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Abstract. The efficiency of the metastability exchange optical pumping (MEOP) performed at elevated
3He gas pressures in high magnetic field was improved by modifying the spatial profile of the pumping
laser beam in such a way that it matched the nonuniform distribution of plasma in the optical pumping
cell. Comparing to a conventional Gaussian profile, at the 3He gas pressure equal to 267 mbar, both the
achieved nuclear polarization (equal to 26%) and the total magnetization in the cell (equal to 1.37 sccfp)
are 60% higher when the annular laser beam profile is applied.
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1 Introduction

For many years, nuclearly polarized 3He gas has been used
in fundamental research for generation and analysis of po-
larized neutrons in nuclear physics [1-3]. Recently, a new
and exciting application for hyperpolarized 3He gas has
been found in magnetic resonance imaging (MRI) of hu-
man lungs [4-7]. This new application motivated the stud-
ies aiming at the optimization of the 3He polarization tech-
niques, in order to produce large amounts of highly polar-
ized 3He gas needed in medical applications. Two methods
can be used for this purpose: spin exchange optical pump-
ing (SEOP) [8], and metastability exchange optical pump-
ing (MEOP) [9], which is the subject of this paper. In the
MEOP process, the >He atoms in the ground state are ex-
cited into the metastable 23S state by a weak rf discharge.
The optical pumping of the metastable atoms is performed
by circularly polarized light at 1083 nm wavelength, cor-
responding to the 23S-23P transition. The nuclear po-
larization of the ground state 3He atoms is achieved by
metastability exchange collisions with optically pumped
3He atoms in the 23S metastable state.

A low magnetic field ( 1 mT) and low 3He gas pres-
sure ( 1 mbar) are the standard conditions for the MEOP
process. At higher pressure, the two-body ionizing colli-
sions and three-body collisions producing metastable he-
lium molecules dramatically decrease the population of
metastable atoms, reducing the efficiency of the MEOP
process [10,11]. In the MRI of human lungs, the gas to
be inhaled should be at atmospheric pressure, therefore
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the hyperpolarized 3He gas needs to be first compressed
to about 100 mbar, and then mixed with another buffer
gas, like nitrogen and/or *He, which leads to a ten-fold
decrease of the final magnetization density. It would be
beneficial to produce the polarized >He gas directly at
higher pressure, say about 100 mbar. That would also
relax the demanding technical requirements for the ini-
tial compression, both in terms of compression time and
polarization losses. Recently, it has been shown that the
MEOP method can be used at elevated *He gas pressure,
provided it is performed at high magnetic field [10-15].
Qualitatively, this effect can be explained by quenching of
the hyperfine interaction in the presence of high magnetic
field. In standard conditions of low magnetic field, the hy-
perfine coupling causes some nuclear polarization losses
by back transfers of nuclear orientation to electronic ori-
entations. The high magnetic field decoupling minimizes
this effect, counterbalancing the reduction of population of
metastable atoms at higher pressure caused by collisions.
However, the processes are not fully understood and are
still the subject of active research [14,15]. Until now, the
highest pressures for which MEOP has been successfully
employed are 64 mbar at 2 T and 266 mbar at 4.7 T, and
the polarizations reported were 52% and 22%, respectively
[15,16]. These promising results motivated us to pursue
the high-field experimental studies even further, the final
goal being the design of a high-field MEOP polarizer that
would produce large quantities of highly polarized 3He gas
directly in the magnetic field of the MRI medical scanner.

In this paper we show that a further improvement of
MEOP performance at high magnetic field is feasible, by
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Fig. 1. Photographs of optical pumping cells loaded to 32 mbar
(a) and 128 mbar (b) of *He gas with the discharge turned on.

taking into account a nonuniform distribution of plasma
in the optical pumping cell that is observed at elevated
pressures and/or high magnetic field. The pumping light
absorption can be significantly enhanced if the beam pro-
file matches this distribution, increasing the efficiency of
the MEOP process at a given laser power. To assess the
pump laser beam profile effect on the efficiency of the
MEQP process, two laser sources with four optical setups
were tested, using five optical pumping cells filled with
the >He gas with pressure ranging from 32 to 267 mbar,
in a magnetic field of 2 T. It was found that the annular
profile, which concentrates the laser power near the cell
walls, gives the optimum efficiency in the whole >He gas
pressure range.

2 Radial distribution of plasma in the excited
3He gas at elevated pressures in 2 T

When the MEOP method is performed in standard op-
erating conditions, i.e. at low 3He gas pressure and in
low magnetic field, the plasma distribution is uniform in
the whole optical pumping cell. Therefore a conventional
Gaussian profile of the pumping laser beam is usually ap-
plied [17-19]. The situation is quite different when the
optical pumping is performed at high magnetic field or
at elevated pressure. In that case the plasma is generally
nonuniform and is located mostly close to the walls of the
cell. This effect is illustrated in Fig. 1a and 1b for the two
experimental cells loaded to 32 mbar and 128 mbar, re-
spectively. As a consequence of this effect, there is only
partial overlapping of the Gaussian laser beam and pop-
ulation of atoms in the metastable state. A large fraction
of the pumping laser power is wasted, lowering the overall
efficiency of the MEOP process.

In order to analyze this effect quantitatively, system-
atic measurements of the resonant laser light absorption
by excited 3He gas were carried out over a large range of
gas pressures: 32, 67, 96 and 128 mbar, in a 2 T mag-
netic field. Closed, bone-shaped, 16 mm inner diameter
optical pumping cells of 110 mm length and with 25 mm
diameter windows were used. A 2 MHz radio frequency
signal was applied to two electrodes that were wound on
the outer surface of the cells to generate the discharge
in the gas. Depending on rf amplitude, the metastable
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Fig. 2. Radial dependence of the resonant laser absorption for
various *He gas pressures at 2 T.

atom density was in the 10'°-10'? atoms/cm? range. A
Distributed Bragg Refraction (DBR) laser was employed,
generating a Gaussian beam with FWHM of 10.2 mm. A
nonmagnetic 3D displacement system with the attached
photodiode was located inside the magnet, 2 ¢m behind
the optical pumping cell. The absorbed energy along the
horizontal radial axis of the cell was determined, in 0.5
mm steps. For each data point three measurements of the
light intensity were made. The absorption was then calcu-
lated from the following expression:

I -1
L -1y

(1)

Absorption =

where I is the signal from photodiode when both the laser
and discharge are off (noise signal), I; when the laser is on
and discharge off (background signal), and I> when both
laser and discharge are on (the presence of metastable
atoms). In that way the calculated absorption is indepen-
dent of the laser beam profile.

The resulting resonant laser absorption profiles mea-
sured at various *He gas pressures are shown in Fig. 2.
Due to some undesired effects, like reflections and scatter-
ing of the laser light, the measurements close to the cell
walls were unreliable and are not shown. For the lowest gas
pressure of 32 mbar the radial distribution of the plasma
is nearly uniform, but it exhibits a minimum at the center
of the cell, which deepens with increasing pressure. The
laser light absorption level along the longitudinal axis of
the cell approaches zero at 128 mbar. On the other hand,
it stays high close to the walls of the cell and is quite inde-
pendent of the gas pressure. The absorption profiles reflect
the distribution of metastable atoms in the plasma, which
in turn are responsible for the optical pumping. Therefore,
in order to optimize the efficiency of the MEOP process,
the spatial shape of the pumping laser beam should match
the plasma distribution. This was the main motivation for
undertaking systematic studies of the pumping beam pro-
file effects as a function of 3He gas pressure, discharge
intensity and laser power in the magnetic field of 2 T.
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Fig. 3. Schematic arrangement for the pump laser beam forming: (a) Gaussian profile by using a collimator, (b) expanded
Gaussian profile by using the Kepler-like telescope, (c¢) annular profile by using a pair of axicons.

Table 1. Specifications of optical setups used for pump laser beam forming (for symbol description see Fig. 3).

laser source expander used optical setup FWHM  intensity
parameters [mm] distribution
amplified DBR diode laser  collimator f =30 mm 3.2 Gaussian
amplified DBR diode laser  collimator f =100 mm 10.2 Gaussian
Keopsys Kepler - type expander {2/f1 =7 4.9 Gaussian
Keopsys axicon-based expander f2/f1 = 7; 257! 141 annular

d = 205 mm; a= 10°

3 Generation of various pump laser beam
spatial profiles

The optical setups used in the present studies are illus-
trated in Fig. 3 and their parameters are summarized
in Table 1. Two laser sources were used in our experi-
ments for optical pumping. In the first stage, a compar-
ison of the narrow and wide Gaussian beam profiles was
made using a 50 mW single mode DBR laser diode (SDL-
6702-H1), followed by the ytterbium doped fiber ampli-
fier (IPG, Burbach, Germany), which produced up to 0.5
W of tunable laser light [20]. To expand the Gaussian
beam from the DBR diode laser, a collimating lens was

applied, which was located at the distance equal to the
focal length from the output of the laser fiber (Fig. 3a).
Parallel beams characterized by Gaussian radial profiles
with the FWHM of about 3.2 mm (narrow beam) and
10.2 mm (wide beam) were generated, using lenses with
focal lengths equal to 30 mm and 100 mm, respectively.
In the second stage, a new ytterbium doped fiber laser
(Keopsys CUS-BT-YFL-1083-HE-100-COL, France) with
the wavelength of 1083 nm was employed, producing up
to 10 W. It was used to compare the performance of the
Gaussian and annular pumping laser beam profiles. The
expansion of 10 W Keopsys laser beam was made either
by a Kepler-type telescope that consisted of two conver-
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gent lenses both at the input and output of the expander
(Fig. 3b), or by the same telescope followed by a pair of
convergent axicons (Fig. 3c). In the first case the tele-
scope with magnification of about 7 was used, resulting
in a Gaussian intensity profile with the FWHM of about
4.9 mm.

The annular profile of the laser beam that should match
the distribution of metastable atoms in the optical pump-
ing cell was created by a pair of axicons (Fig. 3c). The axi-
con term was suggested for the first time by J.H. McLeod,
to define refractive or diffractive cylindrically symmetric
optical elements [21]. Nowadays the most popular axicon
is in the form of a conical prism. A pair of axicons can
transform the Gaussian beam into an annular beam with-
out any loss of energy. The intensity distribution of the
generated beam can be modified in a continuous way by
simply changing the incident Gaussian beam diameter and
the distance between the two prisms. The axicons used in
the present work were made of BK7 glass with refractive
index n = 1.57. They have one flat and one conical sur-
face, a diameter of about 50.8 mm, and the base angle of
10°. The tips of axicons are about 205 mm apart so that
a ring with the outer diameter of 36 mm could be formed.
In order to fit the size of the outgoing annular beam to
the internal diameter of the optical pumping cell, a sec-
ond Kepler-type telescope with magnification of 2.5~ was
employed (not shown). This resulted in the annular beam
profile of outer and inner diameters equal to 14.8 mm and
10 mm, respectively.

The actual laser beam intensity profiles for all opti-
cal arrangements were measured, using a similar setup as
in Section 2, but outside of the magnet, and directly on
the attenuated laser beam. The photodiode was moved
along the transverse axis at 0.5 mm steps, and the signal
was measured by a digital voltmeter. The resulting ra-
dial intensity distributions for the DBR diode laser and
for the Keopsys laser are shown in Fig. 4a and b, re-
spectively. In both Figures, the vertical lines represent the
transverse dimension of the optical pumping cell. For the
first three cases, Gaussian fits to experimental points were
made (solid lines), and the resulting widths are reported in
Table 1. The annular profile generated by the axicons ex-
hibits some oscillations, which can be caused by diffraction
effects occurring at the sharp edges of axicons, imperfect
axicon tips [22], as well as a small misalignment of optical
elements.

4 MEOP experiments

Extensive MEOP measurements were carried out using
a 2 T superconducting magnet (Magnex Scientific) and
implementing various versions of the pumping laser beam
profile. The experimental arrangement is depicted in Fig. 5
and is similar to that used in the previous study [15]. The
place of the optical setup modification is shown schemat-
ically in the Figure. The pumping cell and the optical
apparatus were mounted on a non-magnetic table inside
the 30 cm diameter bore of the magnet. The lasers and the
electronic equipment were located a few meters away in a
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Fig. 4. Transverse intensity profiles (a) of the narrow and
wide Gaussian generated by the DBR diode laser, (b) of the
Gaussian and ring-like beam generated by the Keopsys laser.

low magnetic field region. The bone-shaped optical pump-
ing cells filled with 3He under 32, 64, 96, 128 and 267 mbar
pressure were used. A weak rf discharge populated the 23S
metastable state. For all experimental arrangements the
laser wavelength was tuned to the 2~ line of 235-23P ab-
sorption spectrum, since it was demonstrated before that
using that optical pumping transition the best MEOP re-
sults are obtained [15]. In each case the laser power deliv-
ered to the optical pumping cell was carefully minitored
and was equal to 0.5 W. Following the expander, the in-
put laser beam was circularly polarized by a quarter wave
plate and directed towards the optical pumping cell, then
back-reflected by a mirror to enhance its absorption by
the 3He gas, and monitored by a photodiode. In order to
eliminate the long tails of the Gaussian beam profiles, an
additional diaphragm with 11 mm aperture was applied
in front of the optical pumping cell.

In order to measure the nuclear polarization M of *He
atoms, a second DBR diode laser was implemented to pro-
duce a weak (~ 100 pW /cm?) probe beam of 1.5 mm di-
ameter. The circularly polarized probe beam was almost
collinear with the pump beam (tilt angle < 3%). The dis-
charge intensity was modulated at 120 Hz with 15 % depth
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Fig. 5. The MEOP experimental setup (PBC - polarizing beam splitter cube , A\/4 - quarter-wave plate, PD - photodiode,
M - mirror, D - diaphragm). The three alternative optical beam formers are indicated.

to measure the probe beam absorption with the lock-in
amplifier. The optical method to measure M is described
in detail in [23].

The numerical results of all experiments are summa-
rized in Table 2. In the Figure 6a (6b) the relation be-
tween the steady-state nuclear polarization M (the total
magnetization My, in standard cubic centimeters of fully
polarized gas, sccfp) and the gas pressure for four dif-
ferent intensity profiles of the pump laser beam is illus-
trated. For all cases, the steady-state nuclear polarization
decreases with increasing 3He gas pressure, but it is sys-
tematically higher when the ring-like beam generated by
the new 10 W Keopsys laser is applied. The highest value
of total magnetization (which is proportional to the NMR
signal) obtained during the experiments was equal to 1.37
sccfp, which is a factor of two higher than the previously
reported result for the Gaussian beam [15].

The MEOP experiments for various *He gas pressures
using various pumping laser beam profiles were carried
out chronologically, starting from the Gaussian profiles
of different widths, and finishing with the annular beam.
Since it required a serious modification of experimental
setup, it was difficult to reproduce the same experimental
conditions for each case. Specifically, it was impossible to
obtain the same plasma intensity in the cell, which would
be characterized by the same relaxation time T;. However,
according to [13], in high magnetic field the steady-state
polarization M and total magnetization M;,; are indepen-
dent of T;. Therefore, for a given pressure in the cell and
at fixed pumping laser power (0.5 W), these parameters
will only depend on the pumping laser beam profile.

The MEOP performance as a function of the pumping
laser power was also studied, in the 0.5 - 2.0 W range. A
weak rf discharge level was used. Both the steady state
nuclear polarization M and the total magnetization M;,;
show rather weak dependence on the pumping laser power.
On the other hand, the build-up time decreases rapidly
with the laser power, as expected.
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Fig. 6. Dependence of (a) the steady-state nuclear polarization
M, and (b) the total magnetization Mo on the *He gas pres-
sure for optical pumping performed with various laser beam
profiles.
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Table 2. Comparison of measured parameters: M and M. for various laser beam profiles at 0.5 W laser power.

Pressure Polarization M Magnetization Mot
[mbar] (%] [scefp]
FWHM FWHM FWHM annular FWHM FWHM FWHM annular
3.2 mm 10.2 mm 4.9 mm beam 3.2 mm 10.2 mm 4.9 mm beam
32 62 75 70 68 0.39 0.47 0.44 0.43
64 52 64 60 66 0.66 0.81 0.76 0.83
96 31 37 48 57 0.59 0.7 0.91 1.08
128 - 35 31 48 - 0,88 0.78 1.21
267 - - 16 26 - - 0.84 1.37

5 Conclusions

In this paper, the MEOP results obtained for five 3He gas
pressures (32, 64, 96, 128 and 267 mbars) at the magnetic
field of 2 T are described. This experiment continues the
systematic studies of MEOP in a large range of magnetic
field and pressure, in search for optimum operating con-
ditions.

A new experimental setup consisting of the 10 W laser
and supplemented by a pair of axicons was designed. It
transforms the Gaussian beam that is routinely used in
MEOP experiments into an annular beam. It optimizes
the optical pumping efficiency at elevated 3He gas pres-
sures, since the intensity distribution of the pumping light
is as close as possible to the metastable atom distribution
in the optical pumping cell. As expected, the best perfor-
mance is achieved with the ring-like beam profile, both in
terms of the steady-state nuclear polarization M and the
total magnetization M;,:. We have shown for the first time
that with the use of this novel optical setup it is possible
to polarize *He gas with high field MEOP for pressures
exceeding 250 mbar while still maintaining nuclear polar-
ization of 20% or higher. This is an important result when
one considers the fact that the gas compression from a few
mbars to one bar without losing too much of polarization
has always been a limiting factor of the MEOP method, for
its implementation on a small scale in the hospital. A cen-
tral production facility of polarized 3He gas was developed
several years ago [24]. It uses a polarization-conserving hy-
draulic compressor to produce polarized >He gas up to 5-6
bars. However, it is inconvenient for local applications due
to high cost of transportation and handling.

Another reason to pump at elevated pressure in high
magnetic field is that the total magnetization increases
with pressure. At almost 100 mbar the nuclear polariza-
tion of 48% and the total magnetization of 0.9 sccfp was
obtained. This pressure is only ten times smaller than
1 bar needed for medical applications. We believe that
in a near future it will be possible to routinely polarize
the 3He gas in these conditions, relaxing the demanding
technical requirements for the final stage compressor.

We will continue our study of MEOP performance at
elevated pressures at somewhat lower magnetic field of
1.5 T. A longer pumping cell will be tested at higher laser
power. This will enlarge the experimental basis for a rigor-

ous test of the theoretical model of MEOP process in high
magnetic field. Hopefully, this will also lead to the deter-
mination of optimum operating conditions for a portable
high-field polarizer that could work in the magnetic field
provided by the MRI medical scanner. A prototype of such
a device is under construction in our laboratory.
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