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We describe an experimental approach that combines multidi-
mensional NMR experiments with a steadily renewed source of
laser-polarized ***Xe. Using a continuous flow system to circulate
the gas mixture, gas phase NMR signals of laser-polarized **Xe
can be observed with an enhancement of three to four orders of
magnitude compared to the equilibrium ***Xe NMR signal. Due to
the fact that the gas flow recovers the nonequilibrium *Xe nuclear
spin polarization in 0.2 to 4 s, signal accumulation on the time
scale of seconds is feasible, allowing previously inaccessible phase
cycling and signal manipulation. Several possible applications of
MRI of laser-polarized ***Xe under continuous flow conditions are
presented here. The spin density images of capillary tubes dem-
onstrate the feasibility of imaging under continuous flow. Dynamic
displacement profiles, measured by a pulsed gradient spin echo
experiment, show entry flow properties of the gas passing through
a constriction under laminar flow conditions. Further, dynamic
displacement profiles of *Xe, flowing through polyurethane
foams with different densities and pore sizes, are presented. © 1999
Academic Press

Key Words: laser-polarized *Xe; MRI; gas flow imaging; con-
tinuous flow.

INTRODUCTION
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ations due to longitudinal relaxation. It is, however, time-
independent under laminar flow conditions in steady state. Tl
steady-state nonequilibriur@®Xe nuclear spin polarization at-
tainable in this system recovers the starting conditions for ea
acquisition in a short time (0.2—4 s), depending on the samp
density and differential pressure applied. Therefore exper
ments are no longer limited in time by longitudinal relaxation
Pulse sequences requiring a steadily renewed nuclear s
polarization can now be applied without any restriction; phas
cycling and signal averaging are feasible.

In the following we describe how to combine the method o
circulating laser-polarize#®Xe with MRI technology. Fourier
images of a phantom sample and dynamic displacement pi
files of gas flowing through a constriction and through opel
cell polyurethane (PU) foams of different densities and por
sizes are presented.

EXPERIMENTAL

The gas circulation system7)( consists mainly of (i) a
homebuilt apparatus similar to the one designed by Drielktlys
al. (8), providing a continuously flowing gas stream carrying
the laser-polarized®Xe gas, and (ii) a homebuilt prob®)(

Magnetic resonance imaging (MRI) is a well-establishegith a solenoid coil (flat copper, 2 cm long, 1 cm wide). The

analytical technique in medicine and materials scientpsX probe is equipped with a commercial, air-cooled gradient sy
serious limitation in MRI of gases is the low density in the gagm (Bruker) with a horizontal bore. It produces a maximun
phase compared to condensed phases (e.g., water) andgi@ient of 0.6 T/m corresponding to ca. 7 kHz/mm oKe.
relatively low equilibrium nuclear spin polarization. One way Chemagnetics spectrometer (Infinity) and a super wide-bol
to achieve a reasonable signal-to-noise ratio, without tim@_t15 mm) Nalorac superconducting magnet witB,aof 4.2 T
consuming signal averaging, is to use fluorine-rich gasgs; direction are used. The gradient unit is powered by thre
(C.Fe) at elevated pressure-0.7 MPa) ). Increasing interest Techron 7550 amplifiers. The gas mixture, containing 40 kP
has developed in the enhancement of sensitivity and contrasgithatural abundance xenon and 27 kPa gf\vas pressurized
MRI using laser-polarized noble gas nuclei such®dle or \ith “He (up to 1 MPa). It is circulated through the systen
"*’Xe (3-6). The gas circulation system described T deliv- using a pressure- and vacuum-resistant pump (Brey GK-MO07
ers a continuous flow of laser-polarizédXe. The nonequi- producing a maximum flow rate of ca. 30 ml/min at a differ-
librium ***Xe nuclear spin polarization can exhibit spatial varigntial pressure of up to 15 kPa through 3.2-mm copper tubin

The Rb atoms are optically pumped in the fringe field of the

1To whom correspondence should be addressed. Fax: 510 486 57@dperconducting magnet at the wavelength of theDRlran-
E-mail: lana@dirac.cchem.berkeley.edu. sition (~795 nm) with circularly polarized light from a liquid-
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256 X 128 matrix, using 128 phase-encoding steps and a re.
gradient of 0.6 T/m. After 2D Fourier transformation, a mag-
y A nitude calculation was carried out. The pixel size is K1840
wm for the raw data shown in Fig. 2a. The phantom sampl
G, l_ILI used in the experiment was a glass tube (7 mm id) containir
one sealed and eight open-ended capillaries (1.3 mm oc
parallel to the gas flow directionxf, each having a wall
G, thickness of ca. 20@um. These capillaries are visible as dark
circles in the original density image. The recomputed image |
shown in Fig. 2b after zero-filling the data matrix to 5512
[Gcquisition data points and subsequent interpolation using cubic spline
Gy I_ The capillary that was flame-sealed on both ends (white dotte

selective n/2

circle) contains no xenon and remains dark.

Imaging resolution is affected and limited by moleculat
diffusion. Our setup uses pressure up to 1 MPa, and the ima
presented here was taken at 0.4 MPa. For gas mixtures, f
diffusion coefficient,D, can be calculated using the formulae
given in (11), which we calculated to be 0.1-0.2 & The
maximum imaging resolution is limited to about 2 1,

selective /2 where 1 is given by 3 = (D/(yG))"® (12). This gives a
" /\ ; maximum resolution of 2< 1, (120-150um for our exper-
N iment). If necessary, the parameter<21, limiting the reso-
lution can be further reduced by increasing the pressure, sin
E D is inversely proportional to the pressure. The maximur

b) non-selective

)
,_o B _ _
(in xir) O pressure, which can be used in our apparatus safely, amount:
ca. 1 MPa (corresponding to 90—14n for 2 X 1,).
—— A —> — In addition, images taken in flow direction would be affectec
acquisituon

G

3 by the displacement of the gas mixture during data acquisitic

time (~1 ms). Within this time the slice moves 50 to @t at
FIG. 1. (a) Pulse sequence used for Fourier imaging. (b) Modified PGSR average velocity of 5 to 7 cm/s, assuming laminar flow
sequence for combinddspace andj-space imaging (dynamic NMR micros- Another source of distortion is due to relaxation effects of th
copy) to produce velocity profiles. xenon spins during surface contact with the sample. In ot
circulating system, surface treatment of the sample was n
needed at all because the gas exchange was much faster t
cooled IR laser diode array (Optopower Corp., Model OPCelaxation.
A150-795-RPCZ), delivering about 90 W light power at The described experiment demonstrates the feasibility ¢
wavelengths of 7951 nm. Passing through the optical pumpFourier imaging under continuous flow of laser-polarizec
ing cell, the xenon gas is polarized “on the fly” up to 3%, whicF°Xe. This new technique will be useful for imaging studies of
is more than three orders of magnitude higher than the thermaaterials with short longitudinal relaxation time f&fXe.
polarization of**’Xe. The gas mixture is cooled in a condenser
to remove Rb before entering the detection zone inside the VELOCITY IMAGING RESULTS
superconducting magnet. Finally, the mixture reenters the gas
circulation pump to start a new cycle. The pulse sequence used for imaging displacement prok
bility profiles is shown in Fig. 1b. This modified pulsed gra-
FOURIER IMAGING RESULTS dient spin echo (PGSE) experiment shows a slice selectic
gradient in the same direction, namely the flow directioas
Figure 1a shows the two-dimensional (2D) Fourier imagindpe pulsed gradientd 8). The displacement of the selected ga:
pulse sequence also denoted as spin warp sequérta(was spins in flow direction during the fixed timé& gives rise to a
used to detect thgz image of a phantom sample displayed ircharacteristic echo damping,(14). A second gradientG,) is
Fig. 2 (the gas flows irx direction). An inversion recovery applied to create the spatial resolution perpendicular to the flo
experiment proved that the xenon in the detection zone waisection. A 2D datase®(k, q) is acquired as a function &f=
completely exchanged after 1 s. A repetition time of 1.5 s wg&w) 'yG,t and q = (2m) 'ygd. This type of combined
therefore chosen during the accumulation of 16 scdt} ( k-space andj-space imaging is also known as dynamic NMR
resulting in aS/N ratio of 20. The data were acquired as anicroscopy 1, 14. Fourier transformation with respect to g
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b)

FIG. 2. Fourier image of laser-polarizeé&Xe flowing through a sample tube containing nine glass capillaries (wall thickn288 wm). A slice of 5 mm
was selected. The upper image was obtained by 2D Fourier transform and a subsequent magnitude calculation of the raw data mét#g)(268 shows
the capillary walls as dark circles. The lower image was obtained by zero-filling tox5822 points and interpolating using cubic splines. One capillary ha
sealed ends and remains dark (white dotted circle). A resolution of 120168 accessible at 0.4 MPa with our gradient setup that produces 0.6 T/m.

results in a displacement probability profile containing infor256 X 32 matrix Ag = 0.018T/m, A = 70 ms,d = 150 us,
mation about velocity and diffusiori(14). The mean velocity G, = 0.15T/m), followed by subsequent zero-filling to 256
is given by the position of the signal maximum. The width 0256 points, and interpolated using cubic splines. The maximu
the typically Gaussian profile is a function of the apparewelocity is observed in the center region of the tulye{ 0).
diffusion coefficient and may include a velocity distribution. The spin density in this region is low compared to that of othe
Figure 3 shows the dynamic displacement profile of laseegions. This feature is due to the large velocity distribution il
polarized'*’Xe flowing through a glass tube (inner diameter the center region (1-7 cm/s) and is not related to differences
6.3 mm) with a 3:1 constriction. The data were acquired adangitudinal relaxation. In addition two negative velocity com-
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FIG. 3. Velocity profile in flow direction &) of laser-polarized®Xe passing through a 3:1 constriction. A slice of 4 mm was selected upstream of the constriction.

The image exhibits a back-flow upstream of the constriction identified by the negative velocity components. A broad distribution of velocibsiis thisicenter
of the profile, starting at 1 cm/s and ending at 7 cm/s arising from acceleration (jet-flow) of the gas in the contraction region.

FIG. 4. Velocity profile of laser-polarized®Xe flowing through two different open-cell foams (PU). The lower permeability of the sample with higher density
(bottom) is reflected in the slower velocity of 5.5 cm/s. A higfféXe signal intensity is observed in the low-density PU foam. Slice thickness is 4 mm.
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ponents are observed arising from back-flow close to the wadfsEnergy, under Contract DE-AC03-76SF00098. M.H. thanks the Studier
of the tube. This behavior may be explained by secondary flgi{ffung des deutschen Volkes (Bonn, Germany) and the BASF AG for

. . . ostdoctoral fellowship. E.B. gratefully acknowledges a grant (Heisenberg
vortices typical for laminar flow. The Reynolds number for th tipendium) awarded by the Deutsche Forschungsgemeinschaft (Bonn, G

gas in t_he 9'353 tube did n_Ot exceed 30- The ViSCOSitY Use_qﬂg'ny). The authors thank Seth D. Bush for helpful discussions.

this estimation was determined according to the equation given

in Ref. (15) for multicomponent gas mixtures. The difference
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