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Magnetic resonance imaging of convection in laser-polarized xenon

R. W. Mair,1 C.-H. Tseng,1,2 G. P. Wong,1 D. G. Cory,2 and R. L. Walsworth1
1Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138

2Department of Nuclear Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
~Received 7 October 1999!

We demonstrate nuclear magnetic resonance~NMR! imaging of the flow and diffusion of laser-polarized
xenon (129Xe) gas undergoing convection above evaporating laser-polarized liquid xenon. The large xenon
NMR signal provided by the laser-polarization technique allows more rapid imaging than one can achieve with
thermally polarized gas-liquid systems, permitting shorter time-scale events such as rapid gas flow and gas-
liquid dynamics to be observed. Two-dimensional velocity-encoded imaging shows convective gas flow above
the evaporating liquid xenon, and also permits the measurement of enhanced gas diffusion near regions of large
velocity variation.

PACS number~s!: 47.27.Te, 64.70.Fx, 66.10.Cb, 76.60.Pc
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I. INTRODUCTION

Two-phase gas-liquid dynamics are important to a w
range of scientific and technical problems, such as the p
ics of boiling and the engineering of heat transfer syste
To date, however, there are no general methods for map
the dynamic three-dimensional~3D! properties of complex
two-phase flows@1#. As a step toward developing such
method, we demonstrate in this paper nuclear magnetic r
nance~NMR! imaging of both gas diffusion and convectiv
flow in a closed two-phase system of laser-polarized xe
(129Xe) gas and liquid, where evaporation of the liqu
drives convection of the gas.

NMR is a significant analytical tool for studies of flui
physics. Well established techniques such as magnetic r
nance imaging~MRI! permit the mapping of both spin den
sity and the conditional probability of spin displacement ov
variable time intervals, including measurements of fluid v
locity, acceleration, and diffusion@2#. NMR is noninvasive,
three-dimensional, and compatible with both transparent
opaque materials@2,3#. In particular, dynamic NMR micros
copy can provide images of high spatial and velocity reso
tion, often reaching the range of 20mm spatial and 10mm/s
velocity resolution. This technique has been used to st
liquids and a wide range of polymer and complex surfact
solutions undergoing flow in a variety of experimental co
figurations@4–9#.

However, applying NMR to two-phase gas-liquid syste
poses a significant challenge, because of the small NMR
nal provided by gases using the traditional NMR techniq
of thermal spin polarization in a large magnetic field. F
nuclear spins, thermal equilibrium polarizations are appro
mately 1025 in a magnetic field of a few tesla. Despite th
small polarization, NMR can provide excellent sensitiv
and image resolution for many applications because of
large spin density of many liquids~e.g., water! @3#. However,
conventional NMR is much less effective for gases, and t
for two-phase dynamics, because of the much lower s
density of gases.

Alternatively, laser optical pumping techniques can
used to create large nuclear spin polarizations (;10%) in
dense samples of the spin-1

2 isotopes of the noble gases h
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lium (3He) and xenon (129Xe) @10#. Such large polarizations
enable high-sensitivity gas-phase NMR, including biome
cal imaging of human and animal lungs@11#, studies of gas
diffusion in porous media@12#, and gas-space MRI at low
magnetic fields@13#. Furthermore, laser-polarizedliquid xe-
non can be created by condensing the laser-polarized
@14#, thus providing a two-phase system in which both t
gas and the liquid have extremely high magnetization d
sity. At standard pressure, xenon solidifies at 161 K a
melts at 168 K, allowing access to all three phases of xe
at temperatures achieved easily with standard labora
glassware. It is straightforward to maintain a glass cell c
taining laser-polarized xenon gas and liquid for lengthy p
riods (;20– 30 min) in a NMR spectrometer. We recent
showed that this liquid permits the acquisition of hig
sensitivity NMR spin density images, with the potential f
very high resolution micro-images (;2 mm) without the
need to signal average@15#. Since the xenon liquid NMR
resonance is separated by a large 250 ppm downfield
from the gas-phase resonance, one can use NMR techni
to manipulate or observe either phase selectively.

Several groups have recently used NMR techniques
investigate convection in liquid samples@7,16,17#. Velocity-
encoding techniques have been used to compensate for
facts arising from convection effects in NMR spectrosco
experiments@16#, while two groups have visualized liquid
convection arising from imposed thermal gradients with tw
dimensional velocity images@7,17#. In addition, Brunner
et al. recently obtained one-dimensional velocity profiles
flowing laser-polarized xenon gas in a pump-driven syst
@18#. Here, we extend these techniques to a two-phase
liquid system. We report two-dimensional NMR velocity im
ages of laser-polarized xenon gas undergoing coherent
above a droplet of xenon liquid, and demonstrate the uti
of this technique to study evaporation, convection, and
fusion in a two-phase system.

II. EXPERIMENT PROCEDURE

The experiment procedure was similar to that describe
our recent paper on MRI of laser-polarized liquid xen
@15#. A glass tube of;25 cm3 was filled with xenon gas
2741 ©2000 The American Physical Society
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FIG. 1. Schematic of the experimental setup used for the NMR experiments in this paper.~a! shows the arrangement of the glass tu
containing the xenon sample, immersed in an iso-octane slush bath in a glass dewar, and placed in an RF coil inside the NMR ma
diagram is not to scale.~b! shows a closeup schematic of the tube, indicating the position of the three slices used in two-dimensional
experiments, and the likely convective flow pattern indicated by the velocity images of Figs. 4 and 5.
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~approximately 3 bar at room temperature! having enriched
abundance (;90%) 129Xe, a small amount of N2 gas, and
rubidium metal. The glass tube was then sealed. While be
heated to;90 °C, the sample was subjected to circula
polarized light at 795 nm from a 15 W diode array las
resulting in a 129Xe spin polarization of;5% induced by
spin-exchange optical pumping mediated by the rubidi
vapor @10#. The bottom of the glass sample cell was th
placed in liquid N2, allowing the xenon to freeze. To hel
initiate convective gas flow, one side of the tube was th
held in liquid N2 longer to make it colder than the other sid
Next, the sample cell was mostly immersed in an iso-oct
ice-slush bath in a glass dewar, which maintained the t
bottom at a temperature of;166 K @19#. The glass dewar
containing the tube of laser-polarized xenon and the
octane slush bath, was placed upright in a solenoid RF co
a horizontal 4.7 T magnet with a clear 20 cm bore. T
xenon was observed to melt, forming a droplet of las
polarized liquid xenon of;50 mm3, with xenon vapor~pres-
sure ;1 bar! filling the remainder of the cell. The entir
process of xenon freezing and melting required;1 min, and
was performed in the stray field of the 4.7 T magnet~field
.0.1 T!, preserving the large xenon spin polarization@10#.
The liquid xenon droplet slowly evaporated over;20 min,
during which time NMR experiments were performed. T
limitation to these experiments was usually RF depletion
the enhanced xenon magnetization, rather than the lifetim
the liquid droplet.

All data reported here were obtained using a 4.7 T
Omega/CSI NMR spectrometer/imager operating at 5
MHz for 129Xe, using a homebuilt vertical solenoid NMR
coil. The magnetic field gradient coils provided 7 G/c
across the 20 cm bore, which was adequate for the gas-p
diffusion and flow measurements. Single RF pulses mo
tored the xenon phases in the cell after initial placemen
the NMR magnet. A broad spectral peak representing s
xenon was seen initially at;300 ppm downfield from the
gas resonance. As the solid melted, this peak was replace
narrow lines at 250 and 0 ppm, representing the liquid a
gas phases, respectively. Spin density images of the liq
and gas in the cell could be obtained using standard
gradient echo techniques. These images were similar to t
g
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shown in Fig. 1 of Ref.@15#. Generally, however, as soon a
the solid had melted, motion-encoded images of the g
liquid system were acquired. Figure 1 shows a schemati
the laser-polarized xenon gas-liquid sample placed in
NMR instrument, as well as the typical gas-phase convec
flow pattern imaged in our experiments~see discussion in
Sec. III below!.

Spatial information was obtained with a standard sp
warp technique using frequency encoding and~for 2D imag-
ing! phase encoding@2#, with data acquisition from gradien
echoes formed from inverted readout gradients. Veloc
and diffusion-encoded imaging is usually performed usin
spin-echo sequence, with a 180° RF pulse to refocus s
dephasing surrounded by the flow- or diffusion-encod
gradient pulses — a technique popularized by Stejskal a
Tanner and known as the pulsed gradient spin echo~PGSE!
@20,2#. However, in our experiments, the 180° RF pulse w
omitted, since the application of such pulses to las
polarized samples generally causes large spurious NMR
nals, resulting from a combination of RF field inhomogene
and pulse width missetting@21#. These spurious signal
waste the finite, difficult to renew, xenon magnetization c
ated by the laser-polarization process, and also swamp
desired NMR signal which is typically obtained from sma
flip-angle RF excitations used to conserve the xenon mag
tization. A simple modification to the basic PGSE sequen
is therefore to remove the 180° RF pulse, and invert the s
of the second gradient pulse, thereby allowing the gradie
alone to refocus the dephased xenon spins and produc
echo @21#. Such a technique, known as the pulsed gradi
echo~PGE!, is susceptible to spatially inhomogeneous (T2* )
dephasing, unlike spin-echo techniques. However, this is
a limitation in largely homogeneous systems such as
used in the present work.

The NMR echo signal observed in a PGSE or PGE
periment has a Fourier relationship to the probability of s
motion — the so-called displacement propagator, which
be thought of as a spectrum of motion. The echo signalE can
thus be written as@2#

E~q,D!5E P̄s~R,D!exp@ i2pq•~R!#dR, ~1!



pa
t

y

ch

a

ix

el
du
m
i
n
r

o-
al

r

st

ui

a
e-

ty
iz
io
n
r
d
a
re
.5
h

ne
to
x
ti

nt
ng

o-
s
ra
es
b

iza

2

28

o-
ht
city-
he

of
nd
ser-
g in
ge,

d in
he
m of
d

2D

e be-

cu-

The
gra-

city-
rom
n of

PRE 61 2743MAGNETIC RESONANCE IMAGING OF CONVECTION IN . . .
whereP̄s(R,D) is the ensemble average displacement pro
gator, or the probability of a spin having a displacemenR
5r 82r proceeding from any initial positionr to a final po-
sition r 8 during the timeD. q is the wave vector of the
magnetization modulation induced in the spin system b
pulsed magnetic field gradient of strengthg and pulse dura-
tion d. The magnitude ofq is gdg/2p, whereg is the spin
gyromagnetic ratio. The Fourier transform ofE with respect

to q, therefore, yields an image ofP̄s . WhenP̄s is Gaussian,
the spins undergoing coherent motion will produce an e
with a relative phase factor exp@i2pqvD#, where v is the
velocity of the flow; also, the echo will be attenuated by
factor exp(24p2q2DD), whereD is the diffusion coefficient
describing incoherent random motion~usually self-diffusion!
of the spins concerned. In practice, the signal from each p
in an image is Fourier transformed with respect toq to yield
an average propagator, or velocity spectrum, for that pix
spins. The phase factor accumulated from coherent flow
ing D manifests itself as an offset of the propagator fro
zero, which in turn yields the average velocity of the spins
that pixel. Applying this analysis to each pixel yields a
image in which the signal intensity is indicative of the ave
age local velocity. Similarly, maps of the self-diffusion c
efficient D can be produced by fitting the natur
log of the measured echo attenuation, ln@E(q)/E(0)#, to
@2g2d2g2D(D2d/3)#, the well-known Stejskal-Tanne
equation@20#.

Two types of NMR experiments were performed. Fir
we made one-dimensional images~i.e., profiles!, along the
length of the tube, of xenon gas evaporating from the liq
droplet. To prepare the sample for detection of onlyevapo-
rating gas, a train of selective RF and gradient pulses w
used to saturate~i.e., destroy! the laser-polarized gas magn
tization, while leaving the liquid phase unperturbed@15#. Af-
ter a waiting period that varied from 5 to 60 s, veloci
profiles were made of the subsequently evaporated polar
gas. Not surprisingly, as the waiting period after saturat
increased, the NMR profiles showed that a greater portio
the closed tube was filled by the evaporating gas. The p
files covered a field of view of 150 mm, with 128 acquire
points giving a resolution of about 1 mm. For velocity me
surements, eight separate profiles, each using diffe
velocity-encoding field gradients, ranging from 0 to 5
G/cm, were acquired after the evaporation waiting time. T
gradient pulse timed was 4 ms, while the flow timeD was
12 ms. Many velocity profiles could be obtained from o
sample of polarized liquid xenon, allowing experiments
continue until the polarization of the liquid phase was e
hausted. Figure 2~a! shows the sequence of RF and magne
field gradient pulses used in these 1D NMR experime
with labels for the separate saturation, velocity-encodi
and imaging portions of the technique.

The second type of NMR experiment was tw
dimensional imaging of the steady-state motion of the ga
the closed tube, under the influence of the slowly evapo
ing liquid xenon droplet. Two-dimensional velocity imag
were taken of 1 cm thick horizontal slices across the tu
axis, without any prior saturation of the gas-phase polar
tion. Using the gradient echo spin-warp NMR technique@2#,
64 different phase-encoding gradients were applied for
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spatial encoding, giving image data sets consisting of 1
364 k-space matrices. These were zero-filled to 1283128
across a field of view of 100 mm, giving a final spatial res
lution of 7803780 mm. For velocity measurements, eig
separate images were acquired, each using different velo
encoding field gradients, ranging from 0 to 5.8 G/cm. T
gradient pulse timed again was 4 ms, while the flow timeD
was 15 ms, giving the final image a velocity resolution
;1 mm/s. A delay of 750 ms between each velocity- a
phase-encoding step was used, in order for the la
polarized gas in the slice to be replenished by gas movin
from elsewhere in the tube. Therefore, each velocity ima
resulting from 8 velocity and 64 phase encodes, took;6
min to acquire. The sequence is illustrated in Fig. 2~b!. Typi-

FIG. 2. RF and magnetic field gradient pulse sequences use
dynamic NMR microscopy experiments reported in this paper. T
functional sections of these sequences are labeled at the botto
the diagram.d andD refer to the velocity gradient pulse time an
the velocity encoding time, respectively.g, gsl, gpe, and gro
refer to the magnitudes of the velocity encoding, slice select,
phase encoding and readout gradients, respectively.~a! PGE se-
quence used to acquire one-dimensional profiles. The sequenc
gins with a train of saturation pulses, followed by a waiting timet
to allow for evaporation. Eight profiles were then acquired conse
tively, with the velocity-encoding gradients (Gq) stepped uniformly
for each profile from 0 to 5.5 G/cm along they ~i.e., vertical! axis.
~b! PGE sequence used to acquire two-dimensional images.
sequence was repeated 8 times, allowing the velocity-encoding
dients to be stepped from 0 to 5.5 G/cm (y axis! or 5.8 G/cm (z
axis!. The sequence was also repeated 64 times for each velo
encoding gradient, allowing the phase gradient to be stepped f
negative to positive values, thus permitting a second dimensio
spatial encoding.Gq was applied along they axis for vertical ve-
locity encoding~Fig. 4! or along thez axis for transverse~i.e.,
within the slice! velocity encoding~Fig. 5!.
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FIG. 3. One-dimensional NMR profiles, along the sample tube’s vertical axis, of evaporated laser-polarized xenon gas, acquired
sequence in Fig. 2~a!. Frequency-selective saturation destroyed the initial laser-polarized magnetization from gas in the tube, then
were acquired of newly evaporated polarized gas after an evaporation waiting timet. Profiles~a!–~c! havet55 s; profiles~d!–~f! have
t530 s.~a! and~d! show vertical profiles of laser-polarized129Xe spin density~in arbitrary units!. ~b! and~e! show the vertical distribution
of the apparent coefficient for xenon gas diffusion along the tube’s axis~in m2 s21). ~c! and ~f! show the spatial distribution of coheren
velocity of the evaporating xenon gas~in mm/s!.
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cally, two complete velocity images were obtained from t
sample before repolarizaton was necessary. These two
ages were taken of the same slice along the tube, but
velocity-encoding parallel, and then transverse, to the t
axis. Images of different slices along the tube were obtai
after successive repolarization of the xenon.

III. RESULTS AND DISCUSSION

A. One-dimensional profiles

Figure 3 shows typical one-dimensional profiles along
tube’s vertical axis of the dynamics of xenon gas evapo
tion. The top~a!–~c! and bottom~d!–~f! rows show profiles
taken at timest55 and 30 seconds after saturation of t
initial laser-polarized xenon gas, respectively. In all plots
Fig. 3, the abscissa gives the position along the vert
length of the tube, referenced to the approximate cente
the tube. Figures 3~a! and 3~d! are spin density profiles, in
the absence of motion-encoding gradients. Figures 3~b! and
3~e! are diffusion profiles, giving the coefficient of appare
diffusion along the tube axis for the evaporated xenon ga
a function of position in the tube. Figures 3~c! and 3~f! are
velocity profiles, one-dimensional maps of the rate of coh
ent flow of the evaporating gas along the tube’s vertical a

The spin density profiles@Figs. 3~a! and 3~d!# show the
increase in evaporated laser-polarized xenon gas as a
tion of time. The growth in the width of the profile indicate
the rate at which evaporated xenon moves up the tube. A
5 s, this gas has reached;1 cm above the liquid droplet
while after 30 s, the evaporated gas has expanded up the
a distance of;6 cm. ~The smaller peak observed in the 5
profile at;15 mm is a signal artifact.! Note that this net flow
of laser-polarized gas of;5 cm in 25 s is more rapid tha
e
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simple diffusion. For ;1 bar of Xe gas at;170 K,
the xenon gas self-diffusion coefficient is;2.35
31026 m2 s21, giving a one-dimensional diffusion distanc
of ;1 cm in 25 sec@22#.

The axial diffusion profiles in Figs. 3~b! and 3~e! also
show an increasing width as a function of time — as with t
spin density profiles. After 5 s, the small region filled wi
evaporated laser-polarized gas exhibits a uniform diffus
coefficient of;(2.0– 2.2)31026 m2 s21, approximately the
self-diffusion coefficient of xenon gas at 1 bar pressure a
170 K. However, the profile is much less uniform after 30
with larger diffusion coefficients observed in the middle
the evaporated gas region. Enhanced self-diffusion~disper-
sion! can occur where velocity shear or fluctuations ex
across one or a few adjacent imaging pixels, i.e., where
coherent flow velocity changes dramatically within a sm
localized region@6,23#. Such a phenomenon usually occu
only at high differential flow rates, when the effective diffu
sive motion of the spin is significantly affected as it cross
between streamlines of very different velocity@23#. Thus,
Fig. 3~e! suggests that large differential flow rates in t
vertical direction exist in this region of the tube.

The two-dimensional velocity images presented in S
III B below confirm that large differential gas flow occurs
the sample tube in the form of a single convective roll p
tern with gas flowing up one side of the tube and down
other. Velocity shear occurs between these outer region
high-velocity gas and the slow-moving gas along the cen
axis of the tube. Thus, very little coherent gas flow is evid
in the one-dimensional velocity profile fort55 s, shown in
Fig. 3~c!. In particular, this profile is corrupted by phas
artifacts arising from partial volume effects at the edge of
gas cloud. Likewise, for Fig. 3~f! no coherent upward motion
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FIG. 4. ~Color! NMR vertical velocity images from three 1 cm thick slices of laser-polarized xenon gas undergoing convection a
droplet of liquid xenon. The images were acquired using the pulse sequence in Fig. 2~b!, and provide a view looking down on the samp
in the cylindrical glass tube. Velocity encoding is for vertical gas flow, i.e., perpendicular to the plane of the page (Gq5Gy). The color bar
indicates the vertical velocity of the gas in each pixel of the image.~a! Image from a slice nearest the liquid droplet, centered 1 cm be
the middle of the tube, showing very high positive and negative gas flow on the left and right sides of the tube, respectively.~b! Image
centered at the middle of the tube.~c! Image from a slice 1 cm above the middle of the tube. The three slice positions are indicated
schematic in Fig. 1.~d!–~f! Sample velocity spectra from pixelsx, y, andz in ~a!.
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is observed in the evaporated laser-polarized xenon gas
file above the liquid xenon droplet att530 s.

B. Two-dimensional velocity and diffusion images

Figures 4–6 provide examples of two-dimensional vel
ity and diffusion NMR images of laser-polarized xenon g
flow above the evaporating liquid xenon droplet. Figure
shows velocity images acquired from three different sl
positions along the length of the glass tube, each with ve
cal flow velocity encoding — i.e., flow parallel to the tub
axis, which corresponds to flow perpendicular to the plane
ro-

-
s

e
i-

f

the page. Figure 4~a! is a 1 cmslice above the liquid drople
at ;1 – 2 cm below the middle of the tube; Fig. 4~b! is a 1
cm slice in the middle of the tube; while Fig. 4~c! is a 1 cm
slice towards the top of the tube,;1 cm above the middle o
the tube. The positioning of these slices is shown schem
cally in Fig. 1~b!. Immediately after acquiring the data fo
each vertical flow image, a second dataset was acquired
transverse flow velocity encoding — i.e., flow orthogonal
the tube. Typical transverse flow velocity images, from t
same three slice positions described above, are shown in
5 with the flow being horizontal in the plane of the page~i.e.,
left to right!. Each pair of images at a given slice positio
n above
flow, i.e.,

ge in
FIG. 5. ~Color! NMR transverse velocity images from three 1 cm thick slices of laser-polarized xenon gas undergoing convectio
a droplet of liquid xenon. The pulse sequences, slices, and view are the same as in Fig. 4. Velocity encoding is for transverse gas
left and right within the plane of the page (Gq5Gz). Each image is acquired immediately after the corresponding vertical velocity ima
Fig. 4.
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FIG. 6. ~Color! NMR diffusion images from 1 cm thick slices of laser-polarized xenon gas undergoing convection above a dro
liquid xenon. The color bar indicates the apparent one-dimensional self-diffusion coefficient of the gas in each pixel of the ima
images are derived from the same data sets used to produce the velocity images of Figs. 4~a!, 4~c!, and 5~c!. Therefore,~a! has vertical
diffusion encoding, in the slice nearest the liquid droplet;~b! has vertical diffusion encoding in the slice nearest the top of the tube; an~c!
has transverse diffusion encoding from the same slice nearest the top of the tube.~d!–~e! Examples of signal attenuation plots that yield t
spatially localized diffusion coefficient from the slope of the fitted line. Plots in~d! and~e! correspond to pixels labeledx andy, respectively,
in image~a!.
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@e.g., Figs. 4~a! and 5~a!# were acquired after freshly polar
izing the xenon sample. Finally, Fig. 6 shows three diffus
images derived from the same data sets used to generat
velocity images in Figs. 4~a!, 4 ~c!, and 5~c!, respectively.

The velocity images in Figs. 4 and 5 clearly show a g
convection pattern in the closed cell, driven by the evapo
ing liquid xenon droplet and the initial differential temper
ture of the two sides of the glass tube. In all vertical flo
images at the three positions along the tube, a narrow b
of gas at the left edge moves upward at high velocity, wh
on the right edge a narrow band of cooled gas moves do
ward with high negative velocity. Gas flow velocities ne
the central tube axis are much smaller. The maximum
served vertical velocities near the tube edges are;640
mm/s at the bottom of the tube, ranging to;620 mm/s near
the top of the tube. Note that at all positions along the tu
the regions of positive and negative vertical gas flow tend
volume average to no net flow, resulting in the near-z
vertical velocity one-dimensional profile shown in Fig. 3~f!.
The images in Fig. 5 indicate generally slower transverse
flow than the vertical flow shown in Fig. 4: less than 6 mm
is typical ~positive flow from left to right!. The image in Fig.
5~a! is consistent with a lack of transverse coherent flow
this region of high vertical flow rates near the liquid xen
droplet. In the middle of the tube, Fig. 5~b! shows slow co-
herent flow to the left, while toward the top of the tube, F
5~c! indicates slow flow from left to right. Together, the ve
tical and transverse velocity images in Figs. 4 and 5 dem
n
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strate a pattern of convective gas flow in the closed gl
tube, which is sketched qualitatively in Fig. 1~b!.

The images in Fig. 6 show the typically observed spa
variation of the apparent xenon gas diffusion coefficient
the presence of convective flow. The three diffusion imag
in Figs. 6~a!–6~c! were derived from the data sets used
produce the velocity images shown in Figs. 4~a!, 4~c!, and
5~c!, respectively. For the diffusion images, however, t
NMR signal attenuation was fitted to a function of the squ
of the velocity/diffusion encoding gradient; rather than Fo
rier transforming the signal with respect to the velocity e
coding gradient, as was done to produce the velocity ima
The images in Fig. 6 indicate~i! significant spatial variation
of the vertical diffusion coefficient in the lower region of th
tube, with areas of more rapid diffusion correspondi
roughly to areas of larger coherent flow@compare Figs. 4~a!
and 6~a!#; and ~ii ! vertical and transverse diffusion coeffi
cients above the middle of the tube that show little spatia
directional dependence or enhancement. In addition, F
6~d! and 6~e! show the NMR signal attenuation as a functio
of the diffusion-encoding gradient for the two pixels label
x and y in Fig. 6~a!, respectively. The plot in Fig. 6~e! dis-
plays greater attenuation, as expected from a region w
more rapid apparent diffusion.

Finally, we provide the following notes on these demo
strations of two-dimensional velocity and diffusion NM
imaging in laser-polarized xenon.
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~1! The observed flow patterns were generally steady d
ing the ;6 min period required to acquire each veloc
image. The velocity spectra~i.e., motion propagators! for
most image pixels showed a single, well defined veloc
peak that indicated coherent, steady xenon gas flow du
the image acquisition. Typical examples of velocity spec
are given in Figs. 4~d! and 4~f!, which correspond to the
pixels labeledx andz in Fig. 4~a!. In a few pixels in regions
of the images exhibiting large shear, i.e., large velocity va
tion over a small distance, the propagator indicated that
flow changed during image acquisition. Figure 4~e! gives an
example of such a velocity spectrum, showing bi-directio
flow within a single pixel, labeledy in Fig. 4~a!.

~2! The observed pattern of convective gas flow was fa
reproducible between experimental runs. The experime
procedure involved removing the glass tube from the NM
magnet, repolarizing the xenon at;90°C, refreezing the xe
non, and cooling one side of the tube to re-establish co
tions for convective gas flow. The sample was then re
serted in the iso-octane slush bath and placed in the N
magnet, and letting the xenon melt and form the liquid dro
let.

~3! It was necessary to ration the finite laser-polariz
xenon magnetization by using low flip angles~i.e., low-
power RF pulses! in the imaging sequences. Flip angles,8°
were usually used.

~4! Some of the velocity NMR images near the liqu
xenon drop suffered from distortion~image stretching! in the
phase direction. Figure 4~a! is an example of such distortion
We believe this effect is the result of a time-dependent va
tion of a background magnetic field gradient arising from
magnetic susceptibility difference between the liquid a
gaseous xenon. The effect of such a background gradient
observed in our previous NMR imaging of laser-polariz
xenon liquid and vapor@15#. From this past work we esti
mate that the background gradient at the position of the s
illustrated in Fig. 4~a! is approximately 1 G/cm, and that th
gradient varies by about 20% during the course of the
periment, as the droplet begins to evaporate. Such a
variation is about 10% of the applied gradients used for
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imaging sequence~1–2 G/cm!, which would result in a
stretching of the image of;10% in the phase direction, a
observed.

IV. CONCLUSION

In conclusion, we have used dynamic NMR microsco
for quantitative imaging of gas diffusion and convective flo
in a closed two-phase system of laser-polarized xenon
and liquid, where evaporation of the liquid drives convecti
of the gas. We believe this is the first application of tw
dimensional velocity and diffusion NMR imaging to a two
phase gas-liquid system, and one of only a few applicati
of this technique to quantitative monitoring of heat trans
processes such as convection, rather than the more u
pumped-flow experiments.

Dynamic NMR microscopy yields detailed spatial info
mation on diffusion coefficients and vectorial velocitie
within a flowing system, as well as the nature of the flo
~coherent or turbulent, etc.! through observation of the ve
locity spectra~i.e., motion propagators! and the echo attenu
ation for each pixel. However, the lengthy signal averag
and relaxation delays required for such measurements
thermally polarized gas samples restrict the application
dynamic NMR to systems where steady flow can be ma
tained for lengthy periods (;1 – 2 h!, generally precluding
applications to short-lived flow events such as heat tran
processes. The use of laser polarization permits dynamic
phase NMR imaging on time scales of minutes, enabl
new applications in studies of complex gas-phase and
liquid flow.
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