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Abstract

We present a new approach of NMR measurements in the presence of grossly inhomogeneous fields where information is encoded in
the echo shape of CPMG trains. The method is based on sequences that consist of an initial encoding sequence that generates echoes with
contributions from at least two different coherence pathways that are then both refocused many times by a long string of closely spaced
identical pulses. The generated echoes quickly assume an asymptotic shape that encodes the information of interest. High signal-to-noise
ratios can be achieved by averaging the large number of echoes. We demonstrate this approach with different implementations of the
measurements of longitudinal relaxation time, 7', and diffusion coefficient, D. It is shown that the method can be used for novel sin-

gle-shot measurements.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The development of new NMR techniques to character-
ize large samples is currently an active field [1-3]. In these
applications, the samples frequently do not fit inside stan-
dard superconducting magnets and require one-sided mag-
net systems. This poses special experimental challenges: the
magnetic field across the sample is necessarily inhomoge-
neous and the signal-to-noise ratio is intrinsically low.

A natural scale for inhomogeneities in By is the ampli-
tude of the rf field, B;. In grossly inhomogeneous fields
when the field inhomogeneities in By exceed By, all rf pulses
are slice-selective and the nutation angles vary significantly
across the sample. The spectra of the NMR signal are then
primarily controlled by the excitation bandwidth, propor-
tional to By, and the value of T7 is of the order of the pulse
duration. This implies that standard NMR spectroscopy,
used in the vast majority of NMR experiments, cannot
be used to encode chemical or spatial information in the
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signal spectrum. A number of techniques [4,1,5,6] have
been developed to extend spectroscopy to cases where the
inhomogeneity in the static field is larger than the line split-
tings, but still small compared to By.

Despite this drawback, NMR in grossly inhomogeneous
fields has found a number of significant applications, par-
ticularly in the field of oil-well logging [3]. Until recently,
these measurements have been based predominantly on
the Carr—Purcell-Meiboom-Gill (CPMG) sequence [7,8].
In this case, the essential information is contained in the
amplitudes of the echo. In particular, the initial amplitude
and the decay time of the amplitudes are routinely used to
infer important material properties such as porosity and
pore size.

The basic CPMG measurement has been successfully
extended to multi-dimensional measurements in grossly
inhomogeneous fields [9]. For this purpose, the initial 90°
pulse is replaced by an initial pulse sequence that is system-
atically varied to change the sensitivity to the quantity of
interest. This is then followed by a long string of
closely spaced refocusing pulses. Examples include the
measurements of D-T, distribution functions [9], T\-T,
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distribution functions [9], flow propagators [10,11], and 3d
imaging [12].

In all these measurements, information is encoded into
the amplitudes of echoes. Here we show that it is possible
to encode information directly into the shape of the CPMG
echoes. We demonstrate that this allows single-shot mea-
surements of diffusion and T7.

In the next section, we review the relevant spin dynamics
in grossly inhomogeneous fields and discuss different enco-
dings of information into the CPMG echo shapes. We pres-
ent several implementations of the new approach for T}
measurements in Section 4 and for diffusion measurements
in Section 5.

2. Spin dynamics in grossly inhomogeneous fields

We first briefly review the spin dynamics of CPMG-like
sequences in grossly inhomogeneous fields. The standard
CPMG sequence consists of an initial nominal 90° pulse
that generates transverse magnetization. This magnetiza-
tion is then periodically refocused by a long string of close-
ly spaced 180° pulses. The performance of this sequence in
grossly inhomogeneous fields when the range of Larmor
frequencies, Awy, is much larger than the rf nutation fre-
quency, w;, has been analyzed by a number of authors
[13-15]. In grossly inhomogeneous fields, the spectrum of
echoes quickly approaches an asymptotic form, and the
magnetization of the kth echo can be written as [14]

M) = (Moo(eo) - it(o))in(wo) exp{—kte/Taer} (1)

Here M, is the magnetization after the initial 90° pulse, 7 is
the axis of the effective rotation of a refocusing cycle, g is
the echo spacing, and T.q is the relaxation time. The
explicit dependence of Mgy and 7 on wo and ®; can be
found in [14]. The asymptotic spectrum of the echoes is giv-
en by S(wo) = (Moo(wy) - t(wp))it, (). On resonance,
S(wg = 0) = M,, the thermal equilibrium magnetization,
and the width of S(wy) is of the order of w;. The asymptot-
ic echo shape in the time domain, S(¢), is simply the Fourier
transform of S(wg). Here ¢ is the time from the nominal
echo center and is bounded by [—#g/2, tg/2]. In the time do-
main, the signal at a total time 7T = ktg + ¢ can then be
written as:

M(T = kte + t) = S(t) exp{ —kte/Trerr} 2)

This expression is valid after the first few echoes when the
neglected terms in Eq. (1) have averaged out to a high de-
gree [14]. Eq. (2) shows that it is most efficient to use S(¢) as
matched filter to extract echo amplitudes from the experi-
mental data.

Note that in the CPMG sequence, the repeated refocus-
ing serves two distinct roles. First, many echoes can be
averaged to obtain the echo shape S(¢). This helps to over-
come the intrinsically small signal-to-noise ratio in grossly
inhomogeneous fields. Second, the time dependence of the
echo amplitudes allows the measurement of the relaxation
time Tz)efr.

The formulation Eq. (1) makes it evident that only the
component of the initial magnetization Mo, along the axis
n is refocused. This is a general feature of CPMG-like
sequences in grossly inhomogeneous fields and still
holds when the pulses are replaced by composite pulses
[16]. This analysis can be generalized to two-dimensional
experiments where the initial 90° pulse is replaced by
a preparation sequence such as an inversion-recovery
sequence (180° — #; — 90°) or a stimulated echo sequence
(90° — 6 —90° — T, — 90° — 6 ) to encode T, or diffusion
information [9]. In this case, Eq. (1) is modified by replac-
ing Mo, by the magnetization after the initial preparation
period, M,

A_;[k = (MA . fl)fl exp{—ktE/Tzreff} (3)

To calculate M4 and its dependence on diffusion, 7 or
other parameters, it is necessary to divide the evolutions
into different coherence pathways [17,18]. For any coher-
ence pathway i, the response in grossly inhomogeneous
fields can be factorized into a spectrum s{wg) and an ampli-
tude a(D, Ty, ...) [19]. The spectrum s{wg) depends only on
the rf pulses. The effects of diffusion, relaxation, flow or
pulsed field gradients perpendicular to the static gradient
are uniform across the spectrum and are described by the
amplitude «;, which depends on the duration of the time
intervals between the rf pulses. We can therefore write
the spectrum (M, - 1) in Eq. (3) as a sum over the different
coherence pathways

S(wo) = (M- )i =Y s(@o)ai(D, T, ...). 4)

i=1

In the standard implementation of multi-dimensional
NMR in grossly inhomogeneous fields [9], a single coher-
ence pathway is selected. Changing the timing in the prep-
aration period systematically results in a variation of the
overall echo amplitudes of the CPMG echoes and is anal-
ogous to the encoding of the second dimension in conven-
tional multi-dimensional NMR [18].

Here we propose to choose preparation sequences such
that at least two coherence pathways contribute to the sig-
nal. Since different coherence pathways have in general dif-
ferent sensitivities on diffusion or 7, the spectrum (Eq. (4))
or echo shape of the CPMG echoes now depends on these
parameters. In this case, the information of the second
dimension is not only encoded in the relative echo ampli-
tudes, but also in the echo shapes. Note that with this mod-
ification, the shapes remain invariant in an echo train after
the first few echoes. It is therefore still possible to average
many echoes to achieve good statistics. The crucial point of
the new method is that the measurement of the echo shape
of a single CPMG train already allows the extraction of the
parameter of interest.

To optimize this single-shot approach, preparation pulse
sequences must be chosen with significant contributions
from different coherence pathways that exhibit greatly
different sensitivities to the parameter of interest and
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simultaneously have echo shapes that are as orthogonal to
each other as possible.

We demonstrate different experimental implementations
of this idea for T in Section 4 and for diffusion measure-
ments in Section 5. Additional applications are discussed
in Section 6.

3. Experimental

To demonstrate the feasibility of the new concept, we
conducted experiments on a sample of doped water with
a relaxation time 7} = 7, = 114 ms in the fringefield out-
side a superconducting magnet. The rf frequency was set
at 1.764 MHz and the static gradient was g = 132 mT/m.
We typically acquired 1000-2000 echoes in the CPMG
train. The diameter of the sample was 38 mm. This is much
larger than the typical slice thickness 2w/(yg) = 0.7 mm.
Therefore, we can neglect to first order the finite sample
size along the gradient direction.

4. T, measurements
4.1. Standard inversion—recovery sequence

The concept of encoding 77 in the echo shape can be dem-
onstrated with the standard inversion-recovery sequence,
combined with CPMG detection. The sequence is shown in
Fig. 1A. Details of the spin dynamics for this sequence in
grossly inhomogeneous fields have been discussed in [19].
After the recovery time ¢;, at the time of the 90° pulse, the
magnetization has components from two different coherence
pathways that are usually referred to as ““decay’ and “recov-
ery”’ components [20-22].

Following the notation of Ref. [19] the spectrum of the
echoes, S(wy), after the first few refocusing pulses is given by

S(wo) = s1(wo) exp{—t1/T1} + s2(eo)(1
—exp{—1/T1}), (5)

where the spectra of the individual coherence pathways are
given by:

s1(wg) =M Im (A(fl),flA(le),o/l((;())e_i“’o’”“)/"> n)% (6)
S2<w0> =My3Im (/1531)‘71Agzl)‘oe*iz()otlso/n)ni (7)

Here M, is the thermal equilibrium magnetization, Al(f‘/.) are
transition probabilities for the kth pulse between the three
different magnetization components ( M4, M_;, M), given
explicitly in [19], n, is the y-component of the effective rota-
tion axis for the refocusing cycle [14], and f,39 = n/w, is the
duration of the nominal 180° pulse. To maximize the sig-
nal, the pulse spacing between the 90° pulse and the first
180° refocusing pulse should be reduced from half the echo
spacing by #;g0/ [23]. This reduction is reflected in Egs. (6)
and (7) by the extra phase shifts of exp{—iwgts0/7}.

Based on the expressions (6) and (7) we can calculate the
echo shapes due to the decay and recovery components.
For an extended sample along the gradient direction, the
echo shapes in the time domain of the two components
are then simply the Fourier transforms of Egs. (6) and
(7). The theoretical results are shown in Fig. 2.

The echo shapes during the CPMG detection are a
T)-weighted sum of the two contributions:

S(#) = si(t) exp{—t1/T1} + s2(t)(1 —exp{~t1/T1}) (8)

This is confirmed by the experimental echo shapes shown
in Fig. 3. In the experiments, we varied the recovery time
t, logarithmically between 1 ms and 10 s. The signal from
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Fig. 1. Examples of pulse sequences used to encode 7' information in echo shape: (A) standard inversion-recovery-CPMG sequence using nominal 180°
and 90° pulses. (B) New modified inversion-recovery-CPMG sequence. It is boased on the composite inversion pulse 127; — top — 127;}_ that produces a
predominantly anti-symmetric inversion profile, followed by a string of 127 — 127__ pulses that completely refocus magnetization off-resonance at
wo = =+ w;. Here #; is the recovery time, # is the echo spacing, and #9, and ¢g are the durations of nominal 90° and 180° pulses, respectively.
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Fig. 2. Calculated echo shapes for the decaying (left) and recovering (right) coherence pathway for the standard inversion-recovery sequence with CPMG
detection (Fig. 1A) in grossly inhomogeneous fields. Both echo shapes have only contributions in phase with the 180° refocusing pulses.
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Fig. 3. Standard inversion-recovery-CPMG detection: experimental echo shapes of the signal in phase with the refocusing pulses for different recovery
times ¢, in the range of 1 ms to 10 s. The echo shapes were obtained by averaging the 10th to the 110th echo shape. In these measurements, the pulse

durations were #39 = 2f99 = 24 pus and the echo spacing was 7 = 384 ps.

the 10th to the 110th echo was averaged to obtain the echo
shapes displayed. For recovery times #; < T7 = 114 ms the
measured echo shapes coincide with the theoretical shape
s1(t), whereas in the other limit, #; > T}, the echo shapes
approach s,(7). This confirms the sensitivity of the echo
shape to the 7 relaxation time.

For any value of recovery time #;, the experimental echo
shapes can be decomposed into a weighted sum of s(¢) and
$5(2): Sy(t) = ar51() + a»s(1). Given the echo shapes s;(7)
and s,(¢), the amplitudes @; and a, can be extracted from
a measured echo shape S(¢) by:

(s1-8)(s2-52) — (s1-82)(s52- 5)
(Sl 'Sl)(Sz 'Sz) - (Sl 'Sz)(Sz 'Sl)
o (s2-8)(sy-s1) — (s2-81)(s1-95)

? (s1-851)(s2-52) — (s1-82) (82 - s17)

1=

©)

where (s; - S) = [ dt s;(t)S(t) and similar other terms are
integrals over the acquisition window.

We have used this procedure to extract the amplitudes a;
and a, from every echo shape shown in Fig. 3. The results are
displayed in Fig. 4 as a function of #,. They closely follow the
predictions of Eq. (8), i.e. the amplitudes have a simple expo-

nential dependence on #;/7T;. A quantitative comparison is
given below in Section 4.3.

The expressions (6) and (7) for the spectra implicitly
assume a constant B, field and a flat By field distribution cor-
responding to a constant gradient. However, it is straightfor-
ward to extend the approach to more general field
inhomogeneities. In this case, the expressions (6) and (7)
can be interpreted as sensitivity functions sf{wg,®;) that
depend on both @y and w,. For field inhomogeneities charac-
terized by a By — B distribution function f{wg,®;), the
observed spectra are then given by s{wo) = [dw; flwe, 1) s;
(g, w1). The rest of the analysis is unaffected. The practical
implementation of the method in a specific sensor requires
the knowledge of the spectra s, (). They can be calculated
from the given field distribution function f{lwy, ;). However,
it is often more efficient to determine the individual spectra s;
experimentally using #; <« 7 and t; > T, respectively.

4.2. Improved pulse sequence with composite pulses
The new method relies on the analysis of the measured

echo shapes. In practice, it is essential to use the CPMG
detection to obtain a sufficient signal-to-noise ratio, as it
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Fig. 4. Experimental results of the amplitudes of the decaying (O) and recovering (+) coherence pathways versus recovery time #, for the standard
inversion-recovery-CPMG sequence. The amplitudes were extracted from the echo shapes shown in Fig. 3.

allows the averaging of many echoes. To make this method
as robust as possible, the echo shapes corresponding to the
two coherence pathways should be as large as possible and
as orthogonal to each other as possible. It is evident from
Fig. 2 that for the standard inversion-recovery-CPMG
sequence, there is a large overlap ( s; - 5,) between the two
echo shapes. We demonstrate next that the orthogonality
can be greatly improved with the use of composite pulses.

We set the goal to generate the contributions of the two
coherence pathways 90° out of phase to each other. When
CPMG detection is used in grossly inhomogeneous fields,
this is impossible in the frequency domain, as the refocusing
pulses can only refocus a single component of the transverse
magnetization [14]. However, it is possible in the time
domain by generating contributions of the decaying and
recovering coherence pathways that are anti-symmetric
and symmetric in terms of wy, respectively. For samples
extended along the gradient direction, the two signals will
then form out-of-phase to each other in the time domain.
Based on Eq. (6), this requires an anti-symmetric inversion
pulse.

The standard 180° pulse generates a symmetric inversion
profile, as shown in Fig. 5A. A well-known method to gen-
erate an anti-symmetric profile is the half-adiabatic-fast-
passage, Fig. 5B. The main drawback of this approach is
that the relatively long duration of the frequency sweep
adds uncertainty to the exact definition of the recovery
time 1.

Alternatively, an anti-symmetric inversion profile can be
approximated with the novel sequence

127, — tog — 127 (10)

+y*
Here two nominal 127° pulses are separated by a time of
free precession of duration f9y, the width of a nominal
90° pulse. The duration of the 127° pulses is /2 times long-
er than 795. As a consequence, at offset frequencies
Wy = Ty, the 127; pulse acts as a 180° pulse around the
(* +2)//2 axis. The resulting longitudinal magnetization
of the new inversion pulse (10) is shown in Fig. 5C. This
composite pulse generates an inversion profile with a large
anti-symmetric component for frequency offset less than
2my. In particular, at wy = +w,, the resulting longitudinal
magnetization is M, i.e. complete inversion at —w; and
fully restored magnetization at +w;.

A 180,

C 127X—t90— 127y

Fig. 5. Longitudinal magnetization after inversion pulse. (A) standard
180° inversion pulse, (B) half adiabatic fast passage, (C) new composite
pulse 127, — tog — 127,.

To refocus this magnetization, we combine this inver-
sion sequence with the previously described [16] off-reso-
nance CPMG sequence 127, — (tg/2 — to9) — (127,
127_, — tg)Y to obtain the improved inversion-recovery
sequence, shown in Fig. 1B

(127; oy — 127;y) ot — (127, — (t6)2 — t90)

— (127,127_, — te)™). (11)

The calculated response for the two coherence pathways is
shown in Fig. 6. Both spectra have only contributions in
phase with the axis of the effective rotation describing the
refocusing cycle. For the composite pulse 127,127, this
is the y-axis [16]. At offset frequencies +w;, the magnitudes
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Fig. 6. Calculated spectra (top) and echo shapes (bottom) of the decaying (left) and the recovering (right) coherence pathways for the pulse sequence
shown in Fig. 1B. These spectra have been convoluted with sin(wyzg/2)/(wotg/2) to account for the fact that the signal for each echo can only be detected
for a duration less than 7g. In-phase contributions are shown as solid lines, out-of-phase contributions as dashed lines.

|s{£wy)| = My, i.e. the maximum possible magnetizations
are obtained for both coherence pathways.

The spectrum of the recovering coherence pathway cor-
responds to the CPMG-like response discussed in [16].
With the phases of pulses and timings shown in Fig. 1B,
the spectrum of the decaying coherence pathways is pre-
dominately anti-symmetric with respect to w,, whereas
the spectrum of the recovering coherence pathway is sym-
metric with respect to wg. As a result, the echo shapes in
the time domain have only in-phase components for the
recovering coherence pathway and predominantly out-of-
phase components for the decaying coherence pathway.
The smaller in-phase component in the decaying coherence
pathway is caused by the residual symmetric component in
the spectrum of this coherence pathway.

Experimental results for the modified sequence are
shown in Fig. 7. The echo shapes were extracted by averag-
ing the signal from the 10th to 110th echo. The shapes
agree well with the theoretical results of Fig. 6. For small
t1, the signal is dominated by the out-of-phase component
of the decaying coherence pathways. As 7, increases, the
amplitude of the out-of-phase echo shape decreases, while
the in-phase signal increases. The ratio of out-of-phase to
in-phase signal is directly related to the relative size of
the recovery time #; to the relaxation time 77.

The decomposition of the experimental echo shapes into
the components of the two coherence pathways is still
described by Eq. (8). In Fig. 8 we show the extracted ampli-
tudes for the two coherence pathways. There is excellent
agreement with the expected exponential dependence on
4/ 7.

As noted before, the modified sequence does not gener-
ate a perfectly anti-symmetric longitudinal magnetization
after the inversion pulse. As a consequence, the decaying
coherence pathways generates a small in-phase compo-
nent. It is possible to extract the purely anti-symmetric
signal of this coherence pathways by phase cycling:
Changing the phase of the second pulse from +y to —y
effectively inverts the frequency axis, i.e. it only affects
the anti-symmetric signal. If the signals generated by the
two sequences are subtracted from each other, only the
anti-symmetric, out-of-phase signal contributes. It results
in an exact subtraction of the recovering signal over the
whole spectrum.

The new composite pulse sequence drastically improves
the orthogonality of the two signals s;(¢) and s,(¢). Quanti-
tatively, the normalized cross product |(s;-s3)/
v/ (81 -51)(s2 - 82)] = 0.15 for the modified sequence, com-
pared to 0.62 for the standard sequence. In addition, the
signal power of the CPMG echoes is increased with the
new sequence, as demonstrated in Fig. 9. With the standard
sequence, there is substantial cancellation between the sig-
nals of the two coherence pathways when the recovery time
is close to log2T7. This leads to a pronounced dip in signal
power of the CPMG echoes. This problem is avoided with
the new sequence because the two contributions are pre-
dominately out-of-phase and do not cancel.

The current experiments were performed with a fairly
uniform B field. The results in [16] show that the off-reso-
nance pulses are rather robust to deviations in B; and can
be wused even in situations with significant B
inhomogeneities.
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Fig. 7. Experimental results of echo shapes versus recovery time ¢, for the modified pulse sequence of Fig. 1B. The out-of-phase components are shown on

top, the in-phase components are shown at the bottom.
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Fig. 8. The experimental results of the amplitudes of the decaying (O) and recovering (+) coherence pathways versus recovery time ¢, for the modified
inversion-recovery-CPMG sequence, Fig. 1B show the expected exponential dependence on 7,/T. The amplitudes were extracted from the echo shapes

shown in Fig. 7 based on Eq. (9).

4.3. Implication for single-shot measurement of T}

The results above demonstrate that the echo shape of
the CPMG echoes depends on the longitudinal relaxa-
tion time. It should therefore be possible to extract T;
from the echo shape in a single-scan measurement.
For any given inversion-recovery pulse sequence, we
can calculate the expected echo shapes s(z) for the
two coherence pathways and then decompose the echoes
into these two components. The relative amplitude of
these components is directly related to the longitudinal
relaxation time:

=exp{—t1/T1}. (12)

1
a) + ar
This general relationship is shown in Fig. 10 by the solid
line and compared with the experimental results for the
two sequences. The experimental results agree well with
the prediction of Eq. (12). This demonstrates that it is pos-
sible to extract 7 from the echo shape in a single-scan
measurement. For good sensitivity, Fig. 10 shows that
the recovery time 7, should be chosen such that T)/f; is
in the range of about 0.4 to 10, i.e. #; should be in the range
between 0.17; and 2.57). If the T, relaxation is character-
ized by a distribution f{7}) rather than a single relaxation
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Fig. 9. Signal power of the CPMG detected signal versus the ratio of
recovery time and longitudinal relaxation time, #;/7T;. The x symbols show
experimental results using the standard inversion-recovery-CPMG
sequence, and the + signs show results with the modified sequence. For
all values of #,/T}, the modified sequence generates larger signals and
avoids the pronounced dip for ¢, ~ log2T.
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Fig. 10. Relationship between the longitudinal relaxation time, 7', and
relative size of the amplitudes of the decaying and recovering coherence
pathway. The solid line shows Eq. (12), x shows experimental results using
the standard inversion-recovery-CPMG sequence, on + shows results
with the modified sequence using off-resonance pulses.

time, then the #; dependence of the amplitudes is more
complicated. In a single-shot measurement, the amplitude
ratio Eq. (12) is then related to the following quantity:

ai  [dTf(Th)exp{—t/T\}
a +a AT f(T,) '

It is worthwhile to compare this new approach with previ-
ous signal-scan 7 methods [24,25] that were designed for
more homogeneous fields. A number of these schemes are
derived from the so-called ‘triplet method’ [26], where the
recovering longitudinal magnetization is stroboscopically
monitored by briefly converting it into transverse magneti-
zation, detect it, and then restore it back to longitudinal
magnetization. This approach cannot be easily extended
to grossly inhomogeneous fields, as off-resonance effects
prevent complete conversion of longitudinal into transverse
magnetization and back. As a result, the measured relaxa-
tion rates become a mixture of 7' and 7,"'. More recently,
Loening et al. [27] have introduced another single-scan ap-
proach that is based on the standard 2d inversion—recovery
sequence, where the second dimension is encoded in the
spatial dimension using pulsed field gradients. This allows
the simultaneous encoding of the second dimension in dif-
ferent slices of the sample and therefore reduces the mea-
surement time of the 2d experiment to that of a 1d
experiment. In principle, this approach can be generalized
to grossly inhomogeneous fields by encoding different
recovery times with multiple rf frequencies that differ by
more than ;. The main experimental challenges of such
an approach are the required fast frequency switching
and broadband detection.

(13)

5. Diffusion encoding in echo shape
5.1. Principles

The general approach of encoding NMR information in
the echo shape can also be applied to diffusion measure-
ments. If more than two pulses are applied in grossly inho-
mogeneous fields, multiple echoes form that have different
sensitivities to diffusion in the static background gradient
[28,29,19,30]. For our purpose, it is essential that at least
some of the echoes form at nearly identical times so that
CPMG detection can be employed. A simple example of
such a pulse sequence is shown in Fig. 11(A). It consists
of a CPMG sequence where the first two echo spacings
have been increased to encode diffusion information [9].
After the second 180° pulse, the direct echo and stimulated
echo coherence pathways generate an echo at the same time
that is then refocused by the subsequent long series of 180°
pulses. The signal is maximized if the first pulse spacing is
reduced from 1g/2 to (g/2 — tigo/m, as indicated in
Fig. 11(A). A detailed analysis of the spin dynamics of this
sequence can be found in [31].

The echo shape measured with the CPMG detection,
S(t), is a weighted superposition of the echo shape sg4.(?)
due to the direct echo coherence pathway and s4(7) due
to the stimulated echo coherence pathway. The weights
depend on the diffusion and relaxation parameters of
the sample, but the echo shapes sq.(f) and s.(7) are
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series of 180°, pulses

| | |
I | |
< 0 0
' | 1

teq/2 = tigo/m tgg +1T

(teg+te)/2 +1

Fig. 11. Examples of diffusion editing sequences that consist of an initial three pulse sequence to encode diffusion information, followed by CPMG
detection through a long series of 180° pulses. (A): standard sequence used for two-dimensional measurements of D — 7T, distribution functions [9,31].
Both direct echo and stimulated echo coherence pathways contribute to the signal. However, it is difficult to separate the two contributions from the echo
shape generated by this sequence. The modified sequences (B) and (C) greatly improve this and are suitable for single-shot application. In (B), the phase of
the second 180° pulse is shifted from y to x. As a result, the signals of the two coherence pathways form out-of-phase to each other. In (C), the second echo
spacing is increased by 7. In this implementation, the echoes in the CPMG detection have a central peak due to the direct echo and two side peaks due to
stimulated echo shifted by 4+t. The nominal flip angle 0 controls the relative weights of the two coherence pathways.

independent of these parameters and depend only on the
rf pulses.

1
S(t) = sqe(t) exp { 6y2g2t21D}e_2tE‘/T2 + 85 (1)

1 ()
X exp{—nggztle}e B\

Here g is the magnetic field gradient, D is the diffusion coef-
ficient, and 7g; is the echo spacing for the first two echoes.

The echo shapes sq.(?) and s4(#) can be calculated fol-
lowing the procedure given in [19] and the results are
shown in Fig. 12(A).

In this case, both coherence pathways form echoes cen-
tered in the acquisition window that are difficult to separate
clearly from each other. A more reliable separation of the
two contributing coherence pathways can be achieved with
slight modifications of the basic pulse sequence. This is
illustrated in Figs. 12(B) and (C) with two different modifi-
cations that separate the contributions either by phase (B)
or in the time domain (C).

With the pulse sequence shown in Fig. 11(B), the signals of
the two contributions form out-of-phase to each other, as
shown in Fig. 12(B). This is analogous to the approach used
in Section 4.2 for T encoding. This type of separation is
accomplished by changing the phase of one of the first two
180° pulses by 90°. In addition, the timing of the first two

(14)

pulses has to be slightly adjusted. In sequence (B), the opti-
mized pulse spacing of the first two pulses used in Sequence
(A) maximizes the contribution of the direct echo, but mini-
mizes the contribution of the stimulated echo. As a conse-
quence, it is better to set the first pulse spacing to 7g/2,
which greatly increases the stimulated echo contribution
and only modestly decreases the direct echo signal.

In the second example, shown as sequence (C) in Fig. 11,
the two contributions are separated directly in the time
domain by increasing the second echo spacing by a small
amount, 7. The stimulated echo then forms a duration t
earlier than the direct echo [15,30]. With the timing as
shown in Fig. 11(C), the asymptotic echoes in the CPMG
detection consist of a central peak due to the direct echo
and two symmetric satellite peaks due to stimulated echo
that are shifted by £7. This is shown in Fig. 12(C). The
duration of t has to be large enough to separate the two
contributions, i.e. larger than ¢,g9, but small enough so that
the shifted peaks still lie within the detection window, i.e.
7 < 1g/2. The nominal flip angle 0 controls the relative
weights of the two coherence pathways.

5.2. Diffusion encoding by phase separation

We first present tests of the modified sequence shown in
Fig. 11(B) on a sample of doped water. The initial echo
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Fig. 12. Calculated echo shapes for the direct echo (left) and stimulated echo coherence pathway (right), respectively for three different pulse sequences
shown in Fig. 11. The in-phase signal is shown as solid line, the out-of-phase signal as dashed line. For sequence (A) the two contributions strongly
overlap. With (B), the contributions from the stimulated echo form out of phase with respect to those from the direct echo. With (C), the two contributions

are separated in time. In this calculation, we assumed 6 = 98° and © = 2.5¢,g.

spacing fg; was systematically increased in 32 steps to a
maximum value of 17.1 ms. In all cases, the CPMG detec-
tion consisted of 2000 echoes that were acquired with an
echo spacing of g =424 ps. The durations of the nominal
90° and 180° pulses were f9o = 24 us and #;g9 = 48 ps.

In Fig. 13 we show results for five different values of
v’g*t3,D. The left-hand side shows the echo shapes during
the CPMG detection. They were extracted from the
acquired data by averaging the shapes of the 100th to
300th echo. In agreement with the theoretical expectation
shown in Fig. 12B, there are both sizeable in-phase and
out-of-phase signals. The in-phase signals are symmetric
and generated by the direct echo coherence pathway, while
the out-of-phase signals are anti-symmetric and generated
by the stimulated echo coherence pathways. As the initial
echo spacings are increased, diffusion becomes more
important and preferentially reduces the out-of-phase com-
ponent. For each echo, we extracted the amplitudes of the
two components, using as matched filters the expected echo
shapes in the absence of diffusion. The results are shown on

the right hand side of Fig. 13 versus the time after the ini-
tial 90° pulse. The results confirm the general form of Eq.
(2), valid for sufficiently short echo spacing tg: within a
CPMG train, the echo shapes S(¢) remain unchanged and
the amplitudes of all components decay with the same
relaxation time. The solid black lines are fits to single expo-
nential decays. We find identical relaxation times
T e = 114 ms for all measurements.

The amplitudes of the first few echoes show a character-
istic transient effect, similar to that observed with the stan-
dard CPMG sequence [14]. This is well understood and is
caused by imperfect averaging of the magnetization per-
pendicular to the net axis 7. The results show that these
terms only contribute noticeably to the first few echoes,
for later echoes the asymptotic expression given in Eq.
(3) is an excellent approximation.

The fitted amplitudes, extrapolated to zero time, are
shown in Fig. 14. Both the amplitudes of the in-phase
and the out-of-phase components decay exponentially as
a function of the dimensionless diffusion coefficient,
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Fig. 13. Experimental results for phase encoding of diffusion information, using the pulse sequence shown in Fig. 11B. The five rows show results for
different initial pulse spacings, y°g*#,D = 0.01, 0.4, 3.1, 4.4, and 6.5, respectively. The panels on the left display in-phase and out-of-phase components of
the echo shapes S(). On the right, the extracted amplitudes of the in-phase and out-of-phase components are shown versus the total time after the initial
90° pulse. The solid lines are fits to a single exponential decay with 75 oy = 114 ms.

y’g*t;, D, but with exponents that differ by a factor of 2.
This confirms that the in-phase and the out-of-phase com-
ponents are associated with the direct echo or stimulated
echo coherence pathways, respectively. In addition, there
is excellent agreement between the experimental results in

Fig. 14 and the theoretical prediction of Eq. (14) shown
as solid lines.

There are no adjustable parameters in the comparison
between experiments and theory in Fig. 14. At the
lowest levels, the measured amplitudes of the out-of-phase
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Fig. 14. Fitted initial amplitudes of the in-phase echo signal (+) and out-
of-phase echo signal (O) versus the dimensionless diffusion coefficient,
y*g*6, D, for phase encoding of the diffusion information. The solid lines
show the expected dependence for direct echo coherence pathway (top)
and stimulated echo coherence pathway (bottom) based on Eq. (14).

component are somewhat above the theoretical results.
This is likely caused by small mixing of the direct echo
coherence pathway into the out-of-phase signal. Possible
causes of such mixing include asymmetries of the sample
shape along the gradient, asymmetry in the frequency
response of the NMR detection system, or imperfect
tuning.

5.3. Diffusion encoding by time separation

We have also tested diffusion encoding by separating the
contributions of the two coherence pathways temporally,
using the sequence in Fig. 11(C). Here the durations of
the nominal 90° and 180° pulses were #9o =12 ps and
t1go = 24 ps. The duration of the second and third pulse
was set to 14 ps, corresponding to a nutation angle 0 =
105° on resonance. The delay t was set to 60 ps = 2.5¢;3,.
We have acquired data for 32 different initial echo spacing
tg1 up to 17.1 ms. The CPMG detection consisted of 2000
echoes, acquired with an echo spacing of 7 = 400 ps.

Fig. 15 shows results obtained with this sequence. The
echoes form in-phase, with a central peak and two symmet-
rical satellite peaks. With the values of the pulse duration
chosen in the experiments, the amplitudes of the two satel-
lite peaks and the central peak are almost identical when
diffusion is not important. As the diffusion effect is
increased, the satellite peaks due to the stimulated echo
coherence pathways attenuates more than the central peak
that is generated by the direct echo coherence pathways.
Using the expected echo shapes for the two coherence path-
ways as matched filters, the amplitudes of the two compo-

nents were extracted are displayed on the right hand side of
Fig. 15. As expected, the relaxation time 75 .5= 114 ms
during the CPMG train is identical to the value found in
the previous implementation of Fig. 13.

The decay of the fitted amplitudes of the two contribu-
tions versus the dimensionless diffusion coefficient
v’g*ty, D is shown in Fig. 16. The agreement with theory
is excellent, even at low levels.

5.4. Implication for single-shot measurement of diffusion

In both implementations of diffusion encoding in the
echo shape, the value of the diffusion coefficient can be
already extracted from the measurement with a single value
of tg1. The results shown in Figs. 14 and 16 demonstrate
that the ratio of the amplitudes of the two components is
directly related to the diffusion coefficient. In Fig. 17, we
compare the relationship between the dimensionless diffu-
sion coefficient and the ratios of the measured amplitudes
with the theoretical prediction

Vgt D = —6log(as/age).- (15)

With increasing values of tg;, the ratio of the two ampli-
tudes increases, but at the same time, the absolute ampli-
tudes decrease. In situations with limited signal-to-noise
ratio, it is best to optimize the absolute difference between
the two amplitudes. In the case of the temporal separation
of the +two coherences, this will occur when
i, ~ (6log2)/ (D).

Note that the ratio ay/aq. is not affected by relaxation
effects during the CPMG sequence. In our experiments,
relaxation during the encoding sequence is also compensat-
ed for since 77 = T, in our sample. In the more general case
with T} # T, a correction term g (1/T, — 1/T}) has to be
added to the left-hand side of Eq. (195).

It is possible to use more complicated pulse sequences
that fully compensate for relaxation effects by choosing
two coherence pathways that have identical relaxation,
but different diffusion sensitivities. An example with a 4-
pulse encoding sequence is the following sequence:

190; = (51/2 = tin/) = 90, =t = 90, — (15 +7)
=90, — (t;1/2 + t5/2+ 7)| — (180, — 15)". (16)

The two direct echo coherence pathways —+—-+ and
— —++ are only affected by 7, and have therefore identical
relaxation behavior, but they have different diffusion sensi-
tivity. In the time domain, their contributions form in-phase
with the 180° refocusing pulses as central and satellite peaks,
respectively. The ratio of these amplitudes is therefore only a
function of diffusion, and is independent of 7) or T,. The
other coherence pathways are stimulated-echo-like with
both T and T, sensitivities and can be easily separated as
they form contributions only in the out-of-phase channel.
Note that this improved relaxation compensation comes at
the price of lower overall signal amplitudes.
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Fig. 15. Experimental results for encoding of diffusion information by time separation, using the pulse sequence shown in Fig. 11C. The five rows show
results for different initial pulse spacings, y2g2#, D = 0.01, 0.4, 3.1, 4.5, and 6.7, respectively. The panels on the left display the in-phase components of the
echo shapes S(7). On the right, the extracted amplitudes of the central peak and the satellite peaks are shown versus the total time after the initial 90° pulse.

The solid lines are fits to a single exponential decay with 75 5= 114 ms.

6. Extension to other applications

The general approach underlying the single-shot 7 and
diffusion measurements demonstrated in this paper can be

extended to other applications. An example is the use of the
‘diffusion sequences’ shown in Fig. 11 for the detection and
quantification of flow or convection. The two coherence
pathways have distinctly different sensitivities to flow. To
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Fig. 16. Fitted initial amplitudes of the central peak (+) and the satellite
peaks (O) versus the dimensionless diffusion coefficient, °g*,D, for
diffusion encoding by temporal separation of the two contributions. The
solid lines show the expected dependence for the direct echo coherence

pathway (top) and stimulated echo coherence pathway (bottom).
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Fig. 17. Dimensionless diffusion coefficient versus signal amplitude ratio
of the two coherence pathways. The symbols show experimental results (x
using phase encoding, O using temporal separation) and the solid line is
the theoretical prediction.

first order, the direct echo coherence pathway (correspond-
ing to the second echo in a standard CPMG sequence) is
unaffected by flow [7,32], whereas the in-phase amplitude
of the stimulated echo coherence pathway is sensitive to
the mean squared displacement of the spins with respect
to the applied magnetic fields. When coherent motion dom-
inates diffusion, this measurement provides a single-shot
determination of the magnitude of the average flow veloc-

ity. This can be considered to be a combination of the flow
measurement technique of Song and Scheven [33] with
CPMG detection.

The technique can be also used to speed up imaging.
Perlo et al. [12] demonstrated that it is possible to perform
3d imaging in grossly inhomogeneous fields, using pure
phase encoding for the two directions perpendicular to
the static gradient, combined with CPMG detection. Since
the CPMG detection refocuses only the component of the
magnetization that is in-phase with the 180° pulses, it
requires two separate acquisitions with 180, and 180, refo-
cusing pulses, respectively, to detect the critical phase infor-
mation. This additional step doubles the already long
acquisition time inherent with 2d phase encoding. In the
limiting case of very high signal-to-noise ratio, the
approach by Cho et al. [34] can be used where multiple ech-
oes are generated that encode different values of k. Here we
consider the case when the signal-to-noise ratio of a single
echo is insufficient and CPMG detection remains essential.
In this case, the sequence shown in Fig. 18 can be used to
encode two values of k simultaneously in the CPMG ech-
oes. The direct echo coherence pathway, corresponding
to the central echo peak is modulated with the wave vector
k>, — ki, while the stimulated echo coherence pathways,
leading to the satellite peaks, is modulated with k1. The
amplitudes aq. and ag., proportional to the echo peak
amplitudes, are reduced by the wave vectors l:l and ic} as:

_Jdx BT )

Ade Tdw /() (17)
_ st
Ase *W (18)

where f(¥,) is the spin density in the transverse direction
¥,. The sequence with 180, or 180, refocusing pulses then
yield the real or imaginary part of a4, and ag., respectively.

7. Conclusion

In standard NMR spectroscopy, the echo shape directly
encodes the spectral information. When the homogeneity
of the static By field is degraded, this information gets lost.
In this paper, we show that in the extreme limit of grossly
inhomogeneous fields, it is possible to encode information
such as diffusion or relaxation in the echo shapes.

This new approach is based on pulse sequences that
excite at least two coherence pathways with different sensi-
tivities to the quantity of interest and that refocus an echo
in approximately the same time interval. It is advantageous
to follow this encoding period with a long series of refocus-
ing pulses. After an initial transient behavior, all subse-
quent echoes are expected to have an identical shape that
depends on the encoded quantity. The detection efficiency
can be greatly improved by averaging the echoes. The
new technique is specific for applications in grossly inho-
mogeneous fields and does not have a direct analogue in
fields of higher homogeneity.
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Fig. 18. Imaging sequence with CPMG detection for operation in grossly inhomogeneous fields. This is a modification of the diffusion sequence shown in
Fig. 11C with pulsed field gradients. The CPMG echoes consist of a central peak with two satellite peaks, spaced t apart. The central peak encodes

information for k'»
respectively.

We have demonstrated that the new method is versatile
and enables a range of novel measurements, including sin-
gle-shot measurements of diffusion and 7 measurements.
In standard CPMG measurements, information is extract-
ed from the initial amplitude and decay times of the echoes.
In the new approach, additional information is contained
in the shape of the echoes. In an alternative point-of-view,
the signal is composed of a number of distinct components,
corresponding to the different coherence pathways. By ana-
lyzing the shape of the echoes, each component can be
detected separately. Therefore, different components are
multiplexed on the same CPMG train.

We have demonstrated a number of experimental imple-
mentations of the new approach. The examples were cho-
sen to illustrate different means to separate the
components, including generating components that are
out-of-phase to each other or shifted in time by small
intervals.
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