Journal of Magnetic Resonandd0, 320-324 (1999)

3 ®
Article ID jmre.1999.1850, available online at http://www.idealibrary.conl ILE %l

Single-Shot Diffusion Measurement in Laser-Polarized Gas

Sharon Peled;* Ching-Hua Tseng;* Aaron A. Sodickson,* Ross W. Mair,t Ronald L. Walsworth,t and David G. Cory*

*Department of Nuclear Engineering, Massachusetts Institute of Technology, 150 Albany Street, Cambridge, Massachusetts 02139;
and tHarvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138

Received October 7, 1998; revised April 7, 1999

A single-shot pulsed gradient stimulated echo sequence is intro-
duced to address the challenges of diffusion measurements of laser
polarized *He and **Xe gas. Laser polarization enhances the NMR
sensitivity of these noble gases by >10° but creates an unstable,
nonthermal polarization that is not readily renewable. A new
method is presented which permits parallel acquisition of the
several measurements required to determine a diffusive attenua-
tion curve. The NMR characterization of a sample’s diffusion
behavior can be accomplished in a single measurement, using only
a single polarization step. As a demonstration, the diffusion coef-
ficient of a sample of laser-polarized ***Xe gas is measured via this

sequence, based on spin-echoes, has been proposed and st
to reproduce literature values for the diffusion coefficients of
number of liquids 16).

The first step in measuring a diffusion coefficient is to creat
a magnetization grating through the application of a fielc
gradient that winds up the phase of the transverse magneti:
tion. In a pulsed gradient stimulated echo (PGSTE) sequenc
this grating is partially destroyed by the random motion of the
spins due to diffusion. Therefore, only a fraction of the initial
transverse magnetization is refocused by the later applicati

of a second field gradient, and an attenuated echo is detect
For a free gas or liquid undergoing Brownian motion, the
attenuation of a grating as a function of time is an exponenti
decay characterized by the diffusion coeffici&nt The echo
amplitude is related to the rate of diffusion, the wave numbe
of the gratingk(t), and the diffusion time as

method.  © 1999 Academic Press
Key Words: hyperpolarized noble gases; “*Xe; *He; bounded
diffusion.

INTRODUCTION

Optical pumping techniques can be used to transfer angular
momentum from laser photons to the nuclear spins of the noble
gases’He and'*’Xe, aligning their nuclear spin ensembles far
more than in a thermal distributioril,(2). This process en-
hances the NMR sensitivity of these gases by as much as five
orders of magnitude, enabling diverse applications, includifgp,
fundamental symmetry test8,(4), polarized enhancement of
other speciesy, 6), biomedical imaging{-9), and gas phase
diffusion measurementdQ—-14. As with imaging, diffusion
measurements using laser-polarized nuclei require special con-
sideration because the magnetization is not readily renewable.
In an NMR experiment, the diffusion coefficiem, is gener-
ally determined from a series of echo attenuation measuigherevy is the gyromagnetic ratio, arglis the strength of the
ments following periods of diffusion in magnetization gratinggield gradient. In the case of restricted diffusion, Eq. [1] nc
(19). In the case of laser-polarized gases, standard NMR dignger strictly applies, as the freedom of a particle’s motior
fusion techniques are inefficient since the magnetization dépends on its position in the sample. More complex mode
exhausted in a single measurement before further echoes vith instead necessary which involve integration of a geometr
different diffusive attenuation can be acquired. The technigdependent conditional displacement probability over the san
described here avoids this constraint by detecting a seriespfd volume, with the result that the echo attenuation curv
echoes with different diffusive attenuation factors in a singlgteviates from an exponential characterized by a constant d
shot pulse sequence based on stimulated echoes. A similfion coefficient. In certain circumstances, this situation ma
be approximated by an apparent diffusion coefficient that va
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t

A= exp:—Df k2(t')dt'], [1]

0

k(t) — k(0) = vf g(t")dt, (2]
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dependence of the diffusion behavior then provides informa- 900
tion about the geometry of the bounding regions. I
As will be demonstrated below, the high signal-to-noise
ratio of a laser-polarized sample enables the use of multiple RF e o
excitations to generate multiple simultaneduspace trajecto-
ries that produce a series of echoes from which the time- fEEE .o
dependent diffusion behavior may be extracted regardless of HHHH }\ A LA )\ A A A RF
the underlying physical mechanisms. The greater efficiency of __ 5 o -—r

this method is obtained at a cost of more complex spin dynam-
ics. The full character of these dynamics may be straightfor- / \ / gf;giem
generalized in Ref.1@). ﬂ ;gfi}igt

wardly followed via thek-space formalism of Ref.17) as

METHOD A x-space

While a complete description of the generalizegpace
formalism is provided in Ref.1@8), a brief introduction to the
main points will be presented here. Under the influence of REg
pulses and magnetic field gradients, the magnetization evolves 7 //
as a vector field, forming spatial helices with a pitch—or /]
spatial modulation frequency—described by a wave nurkber L/
For these experiments, the complete spin dynamics are most
conveniently explored in a reciprocal space described by a
Fourier decomposition basis set of right- and left-handed heFIG. 1. Pulse sequence akespace trajectories. The principle pathways in

lices of transverse magnetization and sinusoidal amplituB@d are the only ones to survive in the small flip angle limit and form echoe

modulations of lonaitudinal maanetizatior. The wave following the readout pulse. Using this sequence the full diffusive behavior c
9 9 a) a sample can be read out in a single shot provided there is sufficient SN

numk?ers {HKuans —Kuans Kiongt describing these three ba_SiSLaser-polarized gases are one example where high polarization and thus h
functions may be thought of as components of a three-dimesnR are readily achieved.

sional wave vectok describing the instantaneous spatial be-

havior of the sample. This approach leads to a sét-gpace o L . .

trajectories that fully describe the spin dynamics. That is, tif@gnetization remaining after the 90° pulse is destroyed by
spatial behavior of the spin densipfx, t) can be tracked by crusher gradient along a different axis. After a time train of
following the behavior of the Fourier components of the ma&-t'm‘“a,ted echoes is recovered by a readout RF pulse of fl
netization grating as a function of time. If the initial magnetiangle €. Given a sufficient signal-to-noise ratio, several se
zation is spatially uniform, it is described as a delta function H€ntial trains of stimulated echoes could be obtained wit
k = 0 alongz Transverse magnetization is wound up into gdditional €’ pulses, each associated with different diffusior
helix by a magnetic field gradient and thus the wave vectBf€s- In this way the time dependence of the apparent difft

characterizing the instantaneous magnetization grating shiff@n coefficienD could be examined, particularly important in

uniformly with time in a constant gradient field. In this for-N€ case of nonexponential diffusion. Each of the main traje

malism, RF pulses transfer magnetization from one basis ful{@fies shown in boldface in Fig. 1 contributes one of the echo
tion to another—mixing longitudinal, right-handed transvers&nd is attenuated according to Egs. [1] and [2].
and left-handed transverse gratings—but they do not changd © describe the full spin dynamics of the proposed metho
the wave number, or pitch, of these modulations. Since tH initial DANTE sequencel@) must be explored in more
Fourier transform is linear, each component of the magnetiZigtail- According to Ref.18), each RF pulse transforms each
tion grating may be dealt with separately. In addition, th&@ve vector of the spatial grating as:
effects of RF and gradient pulses are separated in time and
dealt with individually. o
The single-shot pulse sequence for diffusion measurements cos() sin®(5) 3sin(e) +Kirans
based on stimulated echoes, is depicted in Fig. 1. A train of| sin’ (5) cos’ (5) 3 sin(e) ~ Kuans
small flip angle pulses—a DANTE sequencE {2)—ini- sin(e) sin(e) cos(e) Kiong
tiatesk-trajectories that evolve under the influence of a field

-

gradient. The spatial modulation thus formed is then projected +Kurans
onto the longitudinal axis by the 90° pulse in order to avbjd = ~Kyans
dephasing during the long diffusion interval The transverse Kong 1. [3]
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After the first e RF pulse, a transverse magnetization afhile the initial and final sloping portions of thk-space
amplitude siné) is introduced and this evolves under the grarajectory each contribute a term md/3.
dient to ak-space offset ofk, = y8g. The longitudinal Continuing the analysis of the echo amplitudes as abo\
magnetization is reduced to ces(The second pulse: yields a full echo amplitude for theth echo of

(i) leaves the bulk of the magnetization alohgwith am- A
plitude co3(e) An . N-n n-1

(ii) introduces a new transverse magnetization component at 2 S (€) sin(e") [code)]" "eos(e/2)]", [5]
k = 0, with amplitude cosd) sin (€)

(iii) rotates part of the transverse gratingak, back into a

~ ) A ) : whereN is the total number of echoes produced by the train c
z grating with the same wave numbé&g, with amplitude

9 N RF pulses. Eacle pulse applied before theth trajectory
sm'(e) , i reduces thez magnetization by cosej, yielding the [cos
(iv) rotates part of the transverse grating ik, INt0 @ (181 factor. The sin €) term arises from the RF pulse that
transverse grating atk, without altering the wave nUmb&, jpjiiates thek-space trajectory of interest, while each subse
with amplitude sing) sin'(e/2) quent pulse reduces the amplitude of that trajectory by &

(v) leaves mostS?f the transverse gratingtdt, alone, with - 5qgitional factor cds(e/2). The 90° pulse converts the trans-
amplitude sing) cos (e/2). verse magnetization helix to a sinusoid aldngfter which a

Therefore, immediately after the second pulse the full spat%{PSher gradient eliminates the residual transverse magneti:

modulation of the spin magnetization is described by the Follen- After the storage time, the€’ pulse restores a transverse
rier components: magnetization grating, reducing the amplitude by the factor si

(€)12.
o o The indirect contributions to the echo amplitudes in Eq. [5
longitudinal magnetization ®= 0 C_Of () —1 from other superimposed pathways are smaller by at least tv
@k =k, sin"(e) —0 orders ine. For example, inverting a grating to a negative

transverse magnetization k-value which subsequently passes throlighs O to overlap

) with one of the positive pathways imposes an amplitude factc
@k = +k, sin(e) C952 (e/2)  —e€  ofsin (e/2). Alternatively, sequential RF transformations from
@k = —ko sin(e) sin® (e/2) =0 3 transverse grating to a longitudinal grating and back to
@k =0  sin ) cos ) — € transverse grating cause accumulation of amplitude factofs si
(e)/2. The amplitudes of these confounding pathways are tht
which reduce to the amplitudes in the rightmost column in treasily minimized by reducing the flip angée Taking advan-
limit of a small flip angle pulsee. This process may be tage of the large SNR for laser-polarized nuclei, small flif
continued for latere pulses, with the result that each puls@ngle pulses can be used so that the effect of these higher or
initiates ak-space trajectory of amplitude which grows in k-trajectories is negligible in the determination of the diffusior
k-value under the influence of the gradient field and is essdrehavior.
tially unaffected by later small flip angle pulses. The 90° pulse Figure 2 shows an example of the application of the single
stores these gratings aloizgduring the delayr to avoid T, shot technique to the measurement of unrestricted diffusion |
relaxation, while the late¢’ pulses place a component back ir8 atm of isotopically enriched laser-polariz€dXe in a 25-cc
the transverse plane, allowing stimulated echoes to form bylindrical glass cell. Laser-polarization was induced using th
evolution in the gradient field. In Fig. 1, the bold lines irstandard spin-exchange optical pumping techniguerfiploy-
k-space have magnetization amplitudes of first order in tirg infrared light (795 nm) from a fiber-coupled 15-W Op-
small flip anglee while the lighter lines have amplitudes oftopower diode laser array projected along tfiXe-filled glass
second order or higher. In the small flip angle limit, the stringell heated to~90°C. The measured echo amplitudes were firs
of stimulated echoes arise from refocusing trajectories of figerrected for the effects of nonzero flip angle RF pulses b
order in e only. These echoes attenuate to different degreétiding out the sine and cosine terms of Eq. [5]. Plotting the
based on their differerkt-values and diffusion timeslg). For natural log of the corrected echo amplitudes against the diffi
the nth echo, the amplitudéd,, after diffusion is sion-encoding parametér= (ygnd)’*(t + 2n8/3) of Eq. [4]
then yields a line of slope-D, as demonstrated in the inset of
ons Fig. 2. The resultant diffusion coefficielt = 0.0193 cni/s
A, = exp[ —D(vg n8)2< T+ 3) } ) [4] Iisingood agreement with traditional NMR diffusion measure
ments on a similar sample of xenon gas when thermally pc
larized @1). In order to make measurements in spatially het
The maximumk-value attained for thath echo isygné. The erogenous porous media, for example, the SNR would have
storage time along contributes the term im to the exponent, be optimized and strong gradients used.
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tions to generate numerous simultane@tspace trajectories
that produce a series of echoes from which the diffusiv
behavior is determined. The complex spin dynamics that rest
are easily treated by the genekaspace formalism of Sodick-
son and Cory 18).

Log Echo Amplitude
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FIG. 2. Results of an eight-echo single-shot diffusion experiment with a
laser-polarized®Xe sample at 3 atm gas pressure and room temperature. Inset:
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