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The effects of macroscopic background gradients due to suscepti-
bility differences at the sample interfaces and of radiation damping
on pulsed-gradient spin-echo (PGSE) experiments are examined.
Both phenomena can lead to the seemingly strange effect of the
echo signal growing as the gradient strength increases at low ap-
plied gradient strengths. For a freely diffusing species, background
gradients manifest themselves as slight concave or convex inflec-
tions in the linearized PGSE attenuation curve, depending on the
polarity of the applied gradient. The various means of overcom-
ing macroscopic background gradient problems, including bipolar
gradients, and their efficacy are examined experimentally and dis-
cussed. The effects of radiation damping can also result in the at-
tenuation curve being nonlinear but, different from the effect of
background gradients, the nonlinearity does not change with the
polarity of the applied gradient. The vulnerability of the stimulated
echo-based PGSE sequence and variations of Hahn-based PGSE se-
quences is investigated. Both background gradients and radiation
damping have serious implications for accurate diffusion measure-
ment determination. C© 2001 Academic Press

Key Words: background gradients; bipolar gradients; calibration;
diffusion; PGSE; radiation damping.
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INTRODUCTION

Pulsed-gradient spin-echo (PGSE) NMR is becoming
method of choice for measuring translational diffusion (a
known as self-diffusion or intradiffusion) coefficients (D) (e.g.,
see Refs. (1–3)). The generation of eddy currents and the requ
ment for a constant (commonly, although erroneously, refe
to as “linear”) gradient over the sample volume are well-kno
problems and both of these effects can reduce the accura
the diffusion coefficients determined. Care must also be ta
to avoid convection (4) and mismatched gradient pulses (5).
Nevertheless, even after accounting for these deleterious
tors, the error in a PGSE measurement is generally not m
less than 1% (6).

Two other complications that seriously reduce the accu
of PGSE measurements but that have received less attentio
(1) background gradients due to the magnetic susceptibility
ferences at sample interfaces (i.e., the “meniscus effect”) an2)
radiation damping. Problems due to background gradients
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well known (e.g., (7) and references therein) but previous disc
sion has been limited to microscopic magnetic inhomogene
in samples (e.g., biological systems, colloidal suspensi
metal hydrides, and porous systems) (8–14), although the ar-
tifacts caused by macroscopic susceptibility gradients are
known in NMR microscopy (15–17) and in other areas of NMR
spectroscopy (18–21). Radiation damping, and the associat
problem of the dipolar field, is a well-known source of artifa
in NMR and is known to lead to phenomena such as mult
echoes (e.g., (22–26)). However, the effects of radiation dampin
on PGSE measurements have not previously been investig
in detail. Importantly, the severity of both of these complicatio
increases with the static magnetic field strength,B0.

Here we investigate the problems that result from mac
scopic background gradients and radiation damping and
these problems can be alleviated, thereby increasing the a
racy of the diffusion coefficients determined. Some simple m
ifications to pulse sequences are proposed.

THEORY

Macroscopic Gradients

Assuming that the gradient pulses of durationδ and magnitude
g are applied in the presence of a constant background gra
g0, the attenuation (i.e., the echo signalS, divided by the signa
acquired withg = 0, S0) due to diffusion in the Hahn spin-echo
based PGSE sequence (Fig. 1A) is (1)

E(g, g0) = S

S0
= exp

−γ 2

 g2Dδ2(1− δ/3)︸ ︷︷ ︸
g term

+ g · g0Dδ

[
t2
1 + t2

2 + δ(t1+ t2)+ 2

3
δ2−2τ 2

]
︸ ︷︷ ︸

g · g0 cross terms


 ,
[1]
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FIG. 1. Schematic diagram of the variations of the Hahn spin-echo-ba
PGSE pulse sequence (A–E) and the monopolar (F) and bipolar (G) stimul
echo-based PGSE sequence. Radiation damping can occur during the p
in which the magnetization is not spatially encoded (i.e., during the periodt1
andt2 in A). The striped gradient pulse in F is a purge pulse for reducing
phase cycling requirements as well as preventing the onset of radiation dam
during theτ2 period (43).

whereγ is the gyromagnetic ratio,1 is the separation betwee
the leading edges of the gradient pulses, andt1 andt2 are defined
in Fig. 1A. Importantly,E is a function of the polarity ofg due
to theg · g0 term. Wheng0¿ g Eq. [1] reduces to

E(g) = exp(−γ 2g2Dδ2(1− δ/3)). [2]

In reality, the background gradient is a function of positi
in the sample (i.e.,g0 = g0(r, z), where (r, z) denotes the posi
tion of a volume element in cylindrical coordinates), and if t
diffusing species moves between volume elements of diffe
background gradient strength slowly (i.e., stays within a volu
of constantg0 during1), Eq. [1] becomes

E =
∫

V

E(g, g0(r, z)) dV. [3]

If the presence ofg0 is ignored and all gradient calibrations a

performed using a sample of known diffusion coefficient an
Eq. [2], the (apparent) value ofg determined inherently contains
the effects ofg0.
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Modeling the Internal Macroscopic Gradients
in an NMR Tube

To illustrate the background gradient problem due to magn
susceptibility discontinuities, we have modeled the magn
field in a standard NMR tube containing water (Fig. 2A). T
componentsBr andBz of the static magnetic fields in a syste
with cylindrical symmetry can be calculated from the derivativ
of the magnetic vector potential,Aϕ (27),

Br = −∂Aϕ
∂z

and Bz = ∂Aϕ
∂r
+ Aϕ

r
. [4]

Aϕ depends on the electric current densities,J, and the magnetic
permeability profile of the sample,µr . Since there is no stati
electric currents present, the magnetic vector potential sati
the partial differential equation (27, 28)

∂

∂r

(
1

µr

∂Aϕ
∂r
+ 1

r · µr
· Aϕ

)
+ ∂

∂z

(
1

µr

∂Aϕ
∂z

)
= 0, [5]

with the boundary conditions

Aϕ = 0.5 · B0 · r at the external boundary of the sample [

1

µr

∂Aϕ
∂n

is continuous at internal interfaces [7

FIG. 2. Schematic diagram of (A) standard and (B) susceptibility matc
NMR tubes. There is a large difference in magnetic susceptibility across
interface of the sample in the standard NMR tube due to the large differen

dsusceptibility between the air (χair) and the sample (i.e., water;χwater). However,
the glass in the susceptibility matched tube is approximately matched to the
magnetic susceptibility of the sample.
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FIG. 3. Simulation of the background gradients in a standard NMR tu
Since the shape of the meniscus varies according to surface tension and th
radius, we have arbitrarily modeled it as a half sphere. The simulations w
performed using a radius (a) of 4.5 mm and a length (l) of 6.2 mm discretized
into 10,000 mesh points and settingχair = 1 andχwater = 0.999991. Each
contour reflects a 0.5-ppm change in the field.

(i.e., ∂Aϕ
∂n denotes the derivative ofAϕ with respect to the norma

vector).
Equations [5]–[7] were solved using the finite element meth

as contained in the MATLAB toolbox FEMLAB (29). The re-
sults are presented in Fig. 3. Since the errors in the nume
solution depend mainly on the used mesh size, it was decre
until no mesh size effects could be observed in the magn
profiles.

Radiation Damping

Radiation damping results from the precessing spin mag
tization generating an oscillating current in the receiver c
which in turn generates an oscillating magnetic field, which
tates the magnetization back to its equilibrium position. Rad
tion damping can be characterized by a rate constant (30)

RRD = 1

TRD
= κηQ, [8]

whereη andQ are the filling and quality factors of the coil. Th
constantκ is defined by

κ = 1

2
µ0γMeq

z =
µ0γ

3h--2B0cA

8kT
χwater (s

−1),

whereµ0 is the permeability of free space,Meq
z is the equilib-

rium magnetization,cA is the number of protons (water proton

in the present case) per unit volume, andχwater is the magnetic
susceptibility of water. Thus, the effects of radiation dampi
are much more serious in larger static fields and higher-Q NMR
MR DIFFUSION MEASUREMENTS 51
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probes. Radiation damping is effectively inhibited when the
transverse magnetization is zero, such as when the magn
tion is spatially encoded by a gradient pulse. For exampl
gradient pulse applied along the long axis (which we take
being thez-direction) of a cylindrical sample immediately a
ter aπ/2 excitation pulse winds the magnetization into a he
along thez-axis with a pitch of 2π/(γ δg)(=1/q) (31). Hence,
the attenuation of the net transverse magnetization signal
sample of lengthl due to spatial encoding is

Ephase(g) =
∫ l/2
−l/2 ei γ δ gzdz

l
= sinc

(
γgδl

2

)
. [9]

Hence, there is zero net transverse magnetization for com
rotations of the helix. Thus, in PGSE sequences radiation da
ing is most problematic in periods where the magnetizatio
not spatially encoded (i.e., duringt1 andt2 in Fig. 1A).

EXPERIMENTAL

Experiments were performed at 298 K on Bruker DRX 3
and DMX 500 NMR spectrometers operating at1H resonance
frequencies of 300 and 500 MHz, respectively. On both sp
trometers, a 5-mm inverse (z-) gradient probe coupled with
BGAPA10 amplifier was used. The experiments on the eff
of background gradients were performed using the proton si
from the residual1H2O in 2H2O (Isotec, OH) in both a norma
5-mm NMR tube (Wilmad, NJ) and a 5-mm susceptibil
matched tube (Shigemi, Tokyo; Fig. 2B). The experiments
the effects of radiation damping were performed using a sam
consisting of 5µL ethanol, 20µL 2H2O, and 175µL 1H2O in
a 5-mm susceptibility matched tube.

The experimental parameters used for probing backgro
gradient effects wereτ =1= 25 ms andδ= 2 ms (rectangula
shaped) with sequence D in Fig. 1. For experiments involving
diation damping sequences, B–F were used withτ = 1= 70 ms
(except in sequence B whereτ = 36.2 ms, the minimum value
of τ possible) andδ = 2 ms (sine shaped). Sine-shaped grad
pulses were used to ensure that sequence B was unaffect
eddy current effects (5). In sequence F, a 0.005 T m−1 rectangular
gradient pulse was used for the duration ofτ2 to both minimize
the phase cycling requirements and prevent the initiation o
diation damping. The gradient strengths were calibrated us
small capillary of water (32) for the experiments at 300 and
500 MHz, the residual1H2O in 2H2O (D = 1.90×10−9 m2 s−1

(33)).
The experiments were analyzed by regressing Eq. [2] o

the spin-echo attenuation data (integrals) using the Levenb
ng
Marquardt nonlinear least squares algorithm (34). The errors
represent the 80% confidence limit from Monte Carlo simula-
tions (35).
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RESULTS AND DISCUSSION

Background Gradients

A series of1H PGSE NMR measurements of the residu
water in2H2O were performed using the same gradient setti
(either positive or negative) and experimental conditions i
standard NMR tube and a susceptibility matched tube (see Fi
with different sample volumes. Typically, the region of consta
gradient is at most 1 cm long and thus, as it is important to k
the sample within the constant volume of the applied grad
(e.g., see Ref. (36)), we performed all of the experiments wit
relatively short samples (i.e., sample volumes≤100µl). A short
sample also reduces convection and RF inhomogeneity artif
The results are summarized in Table 1. Although backgro
gradients result in nonlinear attenuation plots when plotted
the usual semi-log fashion (see Eq. [1]) (11), the experimental
data normally appear quite linear with the only signature of
background gradients being a slight initial concave up or do
inflection of the attenuation curve at very small values of
applied gradient pulse.

As shown in Table 1, there is a significant difference (6
in the observed diffusion coefficient depending on the pola
of the gradients for a standard NMR tube and this differen
increases threefold as the sample volume is decreased from
to 50µl. The agreement between the diffusion coefficient o
tained using positive or negative polarity was much better w
the susceptibility matched tube was used. However, when
susceptibility matched plunger was removed from the sam

TABLE 1

Apparent Diffusion Coefficient (D) of Residual Water in 2H2O at
298 K Determined from Regressing Eq. [2] onto the PGSE Attenu-
ation Data Acquired for the Two Different Sample Tube/Gradient
Setups Using Sequence D in Fig. 1

NMR tube Sample
measuring volume Gradient D Dav

freq (MHz) (µl) direction (10−9 ×m2 s−1) (10−9 ×m2 s−1)

Standard tube 100 Up 1.926± 0.009 1.872
300 MHz Down 1.823± 0.016

50 Up 2.075± 0.025 1.919
down 1.762± 0.024

Susceptibility 50 Up 1.859± 0.008 1.822
matched Down 1.784± 0.003
300 MHz

Susceptibility 50 Up 2.243± 0.059 1.907
matched− plunger Down 1.570± 0.041
300 MHz

Susceptibility 50 Up 2.365± 0.055 1.933
matched− plunger Down 1.501± 0.043
500 MHz Bipolar 1.902± 0.011

Note.Also shown is the average value obtained using positive and neg

gradient direction experiments,Dav. The value obtained using the 13 interval of
Cottset al. (9) (i.e., a bipolar gradient version of sequence Fig. 1F; see Fig. 4
in (9) but analyzed using Eq. [1] of (37)) is also given.
T AL.

l
gs
a

. 2)
t

ep
nt

cts.
nd
in

e
n
e

)
ty
ce
100
-

en
the
le,

ive

FIG. 4. PGSE NMR attenuation plot for the residual water in 50µl of
2H2O in a susceptibility matched tube but without the plunger acquired us
positive gradient polarity (▲) and negative gradient polarity (▼). The data were
acquired at 300 MHz. Regression of Eq. [2] onto the average of the normal
positive and negative polarity data (solid line) gives a diffusion coefficient
1.831± 0.01×10−9m2 s−1. Only the low gradient value data are shown to allo
the background gradient-induced curvature to be clearly seen.

the polarity dependence of the measured diffusion coefficie
was even larger (43%) than that for the 50-µl sample in the stan-
dard tube and the nonlinearity of the attenuation plots was q
apparent (Fig. 4).

An obvious means of minimizing background gradients
simply to make the sample much longer, as is usually do
in high-resolution NMR (NB compare the results for the 5
and 100-µl samples in the standard tube). However, the sam
soon extends beyond the volume of constant gradient. Thus,
“solution” merely trades the background gradient problem
nonconstancy of the applied gradient (e.g., see Fig. 3 in (7)).
An argument is often made that since the receptive volume
the RF coils is contained within the volume of constant gra
ent, thereby justifying the use of “long” samples; however, t
validity of this argument is probe dependent. Some images
quired using a modified Hahn spin-echo sequence contain
a read gradient of a susceptibility matched and a standard
NMR tube are given in Fig. 5. The applied gradient is clea
quite constant up to a sample length of 14.4 mm, since the im
width increases linearly with sample length as shown in Fig
However, for sample lengths above this there is some deviat
as shown by the loss of linear dependence for the 16.2-mm s
ple. Although the sample in the susceptibility matched tube
a very precise cylindrical shape, the images of samples lon
than 11.9 mm do not have sharp cutoff frequencies (i.e., “v
tical sides”; compare images C and D in Fig. 5). The loss
vertical sides is probably largely due to increasing RF inhom

Ageneity as the sample moves away from the RF coil center. As
a consequence of the increasing RF inhomogeneity away from



N

i
r
R

g
s
e
e

t
n
a

r
n
a
r
)
u
in

ule
e se-
ge
ing
ange
d by
en-

rity
ower
n
ple

al-
after

can
on-
gth

ents
cen-
ct to

sed
ig. 1):
he
B),

the
ith

m-
,

SAMPLE INDUCED ARTIFACTS IN

FIG. 5. 1H images of the residual water along the long (i.e.,z) axis of
a susceptibility matched tube containing2H2O to a height of (A) 1.3, (B) 9,
(C) 11.9, (D) 14.4, and (E) 16.2 mm and (F) in a standard NMR tube to a he
of 40.7 mm acquired at 500 MHz. The data were all acquired with the same
gradient (0.01 T m−1). The uneven signal height is due to a combination of
and applied gradient inhomogeneity and background gradients.

the sample center, the image of the sample in the standard N
tube, although 40.7 mm long, appears only very slightly lon
in frequency space than the 16.2-mm-long sample in the
ceptibility matched tube. Thus, although the RF inhomogen
limits the effective sample volume, it is, at least in the pres
case, slightly larger than the volume of constant gradient.

When analyzing PGSE experiments it has been claimed
integrals are preferable to using peak heights from both sig
to-noise considerations and because non-Lorentzian linesh
are commonly observed (e.g., in biological samples (21)). We ex-
perimentally observed, as has been noted previously (6), that by
restricting the frequency width when computing the integrals
a resonance in a series of PGSE spectra, the artifactual inc
(or decrease) inD due to the presence of background gradie
is greatly reduced. Hence, the effects of the background gr
ents are more evident in the “wings” of the resonance, whe
the central part of the resonance (which can be quite narrow
flects the more homogeneous central part of the sample vol
However, this procedure is not a comprehensive solution s
the amount of signal to be excluded is not clearly defined an
cannot be applied in the case of overlapping resonances.
Apart from minimizing background gradients by using su
ceptibility matched tubes, bipolar PGSE sequences (9, 14, 37)
can be used to efficiently circumvent their effects (see Table
MR DIFFUSION MEASUREMENTS 53
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However, the underlying assumption is that a diffusing molec
experiences a constant background gradient throughout th
quence (9) and this assumption can fail, especially with lar
1 values (14). If bipolar pulses are unavailable and assum
that the background gradients are small and that the exch
between volume elements is slow, the effects can be reduce
averaging the normalized PGSE attenuation data from two id
tical experiments, but performed with opposite gradient pola
(see Table 1 and Fig. 4), as can be seen by taking the p
series expansion of Eq. [1] (38). Slice selection has also bee
suggested as a means of obtaining signals from limited sam
volume (39–41); however, its inclusion can reduce the sign
to-noise unless care is taken to refocus the magnetization
the slice selection.

Radiation Damping

Radiation damping, especially at higher field strengths,
cause strong resonances to effectively “relax” with a time c
stant of 100 ms (or less), which is of similar order to the len
of a PGSE sequence. The sample used in these experim
contained a very small ethanol concentration in (a large con
tration of ) water. Thus, only the water resonance was subje
the effects of radiation damping.

We examined some variations of the Hahn spin-echo-ba
PGSE sequence and the STE-based PGSE sequence (F
(i) Hahn echo with diffusion gradients immediately after t
π/2 pulse and immediately before acquisition (sequence
(ii) Hahn echo with defocusing gradients immediately after
π/2 and before acquisition (sequence C), (iii) Hahn echo w
defocusing gradients immediately after theπ/2 andπ pulses
(i.e.,1 = τ ) (sequence D), (iv) Hahn echo with gradients sy
metrically placed around theπ pulse with1 = τ (sequence E)
s-

1).
FIG. 6. A plot of the image width versus sample length for the images of

the two tubes given in Fig. 5.
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FIG. 7. Plots of the PGSE attenuation curves for the sequences (B,▲; D,
■; E,●; and F,©) given in Fig. 1 acquired at 300 MHz. The data are normali
to the first positive value ofg (=0.037 T m−1) in each case. Note the rise an
fall of the attenuation curve for sequence D due to the competition betw
radiation damping and diffusive attenuation.

(v) an STE-based sequence with the periods in which the m
netization is transverse kept short (i.e., theτ1 periods) (seq-
uence F). The attenuation plots of the H2O resonance obtaine
using the various sequences are presented in Fig. 7 and th
fusion coefficients obtained for both the H2O and the ethano
are summarized in Table 2.

An obvious solution to the radiation damping problem mi
seem to be to use a pulse angle much smaller thanπ/2 in the
Hahn-based sequence; however, this approach fails sinceπ
pulse then inverts almost all of the magnetization, thereby
viding highly suitable conditions for initiating radiation dam
ing. A better approach is to spatially encode the magnetiza
throughout the entire sequence (sequence B), although som
lay is required after the second gradient pulse to allow eddy

TABLE 2
Apparent D Determined Using the Various PGSE

Sequences (see Fig. 1)

D1H2O DEthanol

Sequence (10−9 ×m2 s−1) (10−9 ×m2 s−1) Remarks

B 2.01± 0.02 1.05± 0.01 Good fit
C — — Failed
D 1.71± 0.06 1.03± 0.09 First six points

removed
E 1.79± 0.03 1.06± 0.01 First three points

removed
F 1.97± 0.00 1.08± 0.01 First point removed
Note.In the experiments, 15 different gradient values were used. In all ca
(at least) the first point (i.e.,g = 0) was removed. The data were acquired
300 MHz.
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rent dissipation. Fortunately, a delay of 100µs was sufficient for
the probe used in the present work, thereby allowing sequen
to be closely approximated. A related modification was then tr
in which very small amplitude gradient pulses, such that the
ter magnetization should be completely dephased (see Eq.
were applied immediately after theπ/2 pulse and immediately
before acquisition (i.e., sequence C). However, this appro
failed due to the combination of the dipolar and radiation dam
ing fields, causing the magnetization to recover in the form o
“superradiant pulse” after a delay after the gradient pulse (26)
which depends on the area of the gradient pulse accordin
(42),

M(t) = (M0 cosθ0) sech[(t − t ′0)/T ′RD], [10]

where

T ′RD = TRD/ cosθ0 [11]

and

t ′ = −(T ′RD) ln

(
tan

tan−1[tanθ0Ephase(g)]

2

)
.

In Eq. [11] M0 represents equilibrium magnetization andθ0 is
the flip angle. Thus, in sequence C the gradients were too s
to prevent the superradiant pulse from occurring before the
fusion gradients were applied and similarly to prevent a supe
diant pulse from occurring during acquisition. The recovery
the magnetization is probably further complicated by the eff
of background gradients since their magnitude would have b
at least as large as the small applied gradient pulses.

The very different behavior of sequences D and E is due to
effects of radiation damping during thet1 period. In sequence D
the t1 period is negligibly short, and thus, for small amplitud
gradient pulses, the signal is not much reduced by the be
ning of thet2 period in the sequence and, hence, the radia
damping effect occurs strongly duringt2 such that the transvers
component of the signal is greatly reduced by the time acqu
tion begins. However, as the gradient strength is increased
magnetization surviving through tot2 is significantly reduced
and thus radiation damping is less effective duringt2. Conse-
quently, there is a competition between smaller signal loss
to radiation damping and greater signal attenuation due to
fusion as the gradient amplitude is increased. As the grad
strength continues to increase, the signal decrease due to
ation damping eventually becomes negligible and the diffus
attenuation dominates. This explains the strange increase
then decrease of the signal at small gradient values. In sequ
ses
at

E, radiation damping effectively relaxes much of the magne-
tization duringt1 such that the signal is too small to generate
radiation damping problems duringt2.
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Implications for Gradient Calibration
and Diffusion Measurements

Background gradients are an insidious problem in PGSE m
surements and generally cannot be ignored, even for hom
neous liquid samples. Since macroscopic background grad
are normally not symmetrical aboutg0 = 0, their presence can
be assumed if the measured diffusion coefficient is sens
to the polarity of the applied gradient or if there is curvatu
in the attenuation plot at low gradient values. Ideally, the ba
ground gradients should be minimized as far as possible by u
susceptibility matched NMR tubes and by using the minim
values ofτ possible to accommodate1 and eddy current ef-
fects (i.e., similar to sequence B) to minimize the cross term
Eq. [1]. For small background gradients the results of two
periments with opposite polarity can be used, but for this
proach to be valid,1 should be kept reasonably small so th
the condition of slow exchange between regions of differ
background gradients holds. Alternatively, and especially w
background gradients are large, more sophisticated seque
(e.g., bipolar gradients) should be used. To maximize the a
racy of PGSE measurements all samples should have the
volume, geometry, and magnetic susceptibility.

Radiation damping greatly complicates the performing of d
fusion measurements of strong NMR resonances and can c
effects similar to those caused by background gradients. A
from using a very small sample, the only two means by which
curate PGSE experiments can be conducted are: (1) by kee
all transverse magnetization spatially encoded during as m
of the sequence as possible or (2) by allowing part of the m
netization to (reproducibly) decay before starting the diffus
part of the sequence.
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