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INTRODUCTION

In its present form, magnetic resonance imaging (MRI) produces images by mapping
the hydrogen nuclei in the tissues of the body. However, certain portions of the body,
most notably the lungs, have remained difficult to image using conventional MRI. Infor-
mation about lung function has been even more difficult to obtain with presently available
radiological techniques. A new implementation of MRI using laser-polarized noble gases
has recently been demonstrated!:? wherein lasers are used to enhance the MR signal from
noble gases such as 3He and 2°Xe, making them easily observable in a conventional MRI
scanner. Initial experiments have already yielded spectacular magnetic resonance images
of the lungs of laboratory animals, and recently the first images of a human subject have
been produced. This technology should provide functional information that can be impor-
tant in evaluating and treating pulmonary embolisms, emphysema, asthma, lung cancer
and a wide variety of respiratory problems.

Magnetic resonance imaging with laser-polarized noble gases has been made possible
by years of basic physics research in the areas of optical pumping and spin exchange3*,
largely supported by AFOSR with more recent assistance by ARPA. Optical pumping
uses circularly polarized light, most often from a laser, to create a large electron spin
polarization in a vapor of rubidium or similar atoms. In a collision with a noble gas atom,
the electron spin of the rubidium atom can be transferred to the nuclear spin of a noble-gas
atom. Extremely large nuclear polarizations can be obtained on time scales ranging from
minutes to a few hours. With Titanium:Sapphire lasers and, more recently, high-power
AlGaAs laser diode arrays, it is possible to polarize nuclei in substantial quantities of gas
(a few liters at STP). This is enough for use in magnetic resonance imaging.

In magnetic resonance imaging, an image is reconstructed from the radio waves pro-
duced by precessing nuclear magnetic moments. For images of human beings, the pre-
cessing moments are almost always protons, the nuclei of hydrogen atoms. However, the
radio signals from a spin-up nucleus completely cancels the radio signals from a spin-down
nucleus, and since the excess of spin-up to spin-down nuclei in normal magnetic resonance
imaging is only a few per million. This “thermal polarization” is produced by very large
magnetic fields, tens of thousands of times larger than the field of the earth. It is only
because of the huge number of protons in living tissue (mostly water) that the radio waves
from this part-per-million proton polarization are strong enough to create an image.

By contrast, optical pumping and spin exchange produces noble gas nuclear polar-

-izations of order 1, so that the magnetic resonance signal per noble gas nucleus is one

million times larger than the signal per proton in conventional MRI. Thus, even though
the density of nuclei in a gas is one thousand times smaller than the density of protons in
tissue, the huge increase in polarization more than compensates for the fewer nuclei and
very bright images of laser-polarized gas can be obtained.

The first gas images, of the excised lungs of a mouse, were made in 1994 with a few
cc’s of laser-polarized 12°Xe by a team of researchers from Princeton University and the
State University of New York at Stony Brook!. Further collaboration between Princeton
and researchers at Duke University? yielded the first images made with laser-polarized
3He; the first lung images® of a living guinea pig were reported early in 1995. A team
from Princeton and Duke Universities produced the first human lung image® at the Duke
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Medical School on September 18, 1995. Clinical research is expected to commence in early
1996 at a number of institutions.

MR imaging with laser-polarized noble gases offers a wide variety of possible clinical
applications. The large non-equilibrium polarizations allow rapid imaging techniques to
be used. Presently, a single “slice” of a human lung can be imaged in much less than
one second, so real-time imaging of lung function is possible for the first time. The high
resolution offered by the technique and the intrinsic three-dimensional nature of MRI
means that areas of compromised lung function can be localized to a much higher degree
than presently possible. Current clinical techniques involve the use of inhaled radioactive
133Xe (a gamma emitter) to produce a two-dimensional projection image of the lung with
resolutions on the order of 1 cm X lecm. The technique is frequently combined with
radioactive ??Tc, injected intravenously and imaged in a similar manner. By contrast,
initial, fully three dimensional human images using laser-polarized *He have a resolution
of 3mm X 3mm without any optimization.

While initial experiments have concentrated on imaging in the gas phase, laser-
polarized 12°Xe offers the further possibility of imaging the blood and tissues as well.
Xenon is highly soluble in tissue (especially fatty components) and will dissolve in the
blood at levels of order 20% of its concentration in the gas phase. Since the polarization of
129X e survives 10’s of seconds in the blood, imaging with 12°Xe of many parts of the body
in addition to lungs should be feasible. Dissolved 12°Xe has a precession frequency that is
easily distinguished from the gas-phase frequency, so gas-phase and tissue images can be
recorded separately. Detection of pulmonary emboli (blood clots in the lung), a condition
that contributes roughly 200,000 deaths per year in the United States, is envisioned as
a procedure which could make excellent use of this type of imaging. Other diagnostic
possibilities are almost certain to arise once large-scale clinical research commences. Lung
function is an important concern for the DoD in many areas, including lung function of
aviators at high altitudes, deep sea divers, and chemical warfare environments.

Thus far, noble gas MRI experiments have made use of commercial MRI scanners
which have been retuned to the noble gas precession frequency (a relatively straight-forward
and inexpensive task). However, because the signal to noise ratio of the MR signal from
laser-polarized noble gases is independent of magnetic field strength, imaging with much
smaller fields will be possible. A dedicated MRI unit for noble gas imaging would be small,
inexpensive, and easily portable.

Although clinical research has yet to begin in earnest, several clinical applications of
laser-polarized noble gas MRI are already becoming apparent, and more uses are certain to
be uncovered. The production of the polarized noble gases is still grounded in basic physics
and this research must continue in order to produce ever growing quantities of polarized
noble gases necessitated by medical experiments. Interactions of the noble gas atoms with
surfaces, and well as further subtleties of optical pumping and spin exchange efficiency will
continue to be explored with the potential for tremendous gains in production capability.
Progress in clinical research will depend on further successes in the physics laboratory.



BODY

During the period covered by this report, our research efforts were focused on the
applications of laser-polarized *He and '?°Xe in magnetic resonance imaging and on the
basic physics that makes this possible. Spectacular *He images of the lungs of laboratory
animals have been acquired in collaborative work with the Center for In Vivo Microscopy
at the Duke University Medical School. These were quickly followed by the first images of
human lungs, work that is described in more detail in Appendix B. The first 129X e images
of human lungs were acquired in the spring of 1996 by a team of researchers from our
group at Princeton and by researchers from the radiology department of the University of
Virginia Medical School. The experiments were very successful and they show that because
of the high solubility of xenon in human tissue and because the new xenon accumulator
described below can make large volumes of 12°Xe gas with high spin polarization, imaging
of the human brain and of other body parts in addition to the lungs will be possible.

There is rapidly growing international interest in this new technology. Professor Gor-
don Cates, who is one of the scientific leaders of this ARPA work, gave the kickoff talk at
an international workshop on medical imaging with laser-polarized *He and '?°Xe. The
workshop was held in Les Houches, France on October 7-11, 1996, and sponsored by the
French government. The program for the workshop is attached as Appendix D.

Dr. Bastiaan Driehuys has developed a very effective new system for polarizing large
amounts of 12°Xe with inexpensive diode laser arrays. The basic idea is to use a high-
pressure mixture consisting of a few per cent xenon in a carrier gas that is largely ordinary
helium with enough nitrogen to ensure quenching of the laser-excited Rb atoms. The
helium pressure-broadens the optical absorption spectrum of the Rb atoms so they can
more efficiently absorb light from the diode laser arrays, which typically have a spectral
bandwidth of 2 or 3 nm. The helium causes negligible spin depolarization of the Rb atoms,
which lose the spin produced by optical pumping primarily in collisions with xenon atoms.
As a result of the Rb-Xe collisions, the nuclei of the 12°Xe atoms are polarized in two or
three minutes.

To accumulate large amounts of spin-polarized 12°Xe, the gas mixture flows steadily
through an optical pumping chamber. The flow rate is adjusted so a *?Xe atom spends
enough time in the pumping chamber to be nearly completely spin-polarized. After lowing
out of the chamber, the gas flows into a cold trap, where the xenon condenses to small
crystals, resembling ordinary frost or snow, and the helium and nitrogen gas flows through
the cold trap without condensing and is vented into the room. A more detailed description
of the accumulator is contained in Appendix C.

One of the most important components of this technology is the laser used for spin-
exchange optical pumping. We have made good progress understanding the performance
of diode laser arrays, which are the preferred technology because of their relatively low cost
and promise of reliable performance. We have developed an effective, three-dimensional
mapping procedure to determine the electron spin polarization produced by the diode laser
arrays in the Rb vapor of the cells. This has allowed us for the first time to quantitatively
diagnose the performance of the lasers and to give useful feedback to Opto Power, the
company which is supplying and improving the diode laser arrays used in our polarizers.

A fundamental patent “Magnetic Resonance Imaging Using Hyperpolarized Gases,”
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Patent Number 5,545,396 was issued to Princeton University and the State University of
New York on August 13, 1996 for the work described above. Princeton University has filed
additional patents on work supported this DARPA grant, a patent on wall coatings for
hyperpolarized gases, a patent on the 12°Xe accumulator mentioned above, and a patent
on a system to polarize 3He.

Much of the technology developed under this grant is being transferred to the startup
company Magnetic Imaging Technologies, Inc. (MITI), located in the Research Triangle
area of North Carolina through a licensing agreement with Princeton University. One of
the recent new hires of MITI is our former student and postdoctoral research associate,
Dr. Bastiaan Driehuys. MITI aims to make magnetic resonance imaging with *He and
129X e a commonplace medical diagnostic procedure as soon as possible.



CONCLUSIONS
The aim of this work,as outlined in the Statement of Work attached as Appendix

A, was to develop as rapidly as possible the capability to produce large amounts of nuclear
spin-polarized '?°Xe and 3He gas for magnetic resonance imaging of humans and for other
applications. This promising new diagnostic method uses conventional magnetic resonance
imaging machines, along with laser-polarized 2*Xe and *He gas, to make images of human
lungs and other body cavities. Xenon is so soluble in blood and tissue that it will be possible
to image other organs like the brain with laser-polarized '>Xe. The research has been
very successful, and some of the highlights are:

The first *He images of human lungs were obtained in collaboration with the Radiology
Department of the Duke University Medical School on September 19, 1995. This work
has now been published and a reproduction of the paper is attached as Appendix B.

Progress has been made in understanding the operation of diode laser arrays for spin-
exchange optical pumping of 12°Xe and 3He gas. This work, which will soon be ready
for publication, has shown that a key problem of current diode laser arrays is their
very nonuniform spatial intensity distribution. This problem can be solved by using
fiber-coupled arrays, though the laser cost is still an issue. We are working with the
laser manufacturer, Opto Power, Inc., to develop a cost effective laser. This is the
work proposed in Item 1. of the Statement of Work, “Diode lasers.”

A cryogenic accumulator for laser-polarized !2°Xe has been successfully developed
to produce the large amounts (liters) of 12°Xe needed for diagnostic studies of the
human body. The accumulator is very similar to the device proposed in Item 2. of the
Statement of Work, “Large-volume source of spin polarized Xe-129.” A description of
the accumulator has been published, and a copy of the paper is attached as Appendix
C.

The first 12°Xe images of a human lung were obtained in collaboration with the Ra-
diology Department of the University of Virginia in the spring of 1996. This kind of
experiment was proposed in Item 3. of the Statement of Work, “Magnetic resonance
imaging with Xe-129.” A preprint of the work, which will submitted for publication
in the next few weeks, is available on request from the Principal Investigator.

Stimulated by our work, the first international workshop on inert gas imaging was
held in Les Houches, France during the fall of 1996. The program of this conference
is attached as Appendix D.
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APPENDIX A
Statement of Work
for ARPA Grant DAMD 17-94-J-4469

Laser Spin-Exchange Polarized *He and ?°Xe
for Diagnostics of Gas-Permeable Media
with Nuclear Magnetic Resonance Imaging

1. Diode lasers. We will optimize the design of spin-exchange optical pumping systems
for inexpensive diode laser arrays. The important issues are:

(a)

(b)

The large spectral linewidth (=~ 2 nm FWHM) of the diode lasers. This makes
it necessary to use pumping chambers with high gas pressures, typically sev-
eral atmospheres or more, to provide enough pressure broadening of the atomic
absorption line of the alkali-metal atoms to utilize most of the laser light.

We will assess the long-term reliability of diode laser arrays for spin-exchange op-
tical pumping. For pumping the vapor of rubidium metal, GaAlAs diode material
is needed. In the past, the tendency of the Al to oxidize at the end facets and
the related propagation of dark line defects have limited the lifetime of GaAlAs
diode lasers. However, major improvements in processing may have resolved these
problems. If GaAlAs laser lifetime should be a serious issue, there are good rea-
sons to expect much longer lifetimes from aluminum-free materials like GaSbAs,
which can be grown by MOVCD. The operating wavelengths of aluminum-free
lasers are too long to pump Rb vapor, but they would be an excellent match for
Cs vapor.

2. Large-volume source of spin polarized Xe-129. So far, only He-3 is available
in sufficient quantities (liters) for magnetic resonance imaging of human lungs. We
will develop large volume sources of Xe-129, which is of interest because of its much
greater solubility in human tissue than He-3, and because there is an inexhaustible,
readily recoverable supply from the atmosphere. The issues we must address here are:

(a)

(b)

The spin-exchange and spin destruction cross sections of Xe-129 with alkali-metal
atoms are some five orders of magnitude bigger than those for He-3. Other things
being equal, this means that Xe-129 can be polarized five orders of magnitude
more quickly than He-3. Unfortunately, Xe-129 is also five orders of magnitude
more potent in destroying the spin of the alkali-metal atoms than He-3. Selecting
the optimum concentration of Xe-129 and other gases in the optical pumping
chamber is therefore crucial to allow fast pumping while maintaining adequate
spin polarization of the alkali-metal atoms.

It is more difficult to store spin polarized Xe-129 for long periods of time than
is the case for He-3 gas, which can be kept polarized at room temperatures for
many hours. We expect to be able to solve this problem by developing deuterated
wall coating materials for the cells that contain Xe-129. Work in our laboratory
has shown that most of the spin relaxation of Xe-129 is due to interactions with
the nuclear magnetic moments of protons of hydrogenated wall materials. Since
deuterons have a much smaller magnetic moment than protons, they will cause
less spin depolarization.

12



(c) A very convenient way to maintain spin polarized Xe-129 for long periods of time
is to freeze it at liquid nitrogen temperatures or below, where it has completely
reproducible spin relaxation times of many hours. We will incorporate cryogenic
storage of Xe-129 in our systems.

3. Magnetic resonance imaging with Xe-129. Although Xe-129 was used in the
very first magnetic resonance images with laser-polarized gases — a mouse lung imaged
in a collaboration between our Princeton group and a group at the State University
of New York at Stony Brook —the most spectacular recent images have been obtained
with He-3, which until now has been available in much larger volumes than Xe-129.
With the success of our efforts to make much larger amounts of spin-polarized Xe-129,
we will use it to image laboratory animals and perhaps humans. Xenon gas is very
soluble in blood, and there is a good possibility that enough Xe-129 will dissolve in
the blood to permit magnetic resonance imaging of body tissue. This work will be
done in collaboration with enthusiastic research partners at the medical schools of
Duke University, the University of Virginia, the University of Texas at San Antonio,
and Vanderbilt University.
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APPENDIX B

Technical Developments and Instrumentation

Human Lung Air Spaces: Potential for MR Imaging

James R. MacFall, PhD
H. Cecil Charles, PhD
Robert D. Black, PhD
Hunter Middleton, PhD
John C. Swartz, PhD
Brian Saam, PhD
Bastiaan Driehuys, PhD
Christopher Erickson, BS
William Happer, PhD
Gordon D. Cates, PhD
G. Allan Johnson, PhD
Carl E. Ravin, MD

Two healthy volunteers who had in-
haled approximately 0.75 L of iaser-
polarized helium-3 gas underwent
magnetic resonance imaging at 1.5 T
with fast gradient-echo pulse se-
quences and small flip angles (<10°).
Thick-section (20 mm) coronal images,
time-course data (30 images collected
every 1.8 seconds), and thin-section (6
mm) images were acquired. Subjects
were able to breathe the gas (12% po-
larization) without difficulty. Thick-
section images were of good quality
and had a signal-to-noise ratio (S/N)
of 32:1 near the surface coil and 16:1
farther away. The time images showed
regional differences, which indicated
potential value for quantitation. High-
resolution images showed greater de-
tail and a S/N of approximately 6:1.

Index terms: Lung, MR, 60.12143 * Magnetic
resonance (MR), contrast enhancement,
60.12143 » Magnetic resonance (MR), nuclei
otherthanH, 60.12147
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with Hyperpolarized He-3'

CLINICAL magnetic resonance (MR)
imaging provides a map of the
distribution of hydrogen-1 density in
human subjects, mainly in water and
fat. Contrast is also provided by the
relaxation values (T1, T2) of the H-1in
the tissue and the pulse sequence se-
lected (repetition time, echo time). The
success of MR imaging has depended
in part on the high concentration of H-
1 in tissue. The density of water vapor
is very low (on the order of 10* of the
density of water in tissue). MR imag-
ing of the gas spaces in the lungs and
the movement of gases (ventilation)
has seemed technically unfeasible,
since the signal from such sources
would also be 10+ of the signal from
tissue and thus would be too low to
image successfully.

MR imaging of lung gas space is also
challenged by poor magnetic-field ho-
mogeneity due to many tissue-air inter-
faces and to the presence of artifacts
caused by physiologic motion (cardiac,
respiratory). Many MR imaging sys-
tems include techniques to reduce or
control for motion artifacts. Also, the
use of a very short echo time can re-
duce signal loss due to the magnetic in-
homogeneities. The low gas density in
lung air spaces, however, has contin-
ued to be a problem with conventional
MR imaging.

MR imaging generally has low sensi-
tivity because only a very small frac-
tion of H-1 spins are polarized by the
applied magnetic field. Typically, spins
in a 1.5-T magnetic field will experi-
ence only a 10 polarization (predomi-
nance of spins populating the low-en-
ergy spin state vs the high-energy spin
state).

Dramatically higher polarization val-
ues have been achieved with noble
gases such as xenon-129 and helium-3
by using optical pumping with lasers,
rather than a magnetic field, to create
the population difference in the spin
states (1,2). With this method, polariza-
tions exceeding 50% can be developed
thatoffer a possible 10°-10°signal en-
hancement factor. Because thesignalisa
function of the polarization and the den-
sity, the result is a potential factor of 10>~
10°signal enhancement. Other consider-
ations related to the difference in the
resonant frequency of He-3 or Xe-129 and
H-1 can further reduce the potential sig-
nal enhancement to between a factor of 10
and 100.Such images have been obtained
by using hyperpolarized He-3in guinea
pig lungs (2). In this study, we evaluated
the methods and results of obtaining hy-

14

* perpolarized He-3 images in humanlung

gasspaces.

Materials and Methods

Gas preparation.—He-3 gas was hy-
perpolarized by means of spin-ex-
change collisions with optically
pumped rubidium atoms (3), as has
been described in detail previously (2).
Briefly, research-grade He-3 gas is pur-
chased commercially and transferred to
a 150-mL cylindric aluminosilicate
glass chamber at 10 atm along with 70
mm Hg of nitrogen-2 and 0.1 g of ru-
bidium metal. The container is heated
to 180°C and exposed to 100 W of circu-
larly polarized irradiation from a diode
laser array aligned to illuminate the en-
tire volume along the axis of the cylin-
der. The laser is tuned to the 795-nm
D1 resonance of rubidium. The laser in-
duces electronic spin polarization of
the rubidium, and this polarization is
transferred to the He-3 by means of col-
lisional spin exchange.

The apparatus was aligned with the
10-G fringe field of a 1.5-T imaging
magnet. This allowed the polarization
buildup to be monitored with a low-
field pulsed (nonimaging) nuclear MR
detector. After 10~12 hours of optical
pumping, polarization levels of between
5% and 15% were achieved. Subse-
quently the container was cooled to
room temperature, which caused most
of the rubidium to be deposited on the
inner surface of the container. Residual
rubidium vapor concentration was 10%
atoms per milliliter. The T1 value of the
polarized He-3 was at least several
hours in the high-pressure glass con-
tainer.

MR imaging.—Imaging was per-
formed at 1.5 T with a whole-body, com-
mercially available MR imaging unit (Si-
gna, revision 5.3; GE Medical Systems,
Milwaukee, Wis) equipped with the
spectroscopy accessory. Magnitude im-
ages were acquired with a gradient-echo

- pulse sequence. Normally, such a pulse

sequence uses a narrow-band receiver
tuned to the Larmor frequency for pro-
tons at 1.5 T. The pulse sequence was
modified with the manufacturer’s re-
search software to use the broad-band
receiver that is supplied with its spectro-
scopic imaging product and to adjust
the gradient strengths for the difference
in gyromagnetic ratio between He-3
(3,459.31 Hz/G) and H-1 (4,257.26 Hz/
G). Thus the same sequence could be
used to image at H-1 (63.87-MHz) and
He-3 (48.65-MHz) frequencies.
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A unique feature of imaging with hy-
perpolarized gas is that there is no
need to include spin T1 recovery con-
siderations in the choice of repetition
time because there is no recovery of the
hyperpolarization in the magnetic field.
Thus, a repetition time was chosen that
was as short as possible for the readout
bandwidth, and an echo time was cho-
sen that was as short as possible with
the available gradient strength (1 G/
<m, 600-second rise time). Typical oper-
ating parameters included coronal orien-
tation, 128 x 256 matrix, 32-cm field of
view, and onesignal acquired.

Three examinations were performed.
The first, thick-section imaging, was
performed with 20-mm section thick-
ness, acquisition of three sections, 149/
3.3 (repetition time msec/echo time
msec), 6° flip angle, and plus or minus
4-kHz bandwidth. Acquisition of the
three sections was repeated five times
during a 28-second breath hold.

Dynamic imaging was performed
with 20-mm section thickness, 7.0/2, 3°
flip angle, and plus or minus 16-kHz
bandwidth. Thirty images were col-
lected for each of two sections in an in-
terleaved fashion during a period of 54
seconds. The time necessary to obtain
an individual image was 0.9 seconds,
and the time that elapsed between ac-
quisition of consecutive images for a
given section was 1.8 seconds. The sub-
ject began shallow breathing after ap-
proximately 20 seconds of breath hold-
ing while the imaging continued.

Thin-section imaging was performed
with a 6-mm section thickness, acquisi-
tion of 30 sections, 9.5/3.0, 8° flip
angle, and plus or minus 16-kHz band-
width. The sections were obtained in
two passes: The odd-numbered sec-
tions were collected in the first pass,
and the even-numbered sections were
collected in the second pass. The total
acquisition time was 36 seconds during
a breath hold.

Because the conventional coils for the
MR imaging system are tuned for H-1
imaging, an octagonal transmit-receive
surface coil 26 cm in diameter (center of
conductor) was constructed for the He-3
imaging as shown in Figure 1. The coil
was fabricated of 1.25-cm-wide copper
foil tape (3M, St Paul, Minn) on a 0.635-
cm-thick acrylic substrate with the ca-
pacitance (high Q, ceramic capacitors;
Dielectric Laboratories, Cazenovia, NJ)
distributed on each leg of the structure
(eight capacitors total, 120 pF per ca-
pacitor). This coil, when loaded with a
subject, had a quality factor (Q,) of 40.
The matching network was an element
design (4). A standard H-1 frequency
preamplifier (GE Medical Systems) with
a noise figure of less than 0.5 dB was ca-
pacitively retuned for use at the He-3
frequency, and a transmit-receive switch
was constructed with use of a lumped

* Radiology

element “quarter wave” design (4).

The choice of flip angle in hyperpo-
larized gas imaging is similar to that in
conventional imaging of objects with
extremely long T1 values. Because the
longitudinal magnetization does not re-
cover to the hyperpolarized level, small
flip angles must be used to leave suffi-
cient magnetization for the typically
128 or 256 radio-frequency pulses used
in a pulse sequence. Ideally, for a single
image, the flip angle would slowly in-
crease during imaging, so that a con-
stant transverse magnetization would
be created from the gradually declining
longitudinal magnetization. For the
present studies, a simpler scheme was
used that incorporated a constant ra-
dio-frequency flip angle, under the re-
quirement that the transverse magneti-
zation near the end of data acquisition
for an image should be reduced by no
more than 50% of the initial transverse
magnetization. The fraction of magneti-
zation left after n radio-frequency
pulses of flip angle a is cos"(a); there-
fore, whenn equals 128 pulses and o.
equals 6° the initial magnetization is re-
duced by about 50%.

For H-1 imaging, flip angles conven-
tionally have been scaled from the am-
plitude of the radio-frequency power
that corresponds to a 90° flip angle as
determined with a preimaging proce-
dure. During this procedure, a 90° pulse
should create the maximum signal as
long as the repetition time is long
enough to allow complete recovery of
magnetization. This preimaging proce-
dure cannot be performed in the same
manner as a breath hold of polarized
He-3, because pulses near 90° remove
magnetization that does not recover and
hence invalidate the preimaging as-
sumptions. Thus, an approximate deter-
mination of the flip angle for the coil
was made before human imaging began
by using a high-pressure (approxi-
mately 10 atm) He-3 nonhyperpolarized
phantom, which produces a small but
detectable signal, placed at the center of
the coil. The coil was loaded with a sa-
line bolus to mimic a human chest.
Transmit levels for 90° and 180° pulses
were determined with this phantom and
were used to calculate the appropriate
level for the hyperpolarized gas exami-
nations. Note that because a transmit-re-

- ceive surface coil was used, the flip-

angle calibration refers to the center of
the coil. The value of the flip angle away
from the center of a circular surface coil
falls slowly along the axis for small dis-
tances. It reaches 70% of the central
value at a distance of one-half the radius
and falls to 35% of the value at a dis-
tance of 1 radius (5).

Subjects and imaging procedure—~Two
healthy male volunteers, aged 38 and
46 years, underwent MR imaging at
Duke University Medical Center. The
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Figure 1. Diagram of the transmit-receive
surface coil used for the He-3 imaging. The
octagonal section was constructed with
1.25-cm-wide copper foil tape on 0.635-cm-
thick acrylic substrate. The coil diameter is
26 cm. pF = picofarad, nH = nanohenry.

study protocol was approved by the in-
stitutional review board, and informed
consent was obtained. The subject’s
heart rate and partial pressure of oxyen
were monitored during iinaging (Omni-
Trak; In Vivo Research, Orlando, Fla).
Each subject first underwent conven-
tional H-1 MR imaging so that the region
of interest could be located and the gen-
eral anatomicstructures could be visual-
ized. After the MR system was prepared
for He-3 imaging, the He-3 gas was
passed through a 0.2-m filter (Gelman
Sciences, Ann Arbor, Mich) to ensure
complete removal of rubidium particles
from the gas stream. A gas sample from
asimilarly polarized cell (obtained with-
out the filter) was analyzed with a re-
sidual gas analyzer (Dataquad DAQ3.2;
SpectraMass, Congelton, Cheshire, En-
gland) and was found to have no detect-
able level of rubidium. The filtered gas
was collected ina conventional plastic
bag (approximately 1.2 L of He-3) to
which a plastic tube and hand-operated
valve wereattached.

The bag was delivered to the subject
in the magnet, and the subject was in-
structed to open the valve, inhale the
gas through the tube, and hold his
breath as long as he could. We esti-
mated that approximately 0.75 L of gas
actually reached the imaging volume.
The subject also had a “squeeze bulb”
that actuated a signal audible to the MR
operator. For the thick-section and
thin-section examinations, the subject
actuated the signal when he had com-
pletely inhaled the gas. For the dy-
namic examination, the subject actu-
ated the signal as he began to inhale
the gas. Imaging was started when the
signal was heard by the operator.

The thick-section and dynamic exami-
nations were performed with one volun-
teer. The thin-section examination was
performed with the second volunteer.

Image analysis.—The signal-to-noise
ratio (5/N) of images was calculated for
the different examinations by using the
display features of the MR system (a cir-
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d.
Figure 2.
The falloff in signal intensity in the apex of th
coil. The signal intensity on the left and right
side the field of view.

cular cursor superimposed on the im-
age) to define a region of interest. A re-
gion of interest of 98 mm? was used to
determine the average image intensity
in a region of the lung field judged to
represent “average” features. Also, the
standard deviation in a similar region of
interest positioned outside the subject
and that consisted of noise was used to
approximate the image noise (the “air”
noise). The S/N was calculated as the
ratio of the average region-of-interest
signal intensity to the measured air
noise: The S/Ns were then corrected by
a factor of 0.65 to account for use of air
noise, which resulted in underestima-
tion of the true standard deviation (6).

Results

Thick-section imaging.—The subject re-
ported no discomfort during the He-3
breath hold except for a mild tickling
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e lungs in the He-3 images is

e.
(a~c) Thick-section (20 mm) coronal He-3 images and (d-f) corresponding H-1 images of the lungs in a healt”.
due to the position and limited receptivity (26 cm) of the surface
sides near the edges in d-f is an aliasing artifact from the arms and shouldurs, which were out-

sensation at the back of his throat at the
end of the breath hold. His Po, remained
within normal limits for breath holding
and his heart rate increased slightly, but
both indicators returned to normal after
imaging.

The gas processing reached a polar-
ization value of 13%. The signal satu-
rated the preamplifier for the first two
repetitions of the sequence and caused
strong image artifacts that made the
images unusable. Representative thick-
section He-3 images corresponding to
the third repetition are shown along
with the corresponding H-1 images in
Figure 2. The S/N for an average-inten-
sity region was on the order of 32:1 in
the most anterior image in Figure 2 and
decreased to approximately 16:1 in the
most posterior image for data acquired
in the middle of the acquisition (third
repetition).

Dynamic imaging.—The subject re-
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ported no discomfort or difficulty in
breathing the He-3, and the monitored
heart rate and Po, changes were unre-
markable. Gas polarization for this ex-
amination was 5%. A representative se-
quence of images is shown in Figure 3.
TheS/N for a representative region on
the earliest image was approximately
26:1.

Figure 4 is a graph of image intensity
as a function of time (image number)
for three regions of interest positioned
near the apex, middle, and bottom
(near the diaphragm) of the lung, re-
spectively, in the most anterior image
series.

Thin-section imaging.—The subject re-
ported no discomfort or ill effects after
inhaling the He-3. There were no no-
table changes in his heart rate orPo,. A
representative image is shown in Figure
5.The gas polarization for this examina-
tion was 7%. The S/N for the first-pass

Radiology
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Figure 3. He-3 images selected from a dynamic examination (30 images obtained at 1.8-second intervals) of the distribution of He-3 in the
lungs of a healthy volunteer. Acquisition of these images was separated by 3.6 seconds. A reduction in signal intensity due to repetitive im-
aging of the same section during a breath hold can be seen in (a—d) the initial images. The He-3 signal intensity in the trachea (e} disappears
when the subject begins shallow breathing of room air and then (f) reappears during exhalation.

(odd-numbered) images in the anterior
region was on the order of 6:1. For the
second-pass (even-numbered) sections,
the S/N was a factor of nearly one-third
less.

Discussion

These results show that very good
quality images of the distribution of
He-3 in the lungs of a human subject
can be obtained with approximately
0.75 L of hyperpolarized He-3 (approxi-
mately 8% polarized) and with a mini-
mally modified commercial 1.5-T-MR
imaging system. The pulse sequence
and coils were of conventional design,
and their use was well within the capa-
bility of most systems and the abilities
of most researchers. Typically, multiple
acquisitions were made in a given loca-
tion; therefore, even better S/N could
be obtained with use of larger flip
angles and a single acquisition.

Thick-section imaging.—The nonuni-
formity and falloff in signal intensity
toward the edges (especially in the api-
ces) was consistent with the position of
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the surface transmit-receive coil, and
the reduction in depth of intensity was
also to be expected. The actual ana-
tomic resolution appeared to approach
that determined by means of calculated
pixel dimension (1.25 x 2.5 mm) as
shown by the sharp cutoff of signal in-
tensity at the left and right edges of the
lung and at the diaphragm. The inden-
tations into the lungs by the ribs were
also remarkable. In addition, the paths
of blood vessels appeared as tracks of
low intensity, indicating that the He-3
was not taken up by the blood in any
large quantity.

The signal intensity that appeared
outside the lung in the mediastinal
spaces (Fig 2c, center) was an artifact.
This artifact was caused by minor satu-
ration of the receiver by the large initial
signal at the lowest phase-encoding
value in the acquisition and was not
thought to represent any penetration of
gas into the mediastinal and pleural
spaces. The saturation was due to the
difficulty of precisely setting the gain
of the receiver as described earlier. The
subsequent repetitions had a lower sig-
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Figure 4. Graph of He-3 signal intensity
(arbitrary [arb.] units) as a function of image
number (0.9 second per image, 1.8-second
interval) for three regions of interest (area =
98 mm?) in the lung of a healthy volunteer.
The regions of interest are at the apex (0),
middle (¢), and bottom (0) of the left lung.
The subject began shallow breathing of
room air between the 10th and 11th image
(arrow).

nal intensity and no noticeable exterior
signal. Figure 2c illustrates this effect at
the second repetition of the image. Fig-
ure 2a and 2e (fifth repetitions) show

that the effect is not present later when
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Figure 5. (a) Thin-section (6 mm) coronal He-3 image of the lung in a healthy volunteer was
obtained at a position through the heart. The falloff in signal intensity toward the bottom of
the lung is due to the position and limited receptivity (26 cm) of the surface coil. (b) H-1 im-
age of the same region was obtained to hcly orientation and identification of the anatomic

structures.

the signal intensities are decreased. The
initial S/N, calculated on the basis of
the flip angle prescribed, should be
about a factor of 4 higher than that of
the third repetition, because each image
consumes about half of the available
magnetization.

Dynamic imaging.—The coil was posi-
tioned more toward the head in this ex-
amination than in the thick-section ex-
amination. This new position provided
better image quality in the apex of the
lung but reduced signal intensity near
the diaphragm. Use of a reduced flip
angle helped preserve the signal inten-
sity throughout the examination, even
though the S/N was reduced from the
previous examination, because the
bandwidth was wider, the polarization
was lower, and the flip angle was
smaller.

The graph in Figure 4 shows the
typical regional dynamics of filling the
lungs with gas and exhaling the gas. It
also shows the effects of the loss of po-
larization during the imaging process.
Note the delayed peak of the lower part
of the lung compared with the other re-
gions. The image intensity was reduced
by about 28% after each image was ob-
tained during breath hold and was re-
duced at a lower rate thereafter. The
expectation had been that the signal in-
tensity would be reduced more rapidly
during shallow breathing, owing to
simple dilution of the He-3 with air;
however, the lower-than-expected re-
duction may be evidence of more com-
plicated gas dynamics that involve in-
flow of He-3 from unimaged regions of
the lung. He-3 from unimaged regions
would be at full polarization and
would thus slow the loss of image sig-
nal intensity. Therefore, although the
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dynamics appear to be complicated, the
fact that the different regions showed
different rates of filling and clearance
indicates that quantitation of the MR-
image time sequences may allow
quantitation of regional ventilation.
The series in Figure 3 shows the dis-
appearance of signal intensity in the
trachea when the subject began to
breathe room air and the reappearance
of signal intensity when the subject ex-
haled. The subject reported that he
needed to swallow near the end of the
dynamic imaging procedure, and it is
interesting to note that a small area of
high signal intensity appeared in the
region of the stomach, consistent with
some gas being transported to the
stomach during swallowing.
Thin-section imaging.—The thin-sec-
tion images exhibited the expected
higher anatomic resolution that was
seen in the depiction of the cartilage
around the trachea and of the dark re-
gions in the lung, corresponding to
blood vessels. The images were noisier
than the previous examinations, but the
value was consistent with use of the
larger flip angle, wider bandwidth, and
thinner sections. The lower S/N for the
second-pass sections was attributed to
mixing of the already imaged He-3 gas
(depleted magnetization) from the first-
pass sections with the gas in the sec-
ond-pass sections during the 15 sec-
onds between passes; this mixing
would lead to approximately a 30% re-
duction. Additional loss mechanisms
likely resulted from a section profile
that was somewhat wider than the sec-
tion spacing. This indicates that se-
quential rather than alternate section
acquisition would provide improved
results. Finally, it is possible that the
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second subject inhaled a smaller quan-
tity of the gas, resulting in lower signal
intensity than expected. He also may
have loaded the surface coil differently
than the first subject, leading to in-
creased noise.

Other technical considerations.—Sub-
jects reported no difficulty breathing
the He-3 beyond one mention of dry-
ness in the throat. The gas had no wa-
ter vapor because of the processing,
and so throat dryness was to be ex-
pected. Because the use of He-4 is well
established in diving mixtures, the
safety of He-3, which is chemically
identical to He-4, should not be an is-
sue. Subject comfort may be improved
by adding water vapor or, for continu-
ous breathing, mixing the He-3 with O,
that is sufficiently moist before the gas
is delivered to the subject.

The use of a transmit-receive surface
coil with a large area worked well in
this experiment, although the shape
and size of the coil could be improved
to provide better image uniformity and
coverage. The posterior regions in par-
ticular suffered S/N loss due to the dis-
tance from the surface coil. This loss
was a problem in terms of visualization
and relative quantitation, because it
was difficult to know whether the low
signal intensity of a region was due to
coil nonuniformity or poor ventilation.
Of course, use of a small flip angle
helped create a larger region of uni-
form excitation and reception than
would result with use of a large flip
angle (the magnetization close to the
coil would disappear too rapidly with a
large flip angle) (5). In future experi-
ments, we believe development of a
larger area “wrap-around” surface coil
with a transmit-receive configuration
would be valuable.

Radio-frequency power-level calibra-
tion also worked well with our proce-
dures but may be too time-consuming
for clinical application. If larger quanti-
ties of gas were available, preimaging
could be automated to occur during a
short preliminary hyperpolarized He-3
breath hold, while the steady reduction
in signal intensity due to repeated exci-
tations was observed. The rate of re-
duction would be used to calculate the
flip angle. For single-pass imaging, the
pulse sequence could include a slowly
increasing flip angle calculated to keep
the transverse magnetization constant
during image acquisition. For dynamic
image acquisition, however, use of
much smaller flip angles would be nec-
essary to preserve the magnetization
throughout multiple acquisitions.

Interpretation of He-3 images.—The im-
ages obtained showed that the He-3 gas
appeared to rapidly fill all lung spaces
and was contained within the lungs,
confined by the pleural boundaries of
the lung and the trachea. There ap-
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peared to be no visible He-3 signal in-

. tensity from the blood, the surrounding

fat and muscle, or the mediastinal re-
gions. Initially, He-3 was channeled
into the lung air spaces in the same
manner as a normal air mixture. Dur-
ing a breath hold, the He-3 subse-
quently moved by convection and dif-
fusion. It is uncertain, however, how
well the He-3 was confined to a given
region, because He-3 is known to dif-
fuse much more rapidly than air.

The diffusion coefficient of He-3 is on
the order of 2.0 cm?/sec (7); hence, He-3
may move on the order of 1 mm in the 5
msec between phase encoding and read-
out of the signal. Thus, the ultimate
level of spatial resolution may be on the
order of 0.5-1.0 mm for He-3. This
would still be much higher resolution
than is achieved in typical nuclear medi-
cine images. In any case, the images are
very promising for thin-section evalua-
tion of ventilation at a segmental level
and possibly for quantitation of the gas
flow dynamics at a subsegmental level.
Much work remains to be done, how-
ever, in the evaluation of differences in
flow dynamics between He-3 gas-air
mixtures and normal air before this
technique is clinically applicable.

Although the S/Ns were good,
higher values would allow thinner sec-
tions to be used. These higher values
may be possible if larger quantities of
gas are available so that the subject can
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continuously breathe a mixture of He-3
and O,. Deep-sea divers routinely
breathe a mixture of 16%-20% O, with
the balance being He-4. Similar mix-
tures could be prepared for longer term
imaging to create high-resolution im-
ages with good S/N.

Cost also must be considered in the
evaluation of all new imaging methods.
Presently, He-3 can be obtained for
about $120 per liter. This price is compa-
rable to the usual cost of MR imaging
contrast agents and may decrease if de-
mand increases. The source of He-3 is
tritium decay; thus its supply depends
on the amount of tritium produced. The
worldwide supply is limited but is prob-
ably sufficient for medical use. It would
be possible in a commercial system to
recover the He-3 and purify and recycle
it, which would extend the supply con-
siderably. The results of this study indi-
cate that lung ventilation images with
good resolution can be achieved with
use of He-3. Future studies should con-
centrate on whether such images can
contribute important information to the
evaluation of lung and airway disease
that would justify the cost of MR imag-
ing at the frequencies of both H-1and
He3. =
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APPENDIX C

" High-volume production of laser-polarized '**Xe
B. Driehuys,® G. D. Cates, E. Miron, K. Sauer, D. K. Walter, and W. Happer

Department of Physics, Princeton University, Princeton New Jersey 08544
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A method is described for producing several liters of nuclear spin polarized '*Xe gas via spin
exchange with an optically pumped Rb vapor. We use a 140 W AlGaAs laser diode array whose
broad spectral output is efficiently absorbed by employing ~10 atm of “He to pressure broaden the
Rb DI absorption profile. "Xe is polarized in a continuous gas flow and is then cryogenically
accumulated and stored. Extensions of this technique should enable the production of tens of liters
of 12Xe with a nuclear spin polarization of order 50%. Production of laser-polarized '*Xe in liter
quantities is important for the continued development of magnetic resonance imaging using
spin-polarized ®Xe. © 1996 American Institute of Physics. [S0003-6951(96)01838-4]

The utility of laser-polarized noble gases such as 129Xe
and *He is rapidly becoming apparent in a wide variety of
disciplines.!”> For example, recent developments in mag-
netic resonance imaging (MRI) using laser-polarized '*°Xe
* (Refs. 6 and 7) and *He (Refs. 8—11) have demonstrated the
potential for an entirely new medical imaging diagnostic.
Initial development of KR! using laser-polarized *He has
progressed rapidly, benefitting from the development of po-
larized >He targets for nuclear and medium energy physics
expcriments,3"2“15 Until now there has been no comparable
technique for production of laser-polarized 12Xe gas in the
liter quantities needed for MRL In this letter we present a
method that can be used to produce highly polarized 129Xe in
such quantities.

The rate of production of polarized 129Xe via spin ex-
change with an optically pumped Rb vapor is proportional to
the photon current A7 absorbed by the Rb'®

5; 2{K ) 'PXe]V=nAl, 1)

where ['?Xe]V is the number of ®Xe atoms, K, is the z
component of the 'Xe nuclear spin, and % is a measure of
the efficiency with which photon angular momentum is con-
verted into nuclear spin angular momentum. The spin-
exchange efficiency in the 129%e—Rb system is 1)=0.07;'7
the remaining angular momentum is lost to the rotation of
the Rb—Xe pair. Given this efficiency, continuous absorption
of 1 W of laser power by the Rb vapor enables the polariza-
tion of nearly 40 cm® of '2Xe gas per hour.

The dependence of the polarized ’Xe production rate
on photon absorption rate points to the need for high laser
power. Diode laser arrays, e.g., AlGaAs for the 795 nm D1
line of Rb or InGaAs for the 895 nm D1 line of Cs, are
extremely appealing light sources for optical pumping and

spin exchange applications. Qutput powers in excess of 100 -

W can now be routinely achieved at the 795 nm Rb D1 reso-
nance using stacked arrays. With such high power, low cost
and compact structure, these arrays may well replace the

traditional Ar*/Ti:sapphire laser pair for most optical pump-

ing and spin exchange applications.
The primary technical challenge in using diode laser ar-
rays for optical pumping is efficient utilization of their broad

dEJectronic mail: drichuys@pupgg.princeton.edu
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spectral output. The spectral distribution of these lasers can
be well approximated as Gaussian® with a linewidth of
2-3 nm full width at half-maximum (FWHM). One way to
permit the Rb vapor to absorb light over such a broad range
of wavelengths is to collisionally broaden the Rb D1 absorp-
tion profile using a suitable high-pressure buffer gas.'®1?
Several authors have already demonstrated the usc of diode
laser arrays for spin exchange polarization of 3He."" By
employing 3He densities of order 10 amagat (Ref. 20) (lim-
ited only by the structural integrity of the glass pumping
cells), the 795 nm Rb absorption resonance is broadened to
roughly 0.3 nm FWHM, making it possible to absorb a large
fraction of the incident laser power.

Unlike helium, xenon is not well suited as a pressure
broadening gas because of its much greater capacity for spin
depolarization of the optically pumped Rb.2! The spin polar- -
ization of the Rb vapor during optical pumping is determined
by a balance of polarization induced by the absorption of
circularly polarized laser light and depolarization caused by
collisions of the alkali metal atoms with buffer gas atoms.
Optical pumping with a uniform laser profile yiélds a Rb
polarization

7op( z)

Yop(2) + Ysa @

Pgy(2)=

where v,,(z) is the optical pumping rate per Rb atom at
position z along the pump axis and Y is the Rb spin de-
struction rate

Y= 2 €M) ©

where «'; is the spin-destruction rate coefficient for a given
buffer gas, and [M,] is its number density. The Rb spin de-
struction rate due to binary Rb-Xe collisions is
Ky=5.2x10"" cm?®s™'.?' more than three orders of mag-
nitude greater than the corresponding spin destruction rate
for Rb—>He collisions x4<(23%02)x107"® cm®s™ 1.2
To maintain Pg, at sufficiently high levels one needs
Yop= Ysa- Although high optical pumping rates can be
achieved using diode laser arrays, the laser intensity is de-
pleted within a short distance from the front face of the pump
chamber, resulting in a reduction of 7,, and a precipitous
drop in Pgy.

© 1996 American Institute of Physics
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FIG. 1. Comparison of optical pumping with and without “He pressure
broadening. A laser power of S0 W with Gaussian distribution (2 nm
FWHM) is assumed incident on a cylindrical cell with an area of 5cm?
containing 0.1 amagat of [Xe}. (a) Rapid decrease in Rb polarization with
increasing distance z into the cell. (b) Transmitted laser intensity at the
dashed line showing narrow absorption of taser light. {c) Using 10 amagat of
“He to pressure broaden the Rb D1 line 60 times more than Rb atoms can be
polarized. (d) Transmitted intensity profile shows 43% absorption of the
incident laser light.

Figures 1(a) and 1(b) demonstrate optical pumping of Rb
in the presence of 0.1 amagat of Xe without the use of an
appropriate pressure broadening gas. Equation (2) has been
numerically evaluated in a fashion similar to that found in
Refs. 13—15 and 23. We have assumed 50 W of collimated
diode laser array light (2 nm FWHM) incident on a cylindri-
cal chamber with a front face area of 5 cm?. Figure 1(a)
illustrates the rapid drop in Rb electronic polarization with
increasing distance z from the front face of the pump cham-
ber. The dashed line indicates the point at which the volume-
average Rb polarization (Pgy) has dropped to 90% of the
polarization at the front face of the cell Pr(0). Figure 1(b)
shows the remaining laser profile at that point in the cell.
Due to the narrow absorption resonance, only 1% of the
incident laser intensity is absorbed before the Rb polarization
becomes undesirably low. Use of higher pressures of Xe
would allow more of the laser light to be absorbed, but
would result in unacceptably low alkali spin polarization.

Figures 1(c) and 1(d) demonstrate the use of
~10 amagat of *He to pressure broaden the Rb DI reso-
nance so that a much greater fraction of the incident laser
light can be absorbed. Due the low spin destruction capacity
of *He compared to Xe, Rb spin relaxation continues to be
dominated by collisions with Xe. By again specifying
{Pgo)=0.9Pg(0), we find that the number of Rb atoms that
can be polarized is 60 times greater than without “He broad-
ening, and that 43% of the available laser intensity is ab-
sorbed.

The nuclear spin polarization of 129X e achieved through
spin exchange with an optically pumped Rb vapor after a
time ¢, is

Vse

Pxdty)= o (Pro)(1—e ™7 2). @)
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Polarized 12%Xe Tap

FIG. 2. Schematic of the high—volume '*’Xe polarizer. A high-pressure
mixture of He, Xe, and N, passes through a getter and then through a Rb
vaporizer (v) and into the optical pumping chamber. The total gas flow rate
is controlled with a needle valve (nv) and measured with a flow meter (fm)
while total pressure (P) is monitored. Polarized **Xe is frozen in a cold
finger at 77K in a 2 kG magnetic field. Once accumaulation has stopped,
solid Xe is thawed and collected at the polarized 129%e tap. Optimization of
the optical pumping temperature is achieved by monitoring the spectral
profile of the light exiting the cell using an optical multichannel analyzer
(OMA).

The factor Ye./( Vst ¥w) Tesults from an equilibrium be-
tween the rate of polarization transfer ¥, to 129¥e through
spin exchange collisions with Rb and the rate of polarization
loss ., from 1%Xe to the cell wall. However, in our system
Vo> > Yw» despite uncoated cell walls.’ Thus, ¥, can be
neglected, giving Py(1,)~(Pry)(1—e~ ). '

The Rb-'2°Xe spin exchange rate ¥, under conditions
where He is the dominant third-body gas can be derived
from the work of Cates and co-workers®

yx=[Rb](<asev>+f'§‘ei]), 5)

where [Rb] is the number density of Rb atoms, and {o'v) is
the velocity-averaged binary spin exchange cross section
which has been measured to be (o.v)=(3.7£0.6)
%1071 cm® s™'.%* Spin exchange resulting from the for-
mation of Van der Waals molecules is characterized by «y,
which can be estimated from Ref. 24 to be «kp
=(1.7+£03)X10* s~ I, At a pumping temperature of 150°C
([Rb]=1.04% 10"* cm™'), which is attainable in our system,
the time constant 7= 1/, for spin exchange is only 22s.
Such short spin exchange times make a continuously flowing
129Xe polarization system possible.

Figure 2 shows a schematic of a prototype device that
has been constructed to polarize 129Xe in the presence of
high-pressure “He. A gas mixture containing about 98%
4He, 1% Xe, and 1% N, (Ref. 25) flows through the optical
pumping chamber at roughly 10 amagat. The N, serves to

collisionally de-excite Rb atoms in the 5Py, state during op-

tical pumping to prevent depolarizing radiation trapping.26
The gas stream first flows through a zirconium getter’’ which
removes H,0, O,, CO,, CO, and other impurities that can
react chemically with Rb and result in decreased [Rb]. The
gas stream then passes through a hot copper wool mesh
coated with Rb metal where it obtains a saturated vapor of
Rb. This Rb vaporizer serves to maintain [Rb] against losses
resulting from Rb reacting with residual impurities or Rb that
leaves the cell in the gas stream. The optieal pumping cham-
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ber, a cylinder 25 mm in diameter and 80 mm in length, is
maintained at a temperature between 130°C and 150°C
(3.6X 103<[Rb]<1.0X 10" cm™3) depending on the
available laser power. The gas flow rate is adjusted using a
needle valve so that a '®Xe atom spends several spin-
exchange periods in the optical pumping chamber and thus
exits highly polarized.

As the gas stream exits the optical pumping chamber, the
Rb vapor condenses on the surface of the glass tubing and
polarized '?°Xe is extracted further downstream by trapping
it as a solid in a cold finger. ®Xe retains its polarization
during freezing28 and the strongly temperature-dependent re-
laxation time of solid '**Xe is about 3 hr at 77 K.?? The spin
lattice relaxation time T of the solid-phase 'Xe constrains
the duration of the accumulation. After an accumulation time
1, the remaining polarization of the '*°Xe ice is

Pye(1)=Pxe(O)(T, I1)(1 ="/ M), 6

where Py.(0) is the polarization of the ®Xe exiting the
optical pumping chamber. Equation (4) can be substituted for
Py.(0) and the Xe flow rate Fy, can be related to pumping
time ¢, through Fx.=[Xe]V,/z,, giving

1XelVp, ¥se
PXe(ta)-__(PRb)(TlI’a)(l—e—lulrl)(l_e_TL (7)

where [Xe] is the Xe atom density in the pump chamber and
V, is the volume of the pump chamber. The accumulated
equivalent gas volume is Vy.=Fx.t,/L, where Ly=2.689
% 10" atoms/cm® is Loschmidt’s number.

The final polarization of the '**Xe gas for a desired vol-
ume Vy. can be maximized by appropriate choice of gas
flow rate and accumulation time. For example, if 7,=3 hr
(T=77 K and B,=500 G) and the desired final volume of Xe
gas is Vy,=500 cm’®, a 'Xe polarization of 60% can be
attained by accumulating for r,=14 hr at a flow rate of
Fy./Ly=6 cm*/min (600 cm*/min total gas flow rate). Al-
ternatively one could maximize Vy, for a specified polariza-
tion level, or maximize the product Vx.Px..

Initial operation of the prototype device has allowed us
to produce roughly 1 liter of '**Xe gas with a polarization of
5%. While this represents an order of magnitude increase in
previously reported volumes of polarized '*°Xe, the polariza-
tion level attained was much lower than predicted. The lack
of uniformity of our diode array beam profile and the diffi-
culty of collimating the light into the optical pumping cell
contribute to this problem. The beam nonuniformity results
in regions of low Rb polarization and the lack of collimation
results in wasted laser intensity. As evidence of low Rb po-
larization, a '**Xe polarization of only 22% was observed in
the optical pumping chamber when gas flow was stopped.
Furthermore, there is some evidence that the relaxation time

of the solid '®Xe is not as long as would be predicted from

Refs. 28 and 29, perhaps due to the vastly different condi-
tions under which solid Xe is being formed in our system.
This would result in lower '?®Xe polarizations, especially for
the long accumulatior time needed to produce 1 liter of gas.

An important aspect of the '**Xe polarization method
described here is that it can be readily extended to produce
larger quantities of polarized '**Xe without requiring higher
laser power. In our present system, the relaxation time of the
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solid '*?Xe constrains the useful accumulation time. By low-
ering the temperature of the cold finger to 4.2 K one can
achieve relaxation times as long as T, =12 days in the solid
129Xe.? With such long relaxation times, polarized '*Xe
accumulation can continue on time scales of days enabling
the production of many liters of gas with a single device. To
prevent potential problems of N, freezing into the Xe lattice
at lower temperatures it may be possible to substitute H, as a
quenching gas, and condensing at 7= 14 K. Assuming 43%
absorption of 50 W of laser light, as in Figure 1(d), and using
7=0.07, 20 liters per day of '*Xe could be polarized.
This work was supported by the AFOSR, ARO, and the
Defense Advanced Research Project Agency (DARPA).
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APPENDIX D

International Workshop on (as of September 29)

Perspectives of MR Imaging using Polarized Gases
L: Lecture (30+10 minutes); C: Contributed (15+5 minutes); P: Poster (short presentation)

Tuesday, October 8

7 pm: welcome drink
8 pm: dinner

Wednesday, October 9

8:00-8:45 breakfast

9:15 Welcome

9:25-9:50 Michele Leduc (L): ’Optical pumping of noble gases’

9:50-10:30 Gordon Cates (L): 'Polarizing large quantities of 3He and '**Xe by spin exchange optical
pumping’

10:30-11:00 coffee break

11:00-11:40 Werner Heil (L): ’Optical pumping of metastable 3He: a highly efficient method to
produce large quantities of spin polarized 3He’
11:40-12:20 Hubert Ducou-le-Pointe (L): "Medical imaging modalities: an overview’

12:30 lunch

15:00-15:40 Mitchell Albert (L): 'Biomedical applications of hyperpolarized '**Xe (HypX) MRI’
15:40-16:10 Norbert Weiler (L): "Distribution of pulmonary ventilation and perfusion’

16:10-16:40 coffee break

16:40-17:00 Michele Leduc (C): *High nuclear polarization in 3He and 3He-*He gas mixtures by optical
pumping with a 1083 nm laser diode’
17:00-17:10 Pierre-Jean Nacher (P): *Optical pumping of metastable 12°Xe’
17:10-17:20 Kevin Coulter (P): "Polarization of 2°Xe by laser diode array OP / new lasers’
17 20-17:40 Lesley Rogers (C): ’Complete high powet sermconductor la.ser d10de systems for producmg
" spin polarized gases’ '
17:40-18:00 Nils Carlson (C) "Narrow-linewidth, ]ugh power laser ledCS at 1083nm wavelength’

18:00-18:15 break

18:15-19:15 Round table discussion - Chair: Ernst Otten
’Optical pumping and laser technology’
19:30 dinner
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Thursday, October 10

8:00-8:45 breakfast

9:00-9:40 Michael Bock (L): *He MRI: basics and diffusion effects’
9:40-10:20 Luc Darrasse (L): *The challenge of low-field MRI: a new deal with hyperpolarized gases?’

10:20-10:45 coffee break

10:45-11:05 G. Allan Johnson (C): "Hyperpolarized MRI using projection encoding’

11:05-11:25 Lei Zhao (C): *Optimal pulse sequences for hyperpolarized 12°Xe MRI’

11:25-11:35 Yannick Cremillieux (P): *Projection-reconstruction imaging with 3He’

11:35-11:45 Frank Kober (P): "NMR of non-hyperpolarised gas’

11:45-12:15 Reinhard Surkau (C): *He MRI: provision of polarized ®He and first applications’
12:15-12:25 Thomas Gentile (P): "Polarized *He research at NIST’

12:25-12:35 Matthew Rosen (P): *The Michigan optical pumping and laser polarized Xenon delivery

system’
12:30 Iunch
14:30-14:50 Hans-Ulrich Kauczor (C): 'Imaging of the lungs using 3SHe MRI: preliminary clinical

experience’
14:50-15:10 James R. Brookeman (C): MR imaging of the human lungs with hyperpolarized 2°Xe
gas, and spectroscopy of dissolved phases of ?°Xe in the lungs and brain’
15:10-15:30 Matthew Rosen (C): "Laser polarized >°Xe magnetic resonance imaging and spectroscopy

studies: current in vivo results’
15:30-15:50 Scott Swanson (C): ’Brain MRI with laser polarized 129Xe
15:50-16:00 Angelo Bifone (P): ’Optically enhanced *°Xe and ®He NMR and MRI in cancer research’

16:00-16:30 coffee break

16:30-16:50 Geneviéve Tastevin (C): "Dense polarised 3*He gas for MRI: metastability-exchange optical
pumping and cryogenics’
16:50-17:10 Giorgio Frossati (C): ’Possibility of producing polarised *He and polarised D, by brute-
‘ force methods’
17: 10—17 30 Masayoshi Tanaka (C): ’Production of nuclear polarized 3He by electron pumping’
17:30-17:50 Hubert Rakhorst (P): A production route for enriched '*Xe using Urenco gascentrifuges’

17:50-18:15 break

18:15-19:15 Round table discussion - Chair: André Constantinesco
"Perspectives of hyperpolarized gases with respect to functional imaging of respi-
ratory and pulmonary functions’

19:30 dinner

After dinner: Round table discussion - Chair: Joseph Hajnal
’Applications to perfusion imaging’
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Friday, October 11

8:00-8:45 breakfast

9:00-9:45 Alexander Pines (L): ’Enhancement of surface and solution NMR/MRI using laser polarized
Xenon’

9:45-10:05 Heinz Jaensch (C): "Polarized gases: a perspective for surface analysis - status’

10:05-10:25 Ronald Walsworth (C): Model of hyperpolarized **Xe uptake in human tissue’

10:25-11:00 coffee break

11:00-11:20 Mitchell Albert (C): *Temporal dynamics of hyperpolarized '>°Xe resonances in living
- rats’
11:20-11:40 Kevin Coulter (C): "Uptake of laser polarized **Xe for NMR and MRI’
11:40-11:50 Giles Santyr (P): ’T; relaxation times of *Xe in tissue homogenates’
11:50-12:10 Mitchell Albert (C): *Investigation of hyperpolarized '?°Xe lifetimes in blood’
12:10-12:30 Ching-Hua Tseng (C): 'Laser-polarized '?°Xe spectra in in vitro blood and blood deriva-
tives’

12:30 Iunch

14:00-15:00 Round table discussion - Chair: Robert Black
Industrial and cost issues’
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