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ABSTRACT

The present invention relates to a method and apparatus for hyperpolarizing a
noble gas by spin-exchange optical pumping which includes a polarization cell
contaiming the noble gas, a primary alkali metal and an auxiliary alkali metal. The
polarization cell 1s 1lluminated with radiation to optically polarize the primary alkali
metal. This enables spin-exchange interaction between the primary alkali metal, the

auxiliary alkali metal and the noble gas resulting in a hyperpolarized noble gas.
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ALKALI METAL HYBRID SPIN-EXCHANGE OPTICAL PUMPING

BACKGROUND OF THE INVENTION

The invention relates to methods of hyperpolarizing noble gases. More
particularly, the invention relates to methods of high efficiency optical pumping

methods for hyperpolarizing noble gases.

It is known that noble gases such as *He and '*’Xe can be "hyperpolarized" using laser
techniques. Such polarization methods include spin-exchange optical pumping, by which an
alkali metal vapor is optically polarized, followed by "exchange" of this polarization with the
noble gas (Bouchiat et al. 1960; Bhaskar et al. 1982; Happer et al. 1984; Zeng et al. 1985;
Cates et al. 1992). Other polanization methods employ metastability exchange, in which
noble gas nuclei (typically helium-3 (CHe)) are directly optically pumped without an alkali
metal intermediary (Schearer 1969; Lalo€ et al. 1984). Systems for producing polarized noble
gases are described 1in U.S. Patent Nos. 5,642,625 and 5,617,860.

Hyperpolarized noble gases can be used for numerous purposes. Historically,
polarized '“”Xe has been used for fundamental symmetry studies (Chupp et al. 1994), nuclear
spin relaxation studies of solids (Gatzke et al. 1993), high resolution nuclear magnetic
resonance spectroscopy (NMR) (Raftery et al. 1991), and cross-polarization to other nuclei
(Gatzke et al. 1993; Long et al. 1993). Polarized *He is also an important nuclear target
(Anthony et al. 1993; Middleton (1994)).

Most recently, the enhanced NMR signals of laser polarized '*°

Xe, which are about

129
: Xe, have made

five orders of magnitude larger than those from thermally polarized
possible the first high-speed biological magnetic resonance imaging (MRI) of a gas (Albert et
al. 1994). Helium-3 has also proven to be an excellent nucleus for gas phase MRI (Middleton
et al. 1995). U.S. Patent No. 5,545,396 describes the use of '*’Xe 3He, and other noble gas
nucler for biological MRI. These striking advances are now opening many new avenues of

research.

The principal limitation in these applications of polarized noble gases has been the
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availability of sufficient quantities of the gases to meet the demand. Accordingly, attention
has been directed to improving the rates of polanzed noble gas production. Apparatus has
been devised by which larger quantities of polarized gas can be produced on a continuous or
batch mode basis. See U.S. Patent No. 5,642,645. Methods for limiting depolarization of
noble gases by interactions with container surfaces have been addressed by providing
polymers as coatings. See U.S. Patent No. 5,612,103. Apparatus has also been developed to
permit storage of frozen polarized 129%e. See U.S. Patent No. 5,809,801.

Even with these advances, the processes by which noble gases can be
polarized are capable of further improvement, as many parameters have not been optimized.
For example, efficiency of polanzation 1s limited by the physical properties of the materials
used to construct the polarizing apparatus. Moreover, an incomplete understanding of
theoretical considerations underlying the physics of spin exchange in various systems implies

that opportunities exist to identify systems with greater efficiencies.

From a practical perspective, hyperpolarization efficiency is related to laser power,
while the cost of laser installation and maintenance often increases directly with delivered
power. Accordingly, polarization systems for producing higher amounts of polarized noble
gases can require significantly more expensive lasers. Therefore, it would be desirable to
enable the artisan to increase the polarization yield of a given laser, and thereby to mitigate

expense 1n scaled-up systems.
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It 1s one of the purposes of an aspect of this invention to overcome the above
limitations in the art of spin-exchange optical pumping methods, by providing methods by
which polarization efficiency 1s significantly improved using currently available apparatus. It
1s another purpose of the invention to provide the artisan with materials and methods that

enable a wider variety of apparatus useful for polanizing noble gases
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' SUMMARY OF THE INVENTION

It has now been discovered that these and other objectives can be achieved by
the present invention, which in one embodiment is a method of hyperpolarizing a
noble gas by spin-exchange optical pumping, comprising:

providing a polarization cell containing a noble gas and an alkali metal hybrid,
wherein the alkali metal hybrid comprises a primary alkali metal and an auxiliary

alkali metal; and

illuminating the polarization cell with radiation having a wavelength

appropriate to optically polarize the primary alkali metal;

thereby enabling spin-exchange interaction among the primary alkali metal, the

auxiliary alkali metal, and the noble gas;

whereby spin transfer to the noble gas yields hyperpolarized noble gas.

In the invention, the ratio of the primary alkali metal to the auxiliary alkali
ﬁetal 1in the condensed phase can be from about 1:100 to about 100:1, and is
preferably from about 1:25 to about 25:1. The ratio of the primary to the auxiliary
alkali metals 1n the vapor phase can be from about 1:100 to about 10:1, more

preferably from about 1:30 to about 1:1. It is preferred that the auxiliary alkali metal

has greater efficiency than the primary alkali metal in polarizing the noble gas.

In one preferred alkali metal hybrid, the primary alkali metal 1s rubidium and
the auxiliary alkali metal is potassium. In this case, a preferred ratio of the rubidium
to the potassium 1s about 5:95. In an alternative alkali metal hybrid, the primary alkali
metal 1s potassium, the auxiliary alkali metal is sodium. In another alternative alkali
metal hybnd, the primary alkali metal is sodium, and the auxiliary alkali metal is
potassium. The use of potassium and sodium enhances removal of the alkali metal

from the hyperpolarized gas, since sodium and potassium have lower vapor pressures.

A preferred noble gas useful according to the invention is *He. The

polarization cell can further contain a buffer gas and/or a quenching gas.
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In another embbdiment, the invention 1s a method of hyperpolarizing a noble
gas, Comprising:

a) optically polarizing a primary alkali metal by 1llumination with
radiation having a wavelength that is resonant with an electronic transition in the
primary alkali metal;

b) transferring polarization of the primary alkali metal to an auxiliary
alkali metal; and

c) delivering polarization of the auxiliary alkali metal to a noble gas,

thereby providing a noble gas having increased polarization.

~ Preferably, the pfirriary alkali metal is rubidium, and the auxiliary alkali metal is

potassium. Alternatively, the primary alkali metal 1s potassium, and the auxiliary

alkali metal 1s sodium.

In another embodiment, the invention is apparatus for hyperpolarizing a noble
gas by spin-exchange optical pumping, comprising:
| a polarization cell containing an alkali metal hybrid, wherein the alkali metal
hybnid comprises a primary alkali metal and an auxiliary alkali metal, provided that
the primary alkali metal 1s capable of substantial optical polarization at a polarizing
wavelength of light while the auxiliary alkali metal is not capable of significant

polarization at the polanizing wavelength.

In the apparatus, the alkali metal hybnd is preferably an alloy of rubidium and
potassium, more preferably an alloy comprising about 5% rubidium and about 95%

potassium. Alternatively, the alkali metal hybrid is an alloy of sodium and potassium.

In another embodiment, the invention is a method of hyperpolarizing a noble
gas by spin-exchange optical pumping, comprising:

1lluminating a polarization cell containing an alkali metal and a noble gas with
radiation of a wavelength resonant with an electronic transition of the alkali metal

under conditions and for a time sufficient to optically polarize alkali metal atoms,
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whereupon spin exchange between optically polarized alkali metal atoms and noble

gas atoms yields polarized noble gas atoms:

wherein the improvement is providing an alkali metal that 1s an alkali metal hybrid,
wherein the alkali metal hybrid comprises a primary alkali metal capable of optical
polarization and an auxihary alkali metal capable of mediating spin transfer from the

optically polarized primary alkali metal atoms to the noble gas atoms.

In another embodiment, the invention 1s a method of hyperpolarizing a noble gas,
comprising:

a) optically polarizing an alkali metal by illumination with radiation having a
wavelength that 1s resonant with an electronic transition in the alkali metal,

b) transferring the polarization of the alkali metal to a spin-exchange
mediating species; and

C) delivering the polarization of the spin-exchange mediating species to a noble
gas,
thereby providing a noble gas having increased polarization.
In this embodiment, it 1s preferred that the spin-exchange mediating species is a second

alkali metal.

In another embodiment, the invention i1s a method of hyperpolarizing a noble gas
having a non-zero nuclear spin by spin-exchange optical pumping, comprising:
providing a polarization cell containing the noble gas, a primary alkali metal, and

an auxihary alkali metal; and

1lluminating the polarization cell with radiation having a wavelength

appropriate to optically polarize the primary alkali metal;

thereby enabling spin-exchange interaction among the primary alkali metal, the

auxihary alkali metal, and the noble gas;

whereby spin transter to the noble gas yields hyperpolarized noble gas.

In another embodiment, the invention is a method of hyperpolarizing a noble gas

having a non-zero nuclear spin, comprising:
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a) optically polarizing a primary alkali metal by 1llumination with radiation
having a wavelength that is resonant with an electronic transition in the primary alkali

metal;

b) thereby transferring polarization of the primary alkali metal to an auxiliary
alkalh metal; and
C) delivering polarization of the auxiliary alkali metal to the noble gas,

thereby providing a noble gas having increased polarization.

In another embodiment, the invention is a method of an apparatus for hyperpolarizing
a noble gas having a non-zero nuclear spin by spin-exchange optical pumping, comprising:
a polarization cell containing a noble gas and an alkali metal hybrid, wherein
the alkali metal hybnid comprises a primary alkali metal and an auxiliary alkali metal; and
an optical pumping source configured to optically polarize the primary alkali

metal in the polarization cell;

wherein, in operation, the apparatus promotes spin-exchange interaction
among the primary alkali metal, the auxiliary alkali metal, and the noble gas, whereby spin

transfer to the noble gas yields hyperpolarized noble gas.

In another embodiment, the invention i1s a method of hyperpolarizing a noble gas
having a non-zero nuclear spin by spin-exchange optical pumping, comprising:

1lluminating a polarization cell containing an alkali metal and the noble gas with
radiation of a wavelength resonant with an electronic transition of the alkali metal to optically
polarize alkali metal atoms.

the improvement comprising providing an alkali metal hybrid, wherein the alkali metal
hybrid comprises a primary alkali metal capable of optical polarization and an auxiliary alkali
metal capable of mediating spin transfer from the optically polarized primary alkali metal

atoms to the noble gas atoms.

In another embodiment, the invention 1s a method of hyperpolarizing a noble gas
having a non-zero nuclear spin, comprising:

a) optically polarizing a first alkali metal by illumination with radiation having a
wavelength that 1s resonant with an electronic transition in the alkali metal;

b) transferring the polanzation of the alkali metal to a spin-exchange

mediating species, wherein the spin-exchange mediating species comprises an alkali

6a
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metal different from the first alkali metal; and

C) delivering the polarization of the spin-exchange mediating species to the noble
gas,

thereby providing a noble gas having increased polarization.

Accordingly, the invention now enables the artisan to increase the efficiency of any
given spin-exchange polarization system without modifying the physical hardware of the
system. The invention permits the artisan to polarize a noble gas more efficiently, by
providing an alkali metal hybrid in which one alkali metal 1s optically polarized and another
alkali metal functions to mediate spin transfer to the noble gas. Accordingly, less expensive
laser systems can be employed with significant cost and maintenance savings, while the

yield of polarized noble gases is substantially increased.

These and other advantages of the present invention will be appreciated from the

detailed description and examples that are set forth herein. The detailed

6b
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description and examples enhance the understanding of the invention, but are not

intended to limit the scope of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is directed to improving methods of hyperpolarizing
noble gases by spin-exchange optical pumping. The technique of polarizing noble

gas nucler by spin-exchange optical pumping involves two stages. In the first stage

B circularly polarized resonant laser light is employed to illuminate an alkali meta]

vapor, to optically align (polarize) the electron spin of the alkali metal atoms. This
first stage 1s designated “optical pumping.” In the second stage, some of the
alignment (polarization) is transferred to the nuclei of a noble gas during
spin-exchange collisions between the polarized alkali meta] atoms and the noble gas
atoms. This second stage is designated “spin exchange.” The end result of this

two-stage process 1s the transfer of angular momentum from the laser beam to the

nuclei of the noble gas atoms.

Typically this is achieved by heating the chamber in an oven, with the temperature
selected according to the particular alkali metal employed. The alkali metal vapor is
then irradiated with circularly polarized light at the wavelength of a significant
resonance of the alkali metal. Typically, the light has a wavelength at the first
principal resonance, i.e., the D, electronic transition. For rubidium, the wavelength is
795 nm. The ground state atoms are lifted to an excited state by absorbing the
Incident energy, and subsequently decay back to the ground state. In a modest

magnetic field, e.g., about 10 G, this cycling of atoms between the ground state and

the excited states leads to large (nearly 100%) polarizations in the first few

milliseconds following illumination.
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aligned or anti-aligned to the magnetic field depending upon the helicity (ri ght- or
left-handed circular polarization state) of the pumping light. If a noble gas with
non-zero nuclear spin is also present, the alkali metal atoms can undergo collisions
with the noble gas atoms through which the polarization of the valence electrons is
transterred to the noble gas nuclei by means of a mutual spin flip. This spin

“exchange” results from the Fermi-contact hyperfine interaction between the electron

and the noble gas nucleus.

The efficiency of the process of transferring angular momentum from the laser
to the nuclei of the noble gas atoms is defined as the number of noble gas nuclei
polarized divided by the number of laser photons used in the process. The physical
basis for the efficiency of spin-exchange optical pumping is the competition between

the spin-transfer processes and other processes that destroy the spin. The number of

spin-exchange optical pumping efficiency can utilize a less powerful, and less costly,

laser system to polarize a given quantity of gas to a given degree.

When considering fhe process of spin exchange from an alkali metal to the
noble gas, efficiency is defined as the fraction of angular momentum transferred to the
noble gas divided by the sum of the angular momentum transferred to the noble gas
and the angular momentum lost through other mechanisms. It has now been found
that, surprisingly, the efficiency that characterizes spin exchange between alkali
metals and a noble gas can be significantly modulated by selecting a combination of
alkall metals, termed herein an “alkali metal hybrid.” In particular, it is now possible
to substantially increase the efficiency of spin-exchange optical pumping by selecting
appropriate combinations of alkali metals. For example, it has now been observed
that the efficiency characterizing spin exchange between potassium (K) and helium-3

(*He) is about ten times greater than the efficiency of spin exchange between rubidium
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(Rb) and °He. An Rb-K hybrid according to the invention significantly improves

efficiency over that possible using Rb alone.

The mvention described herein uses a hybrid mixture of two different alkali
metals in the optical pumping vessel. The use of the alkali metal hybnd can
substantially increase the efficiency of the spin-exchange optical pumping process
over that of conventional techniques that only utilize a single alkali metal Species 1n
the optical pumping vessel. Among the advantages of the method of the invention is

that the alkali metal hybrid can be used in the context of established and available

" methods for optically pumping the alkali metal Vapor.

Without wishing to be bound by theory, it is hypothesized that in
spin-exchange optical pumping with two different alkali metals according to the
invention, the primary pathway for the angular momentum is consistent without
regard to which two alkali metals are employed. This can be exemplified in the

context of an alkali metal hybrid comprising rubidium and potassium.

Angular momentum enters the optical pumping chamber in the form of
circularly polarized laser photons tuned to the Rb D, electronic transition, aligning the
valence electron spin of the Rb atom. The polarized Rb atom then collides with 2 K
atom, and the Rb polarization is then transferred to the K through the angular

momentum-conserving electron-electron spin exchange process. The polarized K

~ atom then collides with a noble gas atom', transferring the polarization from the

valence electron of the K atom to the nucleus of the noble gas atom. The use of K as
an intermediary spin-exchange partner between the optically pumped Rb and the

noble gas nuclei enables the artisan to gain part of the increase in efficiency associated
with the K-’He system. As a consequence, the artisan is enabled to overcome the fact

that at present lasers capable of optically pumping the K directly are prohibitively

EXpeEnsive.
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It may be noted that the primary pathway for transfer of angular momentum
proceeds from the primary alkali metal to the auxiliary alkali metal and then to the
noble gas, some fraction of the momentum will likely be transferred directly from the
primary alkali metal to the noble gas. Indeed, the artisan will appreciate that
numerous collisional processes will occur contemporaneously in a gas system
comprising a plﬁrality of components. However, it is typically the case that the
contribution of the direct transfer mechanism to the net polarization of the noble gas is

substantially less than the contribution of the hybrid transfer mechanism.

While the specific combination of Rb and K is an especially preferred alkali
metal mixture, the invention can be practiced with any two alkali metals. For
Instance, the spin-exchange optical pumping efficiency of Na-2He is predicted to be a
factor of three greater than that for K-*He. Therefore, the invention can alternatively
be implemented using K- Na as the alkali metal mixture. In this scenario, the

potassium is optically polarized, while spin transfer to the 3He is mediated through

sodium.

Alternatively, given a radiation source emitting at an appropriate wavelength,
sodium can be optically pumped with a polarization efficiency approaching 100%.
Spin transfer to *He can be mediated through a hybrid comprising sodium (primary
alkali metal) and potassium (auxiliary alkali metal). The composition of the alkali

metal hybrid can be adjusted so that only a minor amount of sodium is present,

' ther"eby‘minimizing ill effects associated with sodium’s intrinsic tendency to attack

the vessel structure. Thus, while the efficiency of the spin-exchange process using
such an alkali metal hybrid is lower than that theoretically possible for sodium alone,

the unique characteristics of the alkali metal hybrid enable the artisan to overcome a

significant materials problem inherent in the use of sodium.

It 1s emphasized that lasers emitting radiation at wavelengths appropriate for
optically polarizing sodium or potassium are available, but are presently economically

impractical as compared to systems available for polarizing rubidium. Accordingly,

10
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the primary alkali metal in many applications will be rubidium. As more economical

apparatus becomes available for optically polarizing other alkali metal, the artisan will

find other combinations of alkali metal effective for polarizing noble gases in those

situations.

Accordingly, the artisan will choose to design a practicable system based on

the comparative advantages of the component elements. For example, the artisan will

temperature at which polarization can be performed, the flow rates achievable in
tlowing polarization systems, the conditions required to separate the alkali metal from
the polarized noble gas, etc. Indeed, the method of the invention can be incorporated

for use in flowing polarization systems such as that described in U.S. Patent No.

5.642.625.

The method of the invention can be used to hyperpolarize any noble gas.
Preterred noble gases for hyperpolarization include '®Xe and *He, with *He being
more preterred. However, other noble gas 1sotopes having nuclear spin can be
hyperpolarized according to the invention, including, for example, neon-21 (*'Ne),

krypton-83 (*Kr), and xenon-131 (*'Xe). The polarizable 1sotope of the noble gas

may be present in the noble gas in natural abundance, or the noble gas may be

enriched for the desired isotope.

The noble gas may be provided in admixture with a buffer gas and/or a

quenching gas, to further promote polarization efficiency. Buffer gases function to

band of wavelengths. A preferred quenching gas is “He or hydrogen. Quenching

11
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gases function to suppress fluorescence by the alkali metal atoms during the

hyperpolarizing process. Preferred quenching gases include nitrogen and hydrogen.

The alkali metals capable of acting as spin-exchange mediators in optically

pumped systems include any of the alkali metals. Preferred alkali metals include

sodium, potassium, rubidium, and cesium. Typically, these alkali metals will have

natural 1sotopic abundance, without enrichment for particular 1sotopes. However,
alkali metals enriched for isotopes may be employed. Preferred isotopes include

lithium-7 ("Li), sodium-23 (¥*Na), potassium-39 (**K), rubidium-85 (85Rb)

~ rubidium-87 (*'Rb), and cesium-133 ('Cs)

The alkali metal hybrid useful according to the invention typically comprises a
primary alkali metal and an auxiliary alkali metal. These terms are defined relative to
a specific system for hyperpolarizing a particular noble gas. A primary alkali metal is
defined as an alkali metal that is capable of substantial optical polarization in the
h-yperpolarizing system. An auxiliary alkali metal is defined as an alkali metal that (a)
1s capable of spin exchange with the primary alkali metal and the noble gas, and (b) 1s
incapable of significant optical polarization at the wavelength used to polarize the
primary alkali metal. The alkali metal hybrid is typically provided as a condensed-
phase alloy of the primary and auxiliary alkali metals. However, during the

polarization procedure the components of the alkali metal hybrid are each present at

least 1n part in vapor phase.

Typically, in the condensed phase, the alkali metal hybrid contains the primary
and auxiliary alkali metals in a ratio of from about 1:100 (~ 1% primary) to about
100:1 (~ 99% primary). More preferably, in the condensed phase the ratio of the
primary to auxiliary alkali metals is from about 1:25 (~ 4% primary) to about 25:1 (~
96% primary). In the case of an alkali metal hybrid in which rubidium is the primary

alkali metal and potassium is the auxiliary alkali metal, the ratio of rubidium to

potassium in the alloy can be about 5:95 (~ 5% primary).

12
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Due to a combination of factors, the vapor phase ratio of the primary to the
auxiliary alkali metal may differ significantly from that in the condensed phase.
Factors affecting alkali metal vapor ratios include, for example, temperature of the
polanzing chamber (directly related to volatility), comparative reactivity of the alkali
metals with the walls of the polarization chamber, and the like. Accordingly, in the
vapor phase, the ratio of primary to auxiliary alkali metal can be from about 1:100 (~
1% primary) to about 10:1 (~ 91% primary), and is more preferably from about 1:30
(~ 3% primary) to about 1:1 (~ 50% primary), based on the number density of each
alkali metal. To illustrate, the vapor phase ratio for the Rb-K hybrid given above is

- observed to be about 1:3 (~ 33%) at about 220°C, whereas, as noted, the condensed

phase ratio 1s about 5:95 (~ 5%). In any event, it is preferred that the primary alkali
metal be present in a sufficient quantity in vapor phase such that a significant fraction,

more preferably substantially all, of the incident polarizing radiation is absorbed.

The relative efficiencies of various alkali metals for polarizing *He is relatively
well understood, being generally inversely related to atomic mass. In general,

polanizing efficiency follows the sequence: Li, Na>K >Rb > Cs. The effect may be

less significant in the case of heavier noble gases.

The alkali metal hybrid is typically provided as a small amount of metal
deposited in the polarization chamber. The alkali metal is provided to establish the
necessary alkali metal vapor within the polarization chamber under the conditions for
polarization. Typically, the polarization chamber is heated to a temperature sufficient
to create an appreciable number density of alkali metal atoms in the chamber.
Preferably, the polanization chamber is heated to a temperature sufficient to provide
saturated the gas in the chamber with vapor from at least one, and preferably both, of
the primary and auxiliary alkali metals. In flowing hyperpolarization systems, a
vaporizer can be provided upstream of the polarization chamber to provide the
necessary vapor. Also a condenser can be provided downstream of the polarization
chamber to condense the alkali metal vapor leaving the chamber to a liquid or solid

form. Such apparatus, and recirculating apparatus, are described in U.S. Patent No.

13
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5,642,625. In addition, the use of Na and K enhances the removal of alkali metals from the
hyperpolanzed noble gas since these metals have a lower vapor pressure and therefore

condense out of the hyperpolarized gas more readily than alkalt metals with a higher vapor
pressure. This results in a substantially pure hyperpolanzed noble gas which is substantially

free of alkali metals.

The maximum achievable steady state noble gas nuclear polarization depends upon the
time constant characterizing the spin exchange with the alkali metal, and the time constant
characterizing the relaxation of (T,) due, for example, to contact with the surfaces of the
pumping cell. Methods of inhibiting depolarizing interaction between the polarized noble
gas nuclel and surfaces are known in the art. For example, polarization chambers and other
apparatus can be manufactured using materials that are substantially depleted in
paramagnetic impurities. Also, polymeric coatings can be applied to the interior surfaces of
apparatus, such 1s described m U.S. Patent No. 5,612,103. However, an important
consideration in constructing the polarization chamber is that it resist chemical degradation

by the alkali metals. For example, sodium is quite reactive, especially at higher temperatures.

Any suitable source of irradiation can be employed, provided that the irradiation
emission 1s appropriately matched to a useful electronic transition (e.g., D; or D) in the
primary alkali metal. Typically, the irradiation source is a laser. Preferably, the
hyperpolarizing photons are supplied by one or more diode laser arrays producing
continuous wave (cw) power. However, any laser system that provides sufficient power at
the alkali metal D, or D; lines may be acceptable. High pressure operation, in which the
noble gas 1s provided in the polarization chamber at supra-atmospheric pressures, has been
found to require lasers capable of delivering more than 10 W, and preferably more than
about 50 W of power. Conventional lasers capable of delivering such power are
prohibitively expensive to purchase and operate. Moreover, such lasers are bulky and require

extensive installations. Diode laser arrays avoid many of these disadvantages, bemg small,

relatively cheap, and inexpensive to operate.

Diode laser arrays are well known for use in optically pumping rubidium vapor
for spin exchange with noble gases such as °He and '®*Xe (Chupp et al. 1989; Cummings et

al. 1995). Conventional lasers emit coherent light of a single wavelength and

14
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accordingly exhibit an extremely narrow spectral profile. By contrast, diode lasers are
broadband devices, typically emitting light at a continuous band of wavelengths, i.e., the
emissions have a spectral width. Normally, this spectral width is relatively narrow,
appearing as a broadening around some principal wavelength, and being only about 1-5 nm
wide. It has been observed that the absorption band of alkali metal vapors can be broadened
by use of high gas pressures in the polarization chamber. This can be accomplished by
providing the noble gas in admixture with a buffer gas, at pressures up to about 10 atm.
Diode arrays, therefore are desirably employed in conjunction with high gas pressures in the

polanization cell to take advantage of pressure-induced broadening of the absorption band of

the alkali metal. See e.g., U.S. Patent No. 5,642,625.

The following examples are provided to assist in a further understanding of the
invention. The particular materials and conditions employed are intended to be further

1llustrative of the invention and are not limiting upon the reasonable scope thereof

EXAMPLE 1
An optical pumping cell 1s filled with a Rb-K alloy comprising 5% Rb and 95% K
and 1s heated to 218°C. The chemistry of vapors over ideal solutions states that the vapor
pressure of each alkali metal species is suppressed by its solution fraction. The equilibrium
vapor pressures of alkalt metals such as Rb and K are published in the CRC Handbook of
Chemistry and Physics, 73rd edition, CRC Press, Boca Raton (1992). In this example, the
ratio of K to Rb in the vapor phase of the optical

15
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pumping vessel is about 3 to 1, with the number density of K being about 3 x

10" cm™? and the number density of Rb being about 1 x 10" cm3. This choice of Rb
number density 1s large enough to absorb a substantial fraction of the incident laser
light. The total alkali metal number density is comparable to typical Rb number
densities used in mono-alkali metal optical pumping vessels, so that the amount of
time required to polarize a given quantity of the noble gas would be the same with the

two methods. However, due to the alkali metal mixture, this spin-exchange optical

pumping vessel is more efficient. Assigning reasonable values to other relevant

quantities, the maximum attainable *He polarization utilizing this mixture is 65%.

The efficiency of a spin-exchange optical pumping system operating with this alkali

metal hybrid 1s up to five times higher than that of a pure Rb cell. Thus, five times as
much noble gas can be polarized with the same laser. Since the price of the laser
represents the major cost in constructing a spin-exchange optical pumping system this

represents a substantial improvement over the way existing technolo gies utilize laser

IESOUrces.

It 1s apparent that this invention significantly improves the effectiveness of
existing laser systems used to polarize noble gases, and also enables the artisan to use

smaller and cheaper lasers that are currently insufficiently powerful to accomplish the

desired result by other means.

Thus, while there have been described what are presently believed to be the
preferred embodiments of the present invention, those skilled in the art will realize
that other and further embodiments can be made without departing from the spirit of

the invention, and it is intended to include all such further modifications and changes

as come within the true scope of the claims set forth herein.
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WHAT IS CLAIMED IS:

1. A method of hyperpolarizing a noble gas having a non-zero nuclear spin
by spin-exchange optical pumping, comprising:
providing a polarization cell containing the noble gas, a primary alkali metal, and

an auxiliary alkali metal; and

1lluminating the polarization cell with radiation having a wavelength
appropriate to optically polarize the primary alkali metal;
thereby enabling spin-exchange interaction among the primary alkali metal, the
auxiliary alkali metal, and the noble gas;

whereby spin transfer to the noble gas yields hyperpolarized noble gas.

2. A method according to Claim 1, wherein the vapor phase ratio of the primary

alkali metal to the auxiliary alkalt metal is from about 1:100 to about 10:1.

3. A method according to Claim 2, wherein the vapor phase ratio of the primary

alkali metal to the auxiliary alkali metal is from about 1:30 to about 1:1.

4. A method according to Claim 1, wherein the primary alkali metal 1s

rubidium, and the auxiliary alkali metal 1s potassium.

5. A method according to Claim 4, wherein the vapor phase ratio of the

rubidium to the potassium is about 1:3.

6. A method according to Claim 1, wherein the primary alkali metal is

potassium, and the auxiliary alkali metal 1s sodium.

7. A method according to Claim 1, wherein the primary alkali metal is sodium,

and the auxiliary alkali metal 1s potassium.

8. A method according to Claim 1, wherein the auxiliary alkali metal has greater

efficiency than the primary alkali metal in polarizing the noble gas.

9. A method according to Claim 1, wherein the noble gas is *He.
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10. A method according to Claim 1, wherein the polarization cell further

contains at least one of a buffer gas and a quenching gas.

11. A method of hyperpolarizing a noble gas having a non-zero nuclear spin,
comprising:
a) optically polarizing a primary alkali metal by 1llumination with radiation

having a wavelength that 1s resonant with an electronic transition in the primary alkali

metal;

b) thereby transferring polarization of the primary alkali metal to an auxiliary

alkali metal; and

c) delivering polarization of the auxiliary alkali metal to the noble gas,

thereby providing a noble gas having increased polarization.

12. A method according to Claim 11, wherein the primary alkali metal 1s

rubidium, and the auxihary alkali metal 1s potassium.

13. A method according to Claim 11, wherein the primary alkali metal is

potassium, and the auxiliary alkali metal 1s sodium.

14.  An apparatus for hyperpolarizing a noble gas having a non-zero nuclear spin
by spin-exchange optical pumping, comprising:
a polarization cell containing a noble gas and an alkali metal hybrid, wherein
the alkali metal hybrid comprises a primary alkali metal and an auxiliary alkali metal; and
an optical pumping source configured to optically polarize the primary alkali

metal in the polarization cell;
wherein, in operation, the apparatus promotes spin-exchange interaction
among the primary alkali metal, the auxiliary alkali metal, and the noble gas, whereby spin

transfer to the noble gas yields hyperpolarized noble gas.

15.  Apparatus according to Claim 14, wherein the alkali metal hybrid is an alloy of

rubidium and potassium.

16.  Apparatus according to Claim 15, wherein the alloy comprises about 5%

rubidium and about 95% potassium in the condensed phase.
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17.  Apparatus according to Claim 14, wherein the alkali metal hybrid is an alloy of

sodium and potassium.

18.  In amethod of hyperpolarizing a noble gas having a non-zero nuclear spin by
spin-exchange optical pumping, comprising:

illuminating a polarization cell containing an alkali metal and the noble gas with
radiation of a wavelength resonant with an electronic transition of the alkali metal to optically
polarize alkali metal atoms,

the improvement comprising providing an alkali metal hybrid, wherein the alkali metal
hybrid comprises a primary alkali metal capable of optical polarization and an auxiliary alkali
metal capable of mediating spin transfer from the optically polarized primary alkali metal

atoms to the noble gas atoms.

19. A method of hyperpolarizing a noble gas having a non-zero nuclear spin,
comprising:
a) optically polarizing a first alkali metal by illumination with radiation having a

wavelength that 1s resonant with an electronic transition in the alkali metal;

b) transferring the polarization of the alkali metal to a spin-exchange
mediating species, wherein the spin-exchange mediating species comprises an alkali
metal different from the first alkali metal; and

C) delivering the polarization of the spin-exchange mediating species to the

noble gas,

thereby providing a noble gas having increased polarization.

20. A method according to Claim 19, wherein the first alkali metal is potassium

and the spin-exchange mediating species 1s sodium.
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