate controlled environment in the MR room and the repeatable setup allow the FID signal
measurements to be reproducible. Such effects have been reported by different groups and different mitigation
methods have been tested. In one report, researchers used a mirror downstream from the OPC to retro-reflect the laser
back towards the OPC, which increased the polarisation level to about 29% (see, e.g. reference [16]). The OPC used in
our system is a blown cell and variations in the glass thickness were visible. Whilst there is the possibility that the
lensing effect could be compounded when using a retro-reflective mirror, the efficiency of the two-side pumping
scheme justifies further investigation.



The two lasers are mounted on platforms above and below the optical pumping cell, respectively. Custom-made
dielectric polarisation-preserving mirrors with 99% reflectivity at 45° reflect the laser beam from the beam-shaping
optics towards the OPC. This arrangement doubles the optical path to achieve a parallel beam without increasing the
footprint of the hyperpolariser. The anti-reflective coating on an optical element has 99.75% transmission. 80% of the
laser beam that enters the oven is delivered to the OPC due to the mismatch of the laser beam and the OPC cross-
sectional profiles. Counting the number of optical elements, we estimated that 75% of the 480W total power of the
lasers, or 360W has been delivered to the OPC.

2.4 Magnetic field coils

There are three causes of gas depolarisation: dipole-dipole interactions between nuclei in close proximity of each other,
wall-relaxation at the inner cell walls, and magnetic field inhomogeneity. A highly uniform magnetic field covering
the OPC is crucial for gas polarisation. In our setup, a “tetracoil” [20] was used to provide a uniform field (see Fig. 1).
The tetracoil achieves a high uniformity within the OPC cell volume with field gradient |VB./B|<10™/cm, where B, is
the field component transverse to the main field direction parallel to the coil « is. The field magnitude was set to 1mT.
Compared to a Helmholtz coil of similar size, the uniformity volume of a tru«.~on is more than three times larger, and
whilst there are other coil systems with similar uniformity volume the tetrac il i5 the most compact system.

In the initial setup, a mu-metal shielded, compensated rectangular - olenuid was used to provide the uniform field.
However, despite the initial good performance, the size and shape o1 ."e mnu-metal shielding began to deform under its
own weight and due to the stress of thermal cycling. During the firs: *.vo years of operation the decay time of the free-
induction decay signal, a measure of the magnetic field unifermicy, has reduced from 180ms to 50ms. Measurements
using a three-dimensional fluxgate that is sensitive to 10-4 (" I.as also shown a degradation of the field uniformity
compared to similar measurements when the solenoid was ,'ist installed.

2.5 Gas circuit
2.5.1 Structure and operation

The gas circuit regulates the combination o7 nobix gas and nitrogen for each production batch of polarised gas (Fig. 4).
The centre line of the gas circuit connec.. the gas supply bottles, the OPC, the gas-transfer piston, the transport cell
and the vacuum pumps. An inline gas pu-itier removes contaminants including water, oxygen, carbon dioxide and
hydrocarbons down to the level of rorts =2r billion before the gas enters the OPC. An inline pressure gauge monitors
the gas pressure, providing frediack to the control program. A Residual Gas Analyser (RGA) attached to a
turbomolecular pump measures ti.> level of contaminants. Using sequences of timed opening and closing of the
pneumatic valves, the gas circuit upplies the selected combination of noble gas and nitrogen to the OPC, transfers
polarised gas through the piston to a transport cell or a Tedlar bag, performs nitrogen purges to clean the gas lines, and
pumps out unwanted gas species.

A titanium based pneumatically driven piston is used as an intermediate step in transferring polarised gas. The piston
uses two Fluorocarbon (Viton) o-rings for sealing, which were vacuum-baked to outgas before installation. Krytox™
low vapour pressure lubricant was used. The piston is driven by a pneumatically driven actuator. This is adapted from
MEOP based hyperpolariser technology. In a MEOP system, tens of mbars of polarised *He gas is drawn from the
OPC and compressed into an intermediate holding cell by a similarly constructed but larger size Titanium piston [21].
The process repeats until the holding cell reaches 0.1 to 0.3 bars of gas. Then the polarised gas is drawn back to the
piston and transferred from the piston to a transport cell. These steps are repeated until the required amount of gas in
the transport cell is reached.

In our setup, the polarised gas first flows into the piston before being transferred from the piston to a transport
container. This procedure avoids accidentally exposing the OPC to air, for instance, due to a punctured Tedlar bag.
Upon each gas transfer from the piston, the remaining gas in the circuit is recycled, followed by rapid nitrogen purging



of the iston
compresses the polarised gas before a valve is opened to flow the gas to the transport container.

Compare to the piston used in MEOP, the compression ratio requirement is lower for the piston in our hyperpolariser
as we do not need to extracted and compressed low-pressure gas. Our piston is actuated several times to transfer most
of the polarised gas from the OPC. As we designed the OPC and piston to have similar sizes, a total of two strokes of
the piston would transfer 3/4 of the polarised gas and three strokes would transfer 7/8 of the polarised gas. An
identical piston was tested in a different laboratory with polarised *He. The fractional polarisation-loss was well below
0.01, i.e. for *He gas with 70% polarisation, each stroke cycle of the piston to draw in and expel gas would reduce the
gas polarisation by less than 0.01x70%.

2.5.2 Recycling and purification

Isotopic ***Xe and *He gases are expensive. A percentage of the noble gas can be recovered after performing medical
imaging. The recovered gas needs to be purified to remove the water, oxygen and hydrocarbon to a level of parts per
billion before it can be reused. Rather than purifying the gas in a separate ins.. ‘ment, we have integrated recycling and
purification capabilities into the gas circuit.

To purify xenon, the mixed gas recovered from an experiment flows mcitiple times between two storage bottles
through a cold trap cooled by liquid nitrogen. Xenon condenses on t~ suriace of the cold trap. With most of the xenon
condensed, the remaining gas is evacuated. The process removes uxy e, nitrogen and water, as these substances are
gaseous in the sub-mbar vacuum at the 77°K liquid nitrogen tempe: >tuce. After removing the unwanted gases, the cold
trap temperature is raised by removing the liquid nitrogen. X=nun begins to evaporate at 120°K at low pressure and
can be retrieved into the storage bottle while carbon diox'de r2mains a solid until 140°K. The two gases can be
separated by monitoring the temperature of the warminn ¢.'d trap.

To purify helium, the mixed gas flows through a difte, ~nt liquid nitrogen cold trap containing activated carbon. The
cold activated carbon traps all other gas species excapt helium. After cycling a few times, the helium can be stored and
the contaminants released by warming and pur o2 uut the cold trap. To examine the purity of the xenon or helium
gas, the gas can be cycled through the gas civcu.* f.om one storage bottle to another. The trace amount of remaining
gas can be analysed by the RGA. The purifi: ation process can commerce until it reaches a satisfactory level of purity.

2.6 Automation

The choreography of gas flow, aven terperature, laser power, and polarisation monitoring is difficult to carry out by
hand. A LabView program was w. ‘tten to handle the majority of the processes (Fig. 5). Several sub-programs were
created, each carrying out a sepz.ute action: preparation of the OPC content, gradual energisation of the laser and
setting the polarising temperature, preparation of the polarised gas transport bag or container, polarised gas transfer,
etc. The program informs the hyperpolariser operator on the status of the processes, monitors physical quantities such
as Free Induction Decay (FID) signal, laser power, gas pressure, RGA reading and notifies the operator of the manual
steps that need to be taken.

2.7 Measurements

2.7.1 Monitoring polarisation at the filling station and estimating polarisation at the MRI using FID

To monitor the polarising process, Free-Induction-Decay coils [22], one tuned to near ***Xe and the other near the *He
Larmor frequencies in 1 mT, were attached to the OPC. Additional data acquisition hardware and software was used
to pulse the coil and measured the FID response. The FID signal provides a relative measurement of the gas
polarisation. Data processing has been integrated into the automation control program. We used an average of 200
measurements separated by two seconds between measurements. A comparison was made for separations of one, two
and five seconds between measurements. A drop in signal was consistently observed for one second separation
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between measurement.

2.7.2 Magnetic resonance imaging experiments

A Tedlar bag of hyperpolarised *He gas was generated at Monash Biomedical Imaging and then transported to the
Royal Children’s Hospital, Melbourne within two hours. An MRI test of the hyperpolarised *He was performed using
a Siemens 3T scanner (TrioTim, Siemens Medical Solutions, Erlangen, Germany) with a bird-cage *He lung coil
(RAPID Biomedical GmbH, Wuerzburg, Germany) at the Royal Children’s Hospital. The resonance frequency of *He
was set to 93.885 MHz. A Flash sequence was used for *He imaging with the following parameters: flip angle 8°,
repetition time 4.6 ms, echo time 2.03 ms, field of view 500x500 mm?, matrix size 256x256, single slice, and slice
thickness 3.3 mm.

For the hyperpolarised **Xe phantom imaging a 1:4 ratio of enriched xenon (86% '**Xe) and nitrogen was used. After
polarising the gas sample for 20-30 minutes, the gas was transferred to a transport glass cell and then back-filled with
nitrogen. The final pressure of the glass cell was 2 bar. The phantom was t. < taken to the MRI room in a transport
cart with uniform magnetic field and immediately placed into the Skyra 3T **R1 .* Monash Biomedical Imaging.

For in vivo lamb lung imaging, a glass cell of hyperpolarised ***Xe gas wa. prepared as above for the 2 bar phantom
study. Institutional animal research ethics approval was granted to ccaduc: o pilot study in a preterm lamb model. The
lamb was delivered via caesarean section at 128 days gestation (t~..~ 1.9 days), ventilated with pure oxygen and set
up in the supine position in the MRI scanner. Before the delivery ¥ th: hyperpolarised gas, the ventilator was stopped
and pure nitrogen was used to flush the lamb lung. High *Xe ges was first transferred into a Tedlar bag and then to a
50ml syringe, this was used to inject about 40 ml of polari: er. g\s into the lamb lung. The piston of the syringe was
held to maintain lung inflation during imaging and ventila: on was resumed after approximately 30 seconds.

For the human lung imaging, a Tedlar bag of hype: alarised *Xe gas with the same gas mixture as above was
prepared in 1 bar. A second bag of pure nitroge™ was prepared to reduce the oxygen in lung. A healthy volunteer
(male, 39 years old) was internally recruited fr.i:~wi..g receipt of institutional human research ethics approval. The
volunteer first inhaled the pure nitrogen and thrn exhaled as much of the gas as possible. The subject then
immediately inhaled the ***Xe gas, indicat<d tu the radiographer to commence imaging, did not breathe during the
imaging protocol, and returned to normal * espn ation after about 15 seconds.

The MR experiments on the hyperpolai ~eJ ?*Xe were performed on a Siemens 3T scanner (Skyra, Siemens Medical
Solutions, Erlangen, Germany) wit a b 'rd-cage ***Xe lung coil (RAPID Biomedical GmbH, Wuerzburg, Germany) at
Monash Biomedical Imaging, M.'hourne. The resonance frequency of ***Xe was set to 34.09 MHz. A 2D-GRE
sequence was used for ®Xe gre imaging. The phantom image was collected using the following acquisition
parameters: flip angle 7°, repetition time 15 ms, echo time 3 ms, field of view 400x400 mm?, matrix size 64x64,
single slice, slice thickness 35 mm, bandwidth 370 Hz/Pixel, and 5 averages. For the in vivo lamb lung imaging
experiment, the parameters were: flip angle 7°, repetition time 15 ms, echo time 3 ms, field of view 400x400 mm?2,
matrix size 64x64, single slice, slice thickness 70 mm, bandwidth 370 Hz/Pixel, and 5 averages. For the human lung
imaging experiment, the parameters were: flip angle 7°, repetition time 20 ms, echo time 7.81 ms, field of view
500x500 mm?, matrix size 64x64, single slice, slice thickness 180 mm, bandwidth 50 Hz/pixel, and 6 averages.

3. Results

In a typical polarising process of ***Xe, every five to ten minutes, ten averages of FID measurements separated by two
seconds were automatically done while the laser illuminated the OPC and the temperature was gradually raised to the
operational temperature. In our system, when the temperature reached above 80°C, the FID signal became detectable.
The FID signal strength would increase as the **Xe polarisation increases and plateaued in 10-20 minutes after the
signal was first detected. An FID signal with 100 averages was successfully acquired (Fig. 6). The high number of
averages was adopted to provide a high signal-to-noise measurement for illustrative purpose. The FID signal decay
time constant T2 = 0.12 second. T2 measures the local magnetic field uniformity. It is comparable to other
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129%e Larmor frequency = 11.822 kHz. The ***Xe Larmor frequency result and the ***Xe gyromagnetic ratio of 11.777
kHz/mT corresponded to a magnetic field slightly more than 1 mT, which is in agreement with the measurement using
a magnetic field probe.

MR images of the hyperpolarised gases were successfully acquired for phantom studies, and in lamb and human lung
studies. The hyperpolarised *He gas was imaged in a Tedlar bag with a signal-to-noise ratio (SNR) of approximately
three (Fig. 7(a)). The hyperpolarised ***Xe gas was imaged in a pressurised glass cell phantom with a SNR of more
than twenty (Fig. 7(b)). Hyperpolarised ***Xe gas was successfully imaging in the lung of a new born lamb (Fig. 7(c)).
There was signal loss in the anterior part of the lamb lung (white arrow in Fig 7(c)). This phenomenon could be also
observed in the human lung (see white arrows in Fig. 7(d)). The SNR in the lamb and human lungs were
approximately three, which were much lower than observed in the phantom studies.

4. Discussion

We report the design, construction and initial MR imaging test results o, a hyperpolariser for the production of
polarised **Xe and *He for medical imaging. The hyperpolariser reported F« cin 1as several technological advantages
and design features, together with a number of operational limitations. A e\ feature of the system is the use of a
Titanium transfer piston. As discussed, the piston effectively separat:s th» OPC from the external transporter and
allows more polarised gas to be extracted from the OPC. In our NRI wests, we observed no discernible difference
using gas that flowed directly into a transport cell and gas that was u« 1erred through the piston.

Use of a non-inductive electrical heating pad avoids the reguirenient to circulate hot air that vents into the
environment of the hyperpolariser. The Teflon oven however car be improved by using materials with lower thermal
conductivity and less thermal mass, such as aerogel with s.'acted thermal characteristics. Not using gas flow can result
in up to 20°C temperature gradient when polarisinr. *H:. at about 200°C. How to reliably generates air flow at this
temperature remains to be solved. One important aspec. of the heating issue is the use of high-power lasers. The total
laser power used in this system is 480 W with ab. 't 360W delivered to the OPC. We have adopted the design from a
SEOP system with the same level of laser powe. 1 2t can polarise *He at a fast rate [10]. However, a key difference of
the system is the use of a rubidium cell rather th.2r a “hybrid” rubidium-potassium cell. The latter operates at higher
temperature but has by design a lower rubi-'ium vapour pressure than a pure rubidium cell. The level of laser power
resulted in significant heating of the pure ~ubiaium cell. A small quantity of cooling air over the OPC was needed to
prevent it from overheating. We observeu *hat, without cooling air when polarising *He, the oven temperature stayed
at 200°C due primarily to the lase” he.*ing of the OPC but the polarisation decreased. We believe that we have
encountered “rubidium runawa " [.*3]. ' "he compressed air cooling kept the temperature of the oven between 180°C to
190°C and as a result, keep the run:tium density at a lower level to prevent rubidium runaway. A further improvement
would be the ability to reduce the i.ser power in the system. When polarising **Xe at 80°C to 100°C, the laser heating
did not result in self-sustained heating. The temperature in the oven remained stable under the control of the heater. At
that temperature range, the FID signal strength did not vary observably with temperature. When we switched off the
heater while keeping the lasers running, the oven temperature gradually dropped to between 60°C and 70°C. Beyond
105°C, the FID signal decreased with increasing temperature. We did not observe rapid temperature excursion up to
120°C which was the highest temperature in our test. While these observations did not immediately suggest rubidium
runaway, they cannot rule out that possibility as the oven temperature may not reflect the temperature variations inside
the cell. Observation of the laser transmission profile in the cell would be the definitive determination. However, the
use of two-side pumping and an oven with Teflon body and laser transmission windows has prevented us from
observing the transmission of the laser through the OPC. A modification of the oven would be needed to allow
observations that can determine if there is rubidium runaway.

To carry out the first round of MRI tests with hyperpolarised *He and ***Xe we used FID to provide a relative gas
polarisation measurement. Whilst the FID is simple to operate and provides an immediately observable result it is
however a relative measurement in hyperpolarization studies due to the sensitivity to small environmental changes.
Heating, slight change in positioning relative to the magnetic field, using slightly different field, different FID pulse
amplitude and frequency will result in a vastly different FID signal, especially the amplitude of the signal. At the MRI
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calibrated FID can be explored to provide absolute polarisation measurements. This and other methods to measure
absolute polarisation will be the next step that follows this project of hyperpolariser construction and initial MRI
evaluation reported here.

The SEOP hyperpolariser was designed to polarise both *He and **Xe. Hyperpolarised *He can provide high spatial
resolution for lung imaging [24]. In this study, we demonstrated the capability to produce hyperpolarised *He for MR
imaging. Specially, the gas was generated in one location and imaged in a hospital at another location after
approximately two hours. This demonstrates the feasibility to share hyperpolarised *He for MR lung imaging
applications at other sites in the future. Owing to the limited supply of *He, we did an initial test using hyperpolarised
*He and then undertook multiple experiments using ***Xe. We successfully generated and imaged hyperpolarised
129X e gas onsite. We achieved high SNR in the phantom, which were similar with the results in [25]. We also achieved
in vivo hyperpolarised ***Xe imaging in both lamb and human lungs. Low signal intensities in the anterior part of the
lungs were seen in both lamb and human, which is consistent with the gravity-dependent gradient in lung density from
anterior to posterior in the supine position [26]. The amplitude of the MR signals in the lamb and the human lungs
were lower than observed in the phantom images, possibly because of the ney " ‘ive effects of oxygen in the lung [3].

Hyperpolarised gases suffer from depolarisation caused by oxygen and rau’n-f equency pulses which reduce the MR
signal, this is especially true for xenon imaging where depolarisation is uite rapid [27, 28]. For reliable and consistent
imaging, it is essential to develop and maintain reliable polarisatior. nercentages and rapid transfer protocols for the
delivery of xenon to the MRI scanner suite with minimal interferer.ce “roin magnetic fields and gases which reduce the
polarisation. This limits the utility of hyperpolarised xenon fc, routine clinical imaging as the polariser
instrumentation needs to be onsite. Delivery of xenon gas to p=tients is complex as it is rapidly depolarised by oxygen.
Whilst flushing the lungs with nitrogen helps reduce denc !z ris ition this is however not a pleasant experience for
patients, especially those with respiratory disease. Prone, nrocesses for reliable delivery of hyperpolarised gas into
patients with respiratory diseases requires further de* clor ment.

While the main goals to demonstrate production >f hyperpolarised *Xe and *He and to obtain MRI measurements
were achieved, the hyperpolariser is far from cgv mar and can be further improved. Future work will thoroughly and
systemically map the operational parameters ~f t.» nyperpolariser in order to improve the performance, similar to the
process reported in reference [12]. T1 mea: rements of the key components and absolute polarisation measurements
at the hyperpolariser and the MRI will L. venormed using published methods to measure the absolute polarisation.
We also plan to compare the FID signal u. a cell of polarised **Xe with the FID signal of the Boltzmann polarisation
of unpolarised *Xe in the same ~=li i the MRI, based on the fact that the MRI is a more stable magnetic
environment for measurement of the FID signal reproducibility. For measurements during optical pumping, a
technique called electron paramag. <tic resonance frequency (EPR) shift has been proven to work [29]. The method
monitors the EPR shift of alkali aiZins in the presence of the nuclear-polarised noble gas. We intend to implement this
as the next step in further optimisation and improvement of the hyperpolariser. In addition, polarised gas extraction
using the piston can work well with a liquid nitrogen cold trap to freeze and collect polarised ***Xe in a Halbach
cylinder. This will enable optimal extraction of the ***Xe gas with preservation of the polarisation. The increase of
polarisation lifetime to a few hours will also allow several cycles of polarised gas production to be carried out,
increasing the amount of polarised **Xe delivered to the application.

5. Conclusion

We report the design, construction and MR imaging test results of a hyperpolariser for the production of polarised
129% e and ®He for medical imaging. Consistent with the continuous improvement of hyperpolariser technologies by
many groups over the decades, the system has incorporated several technological improvements that build upon
existing hyperpolariser designs. Initial tests have been successfully performed to obtain MRI images of '*Xe in
animal and human lungs. This work serves as a starting point at our centre to develop the methodologies of medical
imaging with hyperpolarised gas and to undertake further improvements in the design of hyperpolariser for medical
imaging use.
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