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1 Introduction
While protons in living tissue achieve sufficient thermal polarization for standard magnetic
resonance imaging (MRI) procedures, gaseous samples have three orders of magnitude lower
density making diagnostic imaging impractical. Similarly, the low body tissue density and
susceptibility mismatched interfaces inside the lungs present a challenge to proton MRI of the
lungs. Hyperpolarized gases are polarized by alternative methods, such as spin-exchange
optical pumping (SEOP) [1] or metastability exchange optical pumping (MEOP) [2], to
extremely high values to compensate for the density difference, and they offer great potential
as imaging agents. They can be introduced into the body non-invasively by breathing and
imaged with no background. Two noble gases, 3He and 129Xe, have nuclear spin one-half and
gyromagnetic ratios relative to that of the proton of 0.76 and 0.28, respectively. They present
the advantage of having zero quadrupole moment and, as a consequence, long T1 relaxation
times after being polarized. Although the first MRI application of hyperpolarized noble gases
involved 129Xe [3], thereafter the research community focused mainly on 3He because of the
well-established polarizing methods [4,5]. Relatively large quantities of hyperpolarized 3He
are produced with 50–80% polarization using metastability-exchange optical pumping. 3He in
the gas state has a T1 relaxation time that can reach days and even weeks [6,7]. As a beneficial
consequence, 3He can be distributed from a central polarizing site to MRI centers [8]. Practical
limitations of MRI studies involving 3He include its confinement to the lung gas space only,
since its solubility in blood and tissue is extremely low [12]. Also, its unnatural source on Earth,
mainly coming from tritium radioactive decay, makes its future widespread clinical
applicability questionable. In contrast, xenon is extracted from the atmosphere by partial
distillation with the desired 129Xe isotope having significant 26.4% natural abundance.
Commercial enrichment can raise that abundance by a factor of three or more. Xenon is soluble
in blood with a large partition coefficient of ~0.1 [13] and readily diffuses throughout
tissues. 129Xe displays an NMR spectrum with chemical shifts in resonance frequency that
characterize its microscopic/molecular environment [14,15]. It offers longitudinal
magnetization that survives several seconds to several tens of seconds in vivo [16,17]. The
time and spatial dependence of its distribution in the body can reveal functional attributes
[18,19]. Xenon biological effects of anesthesia are well characterized and well tolerated [20].

Spin-exchange optical pumping [21,22] relies on the unpaired electron of the alkali atoms, such
as Rb, which is polarized through resonant interaction with circularly polarized light provided
by a continuous laser source. Subsequently, the polarization is transferred through a Fermi-
contact dipole-dipole interaction to the noble gas nucleus. The presence of nitrogen is required
in the gas mixture for quenching the fluorescence of the excited alkali vapor atoms [4]. Natural
helium (4He) is also commonly used as a buffer gas to increase the overall pressure inside the
cell in order to take advantage of the pressure broadening effects on the Rb D1 absorption line
[23].

Polarization transfer from the polarized Rb electron to the 129Xe nucleus can occur during two
types of atomic collisions: two-body binary scattering (very short time scale) and van der Waals
molecules (longer lifetime). The former is less efficient and dominates at high pressures. The
latter is more efficient and dominates at low pressures. With few exceptions [24], all previous
polarizer designs have chosen the high-pressure limit in order to increase the laser absorption
and optical pumping rate at the expense of the spin-exchange rate.

Hersman et al. Page 2

Acad Radiol. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Optical pumping of Rb must exceed depolarization processes. Collisions with the container
walls fully depolarize Rb atoms. Buffer gases contribute as well to the total Rb spin-destruction
rate. However, the dominant term is given by the interactions with the Xe atoms through spin-
rotation (loss of the Rb electron spin into the Rb-Xe colliding pair total angular momentum
after the break-up). The Rb-Xe spin-destruction rate is four orders of magnitude larger than
Rb-He and is proportional to the Xe concentration in the gas mixture. Therefore, powerful and
continuous lasers are needed in order to sustain Rb polarization at close to unity values when
in in the presence of appreciable concentrations of xenon.

In its simplified form the equation for Xe polarization during the SEOP process can be written
as [21]:

(1)

where PA is the alkali vapor polarization, Γ is the noble gas nuclear spin-destruction rate, and
γSE is the spin-exchange rate between the alkali atoms and gas nuclei. Similar to the alkali, the
noble gas nuclei can lose their polarization interacting with the container walls or with the other
atoms in the composition. Xenon polarization can never exceed the rubidium polarization.
Moreover, in order to approach the Rb polarization the noble gas has to be in contact with the
alkali vapor for several spin-up e-folding times. The spin-up time is defined as (γSE + Γ)−1 and
for Rb-Xe pairs under our operating conditions is on the order of seconds. This implies that
high polarizations of xenon can be achieved only if low concentrations of xenon are in contact
with highly polarized rubidium for characteristically long times: the challenge of producing
large quantities of highly polarized xenon.

2 Materials and Methods
The UNH prototype counter-flow xenon polarizer is a large scale system, vertically oriented,
with major components arranged as presented in Fig. 1a.

Polarizing Column
The novelty of our system derives mainly from the design of the polarizing cell. The prototype
cell can be described in terms of three different operational regions, as shown in Fig. 1:
rubidium saturation region, laser absorption and polarizing region, and rubidium condensing
region. The lower part of the column, ~1 m long, includes a helical glass tube enclosing a 4.0
cm diameter polarizing chamber, connected to each other at the bottom. These two elements
are positioned inside of the heating oven. The helix is made from a glass tube 2.5 cm in diameter
and over 600 cm long. Special bumps blown into the helix (Fig. 1) hold the Rb metal pools.
The helical shape offers a long path for the entering gas mixture of xenon, nitrogen, and helium
to reach the operating temperature and to saturate the gas with Rb vapor. It is typically loaded
with 25 g of Rb metal (Alfa Aesar, Ward Hill, MA) before the polarizing column is inserted
into the system. The saturated gas mixture exits the helix and enters the vertical optical pumping
tube, beginning its flow upwards against the laser beam. The polarization process starts at the
bottom of the column with the mixture being illuminated with attenuated laser light, and
progresses as the gas moves towards the more highly illuminated region of the cell. The top
half of the column is for cooling the gas mixture, allowing rubidium condensation to occur
while illuminated by the laser. For a better match of the laser beam shape this part has a conical
shape, starting from the 4.0 cm diameter of the SEOP region and ending on top with a 7.5 cm
window for the laser entrance. Cooling of the gas mixture is improved by implementing a 10
cm long water cooling jacket above the oven. Visual observations confirm that most of the Rb
condenses on the walls at this spot. After the Rb vapor is extracted, the remaining gas mixture
including the now hyperpolarized xenon exits the column through the top stopcock valve into
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the down-tube. The down-tube is a 1.2 meter long region which makes the transition from the
uniform magnetic field of the polarizing column to the base of the polarizer where the freeze-
out, with its high strength magnetic field, is located. We also use the down-tube to measure
xenon polarization by implementing an NMR coil system around a short expanded 5 cm
diameter region, as seen in Fig. 1.

B0 Field
The uniform magnetic field required for SEOP and for NMR signal measurements is generated
by seven coils placed in a vertical tower configuration. Positions and number of windings of
the coils was done by numerically optimizing the field on the central axis. The magnetic field
was chosen just below the field for decoupling the spins in molecular spin-exchange. Coils
have a diameter of 1.1 m and span a distance of 1.9 m from top to bottom. For the typical
operating field of 28.8 G the corresponding 129Xe NMR frequency is 33.7 kHz. The current
running through the coils connected in series generates ~6 G/A and is monitored across a shunt
resistor on a 6.5 digit multimeter.

Gas Flow System
A schematic of the flow system is shown in Fig. 2. The flows are separately controlled for
xenon, nitrogen and helium with mass flow controllers (MKS, Wilmington, MA). Maximum
flow rate capabilities implemented in this prototype system are 150 standard cm3 per minute
(sccm) for xenon, 500 sccm for nitrogen, and 5000 sccm for helium, and calibrated using a
known measured volume. A NuPure 200 XL series purifier (NuPure Corp., Ottawa, ON) is
used to trap the oxygen and moisture impurities of the input gases. Total pressure in the system
is monitored and controlled using an MKS 640 series pressure controller, placed on the output
gas panel before the final vacuum pump, and capable of controlling up to 1000 torr maximum
pressure. The transition from the metal hoses of the flow panel to the glass of the polarizer is
done with spherical ball connectors (Ace Glass, Vineland, NJ), hence the system is required
to stay below or close to atmospheric pressure. A second pressure gauge is mounted on the
input panel for calibration, vacuum, and input pressure readings. A four channel MKS 247D
controller driven by a Keithley 213 Quad power supply (Keithley Corp., Cleveland, Ohio)
controls the MFCs and the pressure controller. A LabView (NI, Austin, TX) program interfaces
the electronics and records the gas flows, pressures, and temperatures.

Laser and Optics
The novel design of the optical setup was essential to the successful demonstration of this large
scale prototype polarizer. Achieving highest polarization of the gas combined with high flow
requires the highest possible optical pumping power. The progress of diode laser technology
offers an excellent source of high power light for Rb optical pumping applications. The laser
diodes employed for this case were coupled to a transport optical fiber, therefore the optical
setup must also include polarizing components. A polarizing optical setup widely used with
fiber-coupled diode lasers is shown in Fig. 3a. A polarizing beam splitter cube linearly polarizes
the laser light with minimum power loss. Subsequently, the linearly polarized beams
transmitted and reflected from the cube are transformed into circularly polarized light of the
same helicity using oppositely rotated quarter-wave plates. This setup comes with the
inconvenience that the beam is separated into two components which need to be recombined.
If the pumping cell is short, the use of a design as shown in Fig. 3a would bring no compromises
other than small skew-angle effects [25]. However, meter-long pumping cells, such as ours,
required development of a new optical setup in order to obtain a circular beam uniformly filling
the column over its entire length. A solution was found. Starting with a half-circle shape of the
fiber output, the optical arrangement recombines the two components into a full circle at the
focusing point (Fig. 3b). A 7-to-1 fiber optic with a circular output configuration was fed by
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five lasers in order to approach the half-circle shape as shown in Fig. 4a. The output beam
starts with a diameter less than 7.5 cm at the top of the column, and follows the conical shape
arriving at a 4 cm waist throughout much of the straight tube. The optical arrangement and the
beam shape at one meter away are shown in Fig. 4b. Laser power was provided by five Coherent
FAP lasers at 795 nm (Coherent, Santa Clara, CA). Maximum power was obtained for 30 A
in each laser, with 25 W per diode for 125 W total. Only ~90 W was measured at the entrance
of the polarizing column due to losses in the optical components. The laser spectrum and Rb
absorption are monitored continuously with an HR2000 spectrometer (Ocean Optics, Dunedin,
FL). The spectrum peak has a full width at half-max (FWHM) under 2 nm. By small changes
of the cooling water temperature and/or current we are able to shift the central wavelength to
maximize absorbed light.

Heating Oven
The heating system initially consisted of an heated air oven. This inefficient single-pass system
exhausted considerable heat into the room. In addition, thermocouple measurements indicated
large temperature gradients as high as 20°C for our 160°C nominal working temperature. To
reduce heat dissipation, homogenize temperature, and to also allow local removal of heat from
the region where most of the laser power is absorbed, we implemented a new oven to function
with silicone oil as the thermal agent. This oven/bath is a Pyrex cylinder surrounding the lower
half of the polarizer. The oil temperature is maintained constant by using a large volume Neslab
EX-252HT heating bath recirculator. The temperature gradient is less than 5°C.

Xenon Accumulation System
The xenon freezing point of ~ 161°K is well above the ~ 77°K temperature of liquid nitrogen.
With the system running below atmospheric pressure, the only gas trapped from the pumping
mixture at liquid nitrogen temperature is the polarized xenon. The relaxation time of polarized
xenon in the frozen state at 77°K is T1 ~2.5 hours [26]. This lifetime drops to minutes or seconds
near the phase transition temperature, depending on the magnetic field [26]. The thick
insulating layer of xenon built up on the walls of the freeze-out container results in temperature
gradients between the glass surface and the inside frozen layers, which could cause losses in
polarization. Of even greater importance, this thick layer can become thermally decoupled
from the walls during thawing, experiencing additional time at and near the liquid phase
transition temperature. The lesson is that polarization losses are most dependent on the time
spent around the phase transition. To overcome the thick localized accumulations associated
with the traditional coaxial condenser design (Fig. 5a), we developed a unique approach that
offers a large contact surface and allows us to control the thickness of the xenon layer. By using
a helical shape design, as shown in Fig. 5b, the cold surface available for xenon deposition is
much larger, and, more importantly, can be controlled. The coil for the freeze-out is made from
a 1.5 cm diameter tube wound on a 3 cm mandrel. The height of the coil is 15 cm and includes
~5 turns. The gas mixture is directed to flow downward through the turns of the helix where
it comes in contact with cold surface just below the level of the liquid nitrogen. Raising the
liquid nitrogen dewar during accumulation allows the frozen xenon to be deposited uniformly
over the entire length of the helix (Fig. 5c), and sequesters the xenon already frozen well below
this point. The ”U” shaped liquid nitrogen dewar offers a significant buffer quantity of liquid
nitrogen and avoids pouring liquid nitrogen over the top of the freeze-out. The thin uniform
layer of frozen polarized xenon thaws in seconds.

Polarization Measurement
Xenon polarization is measured using the standard NMR FID technique. A commercial Surrey
Medical Imaging Systems MRI console is modified with a frequency mix-down stage for the
transmit signal and a mix-up for the receive signal in order to function in the kHz frequency
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range. Separate drive and receive coils are used for a better match of their impedances with
the electronics. Both coils have a cosine-theta winding configuration and are enclosed inside
a cylindrical Faraday cage. Coils were tuned to the NMR resonant frequency of 33.7 kHz.

The down-tube (Fig. 1a) has an outside diameter of 5 cm in the region where gas NMR signal
is measured. A glass cell with matching geometry was filled with water for the proton
calibration signal. The ratio of the two NMR signals can be written as:

(2)

where S is the FID amplitude (or the integral of the FFT of the signal), N is the number of
nuclei in the measured volume, β129 is the isotopic abundance of the 129Xe, α is the excitation
flip angle, and γ is the nuclear gyromagnetic ratio. The last correction factor in Eq. 2 is to
account for  losses during the delay time before the start of acquisition, necessary because
of coil coupling. It extrapolates the signal value back to time taq = 0 and it is significant because
of different  values between proton and xenon. For protons the polarization is given by the
Boltzmann equilibrium of the spins inside the low magnetic field needed to observe a 33.7 kHz
NMR frequency of 7.92 gauss (P = 2.6 × 10−9 at room temperature). To obtain a good SNR
for the proton signal, long acquisition times are required (usually 1024 averages with 15 s
repetition time between the shots). The number of xenon atoms was calculated based on the
ideal gas law. Xenon files are acquired using 4 averages with 90° flip angle. The repetition
time is chosen such that the gas inside the down-tube NMR region, depleted of its magnetization
by the measurement, is completely replaced by polarized gas mixture (typically 20 s).

Transportation System
We developed two different systems for delivery of the hyperpolarized xenon for off-site MRI
applications (from University of New Hampshire, Durham, NH to Brigham and Women’s
Hospital, Boston, MA). A biological cryogenic dewar was initially used in combination with
a permanent magnet box which provided a holding field of ~0.1 T. This setup is shown in Fig.
6a. Although proven successful, this method was abandoned once we demonstrated delivery
in the gas phase with relatively the same efficiency. For the gas phase delivery a large solenoid
coil with 40 cm diameter and 25 cm height enclosed in a steel box provided the holding
magnetic field. The whole setup was finally secured inside of a large wheeled carrying case,
as shown in Fig. 6b. To power the coil for short periods of time (10–20 min.) an internal
rechargeable battery was implemented. When possible the power is supplied from the wall
outlet or from the car battery without interruption. No coatings were applied to the one-liter
delivery cell, however a thorough cleaning with Piranha solution (3:7 volumetric mixing ratio
of H2O2 and H2SO4) was administered. The gas deliveries were performed consistently for
several months to demonstrate the capability of the delivery method and for MRI experiments
before moving the system to the scanner.

3 Results
The maximum 129Xe polarization achieved with our system was 64% for a xenon flow rate of
0.3 standard liters per hour (slh) or 5 sccm [27]. At higher flow rates, polarization remained
remarkably high with output of 50% observed at 1.2 slh and 22% polarization at 6 slh. Xenon
magnetization (flow×polarization) at this latter flow rate is one order of magnitude higher than
any result reported previously in the literature. A polarization map at close to optimum running
conditions is shown in Fig. 7.
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Xenon Polarization
Studies of polarization dependence as a function of the operating parameters of the polarizer
were performed in order to find the optimum running conditions and highest achievable
polarization. We found the optimum temperature to be 160°C over a wide range of xenon flow
rates. A partial pressure of at least 125 torr of nitrogen was required to saturate the xenon
polarization. The xenon polarization process was observed to depend on the gas velocity as
well. We used helium in order to control the flow velocity of the gas mixture and tested three
different flow velocities of 0.7, 1.35, and 1.9 standard liter/minute (slm) at constant total
pressure of 500 torr. The middle value of 1.35 slm gave the highest polarization map. Because
different choices of buffer gas flow rates modify the time allowed for polarization transfer as
well as the pressure-broadened absorption of laser light, these parameters should be not be
considered universal to the process. They depend on the polarizing column geometry, laser
characteristics, and the other parameters. A theoretical simulation was developed to assist in
finding optimal conditions.

Freeze-Thaw Polarization Recovery
An important outcome of our experimental results was the full recovery of polarization after
a freeze-thaw cycle using the helical shaped freeze-out and the adjustable liquid nitrogen level
dewar. Previous studies had observed polarization losses of 20% to 60% for significant
accumulations [28]. We measured 99.8%, 99.6%, 91.9%, and 88.5% polarization recovery for
10 minute accumulations at xenon flow rates of 10, 50, 75, and 100 sccm, respectively. The
recovered polarization numbers were corrected for longitudinal relaxation during the time spent
by xenon in the frozen state. Higher flow rates showed increasing losses of polarization,
although still relatively small, caused by the higher amount of frozen xenon and, therefore,
thicker layer deposited on the surface. This is the first observation of nearly lossless recovery
of 0.5 liter and high (88.5%) recovery of one liter.

Gas Phase Relaxation Measurements
After the accumulation and separation of polarized xenon by freezing it, xenon was thawed
back into the down-tube and its polarization as a function of time was measured. Relaxation
times in the down-tube were measured using small flip angles of ~5° and taking multiple
repetitive shots at intervals of 5 minutes. Relaxation times between 1.0 and 2.7 hours were
determined. Other than a careful cleaning with Piranha solution, no special treatment was
applied to the Pyrex glass surface. These observations of long lifetimes in the Pyrex down-
tube led us to implement gas phase delivery technologies (discussed above).

Production Rates
For a continuous-flow polarizer which produces hyperpolarized xenon at a flow rate Φ with
initial polarization P0, it can be shown that polarization of the frozen xenon at the end of
accumulation process is equal to:

(3)

where T1 is the longitudinal relaxation time in frozen state and tacc is the accumulation time.
If the output gas polarization can be estimated as a function of its flow rate, P0 = P0(Φ), then
one can calculate the optimum xenon flow rate and the required time to be produced. We fitted
the experimental data shown in Fig. 7 with an exponential function resulting in:

(4)

Figure 8 shows the xenon production map generated by implementing Eq. 4 into Eq. 3. The
displayed polarization numbers do not include any losses due to the freeze-thaw cycle and they
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are characteristic for 2.5 h xenon relaxation time in frozen state. The map shows that our system
can produce a half-liter of xenon with polarization ~50% or one liter of xenon with polarization
~44%.

Polarizer relocation
After preliminary tests were finished the polarizer was successfully relocated to the Brigham
and Women’s Hospital (Boston, MA) to be used for human lung MRI studies. We were able
to fit the polarizer in a ~7 m2 closet adjacent to the 0.2 T MRI scanner. This increased the
hyperpolarized xenon signal in the subsequent experiments because the delivery time from
polarizer to the scanner decreased from 1.5 h to less than 5 minutes. Recently, delivered
polarization numbers corresponding to different xenon flow rates were measured inside the
MRI scanner. The signal calibration was done by comparing with xenon thermal polarization.
The highest polarizations obtained at BWH were above the ones measured during our
preliminary tests at UNH and reported in Fig. 7 by 12 to 21% (relative) at low through
intermediate xenon flow rates. The polarizer presently produces 3–4 batches of xenon daily
with 0.5–2.0 liters/batch for routine human lung imaging studies. Hyperpolarized xenon gas
is separated in the freeze-out, thawed into Tedlar bags, and delivered to the experiment. The
first reported human lung studies are currently in press [29]. The maintenance for the system
is acceptably low, requiring column cleaning and refilling with fresh Rb approximatively once
a year. Incidents that allowed air into the system did not always degrade performance.

Compact Prototype System
Xemed LLC (Durham, NH), a spin-off company of the University of New Hampshire,
undertook the task of redesigning the large scale polarizing system into a compact system for
widespread deployment to interested research groups, FDA approval, and eventually
commercialization. Three major research projects were pursued, including development of a
compact magnetic field tower and permanent magnet NMR system, externally-narrowed high
power lasers, and high volume cryogenic accumulation. All the components of the polarizer
fit inside of a structural rack of 64(w)x102(l)x203(h) cm3. User supplied components, such as
buffer gases and liquid nitrogen tanks, are attached outside the rack. The gas panel is reduced
in size by using a Swagelok Miniature Modular System. The polarizing magnetic field is
provided by 16 small coils 30 cm in diameter arranged in a tower configuration. Mu-metal
plates are placed at the top and the bottom of the tower to improve field uniformity. Also, low
carbon steel side cage panels are used for the field flux return and magnetic isolation. The
module containing the polarizing column (Fig. 9a,b) can be easily disconnected from the other
sub-systems and moved into a 90° side tilted position for service (column replacement/
cleaning). The hyperpolarized xenon travels to the freeze-out through the down-tube located
inside regions of increasing field, and freezes in the 0.4 T field of a custom permanent magnet.
The freeze-out system accommodates a higher capacity of accumulated xenon. The freezing
and thawing processes are fully automated and computer controlled. The level of automation
for the whole system is being refined to a higher level, where the user’s interaction with the
system is reduced to a few commands. The polarizer can be monitored and diagnosed remotely.
Laser power output is scaled-up and uses an externally-locked narrowed spectrum setup [30].
A complete safety review and failure analysis has been performed and is being continuously
updated. The system is presently in commercial production (Fig. 9c). Its performance is
specified at the same level as the UNH prototype polarizer.

4 Discussion
We described a novel design for a xenon polarizer capable of producing large quantities of
highly polarized 129Xe through Rb spin-exchange optical pumping. The advantage of working
at low pressure results in a large spin-exchange rate between Rb and 129Xe allowing for rapid
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continuous flow of the gas mixture. The concept of three functional regions for the main cell:
Rb vapor saturator, SEOP hot region, and Rb condensing region was implemented into a large
scale polarizer. A novel design for the optics was developed for a better match to a long
cylindrical cell. Xenon polarization dependence on different operating parameters were studied
showing an optimum temperature of 160°C and a minimum of 125 torr nitrogen partial pressure
required in the gas mix. Polarization output of 64% for 0.3 slh of xenon flow rate, 50% for 1.2
slh, and 22% for 6.0 slh were produced by our system. Higher polarization measurements, but
within the error limits, were reported after the polarizer was successfully relocated to the MRI
scanner at Brigham and Women’s Hospital. With a novel design of the freeze-out system,
which assures the accumulation of frozen polarized xenon in a thin layer, we measured close
to full recovery of liter quantities of polarized gas after thawing. Delivery systems for frozen
and gaseous hyperpolarized xenon were demonstrated. Commercial availability of a compact
version of this system was announced in 2007, and is currently in production at Xemed LLC.
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Fig. 1.
a) UNH polarizer schematic: 1) xenon/nitrogen/helium gas mixture input; 2) Rb metal puddles
vapor sources; 3) SEOP hot region; 4) Rb condensing cold region; 5) liquid cooled jacket; 6)
gas transport down-tube; 7) polarization measurement NMR system; 8) Xe freeze-out helix
located inside the 0.3 T magnet-box; 9) gas exhaust; 10) oil heated oven/bath; 11) laser
entrance; 12) laser spectrum absorption monitor (spectrometer); 13) B0 field coils. The solid
arrows show the gas trajectory in the system. b) Polarizing column with its main components.
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Fig. 2.
Gas flow system schematic: 1-connection to calibration volume; 2-purifier; 3-purifier bypass
loop; 4-pressure gauge; 5-secondary vacuum pump; 6-thermal cell filling port; 7-down-tube;
8-freeze-out; 9-pressure gauge; 10-ballast gas input; 11-exhaust port to main vacuum pump.
A ⊗ refers to a valve, MFC to mass flow controller, and PC to pressure controller.
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Fig. 3.
a) Schematic of the classical optical setup for circular polarizing laser light: a linear polarizing
beam splitter cube followed by quarter wave plates on each component. b) Schematic of the
UNH optical setup: starting with a half-circle fiber output, the transmitted and the reflected
beams meet at the imaging point ”O” to create a final circular beam.
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Fig. 4.
a) By using only five inputs of the seven available, the fiber output approaches the half-circle
shape; b) High magnification projected image of the combined beams; c) Final optical setup
and the output beam shape at one meter away: the beam fills the 4 cm diameter target.
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Fig. 5.
a) Classic cold-finger style freeze-out. Gas comes down through the middle tube and
accumulates on the outside tube surface. b) Novel helix design freeze-out: gas comes down
through the helix and exits upwards through the middle tube. c) Schematic of the freeze-out
system: the xenon is accumulated uniformly inside the helix by raising the liquid nitrogen level
in a controlled manner.

Hersman et al. Page 15

Acad Radiol. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
a) Frozen xenon delivery system: large cryo-biological storage system with a permanent
magnet box to assure a 0.1 T holding field during delivery. b) Gas phase transport system: large
case enclosing the solenoid coil with the delivery cell of one liter in the center. The coil can
be powered from the wall, car (cigarette lighter socket), or by an internal rechargeable battery.
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Fig. 7.
Largest 129Xe polarization numbers achieved during preliminary tests at optimum found
operating parameters of 160°C temperature, 500 torr total pressure, 1350 sccm total flow, and
~125 torr nitrogen partial pressure. Polarization numbers are fitted with an empirical
exponential curve.
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Fig. 8.
Polarized xenon production map considering a relaxation time in frozen state of 2.5 hours and
no polarization loss during the freeze-thaw cycle. Numbers shown on the contour lines
represent final polarization expressed in percent.
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Fig. 9.
Prototype of compact xenon polarizer: a) CAD drawing of the system components. Labeled
components are: 1-coil tower surrounding the oven and the column, 2-laser and optics box, 3-
double mirror box for laser beam deviation into the polarizing column, 4-NMR permanent
magnet setup, 5-gas flow panel, 6-dedicated controlling and monitoring computer, 7-vacuum
pump, 8-laser chiller; b) same as previous, only that column is shown in servicing mode; c)
real system presently under testing and refinement.
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