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Abstract

Gas transport across polymeric membranes is fundamental to many filtering and separation technologies. To elucidate transport
mechanisms, and understand the behaviors of membrane materials, accurate measurement of transport properties is required. We
report a new magnetic resonance imaging (MRI) methodology to measure membrane gas phase diffusion coefficients. The MRI
challenges of low spin density and short gas phase relaxation times, especially for hydrogen gas, have been successfully overcome
with a modified one-dimensional, single-point ramped imaging with T1 enhancement, measurement. We have measured the diffusion
coefficients of both hydrogen gas and sulfur-hexafluoride in a model polymeric membrane of potential interest as a gas separator in
metal hydride batteries. The experimental apparatus is a modified one-dimensional diaphragm cell which permits measurement of
the diffusion coefficient in experimental times of less than 1 min. The H2 gas diffusion coefficient in the membrane was
0.54 ± 0.01 mm2/s, while that of sulfur-hexafluoride was 0.14 ± 0.01 mm2/s, at ambient conditions.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Gas separation by thin polymeric membranes is a
dynamic and rapidly growing field [1,2]. Membrane sep-
aration processes offer a number of advantages in terms
of low energy use and low capital cost, compared to riv-
al technologies [3]. Membrane separation is commonly
used for N2 purification from air, natural gas treatment,
H2 separation from hydrocarbons, and removal of water
vapor from light gas mixtures [4]. Gas separation relies
on differential permeation, through the membrane, of
the gas species of interest. Efficient gas separation with
a polymer membrane requires that both the permeability
coefficient for the desired gas, and the selectivity, should
be as large as possible [5]. Differences in permeation of
small molecules through membranes determine their
separation properties.
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The solution-diffusion model is the most widely used
explanation of membrane gas phase permeation behav-
ior. This behavior is characterized by a solubility factor,
determined by the excess chemical potential, and a per-
meability coefficient [6,7], related to the diffusion coeffi-
cient. If the gas species is insoluble in the polymeric
membrane, the membrane functions simply as a porous
medium, and the solution-diffusion model can be simpli-
fied with a solubility factor set equal to one. This as-
sumes there is no chemical potential change as gas
penetrates through the membrane.

Two methods are commonly employed to character-
ize gas transport through membranes, (1) the �Gurley�
measurement and (2) porosity/pore size measurements.
The Gurley measurement of permeability employs an
oil-sealed two-cylinder system to trap a fixed volume
of gas, and measures the volume of air passing through
a cross-section of material per unit time. The pressure
required to generate flow is provided by the weight of
the inner cylinder, and the entire measurement requires
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seconds [8]. The Gurley measurement is not a satisfacto-
ry standard measurement, because the test process and
measurement conditions are not closely connected to
the material function.

The porosity and pore size of membrane materials are
traditionally measured by capillary flow porometry,
mercury porosimetry, and BET sorptometery [9,10].
While these methods characterize the void space of the
membrane, which is connected to gas phase permeation,
they do not directly measure mass transport through the
membrane.

Direct measurement of gas diffusion coefficients is re-
quired for ready characterization and development of
thin film membrane separators for use in batteries and
other electrochemical systems. If such measurements
are possible with a variety of membranes and gases, then
such a measure has potential to become a new measure-
ment standard.

The low spin concentrations in the gas phase are an
obvious challenge to successful gas phase MRI. The
resulting low SNR is a significant impediment to imag-
ing, as is the short T2 of gas phase species due to
spin–rotation relaxation [11,12]. The short T2 signifi-
cantly impairs ones ability to employ traditional spin
and gradient echo imaging methods.

SPRITE [13–15], single-point ramped imaging with
T1 enhancement, is a pure phase encode technique de-
signed for imaging short T2 and T �

2 spin systems, such
as gas phase species [15,16]. Through the use of stepped
phase encode gradients, it yields images substantially
free of artifacts, but which are sensitive to T �

2 relaxation
times of the gas. The centric scan strategy for SPRITE
imaging removes the longitudinal steady state from the
image intensity equation, and increases the inherent im-
age SNR [17]. With a proper parameter selection, multi-
ple FID points following each RF excitation may be
acquired and utilized in the resulting image reconstruc-
tion, dramatically increasing the practical SNR [18].
Fig. 1. Schematic of the diaphragm-cell apparatus. One glass chamber
was cut into two parts and epoxied back together with the sample
membrane in between. ‘‘Left’’ and ‘‘right’’ chambers are separated by
the membrane. A small glass baffle deflected the input gas stream. The
entire chamber was 6.2 cm in length and 3.5 cm in diameter. The film
was 0.09 mm thick.
2. Theory

2.1. Diaphragm-cell diffusion model

The diaphragm cell is one of the most common and
best known methods for measuring liquid state diffusion
coefficients [19]. Two well-stirred volumes, with a con-
centration difference of the species of interest, are sepa-
rated by a thin porous barrier or diaphragm. The
diaphragm-cell model assumes the flux across the dia-
phragm quickly reaches a steady-state value and that a
steady-state flux is achieved even though the concentra-
tions in the upper and lower compartments are changing
with time. The pseudo steady-state changes with time as
the concentration of the two reservoirs changes. The
flux, j, across the diaphragm is
j ¼ D � H
L

� �
� ðCright � CleftÞ; ð1Þ

where D is the gas diffusion coefficient in the membrane.
H is the partition coefficient. It has a value of 1 in our
case since the gas is presumed to be insoluble in the
membrane, i.e., there is no change of chemical potential
between the two sides of the membrane; the gas occupies
the void space in the membrane. L is the thickness of the
sample film. The gas concentrations of Eq. (1) are refer-
enced to the chamber geometry of Fig. 1.

Overall mass balance ensures that

d

dt
ðCleft � CrightÞ ¼ D � b � ðCright � CleftÞ; ð2Þ

where,

b ¼ AH
L

1

V left

þ 1

V right

� �
. ð3Þ

Parameter b is a sample geometry parameter, which is
equal to 2.7 · 106 m�2 in our experiment, with Vright

equal to infinity, for the case of a gas volume continually
refreshed by flow. At time 0, the right chamber is filled
quasi instantaneously, while the left chamber remains
empty. With these boundary conditions, Eq. (2),
becomes

Cleft � Cright

C0
left � C0

right

¼ e�bDt. ð4Þ

In the case of gas diffusion from the right chamber to the
left chamber, with the right chamber at constant concen-
tration and the left chamber initially full of air, we may
simplify Eq. (4) to

CðtÞ
C0

¼ 1� e�bDt. ð5Þ
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One may also consider the inverse experiment where the
left chamber is full of test gas and the right chamber is
maintained at zero concentration through a constant
air flow. In this case, Eq. (4) simplifies to

CðtÞ
C0

¼ e�bDt. ð6Þ

One-dimensional MRI images acquired with the proto-
col outlined below will have a local signal intensity
which is directly proportional to the local test gas
concentration.

2.2. Multiple FID point double half k-space

Multi-point double half k-space (DHK) SPRITE
[18], featuring a centric scan, with an extended recovery
time preceding each k = 0 RF pulse, is essentially im-
mune to T1-weighting. A dramatically increased data
acquisition efficiency is achieved by collecting multiple
FID points after each RF pulse. In this implementation,
we generate a separate image for each FID point then
average these images to improve SNR. Fig. 2 depicts
the pulse sequence diagram for DHK SPRITE with a
multiple FID point acquisition. The signal for a one-
dimensional centric scan profile is proportional to

S ¼ q0 � expð�tp=T �
2Þ � sin a; ð7Þ

where q0 is the nuclear spin density and a is the RF pulse
flip angle. Each FID point collected following the RF
excitation pulse is acquired with a unique encoding time,
tp + (n � 1)Dtp, variable tp is the base encoding time, Dtp
is the dwell time, and n is the index of the given FID
point. The FOV of any one of these images is inversely
Fig. 2. MRI pulse sequence for 1D multi-point SPRITE. The RF
pulses are applied at intervals of TR, with data acquisition commenc-
ing at time tp after the RF pulse. Multiple FID points with variable tp
lead to differences in the field of views (FOV) of the individual images.
A chirp z-transform (CZT) algorithm may be used to correct the
images to a common field of view, during image reconstruction.
proportional to the k-space step size, Dk, which increas-
es with each FID point detected

FOV ¼ 1

Dk
¼ 1

c
2p DGyðtp þ ðn� 1ÞDtpÞ

. ð8Þ

The result of a SPRITE experiment, with a multiple FID
point acquisition, is a set of complete images, each
weighted by the T �

2 decay, and each with slightly differ-
ent fields of view. Prior to image recombination for T �

2

mapping or signal averaging, all images must be correct-
ed to a common field of view.

The chirp z-transform may be employed to transform
between k-space and image space, in the case of multi-
point FID data with the SPRITE technique [20]. In this
strategy, we define a FOV scaling factor, Z, the ratio be-
tween the desired field of view, FOVdes, and the actual
field of view of the image, FOVact, in terms of their
respective tp value (Eq. (9))

Z ¼ FOVdes

FOVact

¼ tPact
tPdes

. ð9Þ

In practice, acceptable results are observed for Z values
in the range 0.75–0.9. To achieve maximum image SNR,
we choose to maximize the number of FID points, 16,
which corresponds to Z = 0.75. Theoretically, ignoring
T �

2 decay, this should yield a factor of 4 SNR improve-
ment over single FID point detection [18].
3. Results and discussion

3.1. Experimental design and data processing

A small glass diffusion cell, Fig. 1, was designed and
constructed for diffusion coefficient measurement. There
are two basic experiments, which may be performed
with this cell, corresponding to Eqs. (5) and (6), with
appropriate boundary conditions. Note that although
we measure the test gas diffusion between the two cham-
bers, this must be accompanied by counter diffusion of
air between the chambers. The overall experiment will
therefore also be sensitive to the counter diffusion of
air through the membranes. These experiments are sche-
matically illustrated in Fig. 3.

The experimental series of Fig. 4 illustrates the mem-
brane gas diffusion measurement, corresponding to Eq.
(5)—membrane diffusion from a well mixed constant
concentration reservoir into a chamber initially at zero
concentration. In this case, SF6 is the test gas and it ini-
tially fills the right chamber without significant trans-
membrane diffusion, Fig. 4A. With time, Fig. 4B, gas
penetrates through the membrane and finite signal is ob-
served from the left hand chamber. The signal intensity,
gas concentration in the left chamber, increases with
time and is uniform and well mixed, due presumably
to the very high pure gas phase diffusion coefficients



Fig. 4. Discrete one-dimension profiles illustrating the diffusion process (sulf
following test gas flow into the right chamber, but before significant mem
beginning to fill the left chamber. Note the quite uniform image intensity. (C
intensity between point A and B is averaged at each experimental time to pro
34 s after commencement of gas flow. Note the intensity dip in the right sid

Fig. 3. Schematic diagrams illustrating the boundary conditions
corresponding to diffusion into the left chamber from a constant
concentration reservoir (A), and diffusion out of the left chamber
into a constant concentration reservoir of zero test gas concentra-
tion (B). The thick vertical line in both (A) and (B) is the FAS-300
membrane.
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and natural convention. Diffusion alone is insufficient to
ensure mixing; the rms displacement during the mea-
surement time, 0.4 s for H2 gas, and 0.8 s for SF6, is
somewhat less than the chamber size.

The gas concentration in the left hand chamber is
directly proportional to the local signal intensity. To
better characterize this signal we average the image
intensity between point A and B, illustrated in Fig.
4C, at each experimental time. The equilibrium concen-
tration C0 is determined by the average between A and B
at time infinity. The ratio C (t)/C0, Eq. (5), at any exper-
imental time is given by the normalized, averaged image
intensities.

3.2. Diaphragm-cell assumptions

The diaphragm-cell model makes several critical
assumptions in analyzing C (t)/C0, which we must revis-
it. The test polymer film should be homogeneous; the
diffusion coefficient is assumed constant resulting in a
ur-hexafluoride). (A) MRI image shows gas concentration immediately
brane diffusion has occurred. (B) MRI image 4.8 s later. Gas is now
) MRI image 13 s after commencement of gas flow. The uniform image
vide a measure of the instantaneous gas concentration. (D) MRI image
e of the image due to the baffle.
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classical Fickian time dependence of the diffusion pro-
cess; both instantaneous and steady interfacial polymer
equilibriums are required; and the mass transfer direc-
tion should be perpendicular to the polymer film
[21,22]. All are quite reasonable assumptions for the
materials and diffusion cell employed.

A gas flow of speed 40 ml/s into the right hand cham-
ber with a chamber volume of 18 ml means the gas flux
will fill this volume within 0.45 s. We assumed that fill-
ing the right chamber is quasi instantaneous. The input
gas stream will collide with the glass baffle and generate
swirling eddies in the right side chamber. These eddies
help maintain a homogeneous gas concentration in the
right hand chamber.

We also assume that gas flow across the membrane is
not driven by pressure differences between the two
chambers. According to Bernoulli�s law [23], ignoring
viscosity, the flow speed and the gauge pressure are
related by

P ¼ q � v2=2. ð10Þ
Here, q is the density of gas at room temperature,
0.0899 g/L for hydrogen gas and 6.17 g/L for SF6. The
pressure potential to drive the flow into the reservoir is
�6.6 Pa for hydrogen and 450 Pa for SF6. These pres-
sures are negligible compared to the 1 atm
(1.01 · 105 Pa) pressure in each chamber at equilibrium.
The pressure in both chambers will rapidly balance due
to mass transport and we consider the entire process to
be purely diffusive.

3.3. Diaphragm-cell diffusion results

At 1 atm and ambient temperature, the spin–lattice
relaxation times were measured to be:
T1 = 1.0 ± 0.2 ms for H2 and T1 = 1.4 ± 0.1 ms for
SF6. Different gas concentrations and more importantly
in this context, local oxygen concentration, yield differ-
ent spin lattice relaxation times [11,12]. The DHK tech-
nique, as a centric scanning strategy, is essentially
immune to image intensity variation due to variable
T1. This characteristic of the DHK approach permits di-
rect determination of the test gas concentration. The
only effect caused by variation in T1 is a potential blur-
ring of the image. However, as depicted in Fig. 4, no sig-
nificant blurring was observed.

An increasing oxygen partial pressure will also alter
the gas phase T2 relaxation time with potential therefore
to alter the T �

2 time constant. However, the T �
2 time is

substantially reduced from the T2 value due to the static
field inhomogeneity in our magnet—which is never
shimmed for measurements of this type. The H2 T2 time
constant changes from 0.9 ± 0.2 ms at 1 atm and ambi-
ent temperature, to 0.65 ± 0.2 ms with a 50% partial
pressure of air. The T �

2 value however is essentially un-
changed at 260 ls. Similar result are obtained for SF6
with a T �
2 value of 850 ls. Once more, the images gener-

ated are density weighted due to a short tp, tp � T �
2,

and a T �
2 which is dominated by local magnetic field

inhomogeneity.
For hydrogen gas, which has the second highest self-

diffusion coefficient at standard temperature and pres-
sure (helium is highest), standard imaging techniques,
such as frequency encoding spin echo methods, will
not generate ideal density weighted images. For exam-
ple, in the case of a conventional spin echo measurement
with an echo time of 2 ms and FOV of 10 cm, the signal
intensity at the centre of k-space will be attenuated by
more than 50% due to self-diffusion. As a pure phase
encoding centric scan technique, the DHK technique is
immune to signal intensity attenuation caused by self-
diffusion through imaging field gradients, since at the
k-space centre the diffusion contrast is zero [24].

The imaging experiments outlined in this paper per-
mit a direct quantitative determination of the membrane
gas diffusion coefficient. As an imaging measurement,
however, they also provide a direct experimental check
on the boundary conditions for Eqs. (5) and (6). For
example, time lapse MRI measurements of H2 and SF6

diffusion, corresponding to Eq. (6) boundary conditions,
reveal that the test gas concentration in the right hand
chamber is not zero.

We hypothesize that the presence of the baffle, which
is necessary to prevent the input gas striking the mem-
brane directly, prevents the most efficient sweep of the
test gas from the zero concentration chamber in experi-
ments corresponding to Eq. (6) boundary conditions.
Air flow into the right chamber is not sufficient to pre-
vent a gas boundary layer developing near the mem-
brane interface. The boundary conditions appropriate
to Eq. (6) are not fulfilled and this geometry has not
been pursued. By contrast, time lapse MRI measure-
ments of experiments utilizing Eq. (5) boundary condi-
tions show that the boundary conditions are well
satisfied. The test gas concentrations in each chamber
are uniform and well mixed with Cright = C0 and
Cleft = 0 at time 0.

Fitting the experimental ratio C (t)/C0 to Eq. (5)
determines the diffusion coefficients of the test gases,
Fig. 5. The results of repetitive measurements of H2

and SF6 diffusion are reported in Table 1. The diffusion
measurements for SF6 are very reproducible, with an
uncertainty between measurements no greater than the
uncertainty of fitting individual experiments. In the case
of an H2 experiment, this is no longer true. The H2

experiment is more challenging due to the rapidity of
the diffusion. The uncertainty is greater between individ-
ual experiments than the uncertainty derived from data
fitting. In both the H2 and SF6 cases, we report the
uncertainty of the average values, Table 1, through a
simple determination of the standard error rounded to
the least significant digit.



Fig. 6. SEM and TEM images of the FAS-300 membrane. (A) SEM
image. The sample is composed of submicron particles with thin
filaments visible which are less than 0.1 lm thick, but more than 1 lm
in length. (B) TEM image. The particles range in size from 0.1 to
0.3 lm in diameter. The ultra-thin cross-section visualized is �70 nm in
thickness.

Fig. 5. The diaphragm-cell result for H2 and SF6 diffusion into the left
chamber. Experimental data are fit to Eq. (5), a single exponential
function. The symbols (s) represent the ratio, C (t)/C0, for a hydrogen
gas experiment. The average diffusion coefficient was 0.54 ± 0.01
mm2/s. Symbols (h) correspond to the same experiment and appara-
tus, but for sulfur-hexafluoride gas diffusion. The average diffusion
coefficient was 0.14 ± 0.01 mm2/s.

Table 1

Experiment number
and average result

Diffusion coefficient (mm2/s)a

Hydrogen Sulfur-hexafluoride

1 0.53 0.14
2 0.57 0.13
3 0.56 0.14
4 0.50 0.14

Average 0.54 ± 0.03 0.14 ± 0.01

a The fitting uncertainty was typically ±0.01 mm2/s.
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3.4. Permeability and tortuosity

In membrane technology, the most direct and impor-
tant parameter is the permeability of the test membrane.
The permeability, P, is determined by the product of the
diffusion coefficient and the solubility, normalized by the
membrane thickness [19]

P ¼ D � H
L

. ð11Þ

As mentioned previously, we assume our gases are not
soluble in the membrane and therefore H = 1. The per-
meability of the test membrane, according to Eq. (11),
was 6.00 ± 0.11 mm/s for H2, and 1.56 ± 0.11 mm/s
for SF6 at ambient conditions.

The tortuosity is a structural characteristic of the por-
ous medium, which describes the sinuosity and intercon-
nectedness of the pore space as it affects macroscopic
transport [25]. The effective diffusion coefficient can be
defined as [19,25]

Deff ¼
d
s

� �
� D0 ¼

D0

seff
; ð12Þ
where, D0 is the pure gas phase self-diffusion coefficient,
d is the void fraction, and s is the tortuosity, while seff is
the effective tortuosity. The equation essentially means
that the diffusion coefficient in the porous medium is
equal to the pure gas phase diffusion coefficient reduced
by a geometric factor; other definitions of the tortuosity
also exist in the literature [19].

The pure bulk gas self-diffusion coefficients of hydro-
gen and sulfur-hexafluoride were measured using the
pulse field gradient (PFG) method [26]. The results, at
temperature, 20 �C, and one atmosphere were 83
mm2/s for hydrogen gas, and 11 mm2/s for sulfur-hexa-
fluoride, which agrees very well with the literature value
of 9.6 mm2/s, at 17 �C [27].

The effective tortuosity, from Eq. (12), is therefore
150 for hydrogen and 80 for sulfur-hexafluoride. The
tortuosity effect is about two times greater for hydrogen
gas than that for sulfur-hexafluoride. Somewhat surpris-
ingly, the membrane has a greater effect on the mass
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transport of hydrogen than it does for sulfur-hexafluo-
ride. The molecular diameter of hydrogen is
2.34 · 10�10 m [23], while that of sulfur-hexafluoride is
5.02 · 10�10 m [28]. The nominal pore size range, from
Fig. 6, is on the order of 0.1 lm which is large compared
to the molecular diameters. Both molecules are thus in
the same Knudsen diffusion range. We interpret the
higher tortuosity of hydrogen as a measure of the fact
the smaller hydrogen molecule may penetrate into
regions of the pore pace inaccessible to the larger sul-
fur-hexafluoride. Alternatively, there may be a specific
interaction between the membrane and hydrogen gas
which retards the mass transport. Regardless, the results
of these measurements provide a direct measure of the
relative transport properties of the membrane.

SEM and TEM were used to examine the membrane
structure of the FAS-300 film. The resulting images are
shown in Fig. 6. The membrane consists of particles typ-
ically ranging from 0.1 to 0.3 lm in diameter. There are
also thin filaments visible which are less than 0.1 lm
thick, and more than 1 lm in length. From the TEM im-
age, the pore space ranges from less then 0.1 to 0.4 lm in
diameter, due to the loose packing of the constituent
particles of the sample.
4. Conclusion

This paper describes a new diffusion measurement
which combines the diaphragm-cell diffusion measure-
ment with MRI methods. Multi-point DHK SPRITE
permits rapid gas phase imaging in samples with short
relaxation times. The acquisition times for each 1D pro-
file are 0.4 s for hydrogen gas and 0.8 s for SF6, respec-
tively. The corresponding diffusion coefficients are
0.54 ± 0.01 mm2/s for hydrogen and 0.14 ± 0.01 mm2/s
for sulfur-hexafluoride.

The tortuosity difference, and thereby permeability
difference, between H2 and SF6, is significant because
the water saturated FAS membrane is intended to be a
putative gas separator membrane. While a simple MRI
measurement, the diaphragm cell combined with MRI
is a measurement with significant scope for improve-
ment and extension.

These mass transport measurements are directly con-
nected to the membrane function. The potential there-
fore exists for the new methodology to become a
standard measurement for membrane characterization.
5. Experimental

5.1. Apparatus

A Pyrex glass cylinder, 3.5 cm in diameter and 6.2 cm
in total length (Fig. 2), was cut in two then reconnected
with a 5 min epoxy (Lepage). The sample film, FAS-300
(Advanced Membrane Systems, VA, USA), was well
sealed in between the two cylinders. The film was
0.09 mm thick. A small glass baffle was added to the cell
to prevent the input gas flux directly striking the film.
The left side chamber was 3 cm in length.

5.2. MRI details

The 1D DHK SPRITE experiment was implemented
on a Nalorac (Martinex, CA) 2.4T 32 i.d. horizontal
bore superconducting magnet with a water cooled
7.5 cm i.d. gradient set (maximum gradient strength
100 G/cm) driven by a Techron (Elkhart, IN) 8710
amplifier, which provided 17 G/cm gradients for hydro-
gen experiments and 13 G/cm gradients for sulfur-hexa-
fluoride experiments. The RF probe was a 1H free 32
element quadrature birdcage coil (Morris Instruments,
Ottawa) for 1H imaging. A homebuilt quadrature bird-
cage probe was employed for 19F imaging. Both probes
were driven by a 2 kW AMT (Brea, CA) 3445 RF ampli-
fier. The imaging console was a Tecmag (Houston, TX)
Apollo in both cases.

Standard inversion recovery and CPMG methods
were employed to measure spin–lattice relaxation and
spin–spin relaxation times. Bulk T �

2s were measured by
exponential fitting to the free induction decay.

The repetition time, TR, was set to 0.6 ms for both
gases and the base encoding time, tp, was set to 46 ls
for hydrogen and 52 ls for sulfur-hexafluoride. Dwell
times were selected as 1 and 2 ls, respectively, for hydro-
gen and sulfur-hexafluoride. To fix both FOVs at 10 cm,
the gradient increment, DG, was set to 0.53 G/cm for H2

and 0.42 G/cm for SF6. The rf pulse width for both gas-
es was set to 6 ls with a flip angle a of 49� for hydrogen
and 19� for sulfur-hexafluoride. Eight signal averages
were collected for hydrogen gas imaging and 16 for sul-
fur-hexafluoride gas imaging, with 16 FID points col-
lected for each. The image SNR increased by a factor
of 2.8, instead of the theoretical limit of 4, due to the col-
lection of multiple FID points. The image acquisition
time for an H2 image was 0.4 s, while it was 0.8 s for
an SF6 image.
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