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Magnetic resonance imaging of convection in laser-polarized xenon
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We demonstrate nuclear magnetic resonaiNdR) imaging of the flow and diffusion of laser-polarized
xenon (?%Ke) 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 numbgs): 47.27.Te, 64.70.Fx, 66.10.Cb, 76.60.Pc

. INTRODUCTION lium (3He) and xenon’?®Xe) [10]. Such large polarizations
enable high-sensitivity gas-phase NMR, including biomedi-
Two-phase gas-liquid dynamics are important to a widecal imaging of human and animal lunfkl], studies of gas
range of scientific and technical problems, such as the phydiffusion in porous medid12], and gas-space MRI at low
ics of boiling and the engineering of heat transfer systemsmagnetic field§13]. Furthermore, laser-polarizdidjuid xe-
To date, however, there are no general methods for mappingon can be created by condensing the laser-polarized gas
the dynamic three-dimension&@D) properties of complex [14], thus providing a two-phase system in which both the
two-phase flowg1]. As a step toward developing such a gas and the liquid have extremely high magnetization den-
method, we demonstrate in this paper nuclear magnetic reseity. At standard pressure, xenon solidifies at 161 K and
nance(NMR) imaging of both gas diffusion and convective melts at 168 K, allowing access to all three phases of xenon
flow in a closed two-phase system of laser-polarized xenomt temperatures achieved easily with standard laboratory
(**°ke) gas and liquid, where evaporation of the liquid glassware. It is straightforward to maintain a glass cell con-
drives convection of the gas. taining laser-polarized xenon gas and liquid for lengthy pe-
NMR is a significant analytical tool for studies of fluid riods (~20-30min) in a NMR spectrometer. We recently
physics. Well established techniques such as magnetic resshowed that this liquid permits the acquisition of high-
nance imagindMRI) permit the mapping of both spin den- sensitivity NMR spin density images, with the potential for
sity and the conditional probability of spin displacement oververy high resolution micro-images~2 um) without the
variable time intervals, including measurements of fluid ve-need to signal averadgel5]. Since the xenon liquid NMR
locity, acceleration, and diffusiof2]. NMR is noninvasive, resonance is separated by a large 250 ppm downfield shift
three-dimensional, and compatible with both transparent anftom the gas-phase resonance, one can use NMR techniques
opaque materialg2,3]. In particular, dynamic NMR micros- to manipulate or observe either phase selectively.
copy can provide images of high spatial and velocity resolu- Several groups have recently used NMR techniques to
tion, often reaching the range of 20n spatial and 1@&m/s  investigate convection in liquid samplgg 16,17. Velocity-
velocity resolution. This technique has been used to studgncoding techniques have been used to compensate for arti-
liquids and a wide range of polymer and complex surfactantacts arising from convection effects in NMR spectroscopy
solutions undergoing flow in a variety of experimental con-experimentg16], while two groups have visualized liquid
figurations[4—9]. convection arising from imposed thermal gradients with two-
However, applying NMR to two-phase gas-liquid systemsdimensional velocity image$7,17]. In addition, Brunner
poses a significant challenge, because of the small NMR siget al. recently obtained one-dimensional velocity profiles of
nal provided by gases using the traditional NMR techniqué&lowing laser-polarized xenon gas in a pump-driven system
of thermal spin polarization in a large magnetic field. For[18]. Here, we extend these techniques to a two-phase gas-
nuclear spins, thermal equilibrium polarizations are approxidiquid system. We report two-dimensional NMR velocity im-
mately 10 ° in a magnetic field of a few tesla. Despite this ages of laser-polarized xenon gas undergoing coherent flow
small polarization, NMR can provide excellent sensitivity above a droplet of xenon liquid, and demonstrate the utility
and image resolution for many applications because of thef this technique to study evaporation, convection, and dif-
large spin density of many liquide.g., water[3]. However, fusion in a two-phase system.
conventional NMR is much less effective for gases, and thus
for tv_vo-phase dynamics, because of the much lower spin Il EXPERIMENT PROCEDURE
density of gases.
Alternatively, laser optical pumping techniques can be The experiment procedure was similar to that described in
used to create large nuclear spin polarizationsl(%) in  our recent paper on MRI of laser-polarized liquid xenon
dense samples of the spinisotopes of the noble gases he-[15]. A glass tube of~25 cn?® was filled with xenon gas
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FIG. 1. Schematic of the experimental setup used for the NMR experiments in this @mows the arrangement of the glass tube
containing the xenon sample, immersed in an iso-octane slush bath in a glass dewar, and placed in an RF coil inside the NMR magnet. This
diagram is not to scaléb) shows a closeup schematic of the tube, indicating the position of the three slices used in two-dimensional imaging
experiments, and the likely convective flow pattern indicated by the velocity images of Figs. 4 and 5.

(approximately 3 bar at room temperatute@ving enriched shown in Fig. 1 of Ref[15]. Generally, however, as soon as
abundance £ 90%) ?°e, a small amount of Ngas, and the solid had melted, motion-encoded images of the gas-
rubidium metal. The glass tube was then sealed. While beinfiquid system were acquired. Figure 1 shows a schematic of
heated to~90°C, the sample was subjected to circularlythe laser-polarized xenon gas-liquid sample placed in the
polarized light at 795 nm from a 15 W diode array laser,NMR instrument, as well as the typical gas-phase convective
resulting in a'?*Xe spin polarization of~5% induced by flow pattern imaged in our experimentsee discussion in
spin-exchange optical pumping mediated by the rubidiunSec. Il below.
vapor [10]. The bottom of the glass sample cell was then Spatial information was obtained with a standard spin-
placed in liquid N, allowing the xenon to freeze. To help warp technique using frequency encoding &wd 2D imag-
initiate convective gas flow, one side of the tube was thenng) phase encodinf], with data acquisition from gradient
held in liquid N, longer to make it colder than the other side. echoes formed from inverted readout gradients. Velocity-
Next, the sample cell was mostly immersed in an iso-octan@nd diffusion-encoded imaging is usually performed using a
ice-slush bath in a glass dewar, which maintained the tubspin-echo sequence, with a 180° RF pulse to refocus spin
bottom at a temperature of 166 K[19]. The glass dewar, dephasing surrounded by the flow- or diffusion-encoding
containing the tube of laser-polarized xenon and the isogradient pulse — a technique popularized by Stejskal and
octane slush bath, was placed upright in a solenoid RF coil ifanner and known as the pulsed gradient spin €€t@SH
a horizontal 4.7 T magnet with a clear 20 cm bore. The[20,2]. However, in our experiments, the 180° RF pulse was
xenon was observed to melt, forming a droplet of laseromitted, since the application of such pulses to laser-
polarized liquid xenon of-50 mn?, with xenon vapofpres-  polarized samples generally causes large spurious NMR sig-
sure ~1 bap filling the remainder of the cell. The entire nals, resulting from a combination of RF field inhomogeneity
process of xenon freezing and melting requiretl min, and and pulse width missetting21]. These spurious signals
was performed in the stray field of the 4.7 T mag(fetld  waste the finite, difficult to renew, xenon magnetization cre-
>0.1 T), preserving the large xenon spin polarizatfd®].  ated by the laser-polarization process, and also swamp the
The liquid xenon droplet slowly evaporated ove20 min,  desired NMR signal which is typically obtained from small
during which time NMR experiments were performed. Theflip-angle RF excitations used to conserve the xenon magne-
limitation to these experiments was usually RF depletion ofization. A simple modification to the basic PGSE sequence
the enhanced xenon magnetization, rather than the lifetime d$ therefore to remove the 180° RF pulse, and invert the sign
the liquid droplet. of the second gradient pulse, thereby allowing the gradients
All data reported here were obtained using a 4.7 T GEalone to refocus the dephased xenon spins and produce an
Omega/CSI NMR spectrometer/imager operating at 55.%cho[21]. Such a technique, known as the pulsed gradient
MHz for ?*Xe, using a homebuilt vertical solenoid NMR echo(PGB), is susceptible to spatially inhomogeneods )
coil. The magnetic field gradient coils provided 7 G/cm dephasing, unlike spin-echo techniques. However, this is not
across the 20 cm bore, which was adequate for the gas-phaaelimitation in largely homogeneous systems such as that
diffusion and flow measurements. Single RF pulses moniused in the present work.
tored the xenon phases in the cell after initial placement in The NMR echo signal observed in a PGSE or PGE ex-
the NMR magnet. A broad spectral peak representing soligheriment has a Fourier relationship to the probability of spin
xenon was seen initially at-300 ppm downfield from the motion — the so-called displacement propagator, which can
gas resonance. As the solid melted, this peak was replaced Ipg thought of as a spectrum of motion. The echo signzdn
narrow lines at 250 and O ppm, representing the liquid andhus be written a$2]
gas phases, respectively. Spin density images of the liquid
and gas in the cell could be obtained using standard fast

gradient echo techniques. These images were similar to those E(q’A):f Py(R.A)exdi2mq- (R)]dR, (@)
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whereP4(R,A) is the ensemble average displacement propa—a) 90 90 90 o

gator, or the probability of a spin having a displacem@nt RE l l ‘ T " [\ 1
=r'—r proceeding from any initial position to a final po- i vy M
sition r’ during the timeA. g is the wave vector of the G, A %@l\ NN
magnetization modulation induced in the spin system by a a

pulsed magnetic field gradient of strengttand pulse dura- z

tion 8. The magnitude of] is y89/27, wherey is the spin G, -}

gyromagnetic ratio. The Fourier transform Bfwith respect

to q, therefore, yields an image &;. WhenPq is Gaussian, Gy <A =3
the spins undergoing coherent motion will produce an echo P —e ~ o
with a relative phase factor effmquA], wherev is the © sawration  cvaporation, velocity  imaging
velocity of the flow; also, the echo will be attenuated by a excitation  encoding

factor exp(-47°q°DA), whereD is the diffusion coefficient b)) a

describing incoherent random motiamsually self-diffusion RE T A’ /\

of the spins concerned. In practice, the signal from each pixel i

in an image is Fourier transformed with respectjtm yield G, Wk N\gro
an average propagator, or velocity spectrum, for that pixel's G Aepe
spins. The phase factor accumulated from coherent flow dur- —* <

ing A manifests itself as an offset of the propagator from y ngl

G
zero, which in turn yields the average velocity of the spins in
that pixel. Applying this analysis to each pixel yields an G

image in which the signal intensity is indicative of the aver- d <A
age local velocity. Similarly, maps of the self-diffusion co- evaporation  excitation  velocity imaging
efficient D can be produced by fitting the natural encoding

log of the measured echo attenuation[Ef)/E(0)], to FIG. 2. RE and iic field aradient pul di
[—¥28%g°D(A— 8/3)], the well-known Stejskal-Tanner - 4. Rand magnetic ield gradient puise sequences used in
equation[20]. dynamic NMR microscopy experiments reported in this paper. The

Two types of NMR experiments were performed. First functional sections of these sequences are labeled at the bottom of

d di . i . fi | th 'the diagram.§ and A refer to the velocity gradient pulse time and
we made one-dimensional images., profiles, along the the velocity encoding time, respectively, gsl, gpe andgro

length of the tube, of xenon gas evaporatl_ng from the IIqUIdrefer to the magnitudes of the velocity encoding, slice select, 2D
dro_plet. To prepare the sample for deteCt'on_ of oalapo- phase encoding and readout gradients, respectivalyPGE se-
rating gas, a train of selective RF and gradient pulses wagyence used to acquire one-dimensional profiles. The sequence be-
used to saturaté.e., destroy the laser-polarized gas magne- gins with a train of saturation pulses, followed by a waiting time
tization, while leaving the liquid phase unperturjéd]. Af- o allow for evaporation. Eight profiles were then acquired consecu-
ter a waiting period that varied from 5 to 60 s, velocity tively, with the velocity-encoding gradient&g) stepped uniformly
profiles were made of the subsequently evaporated polariz&dr each profile from 0 to 5.5 G/cm along tiye(i.e., vertica) axis.
gas. Not surprisingly, as the waiting period after saturationb) PGE sequence used to acquire two-dimensional images. The
increased, the NMR profiles showed that a greater portion ofequence was repeated 8 times, allowing the velocity-encoding gra-
the closed tube was filled by the evaporating gas. The prodients to be stepped from 0 to 5.5 G/cyp #xis) or 5.8 G/cm ¢
files covered a field of view of 150 mm, with 128 acquired axis). The sequence was also repeated 64 times for each velocity-
points giving a resolution of about 1 mm. For velocity mea-encoding gradient, allowing the phase gradient to be stepped from
surements, eight separate profiles, each using differerfegative to positive values, thus permitting a second dimension of
velocity-encoding field gradients, ranging from 0 to 5.5Spatial encodingG, was applied along thg axis for vertical ve-
Glcm, were acquired after the evaporation waiting time. Thdocity encoding(Fig. 4) or along thez axis for transversdi.e.,
gradient pulse timeS was 4 ms, while the flow tima& was  Within the slicg velocity encodingFig. 5).
12 ms. Many velocity profiles could be obtained from one
sample of polarized liquid xenon, allowing experiments tospatial encoding, giving image data sets consisting of 128
continue until the polarization of the liquid phase was ex-X64 k-space matrices. These were zero-filled to>1238
hausted. Figure(2) shows the sequence of RF and magneticacross a field of view of 100 mm, giving a final spatial reso-
field gradient pulses used in these 1D NMR experimentslution of 780X 780 um. For velocity measurements, eight
with labels for the separate saturation, velocity-encodingseparate images were acquired, each using different velocity-
and imaging portions of the technique. encoding field gradients, ranging from 0 to 5.8 G/cm. The
The second type of NMR experiment was two- gradient pulse timé again was 4 ms, while the flow time
dimensional imaging of the steady-state motion of the gas iwas 15 ms, giving the final image a velocity resolution of
the closed tube, under the influence of the slowly evaporat==1 mm/s. A delay of 750 ms between each velocity- and
ing liquid xenon droplet. Two-dimensional velocity images phase-encoding step was used, in order for the laser-
were taken of 1 cm thick horizontal slices across the tubgolarized gas in the slice to be replenished by gas moving in
axis, without any prior saturation of the gas-phase polarizafrom elsewhere in the tube. Therefore, each velocity image,
tion. Using the gradient echo spin-warp NMR technifge  resulting from 8 velocity and 64 phase encodes, took
64 different phase-encoding gradients were applied for 20nin to acquire. The sequence is illustrated in Fidp) 2Typi-
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FIG. 3. One-dimensional NMR profiles, along the sample tube’s vertical axis, of evaporated laser-polarized xenon gas, acquired using the
sequence in Fig.(8). Frequency-selective saturation destroyed the initial laser-polarized magnetization from gas in the tube, then profiles
were acquired of newly evaporated polarized gas after an evaporation waiting-tifrefiles(a)—(c) have r=5 s; profiles(d)—(f) have
=30 s.(a) and(d) show vertical profiles of laser-polarizéd®Xe spin densityin arbitrary unit3. (b) and(e) show the vertical distribution
of the apparent coefficient for xenon gas diffusion along the tube’s (axis’ s~ ). (c) and (f) show the spatial distribution of coherent
velocity of the evaporating xenon gés mm/s.

cally, two complete velocity images were obtained from thesimple diffusion. For~1 bar of Xe gas at~170 K,
sample before repolarizaton was necessary. These two intlhe xenon gas self-diffusion coefficient is~2.35
ages were taken of the same slice along the tube, but witlkk 1076 m?s™!, giving a one-dimensional diffusion distance
velocity-encoding parallel, and then transverse, to the tubgf ~1 c¢m in 25 sed22].

axis. Images of different slices along the tube were obtained The axial diffusion profiles in Figs.(B) and 3e) also

after successive repolarization of the xenon. show an increasing width as a function of time — as with the
spin density profiles. After 5 s, the small region filled with
1. RESULTS AND DISCUSSION evaporated laser-polarized gas exhibits a uniform diffusion
coefficient of~(2.0-2.2)x 10" % m?s™ 1, approximately the
self-diffusion coefficient of xenon gas at 1 bar pressure and
Figure 3 shows typical one-dimensional profiles along thel70 K. However, the profile is much less uniform after 30 s,
tube’s vertical axis of the dynamics of xenon gas evaporawith larger diffusion coefficients observed in the middle of
tion. The top(a)—(c) and bottom(d)—(f) rows show profiles the evaporated gas region. Enhanced self-diffugatisper-
taken at timesr=5 and 30 seconds after saturation of thesion can occur where velocity shear or fluctuations exist
initial laser-polarized xenon gas, respectively. In all plots inacross one or a few adjacent imaging pixels, i.e., where the
Fig. 3, the abscissa gives the position along the verticatoherent flow velocity changes dramatically within a small
length of the tube, referenced to the approximate center dbcalized region6,23]. Such a phenomenon usually occurs
the tube. Figures (8 and 3d) are spin density profiles, in only at high differential flow rates, when the effective diffu-
the absence of motion-encoding gradients. Figufeés @1d  sive motion of the spin is significantly affected as it crosses
3(e) are diffusion profiles, giving the coefficient of apparent between streamlines of very different velocit®3]. Thus,
diffusion along the tube axis for the evaporated xenon gas asig. 3(e) suggests that large differential flow rates in the
a function of position in the tube. FigureécBand 3f) are  vertical direction exist in this region of the tube.
velocity profiles, one-dimensional maps of the rate of coher- The two-dimensional velocity images presented in Sec.
ent flow of the evaporating gas along the tube’s vertical axisliI B below confirm that large differential gas flow occurs in
The spin density profilefFigs. 3a) and 3d)] show the the sample tube in the form of a single convective roll pat-
increase in evaporated laser-polarized xenon gas as a fun@rn with gas flowing up one side of the tube and down the
tion of time. The growth in the width of the profile indicates other. Velocity shear occurs between these outer regions of
the rate at which evaporated xenon moves up the tube. Aftatigh-velocity gas and the slow-moving gas along the central
5 s, this gas has reachedl cm above the liquid droplet, axis of the tube. Thus, very little coherent gas flow is evident
while after 30 s, the evaporated gas has expanded up the tubethe one-dimensional velocity profile for=5 s, shown in
a distance of~6 cm.(The smaller peak observed in the 5 s Fig. 3(c). In particular, this profile is corrupted by phase
profile at~15 mm is a signal artifagtNote that this net flow artifacts arising from partial volume effects at the edge of the
of laser-polarized gas of 5 cm in 25 s is more rapid than gas cloud. Likewise, for Fig.(8 no coherent upward motion

A. One-dimensional profiles
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FIG. 4. (Color) NMR vertical velocity images from three 1 cm thick slices of laser-polarized xenon gas undergoing convection above a
droplet of liquid xenon. The images were acquired using the pulse sequence irflfFjcar2l provide a view looking down on the sample
in the cylindrical glass tube. Velocity encoding is for vertical gas flow, i.e., perpendicular to the plane of th&sgagé,(. The color bar
indicates the vertical velocity of the gas in each pixel of the imé&gelmage from a slice nearest the liquid droplet, centered 1 cm below
the middle of the tube, showing very high positive and negative gas flow on the left and right sides of the tube, respégtivehge
centered at the middle of the tubie) Image from a slice 1 cm above the middle of the tube. The three slice positions are indicated in the
schematic in Fig. 1(d)—(f) Sample velocity spectra from pixelsy, andzin (a).

is observed in the evaporated laser-polarized xenon gas prihe page. Figure(4) is a 1 cmslice above the liquid droplet
file above the liquid xenon droplet at=30 s. at ~1-2 cm below the middle of the tube; Figlbdis a 1

cm slice in the middle of the tube; while Fig(c}is a 1 cm
slice towards the top of the tube,1 cm above the middle of

i i } _ the tube. The positioning of these slices is shown schemati-
_ Figures 4-6 provide examples of two-dimensional veloc-cally in Fig. 1(b). Immediately after acquiring the data for
ity and diffusion NMR images of laser-polarized xenon gaseach vertical flow image, a second dataset was acquired with
flow above the evaporating liquid xenon droplet. Figure 4transverse flow velocity encoding — i.e., flow orthogonal to
shows velocity images acquired from three different slicethe tube. Typical transverse flow velocity images, from the
positions along the length of the glass tube, each with vertisame three slice positions described above, are shown in Fig.
cal flow velocity encoding — i.e., flow parallel to the tube 5 with the flow being horizontal in the plane of the pdge.,
axis, which corresponds to flow perpendicular to the plane ofeft to right). Each pair of images at a given slice position

B. Two-dimensional velocity and diffusion images

minm's 10

A6

(o

P
20 mm =10

FIG. 5. (Color) NMR transverse velocity images from three 1 cm thick slices of laser-polarized xenon gas undergoing convection above
a droplet of liquid xenon. The pulse sequences, slices, and view are the same as in Fig. 4. Velocity encoding is for transverse gas flow, i.e.,
left and right within the plane of the pag&{=G,). Each image is acquired immediately after the corresponding vertical velocity image in
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 droplet of
liquid xenon. The color bar indicates the apparent one-dimensional self-diffusion coefficient of the gas in each pixel of the image. The
images are derived from the same data sets used to produce the velocity images ofakigic)4 and 5c). Therefore,(a) has vertical
diffusion encoding, in the slice nearest the liquid drop(b};has vertical diffusion encoding in the slice nearest the top of the tube(cand
has transverse diffusion encoding from the same slice nearest the top of thedjuo®. Examples of signal attenuation plots that yield the
spatially localized diffusion coefficient from the slope of the fitted line. Plotglirand(e) correspond to pixels labeledandy, respectively,
in image(a).

[e.g., Figs. 4a) and Fa)] were acquired after freshly polar- strate a pattern of convective gas flow in the closed glass
izing the xenon sample. Finally, Fig. 6 shows three diffusiontube, which is sketched qualitatively in Fig(blL
images derived from the same data sets used to generate theThe images in Fig. 6 show the typically observed spatial
velocity images in Figs. @), 4 (c), and 8c), respectively.  variation of the apparent xenon gas diffusion coefficient in
The velocity images in Figs. 4 and 5 clearly show a gashe presence of convective flow. The three diffusion images
convection pattern in the closed cell, driven by the evaporatin Figs. §a)—6(c) were derived from the data sets used to
ing liquid xenon droplet and the initial differential tempera- yroduce the velocity images shown in Figga4 4(c), and
ture of the two sides of the glass tube. In all vertical flowge) respectively. For the diffusion images, however, the

images at the three positions along the tube, a narrow bangyr signal attenuation was fitted to a function of the square

of gas at the left edge moves upward at high velocity, Whileof the velocity/diffusion encoding gradient; rather than Fou-
on the right edge a narrow band of cooled gas moves dow

Ter transforming the signal with respect to the velocity en-

ward with high negative velocity. Gas flow velocities near __ . : L
A . coding gradient, as was done to produce the velocity images.
the central tube axis are much smaller. The maximum ob-

served vertical velocities near the tube edges -are40 The images in Fig. 6 indicat@) significant spatial variation

mm/s at the bottom of the tube, ranging-ta-20 mm/s near of the vertical diffusion coefficient in the lower region of the

the top of the tube. Note that at all positions along the tubelUPe: With areas of more rapid diffusion corresponding

the regions of positive and negative vertical gas flow tend t§2Ughly to areas of larger coherent figeompare Figs. @)
volume average to no net flow, resulting in the near-zergnd @a)J; and (ii) vertical and transverse diffusion coeffi-
vertical velocity one-dimensional profile shown in Figf)3 ~ cients above the middle of the tube that show little spatial or
The images in Fig. 5 indicate generally slower transverse gadirectional dependence or enhancement. In addition, Figs.
flow than the vertical flow shown in Fig. 4: less than 6 mm/s6(d) and &e) show the NMR signal attenuation as a function
is typical (positive flow from left to right. The image in Fig.  of the diffusion-encoding gradient for the two pixels labeled
5(a) is consistent with a lack of transverse coherent flow inx andy in Fig. 6(a), respectively. The plot in Fig.(6) dis-

this region of high vertical flow rates near the liquid xenonplays greater attenuation, as expected from a region with
droplet. In the middle of the tube, Fig(t§ shows slow co- more rapid apparent diffusion.

herent flow to the left, while toward the top of the tube, Fig.  Finally, we provide the following notes on these demon-
5(c) indicates slow flow from left to right. Together, the ver- strations of two-dimensional velocity and diffusion NMR
tical and transverse velocity images in Figs. 4 and 5 demonimaging in laser-polarized xenon.
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(1) The observed flow patterns were generally steady durimaging sequencél—2 G/cm), which would result in a
ing the ~6 min period required to acquire each velocity stretching of the image of 10% in the phase direction, as
image. The velocity spectréi.e., motion propagatoysfor  observed.
most image pixels showed a single, well defined velocity
peak that indicated coherent, steady xenon gas flow during IV. CONCLUSION
the image acquisition. Typical examples of velocity spectra
are given in Figs. @) and 4f), which correspond to the
pixels labeledk andz in Fig. 4(@). In a few pixels in regions

In conclusion, we have used dynamic NMR microscopy
for quantitative imaging of gas diffusion and convective flow

of the images exhibiting large shear, i.e., large velocity varial @ closed two-phase system of laser-polarized xenon gas

tion over a small distance, the propagator indicated that th@nd liquid, where ev_aporati_on_ of the I_iquid dri_ves_convection
flow changed during image acquisition. Figur@)gives an of the gas. We believe this is the first application of two-

example of such a velocity spectrum, showing bi—directionaldimenSional. ve_Iocity and difiusion NMR imaging to a two-
flow within a single pixel, labeleg in Fig. 4a). phase gas-liquid system, and one of only a few applications

(2) The observed pattern of convective gas flow was fairIyOf this technique to quantitative monitoring of heat transfer
rocesses such as convection, rather than the more usual

reproducible between experimental runs. The experimentfﬂ el .
procedure involved removing the glass tube from the NMvRPUMped-tlow expenr_nents. . . _
Dynamic NMR microscopy vyields detailed spatial infor-

magnet, repolarizing the xenon-at90°C, refreezing the xe- . e it ; o
mation on diffusion coefficients and vectorial velocities

non, and cooling one side of the tube to re-establish condi- " .
within a flowing system, as well as the nature of the flow

tions for convective gas flow. The sample was then rein- ;
serted in the iso-octane slush bath and placed in the NM o.herent or t'urbulent_, ejcthrough observation of the ve-
magnet, and letting the xenon melt and form the liquid drop—lo?Ity spectra(l.e:, motion propagatorsnd the_echo attenu-
let. ation for ea_ch pixel. Howevgr, the lengthy signal averaging

(3) It was necessary to ration the finite Iaser-polarizedand relaxation _delays required for su_ch measurements. on
xenon magnetization by using low flip anglése., low- therma]ly polarized gas samples restrict the appllcauon.of
power RF pulsesin the imaging sequences. Flip angte8® dynamic NMR to systems where steady flow can be main-
were usually used tained for lengthy periods~1-2 h, generally precluding

) applications to short-lived flow events such as heat transfer

(4) Some of the velocity NMR images near the liquid o . .
xenon drop suffered from distortidimage stretchingin the processes. The use of laser polarization permits dynamic gas-
phase NMR imaging on time scales of minutes, enabling

phase direction. Figure(d is an example of such distortion. licati 1 studi ‘ | h d
We believe this effect is the result of a time-dependent varialfi'gri’di?gv\'lca 1ons in studies of complex gas-phase and gas-

tion of a background magnetic field gradient arising from the
magnetic susceptibility difference between the liquid and
gaseous xenon. The effect of such a background gradient was

observed in our previous NMR imaging of laser-polarized The authors thank Dr. Sam Patz, Dept. of Radiology,
xenon liquid and vapof15]. From this past work we esti- Brigham and Women’s Hospital, Boston, MA, for access to
mate that the background gradient at the position of the slicehe NMR spectrometer on which these experiments were per-
illustrated in Fig. 4a) is approximately 1 G/cm, and that this formed. This work was supported by the NSF under Grant
gradient varies by about 20% during the course of the exNo. BES-9612237, by NASA under Grant Nos. NAGW-
periment, as the droplet begins to evaporate. Such a field025 and NAG5-4920, the Whitaker Foundation, and the
variation is about 10% of the applied gradients used for th&Smithsonian Institution Scholarly Studies Program.
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