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Pulsed-field-gradient NMR techniques are demonstrated for
measurements of time-dependent gas diffusion. The standard
PGSE technique and variants, applied to a free gas mixture of
thermally polarized xenon and O,, are found to provide a repro-
ducible measure of the xenon diffusion coefficient (5.71 x 107° m?
s~ for 1 atm of pure xenon), in excellent agreement with previous,
non-NMR measurements. The utility of pulsed-field-gradient
NMR techniques is demonstrated by the first measurement of
time-dependent (i.e., restricted) gas diffusion inside a porous me-
dium (a random pack of glass beads), with results that agree well
with theory. Two modified NMR pulse sequences derived from the
PGSE technique (named the Pulsed Gradient Echo, or PGE, and
the Pulsed Gradient Multiple Spin Echo, or PGMSE) are also
applied to measurements of time dependent diffusion of laser
polarized xenon gas, with results in good agreement with previous
measurements on thermally polarized gas. The PGMSE technique
is found to be superior to the PGE method, and to standard PGSE
techniques and variants, for efficiently measuring laser polarized
noble gas diffusion over a wide range of diffusion times. o 1998
Academic Press

Key Words: laser polarized noble gas; PGSE technique; gas
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INTRODUCTION

Measurements of time-dependent liquid diffusion usin

gas-phase NMR, following the application of optical pumping
techniques using lasers to produce large nuclear spin polariz
tions (=10%) in the spin% noble gases'f%e and 3He)
(10). To date, much of the interest in laser polarized noble ga
NMR has focused on imaging, for example, imaging of the lung
gas space in animaldl) and humansl?), as well as enhance-
ment of signals in contact with the laser polarized gas via cros:s
polarization, either on surfaces or in the dissolved stE8g (

We believe pulsed-field-gradient NMR measurements o
time-dependent noble gas diffusion will also have wide utility
in both biomedical and non-biomedical systems, for example
in determining the fluid permeability and surface area-to-vol-
ume ratio of porous and granular media (lung airways, reset
voir rocks, sand piles, etc.). NMR studies of liquid-saturatec
porous and granular media provide important, but limited,
information on sample microstructure for length scales belov
the resolution obtainable with direct MRI techniqués14). In
particular, pulsed-field-gradient NMR studies of water diffu-
sion in porous reservoir rocks and packed bead systems ha
shown that water NMR signals decay due to surface relaxatio
faster than the time for water molecules to diffuse betweet
pores (5). Thus imbibed-liguid NMR can accurately measure
the porosity of such systems, but is generally poor at detel

100 um in reservoir rocks) 3, 19, information that is

gning microstructural detail over multi-pore length scales

pulsed-field-gradient NMR techniques have many important ~-* | NS . :
applications, ranging from colloidal/emulsion characterizatigfiucial in determining important properties such as fluid per-

(1, 2), to probes of porous microstructure in systems such B§ability in porous media. However, pulsed-field-gradient
bead packs or reservoir rocks saturated with waged) Untii NMR measurements of time dependent diffusion of imbibec
now, pulsed-field-gradient NMR techniques have not be&g@ble gas should be a good probe of multi-pore length scale
used to measure time-dependent gas diffusion, perhaps bec®gsause of (i) rapid gas diffusion; and (ii) the weak interactior
of the small NMR signals provided by thermally polarize@f noble gas atoms with surfaces (and the resultant low surfac
gases. Indeed, until a few years ago, gas-phase NMR had beédaxation of noble gas spins).
a very limited field of study. The most common applications With the advent of laser polarized noble gas NMR, severa
had been the study of relaxation parameters throughout figgent publications have addressed the measurement of nok
phase diagram of fluorinated or noble gasgss|, and the use gas spin-relaxation times and diffusion coefficients while ac-
of fluorinated gases to image porous and biological samplesunting for the non-renewable spin-polarization provided by
(7-9. Recently, however, there has been a surge of interestle laser polarization techniqu&g—2J). However, in none of
these publications have pulsed-field-gradient techniques be

1To whom correspondence should be addressed. Fax: (617) 496 76@U]p.|0yed in a time dependent manner, hen_ce work to date
E-mail: rwalsworth@cfa.harvard.edu. applicable only to spatially homogeneous (i.e., free or unre
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stricted) diffusion. In several of these time-independent noble EXPERIMENTAL DESIGN AND PULSE SEQUENCES

gas diffusion measurements, a simple one-dimensional imag-

ing technigque was used, bleaching a hole in the gas magnetie performed noble gas NMR measurements using glas
zation and watching the signal return over tinig,(18, 2). sample cells filled with known pressures of gas determined b
Most recently {9—21), a more sophisticated method has been ratio method between the volume of a vacuum manifold an
employed, based on the original technique of Carr and Purcd&ie sample cell. The samples cells had volumes-86 cn
(22) for measuring unrestricted diffusion in a constant magd were fitted with valves to allow variation of gas pressure o
netic field gradient using a spin-echo. In these recent expdfstallation of model porous media (e.g., packed beads). Isc
ments (9-23, the sign of the gradient was reversed midwalpPically enriched xenon (90%**xe) was employed in all

through the measurement period and the resulting gradi&fPeriments using thermally polarized gas. For these thermal
echo refocused the spins in place of an RF pulse. Neverthel arized experiments, we added oxygen gag (@all sample

12 — -
this modified Carr—Purcell method remains essentially a con: Is to_reduce thgl_ of gxpf from ~1000 to~1 S and thus
. . make signal averaging feasible. Our laser polarized noble gz
stant gradient technique, and thus does not allow the measure-

ment of time-dependent gas diffusion, as do the pulsed—fief?fSloerlments vere performed with see_lk_ad glass cells of appro>
. ) . imately 25 cni in volume, and containing 3 atm pressure of
gradient techniques based on the method of Stejskal

- 3. (N hat time-ind dent diffusi 0 th ural abundance xenon gas27% *?°Xe). Laser polariza-
anner @3). (Note that time-independent diffusion of t €Mion was achieved by spin exchange collisions between th

mally polarized gases has also been measured by NMR, spy o 515ms and optically pumped rubidium vapor. The sample
radically, over the years2¢-27; and in most case2%-29 || was optically pumped at90°C for approximately 30 min
the method used was the Carr—Purcell constant gradient teghine fringe field of a 4.7 T NMR magnet using15 W of
nique @2).) circularly polarized light at 795 nm from a fiber-optic-coupled
In contrast, for liquids, techniques based on the method @bde laser array (manufactured by Optopower Corp, Tucsor
Stejskal and Tanner2g) have displaced constant gradienpz).
techniques (e.g., Carr—Purcell) as the method of choice forall NMR experiments were performed using a GE Omega/
accurate diffusion measurement by NMR. In particular, theSI spectrometer with a 4.7 T horizontal bore magnet. The
Pulsed Gradient Spin Echo (PGSE) techniq@®8) (and its spectrometer operated at 55.3 MHz f3PXe, using a home-
variants 28) are now widely used for time dependent diffusiotbuilt solenoid RF coil, and its gradient coils provided up to 7
measurements in liquids and related systet<29, 3Q. For G/cm gradient strength. We implemented a standard Stejska
example, “diffraction-like” effects observed in PGSE measurdanner PGSE pulse sequenég)(and a stimulated echo vari-
ments of restricted liquid diffusion yield accurate determin&nt, PGSTEZ8), illustrated in Fig. 1a, on the Omega system
tions of pore sizes and geometry in model physical systergs diffusion coefficient determination in homogeneous gas
(3, 31, 33 and blood cell suspension83). PGSE techniques Systems. In heterogeneous media (e.g., beads or rocks), lar
using liquids can also provide microstructural informatioRackground magnetic field gradients can be created in th
about a variety of heterogeneous systems, such as droplet $##@Ple due to the magnetic susceptibility mismatch betwee

in emulsions and vesicle€) and porosity in liquid-saturated the 9@s and solid phases. These background gradients c
reservoir rocks4, 15, 3435 greatly inhibit the precision and accuracy of standard pulsed

In this paper, we address three key issues on the pathﬁ%d'gr?g:en;gg?éion measurhemen;?ﬂ. gowTver,d;/artia—
employing laser polarized noble gas for time-dependent difejons of the sequence have been deve AP to
educe this effect. Thus for measurements with thermally po

sion studies in porous media. First, we confirm the applicability . . :
%orlzed xenon gas in heterogeneous media we adopted a mc

of the _Stejs_kaI—Tanner PGSE. technique and its varlantsi ied Cotts 13-interval PGSTE sequence using bi-polar gradier
freely diffusing, thermally polarized gas samples. Second, Cises with a stimulated ech@d). A schematic of this se-

demonstraﬁe for the first time the_measure_ment of t|me-de_p lience is given in Fig. 1 b. For the thermally polarized gas
dent diffusion of a thermally polarized gas in a porous mediu

) . ] - xperiments, 8—16 signal averaging scans were used for fre
Finally, we investigate techniques that allow the measurem(ags samples, while 32—64 were used for porous media sample

of time-dependent diffusion coefficients in laser polarized gasTpe finite, non-renewable magnetization of laser polarizec
samples and discuss issues related to the measuremenidiiie gas requires modification of standard NMR pulse se
restricted diffusion of laser polarized noble gas in poroygences. Since the noble gas magnetization is induced
media. Under Experimental Design and Pulse Sequences,cypgcm pumping, there is no “recovery” of magnetization
discuss the techniques used in all three sets of experimepghin a T, time after an RF pulse. Instead, the noble gas
along with the need for non-standard methods when onenigignetization is finite and lost once used. Hence, low fli
dealing with laser polarized gas samples. Under Results antfjle experiments such as FLASH have been popular fc
Discussion, we present and analyze the results obtained fromaging of laser polarized noble ga40{. However, as each

each of the three series of experiments listed above. pulse consumes magnetization, continued use of the same fi
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spurious signal from non-uniform 180° RF pulses can excee
the signal from a low flip angle excitation pulse.

To overcome this problem, we have used two variations o
the PGSE technique, described in the following, to measure th
time-dependent diffusion of laser polarized noble gas.

Pulsed Gradient Echo. First, we employed a simple pulsed

gradient echo (PGE) sequence (see Fig. 1c), that does n

b) PGSTE-bp 90 180 90 90 180 utilize 180° RF pulses—so problematic with low flip angle
| | | | I | | | I ). excitation. With this method, the sign of the second gradien

RF v pulse is reversed with respect to the first pulse to refocus th

NMR signal in the absence of a 180° RF pulse. In othel

a) PGSTE 9 90

G

G respects, however, the PGE and PGSE techniques are identic
including the ability to give time dependent diffusion informa-
tion, as well as the data analysis proced28).(We imple-

C) PGE o mented the PGE technique using a variable flip-angle ap
I A proach, where the flip-angle for threh pulse,6,, is given by
RF 4 (29
G (SirfOy_n) *=N-n+1, [1]

andN is the total number of RF pulses. Note that some of the
d) PGMSE 90 180 techniques used recentl$9—-21 to measure diffusion of laser
RF I polarized noble gas are similar to the PGE technique, but witl
the key difference that these experiments had no delay betwe
L, . the gradient pulses; i.e., they are effectively constant gradier
G CAD A 0l experiments 42) that do not provide information on time-

dependent gas diffusion.

FIG. 1. Pulsed-field-gradient pulse sequences used for diffusion coeffi- Gradient echo sequences are typically limited by fast, dif-
cient determinations in the work presented in this paper. In all four diagranfgision-induced decay of the transverse magnetization '(]*@'
§ is the gradient pulse time is the gas diffusion time, and is the strength decay), rather than by slower, homogeneous processeﬁ'gi.e.,

of the applied gradient pulse. (a) A stimulated echo variant, referred to . . . .
PGSTE, of the standard Stejskal-Tanner Pulsed Gradient Spin Echo (PG Efay) which limit spin-echo sequences. As a result, even i

pulse sequence2®). (b) A modified PGSTE (stimulated echo) sequencélNrestricted, freely diffusing SyStemS_a th? PG_E technique ca
incorporating bi-polar diffusion encoding gradient pulses (PGSTE-bp) to caeasure only moderate noble gas diffusion timed @ ms),

cel out the effect of background gradients in heterogeneous media. 180° &kd thus can probe only moderate gas diffusion length scale
pulses are the three pulses between the first two pulses labeled as 90°; an%@SOO um for gas pressures of1 atm). To circumvent this

three pulses after the third pulse labeled as 90°. The small, dark-cologed.. .. . .
gradient pulses are clean-up and crusher gradients. (c) A low, variable fI‘H:dmtatlon’ one needs to mampUIate the transverse magnetiz

angle implementation of the Pulsed Gradient Echo (PGE) sequence. The It V_Vith fully refocusing R_F pulses, as in t_he case O_f the spir
flip angle « was increased for each shot, along with the valug.ofd) The Or stimulated echo techniques. To do this refocusing effec

Pulsed Gradient Multiple Spin Echo sequence, with the transverse magnetﬁae|y requires that all the large, laser po|arized noble ga:s

tign r_efocuse(h_ times t(_) producen echoe§ in'the _train. The effect of the magnetization be in the transverse plane (to avoid spuriou
diffusion-encoding gradientg; are cumulative in this sequence. The small

dark-colored gradient pulses are clean-up gradients applied along an ﬁ%nal’ radlatl(_)n damplng, etc.). Howev_er’ the magnet|zat|onp
orthogonal to the diffusion-encoding direction. a laser polarized noble gas sample is finite and not easil

replenished, and a standard spin or stimulated echo sequen

will consume all this magnetization. Thus standard method

can only provide information for a single diffusion encoding
angle RF pulse will deliver progressively less magnetizatigjtadient value, whereas data for several such field gradients a
into the transverse plane. This effect can be compensated fgeded to map out the echo attenuation curve and determil
by using a variable flip angle approach which progressivellie gas diffusion coefficient for a particular diffusion time.
increases the flip angle throughout the experimdr, 40. A single-shot diffusion technique that will provide a number
Unfortunately, low flip angle excitation techniques are vergf echoes with differing diffusion attenuation from a single RF
sensitive to slightly mis-set or spatially non-uniform 180° Rlexcitation pulse is therefore required. A number of single-sho
pulses. Thus PGSE experiments with low flip angle excitatiafiffusion methods have been developed, most using combin:
are impractical with laser polarized noble gases because tioms of spin and stimulated echoes resulting from a single RI
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excitation pulse41-43. Such a combination results, howeverapplied diffusion gradient pulse during théh echo in the

in the acquisition of echoes at differing diffusion timasas PGMSE train.

well as differing gradient strengths. While such an approach isin their original implementation of the PGMSE technique
feasible for unrestricted diffusion where the diffusion coeffid4, 49, Li and Sotak derived the diffusion coefficient for
cient will not vary with A, it is not suitable for the measure-water from a plot of the ratio ofith echo height to then( —
ment of time-dependent diffusion. Instead, the method of With echo, thus removing thE, contribution and the effect of
and Sotak 44, 45, the Pulsed Gradient Multiple Spin Echoprevious gradients applied during the echo train. This assumg
allows a series of echoes to be acquired at a conatabut the gradient is being incremented evenly throughout the ex
with varying diffusion encoding gradient values, and therefoperiment. In our implementation with noble gas, we performec
should provide a method for time-dependent diffusion coeffiwo PGMSE experiments, one without and one with the appli-
cient determination from laser polarized gases. cation of the diffusion-encoding gradients, and normalized the

Pulsed Gradient Multiple Spin Echo.We have adapted thetrain of echoes from the second experiment to the first set ¢
single-shot diffusion technique known as the Pulsed Gradigithoes. We analyzed our PGMSE data by creating a simp
Multiple Spin Echo, or PGMSE (see Fig. 1d), for the determIn(S(t)/S(0)) attenuation series for the two experiments with
nation of time-dependent diffusion coefficients of laser polagero and finite diffusion gradients. A linear fit was made
ized noble gas. This technique allows the full echo attenuatiBifough the zero-gradient series, and the calculatesttenu-
curve to be determined from a single RF excitation, and afion was subtracted from the diffusion-attenuated data serie
based on the continuous refocusing schemes used in CcPNiee resultant, normalized data were then analyzed in the sta
echo trains 22, 4§ and RARE Fast-Spin-Echo imaging 7). dard Stejskal-Tanner mann@3j, with the exception that each
In the PGMSE sequence, transverse magnetization created8ipt in the attenuation series was plotted as a function of th
a single 90° RF excitation pulse is continually refocused pm of gradients applied in all echo cycles up to that point
180° RF pulses, providing a train of multiple echoes. A diffucather than the gradient strength applied only for that echo. Du
Sion_encoding gradient pulse pair iS app“ed during each ecmhe cumulative nature of the effect of the diffusion'encoding
cycle, with the result that each echo read out has a differéigdients, we found that better results were obtained by apply
diffusive attenuation. To guard against spurious signals frofg first zero, and then the same pulsed gradient value in eac
imperfect 180° pulses, small clean-up gradients in an agsho cycle, rather than increasing the gradient strength incre
orthogonal to the diffusion-encoding direction are applieghentally for each echo.
around each 180° pulse. The weakness of the PGMSE technique is that, like the

The data acquisition and analysis procedure employed ii@ndard PGSE, refocusing with 180° RF pulses leaves tr
PGMSE experiment differs from the standard PGSE procediifidite noble gas magnetization in the transverse plane througf
(23). In a standard PGSE experiment, the data obtained wiHt the experiment, and hence subjecfltodecay, which in
each successive diffusion-encoding gradient must be normi&tn limits the maximum  possible diffusion tima of an
ized against the data obtained in the absence of a diffusiéi®eriment (see discussion below of experimental results). T
encoding gradient, in order to remove effects Tof or T, avoid suchrl, decay problems in a standard PGSE experiment
relaxation during the diffusion tim@. Thus, it is usual to the 180° RF pulse is replaced by the two 90° pulses of ¢
acquire a series of echoes, each with increasing diffusi§fimulated echo sequence. Unfortunately, the large number ¢
gradient, with the first gradient value equal to zero. Then ti§¢condary echoes produced by this technique, and the loss
analysis involves normalizing each echo height by the firgtagnetization as crusher gradients remove such echoes, mal
(zero gradient) echo height. However, in the PGMSE tecHlis method extremely difficult to implement for multiple re-
nique, each refocused echo in the train is attenuated by focusing and the formation of an echo train. However, in
beforethe diffusion encoding for that echo Cycie occurs. |ﬁara”e| with this Work, we have devised a Single'shot diffusion
addition toT, effects, each echo in the PGMSE train is alséchnique that incorporates both a stimulated echo to remoy
attenuated by the diffusion-encoding gradients applied in pi&e effects of T, decay and a variablé to enable time-
vious echo cycles in the experiment. Thus, the diffusioflependent diffusion measurements. This technique is based

encoding gradient effect is cumulative, and the echo height fé¢ BURST excitation methodi8), and is best described by a
each echa is given by different formalism; thus it is reported elsewhe#®)(

- RESULTS AND DISCUSSION
Si(g.t) = exp(—( X g7)8*y*D(A8/3))exp(—t/T.), [2] e report three groups of gas diffusion experiments in this
=1 paper. First, we applied the standard PGSE technique ar
stimulated echo variants to thermally polarized xenon gas, an
whereD is the free gas diffusion coefficiend,is the gradient found that these techniques provide an efficient and accura
pulse width A is the diffusion time, and; is the strength of the measure of the free gas diffusion coefficient. Second, we use
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9x103 xenon gas, isotopically enriched to 93%6Xe, and varying @
partial pressures ranging between 1 and 3 atm. Xenon diffusio
8x103 coefficients were determined with the PGSE sequence; resul
are shown in Fig. 2. Plotting the inverse of the measured xeno
7x103 diffusion coefficient D %) versus Q partial pressure yields a
straight line, withD = 1.90 X 10" °® m?® s~ * when the Q
6x105 | content is extrapolated to zero. Since gas diffusion coefficient
scale inversely with gas pressure, the xenon self-diffusior
coefficient at 1 atm pressure is determined from our data to b
5.71x 10 ®m?s L. This value agrees very well with previous
theoretical calculations and measurements using a variety «
FIG. 2. Results of PGSE diffusion measurements for 3 atm thermalijon-NMR techniques50, 5J).
pplarized Xenon, as afur_1ctio_n on(Dart_ia_I pressure. A étgaigyzhtliPe fit for @/ We also measured the xenon diffusion coefficient as a func
ifr:f; Z':\gf;agomed diffusion coefficient of 1.8010"" ms “for 3atm 0 of xenon partial pressure. These PGSE experiments we
performed on gas samples consisting of 2 atgngas, and
varying xenon partial pressures ranging between 1 and 3 atr
ain, the xenon gas was isotopically enriched to 98%e.)
otting the inverse of the measured xenon diffusion coefficien
jl) versus xenon partial pressure yields a straight line (se

1/D (m-2s) for 3 atm xenon

5x105 . ) . . .
0 0.5 1 1.5 2 2.5 3
O, pressure (atm)

the bi-polar stimulated echo method to measure time depend
(i.e., restricted) diffusion of thermally polarized xenon gas i

model porous systems (bead packs). The results of these e 3) Th i lated val £ th diffusi p
stricted gas diffusion measurements were consistent with t ég‘t ).t € exfrapolated va ue_of_ 'te )((;:In?n |_u§{|r:)n coetl-
oretical calculations35, 39 and previous NMR experiments_Clen at zero xenon pressure (infinite dilution) is the xenon;

performed with water-saturated bead packs Einally, we in-O, diffusior_l coefficient, which appears not to have been
applied the two PGSE-derived techniques (the PGE a %oorte_d preylou_sly._At 2 at”.‘ goressure our mfzgsuzre[nlents
PGMSE sequences described above) to free thermally and | %tFrmlne th!s dlffu3|o_n coef_f|C|e_nt to be (.5'7010 m:s .
polarized xenon gas, in the absence of glass beads, finding t e t_hat this xe_non-|n-9d|ffu3|on coefficient should also
PGMSE method to be superior to the PGE technique fa?ale inversely with @gas pressure.

efficiently measuring gas diffusion over a wide range of dif- . . .

fusion times. Note that all diffusion coefficient measurementdffusion of Thermally Polarized Xenon Gas in Model
reported in this paper have one standard deviation uncertaintie§ 0rous Systems

(resulting from statistical error in straight line fits to echo | the second group of experiments, we determined the

attenuation data) that are less than 3%. time-dependent (or restricted) diffusion coefficient of ther-
mally polarized xenon gas imbibed in model porous media. W

PGSE Techniques Applied to Unrestricted, Thermally filled a glass cell completely with densely packed, randomly
Polarized Xenon Gas oriented 4 mm glass beads (obtained from Dow Chemical

To demonstrate the robustness of the PGSE technique &IV YOrk), and then admitted 3 atm xenon gas, isotopically

variants when applied to gases, we made a series of measure-
ments on a cell containing 3 atm thermally polarized xenon

gas, isotopically enriched to 9096°Xe, and 2 atm @ The

xenon diffusion coefficients were measured in three ways: (i) 5 %%
with the standard PGSE sequence; (ii) with the standard stim- & I
ulated echo PGSTE sequence; and (iii) using a modified
PGSTE sequence incorporating bi-polar gradient pul38s (
All three methods covered a wide range of diffusion tim&} (
~75-1000 ms, with the gradient pulse tin®& kept constant
and the maximum magnetic field gradient adjusted appropri-
ately. The three methods gave the same value for the diffusion;
coefficient of 3 atm of xenon in 2 atm (or all diffusion

times: the average value from these three methods, over all % 05 1 5 2 25 3

values ofA, was 1.37x 10 m? s~ L.

To account for the presence of oxygen, Gn thermally o _
FIG. 3. Results of PGSE diffusion measurements for thermally polarized

polar_lz_ed xenon samples, we measured the xenon dlffus_k%ﬂon in the presence of 2 atm,@s a function of xenon partial pressure. A
coefficient as a function of Opartial pressure. These expefristraignt line fit for 1D yields an extrapolated diffusion coefficient of 6.%7
ments were performed on gas samples consisting of 3 atm® m? s for infinite dilution of xenon in 2 atm @

6x105 |

4x105 ¢

2x105 |

1/D (m-2s) for xenon in 2 at

xenon pressure (atm)
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Thermal Xenon in dam Beads Application of PGE and PGMSE Techniques to Unrestricted
PGSTE-bp Diffusion of Both Thermally and Laser Polarized Xenon
Gas

4
o

o
oo

In the third group of experiments we measured the free ga
diffusion coefficient of both thermally and laser polarized
xenon using the two modified pulsed-field-gradient technique

D(t) / D(0)

o
“

W -

06 discussed above (PGE and PGMSE). While these techniqu
05 were devised for application with laser polarized gas, we felt i
0.0 0.2 04 06 08 10 12 prudent to test their application first with thermally polarized

Diffusion Length (mm) samples, allowing direct comparison with standard PGSE tect

FIG. 4. Measured time-dependent diffusion coefficieBt(()) for 3 atm Niques.
thermally polarized xenon gas mixed with 2 atrp &d imbibed in arandom  Using a 90° excitation pulse and a relaxation delay of
pack of 4 mm glass beads. The valueDdgf) are normalized to the measuredapproximateiy fiveTl times. we used the PGE technique to

rar > | b are porm 0 the ely f ne _ E
free diffusion coefficientd(0) = 1.87> 10" m"s " The diffusion length - 0 0¢re diffusion coefficients in a cell containing 3 atm ther.
z, plotted on the abscissa, is calculated from the diffusion timez =

VD(0) X A. The solid straight line shown in this figure is the theoreticainally polarized xenon gas, 'So_topmaHY_e_n”Ched to 9%%Ke,
short-time limit of Eq. [3], calculated using a surface to volume rafid, = and 2 atm Q. The xenon diffusion coefficient was measured at

9.79expected for dense random packed sphe88s The dashed straight line two different diffusion timesA = 50 and 250 ms, with an
is the theoretical long-time limit of Eq. [4], calculated using the porosity oéverage value of 1.4& 10 m?2 s in excellent agreement
0, . _ _ .
dense packed beads 6#40% (6). with the value of 1.42x 10~ ® m? s~ * obtained from our PGSE
experiments conducted simultaneously with equivalent expel
imental parameters.

enriched to 90%2%Xe, and 2 atm Qgas, to fill the interstitial ~ We then modified the PGE technique to incorporate vari
(pore) spaces between the beads. The time-dependent xefdJg-flip angle excitation, and used this technique to measur
diffusion Coefficient,D(t), was measured over a wide rangéhe diffusion coefficient of 3 atm of laser polarized Xenon gas
of diffusion times ), ~12.5-1000 ms, using the modifiedfor two different diffusion timesA = 50 and 100 ms. (Note
PGSTE sequence incorporating bi-p0|ar gradient pu|ggp ( that the Ionger diffusion time [100 mS] was shorter than that fol
(Note. tand A here are interchangeable.) Typical results fdhe thermally polarized xenon PGE experiment [250 ms] be
D(t) are shown in Fig. 4. At the shortest of diffusion times, theause of the difficulty of shimming a laser polarized sample
xenon diffusion coefficient was close to the measured value fithout consuming most of the sample’s finite magnetization
the free gas mixtureD(0) = 1.37 X 10 ® m? s~ %, and then Poor shimming of static field gradients results in a shorter
decreased along the theoretical straight line derived from tA&d limits the maximumi.) After standard Stejskal-Tanner

surface-volume raticy/V,, in accordance with the theoreticalanalysis (see Fig. 5), the data yielded diffusion coefficients o
equation for random bead pack3s), 1.90%x 10 ®and 1.91x 10 ®m?s for A = 50 and 100 ms,

respectively, showing good self-consistency as well as agres
ment with the diffusion coefficient that we obtained for 3 atm

4 S
D(t)/D(0) =1 — ﬁvp yD(0)t + 3(D(0)t).  [3]
Laser-Polarized Xenon,
at free gas, PGE
For long diffusion timesD(t) approached a limiting value of =
approximately0.64 X D(0), which is consistent with calcu- = 2
lations 36) and previous NMR measurements in water—satu—E 3 A=50ms
rated bead pack#). This asymptotic, long-time value &f(t) A=100ms
provides an indication of the porosity of the sample, -4
N 0 2x107 4xi07 6x107 8xllo7 10x107 12x107
D(t)/D(0) ~ \J@- [4] (2nq)? (m2)

FIG. 5. Demonstration of the Pulsed Gradient Echo (PGE) technique for
(Note. ¢ ~ 0.36—0.40 in random packs of spherical beadgneasurements of laser polarized xenon gas diffusion. A Stejskal-Tanner ecl

(36). These thermally polarized Xenon measurements are Fgcirlzinuation semi-log plot is shown for 3 atm laser polarized xenon gas at tw
) ifferent diffusion timesA = 50 and 100 ms, yielding diffusion coefficients of

of an on-going study of ti_me-dgpendent gas qiﬁUSion in POTOYS0 % 1076 and 1.91x 10°° m? 5%, respectively. Here, plotted on the
media, the results of which will be reported in a future publighscissa, is the wavenumber of the magnetization grating created by a part

cation. ular diffusion-encoding gradient puls@); q = (ydg/2).



484 MAIR ET AL.

xenon gas by extrapolation of the thermally polarized data) |
shown in Fig. 2 (extrapolated thermal data: 19010 m?

s~ 1). While giving excellent results, the limitations dueTd -1
decay is obviously a drawback for the PGE technique. At@
tempts to use this technique for diffusion times longer than 100
ms yielded poor spectral data with resulting poor echo atteng -3
uation curves and inaccurate diffusion coefficients.

The PGMSE experiments were conducted on the same sam-
ples of thermally and laser polarized xenon gas as those used -5
in the PGE tests just described. For both types of samples, the
same applied gradients were used, namely zero gradient for the
first echo in the train, followed by 3.17 G/cm gradient pulsed) o
for each of the remaining seven echoes acquired in the train. 1
Diffusion times of A = 25-250 ms were used for thermally
polarized gas, and = 25-500 ms for the laser polarized gas. <
The gradient pulse lengtld, was decreased from 3 to 0.6 ms &
as A was increased, keeping the total signal attenuation cong
stant. The application of the PGMSE technique was identical
for the thermal and laser polarized samples, with the exception ™[  A=3200ms = \Q=191xI0¢
that in the case of the thermally polarized sample, extensive /g 1x108 2x108 3x108
signal averaging was carried out48 scans), while the laser (2n2q)? (m2)
pOIa;nzed data.wef,e obtained with a S.mgle scan. _Ach|s_|t|on OfFIG. 6. Demonstration of the PGMSE technique for measurements of the
the “zero gradient” PGMSE echo train followed ImmGd'ate'ydiffusion of both thermally and laser polarized xenon gas. Stejskal-Tanne
For the thermal sample, this was done with similar signatho attenuation semi-log plots are shown for (a) 3 atm thermally polarize
averaging, but for the laser polarized sample, these data wenen gas mixed with 2 atm £t four different diffusion times\ = 25-200

acquired from the considerably lower residual signal remainiri§: and (b) 3 atm laser polarized xenon gas at five different diffusion times
after the “finite gradient” experiment = 25-400 ms. For each diffusion time, the resultant diffusion coefficient is

. lotted next to the echo attenuation data. Hetg plotted on the abscissa of
Sample echo attenuation curves from the PGMSE expe@b * P

th figures, is the effective wavenumber resulting from the cumulative effec
ments for thermally and laser polarized xenon are shown dfthe multiple diffusion-encoding gradient pulses;X employed in the
Fig. 6. The echo attenuation data for the longest tine=(250 PGMSE technique.

ms for thermal gas, anl = 500 ms for laser polarized gas) in

each case is omitted for the sake of clarity. Averaged over five

diffusion times, the diffusion coefficient for the thermallytheless, the single-shot nature of the PGMSE technique re
polarized xenon sample was found to be 1:8330 °m?s™*, sulted in nearly an order of magnitude reduction in overall
in good agreement with standard PGSE experiments conduate@erimental time, compared to the PGSE technique for thel
simultaneously (which yielded an average value of 1:39 mally polarized xenon samples.

10~ m? s~ 1. For the laser polarized xenon sample, the aver-

age over six diffusion times gave a diffusion coefficient of CONCLUSION

1.89 X 10 ° m? s7%, also in excellent agreement with the

extrapolation of PGSE thermal data shown in Fig. 2 and theThe experiments reported in this paper demonstrate th
PGE experiments described above. Note that for long diffusiafility of pulsed-field-gradient NMR methods for measure-
times and large diffusion-encoding gradients (i.e., large echeents of time dependent gas diffusion. Experiments wer:
attenuation), some of the thermally polarized PGMSE daperformed using thermally polarized xenon gas, in both ar
deviated from a linear semi-log echo attenuation curve (seerestricted and a restricted environment (packed beads), al
Fig. 6a) due to significanfT, decay, in combination with with freely diffusing laser polarized xenon gas. First, we
diffusive attenuation, resulting in poor signal-to-noise. Theshowed that standard pulsed-field-gradient techniques (PGS
echo attenuation data were excluded from fits for the xenand variants) provide efficient and accurate measures of fre
diffusion coefficient. Experiments also showed that when gas diffusion for thermally polarized xenon, with reproducible
was increased further such thiBf was the dominant attenua-results over a wide range of diffusion times. Second, we
tion factor, the accuracy of the resultant diffusion coefficienthowed that a modified stimulated echo sequence with bi-pole
was poor. Also, because of the combined signal attenuation dyadient pulses enables measurement of time-dependent diff
to both T, decay and diffusion encoding, 50% more signalion of thermally polarized xenon gas imbibed in porous me:
averaging scans were acquired for the thermal PGMSE expéia. Third, we noted that the finite, non-renewable magnetiza
iments than for the corresponding PGSE experiments. Neviéon of laser polarized noble gas makes impractical the

(o)

Thermaily Polarized Xenon,
free gas, PGMSE

2 A =25ms,

D = 1.34x10-6

0 1x108 2x108 3x108
(2mXq)2 (m2)

Laser-Polarized Xenon,
free gas, PGMSE

—_

So)

RS- NV N VR

A=25ms,
D = 1.88x10-6

Zq

400ms, A= 50ms,
1.85x D= 1.87x106
10 A= 100ms,
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execution of standard PGSE techniques for diffusion measuneagnetic susceptibility mismatches in solid—gas heteroge
ments of these special gases. While in principle such standasbus systems, and the resultant effect on NMR measuremer
techniques could be implemented with low flip angle RF exf time-dependent diffusion of imbibed, laser polarized noble
citation, in practice, low flip angle methods are ineffectivgas. At typical NMR magnetic fields~1 T) the spatially
because of extreme sensitivity to slightly mis-set or spatialisarying magnetic susceptibility of porous media creates large
non-uniform 180° RF pulses. Thus we employed two modifiddcal magnetic field gradients in the sample that can greatl
PGSE technigues for measuring time-dependent diffusion siforten thel, andT% of the imbibed noble gas. For example,
laser polarized noble gas: one that omits 180° RF pulses (#ie measured th&% of laser polarized xenon gas imbibed in
Pulsed Gradient Echo or PGE technique); and one that upesked glass beads to b&—-10 ms, and th&, to be~20-30
single-shot, multiple-spin echo data acquisition (the Pulseas (both measurements at 4.7 T). Whenbecomes shorter
Gradient Multiple Spin Echo or PGMSE technique). We testaHan the diffusion time\ (if the noble gas spins are left in the
these technigues with thermally and laser polarized xenon gaansverse plane duringy), or whenT?% becomes shorter than
and found the PGMSE technique to be superior to the P@fe diffusion-encoding gradient pulse train used in a multiply
method, and to standard PGSE technigues and variants, riefiocusing NMR diffusion measurement (like PGMSE), then
efficiently measuring free laser polarized noble gas diffusigrulsed-field-gradient techniques fail for laser polarized noble
over a wide range of diffusion times and, hence, lengths. gas because of irretrievable loss of the sample’s magnetizatio
Finally, we note two important topics regarding time-depefFhus we found that for our 4.7 T system, the PGE and PGMSI
dent diffusion of laser polarized noble gas in heterogeneoteshniques fail for laser polarized xenon imbibed in packec
systems (e.g., porous media) that are not addressed by dless beads because the xerbnis typically shorter than
experimental work reported in this paper. First, the rationatiffusion times that probe useful diffusion distances. In addi-
for measuring the diffusion of noble gases rather than liquitien, our recently devised single-shot diffusion method, base
through porous media is the ability of noble gases to diffusm the BURST technique and described elsewhdg, (can
rapidly through pores without loss of spin polarization (a resudiso fail for laser polarized noble gas imbibed in heterogeneou
of the much larger gas diffusion coefficients and the mudystems due to the inability to refocus background gradient
smaller surface depolarization probability of noble gas spinsgjithin this technique’s constant gradient excitation scheme. It
However, rapid gas diffusion also creates the technical NM&ammary, NMR measurements of time-dependent diffusion o
problem of significant gas motion during the application daser polarized noble gas in heterogeneous systems with lart
diffusion encoding gradient pulses. This technical problem israagnetic susceptibility gradients can Bg or T%-limited in
breakdown of the “narrow pulse approximation,” an assumpigh-field NMR spectrometers. We expect that practical mea
tion that is essential to the simplicity of the PGSE techniquirement of such time-dependent gas diffusion will require
(and variants) used to measure time-dependent diffusion. It legiher: (i) lower magnetic fields, to reduce the backgrounc
recently been calculated?) that when diffusion during an gradients and hence increase the nobleTgaand T%; or (ii)
encoding pulse)8D, exceeds~0.14a, wherea is the av- gradient sets capable of stronger gradient output in pulse time
erage pore diameter in the porous medium, then the narroensiderably less than the750 us used in this study (to
pulse approximation breaks down, and systematic errors aeeluce the time required for the phase-encoding pulse train ¢
introduced into the measurement of time-dependent (i.e., eemultiply refocusing experiment); or (iii) easily replenishable
stricted) diffusion and the resultant characterization of thleamples of laser polarized noble gas, to provide one sample p
porous medium’s microstructure. For exampler &1 atm gradient value, with approximately six to eight such samples
sample of laser polarized xenon gad{. = 5.7 X 10 ®m? for the gradient values needed to determine the gas diffusio
s 1) and a pulse widttd = 1 ms, the narrow pulse approxi-coefficientD(A) for a single diffusion timeA. We are cur-
mation breaks down for pore diameters smaller than about @ently investigating these possibilities.
mm. Note that many porous media of interest (e.g., reservoir
rocks and lung alveoli) have pore diameters that are smaller ACKNOWLEDGMENTS
than 0.5 mm. Therefore, gas motion during diffusion-encoding
pulses can be a significant limitation to the application of We gratefully acknowledge scientific discussions with, and the technica
pulsed-field-gradient measurements of time-dependent nofgeistance of, Martin Hurlimann, Lawrence Schwartz, Robert Kleinberg, an
gas diffusion as a probe of porous media microstructure. TRET FE, 7. 7Vl 108 S0rC B O e and he St
recently devised multiple-propagator approach of Callagh@ghian scholarly Studies Program.
(53) may provide a method to account for gas diffusion during
the encoding pulses. It may also be possible to circumvent this
rapid gas diffusion problem with higher gas pressures (includ-
ing buffer gases), or the use of low-inductance gradient coils t9 p. stilbs, Prog. Nucl. Magn. Reson. Spectrosc. 19, 1 (1987).

provide faster diffusion-encoding gradient pulses. 2. 0. Soderman and P. Stilbs, Prog. Nucl. Magn. Reson. Spectrosc.
The second important topic still to be addressed is the large 26, 445 (1994).
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