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When unilateral NMR is employed with large gradients (20 T/m), measurements of T1 using standard
sequences become affected by Brownian motion of spins, particularly in samples with long spin-lattice
relaxation times T1 (>2000 ms) and a large diffusion coefficient D (2*10�6 mm2/ms). In light of this, a
modified saturation sequence which we have called GAUSS-SR is proposed that allows direct measure-
ment of both D and T1 to be carried out subject to certain constraints. The evolution of Mz magnetization
is the main phenomenon to be modeled. The sequence is composed of three main parts: (i) a saturation
train designed to render the Mz profile in Gaussian form, (ii) a main delay where by the simultaneous
effects of T1 and D on this profile has been solved analytically and (iii) a detection train to ensure a good
signal-to-noise ratio. An NMR-MOUSE was used to acquire the desired measurement through this
sequence. By relying on the coherence of the longitudinal rather than the transverse magnetization com-
ponent, the sequence successfully provides the long-limit value of the diffusion coefficient.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The emergence of unilateral low-field NMR in oilfield character-
ization [1], polymer science [2] and porous media [3] has demon-
strated the value of this technique as a tool to investigate various
industrial and research processes [4]. Its open geometry allows
NMR signals to be measured in large sample volumes that are
external to the sensor. Moreover, further devices (some large) use-
ful for on-line measurements can be accommodated, for quality
control in tire production for example [5]. The price paid for this
ease of use is, in many cases, an inherently large gradient g for
the static field B0. This causes the signal to dephase in a way that
can, however, be compensated by using a suitable detection
scheme. Once processed, the data obtained has provided informa-
tion, mainly on spin-lattice T1 and spin-spin T2 type relaxation
times and on diffusion coefficients D, that has also aroused interest
in the food industries [6].

For unilateral NMR, the well-known Carr-Purcell-Meimboom-
Gil (CPMG) sequence is the standard approach when measuring
T2 and D in experiments of short duration [4]. In addition, this
sequence of radiofrequency (RF) pulses is the usual detection
scheme employed in unilateral spectrometry, producing
Signal-to-Noise Ratio (SNR) values comparable to those of high
field NMR [7]. Measurement of T1 consists in recording the longitu-
dinal component of magnetization Mz during a given evolution
time. To prepare this component for evolution, it must be either
inverted or saturated using Inversion Recovery (IR) or Saturation
Recovery (SR) sequences [8]. When the static gradient g is not very
high (below 10 T/m) and the sample T1 is relatively short (100 ms),
both IR and SR sequences yield the correct T1 values in unilateral
NMR. However, under certain conditions, both the diffusion of
the signal-yielding spins and the admixture of relaxation modes
can cause the IR and SR sequences to yield false T1 values. While
Duan et al. [9] have taken into account the off-resonance effects
that arise when the preparation sequence is also a CPMG sequence,
their model does not include the possible effects on T1 of diffusion
during evolution time. Elsewhere, Nestlé et al. [10] have succeeded
in modeling the effects of diffusion for stray-field NMR under a
particularly high gradient (59 T/m) but not for unilateral NMR.
Their method is based on the hole-burning sequence to measure
diffusion, also developed for stray fields [11]. The inclusion of spa-
tial transport from diffusion in T1 relaxation phenomena is well-
established by the Bloch-Torrey equation [12]. It demonstrates
that, in addition to longitudinal magnetization, it is necessary to
consider diffusive motions when static magnetic field gradients
are present.

Solving the evolution of magnetization under both phenomena
enables the simultaneous measurement of both T1 and D using a
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Fig. 2. Diagram of the NMR-MOUSE. Shown in blue, sensitive volume defined by

2 O. Sucre, C. Rondeau-Mouro / Journal of Magnetic Resonance 309 (2019) 106619
single sequence in unilateral NMR. This paper presents one imple-
mentation of such a sequence using a MOUSE (MObile Universal
Surface Explorer) NMR system (NMR-MOUSE), a widely-used uni-
lateral low-field instrument [4]. The sequence has the following
particular characteristics: (i) the on-resonance volume (sensitive
volume) is subjected to a static gradient and (ii) the signal is
detected by surface coils with an inherently low filling factor.
The new pulse sequence, named GAUSS-SR (Gaussian Saturation
Recovery), measures the z magnetization component Mz through-
out the evolution time. The theoretical model developed for this
evolution takes into account both off-resonance effects during
the preparation and acquisition periods and diffusion effects dur-
ing the evolution time. The proposed simultaneous measurement
of both quantities in absolute terms is thus made possible.
the static and RF fields B0 and B1.
2. Theory of the GAUSS-SR sequence

The proposed GAUSS-SR sequence shown in Fig. 1 is composed
of three main parts: (i) a saturation train, that is, a series of N2 ape-
riodic soft pulses separated by N2-1 delays, each of the latter hav-
ing a different value. All pulses in the saturation train are applied
with the same phase +x, thus generating a RF field at the sensitive
volume. Each ‘‘soft” pulse is a segmentation made up of N1 pulses
of a Gaussian pulse. Each segment is 2 ms in length. (ii) A main
delay period, marked by a waiting time tw and (iii) a detection train
composed of a CPMG sequence with an acquisition window TACQ
for NE pulses and echo time tE. As is the usual practice, a recycling
delay RD is allowed to elapse between repetitions of the sequence.
Because of the constraints imposed on the static and RF fields by
unilateral NMR, the signals generated by many of the spins are pro-
duced under off-resonance conditions. Generally speaking, each
pulse affects the spins with flip angle b. For spins that are sharply
on-resonance only, this is equal to 180� for the duration of the
application of the detection train.

There is no doubt that off-resonance conditions must be taken
into account when modelling the effect of the GAUSS-SR sequence
on magnetization. They are in fact determined in the first place by
the operation of the NMR-MOUSE. A brief overview of the NMR-
MOUSE is provided in Fig. 2. This contains a diagram of the device,
together with vectors B0 and B1 for the static and the RF fields gen-
erated by the coil and the permanent magnets (in green) respec-
tively. These vectors also show the respective directions of the z
and x axes for the theory briefly developed here. The spatial depen-
dency of the static field (which establishes the local Larmor fre-
quency value xL = c B0) and the operation frequency xrf of the B1

field determine a sensitive volume (in blue) above the top of the
Fig. 1. GAUSS-SR Sequence for the measurement of T1 and D in inhomogeneous fields. N2
of different values. Together, these form the saturation train, followed by main delay tw a
sequence made up of NE refocusing pulses of length tp separated by the echo time tE). R
sensor. The depth of measurement d, that is, the distance between
the upper surface of the sensor and the sensitive volume, is 5 mm
for all measurements presented here. Further details of the con-
struction of the NMR-MOUSE can be found elsewhere [7].

The reference axis is set at the center of the sensitive volume:
for x = 0, a location where the spins are sharply on resonance. This
condition is also denoted by a local off-resonance frequency x eq-
uals to 0, defined as x = xL � xrf. In the NMR-MOUSE, the gradient
g of the static field is constant across the the sensitive volume.
Therefore the x coordinate and x are related to each other by the
equation x = cgx, making both the rotating frame and the expres-
sion of the Bloch equation associated with it space-dependent. The
presence of the RF field B1 in the Bloch equation will be denoted by
the angular velocity of precession in counterclockwise direction,
defined as x1 = c B1/2.

The vector of magnetization M = [Mx, My, Mz ] is represented by
the complex number M+ = Mx + iMy and Mz. The identity of the lat-
ter is kept apart due to its importance in investigating spin-lattice
relaxation. Under the manipulation of coherence imposed by the
GAUSS-SR sequence, the evolution of the couple [M+, Mz] takes
place in two clearly different regimes, denoted as it follows

A) On-RF regime

When the RF pulses are on, the main interaction is produced by
the tilting effect of the pulses. In this regime, the Bloch equation
takes the following form [13] after having neglected the diffusion
and relaxation terms:

@Mþ
@t

¼ �ixMþ � ix1ðtÞMz ð1Þ
is the number of aperiodic soft pulses, made up of N1 segments followed by dj delays
nd a detection train to acquire the signal within an acquisition window TACQ (CPMG
efocusing pulse tilt angles are 180� and 90� for spins that are sharply on resonance.
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@Mz

@t
¼ x1 tð ÞImðMþÞ ð2Þ
B) Off-RF regime

When the RF pulses are off, the effects of relaxation and the spa-
tial transport caused by diffusion are the main factors that govern
the evolution of M. In this case a diffusion term has to be added,
producing what is known as the Bloch-Torrey [12] equation in a
space-dependent rotating frame as shown by Eqs. (3) and (4):

@Mþ
@t

¼ �ixMþ þ D
@2Mþ
@x2

�Mþ
T2

ð3Þ

@Mz

@t
¼ D

@2M

@t2
� Mz �M0

T1

� �
ð4Þ

Naturally, only the x-dependency must be included in the diffu-
sion term as this is the only direction against which the static field
changes within the sensitive volume of the NMR-MOUSE. As a fea-
ture common to both regimes the off-resonance term �ixM+

appears as a reminder of the strongly inhomogeneous character
of the field. A key element in solving these equations becomes clear
on examining Eq. (4), whereby the evolution of Mz is decoupled
from that of the other M components, simplifying the correspond-
ing theoretical treatment. In order to take advantage of this cir-
cumstance, the analysis for the evolution of the magnetization
will be presented in the following order: Main Delay-Saturation
Train-Detection Train.

1. Main delay

Following the application of the saturation train, a definitive
profile Mz(x) is assumed for the z magnetization component. In
accordance with the assumed basis for Eqs. (1) and (2), the quan-
tum description of the magnetization can be expressed using the
spherical basis {I+, I�, Iz}. Because of its enclosed nature, when it
is used to express the transfers described above this basis lends
itself to model the effect of the pulses on the off-resonance spins.
The shape of the profile can be calculated from the collective
effects of the saturation train on the spin population. These effects
are produced by a rather complicated coherence transfer between
the populations of states {I+, I�, Iz}. At this point we can assume
that such a profile exists and is described by a Gaussian bell around
the center of the sensitive volume. Due to its suitability, further
theoretical description will be refered from the off-resonance fre-
quency x.

One of the two main assumptions made in this research can be
now introduced. First, the longitudinal magnetization should have
the following form at the beginning of the main delay:

Mz xð Þ ¼ M0 1� e�x
2=2xA

2
� �

ð5Þ

whereby the quantity xA expressed in Hz is related to half the
bandwidth of the Gaussian bell fA by xA = 2p fA, and M0 is the mag-
netization of the sample in equilibrium. The immediate goal in this
subsection is to obtain the magnetization profile after the main
delay has elapsed, that is, Mz (tW, x). Of course, Mz (0, x) corre-
sponds to the function of Eq. (5).

Eq. (4) provides the pathway to find Mz (tw, x). Due to the
decoupling of MZ from the evolution of the other magnetization
components, the solution can simply be written as [14]:

Mz x; twð Þ ¼ MO 1� e�
tw
T1

Z
ds f ðsÞ e� x�sð Þ2=ð4DtwÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4pDtw
p

" #
whereby f(s) is a function related to the initial profile Mz(s) by f(s)
= Mz(s)/M0 + 1. If the coordinate x is now shifted to the off-
resonance frequency x, the last expression becomes:

Mz x; twð Þ ¼ Mo 1� e�tw=T1

Z
dxs f ðxsÞ e� x�xsð Þ2=2x2

Dffiffiffiffiffiffiffi
2p

p
xD

" #
ð6Þ

which also includes the squared mean-free path of the spins after
they have diffused during the main delay in units of radial fre-
quency xD

2 = 2Dtw!2g2. After substituting f(xS) by the function
given in Eq. (5), evaluation of Eq. (6) promptly yields Eq. (7):

Mz x; twð Þ ¼ Mo 1� exp � tw
T1

� �
exp

�x2

2 x2
A þx2

D

� �
 !

xAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

A þx2
D

q
2
64

3
75
ð7Þ

As a result, for a given slice with off-resonance frequency x, Eq.
(7) describes not only how the z magnetization component
increases locally as a result of the spin-lattice relaxation but also
how diffusive motion causes it to drift away from the initially-
saturated slice. These two effects occur simultaneously. The subse-
quent detection procedure is applied over this broadening slice.
However, in order to understand how such a slice can yield a
detectable signal, it is important to see how the saturation train
renders the Mz(x) profile in the assumed Gaussian shape.

2. Saturation train

The goal of the saturation train (Fig. 1) is to saturate the spin
population, that is means to dephase the local value of the z mag-
netization component so thoroughly that any attempt to measure
it immediately thereafter will yield no signal. This is caused by all
coherence pathways that have collapsed onto the Iz state at the end
of the saturation train. As shown in Fig. 1, the saturation train con-
sists of a series of N2 aperiodic soft pulses with a 90� tilt angle and
interspersed by N2-1 delays. From the outset of this research it was
clear that a saturated profile in Gaussian form would be advanta-
geous in this regard due to the inherent properties of diffusion.
In effect, the profile would remain strictly Gaussian during the
whole main delay, facilitating the corresponding mathematical
description of the phenomena. Bailes and Bryant’s theory, which
gives the first-order solutions of Eqs. (1) and (2), predicts that
the magnetization will be supplied after the RF regime by the Four-
ier transform of the RF pulse [8], together with a phase term
directly proportional to the static gradient. In that circumstance,
application of a Gaussian soft pulse will suffice to obtain the
desired Gaussian profile. Two practical constraints however make
such an idea impossible to implement. First, due to the hardware
limit, no segment of the RF pulse with constant amplitude can be
smaller than 2 ms. Second, each pulse in the train must be a 90�
pulse, thus reaching a tilt-angle range that lies well beyond the val-
ues considered by that theory. Despite those initial obstacles, it
will be shown that careful adjustment of the six intertwined delays
dj makes possible to achieve such a profile with satisfactory
accuracy.

A Gaussian bell with a half bandwidth fA was taken as the objec-
tive function. The saturated train is composed of N2 RF soft pulses.
Each soft pulse is the approximation, with N1 segments, of the
objective function converted to the time domain. Calculations for
the delays dj have been carried out for two different saturation
trains by selecting an fA equal to 36 kHz for the first and 80 kHz
for the second. Segmentation of the Gaussian bell occurs at
N1 = 11 or 5 respectively. Fig. 3 illustrates the soft pulse segmented
at N1 = 11. Half of the objective function bandwidth in the time
domain is thus 4.4 ms (1/2p*36 kHz). The vector of amplitudes



Fig. 3. 90� soft pulses of the N1 segments forming the saturation train. Continuous
line indicates the approximated Gaussian bell (N1 = 11 for a half bandwidth of
4.4 ms).
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x1, for both sequences and normalized to the central lobe, is pre-
sented in the Table 1.

Either when programming the saturation train simulation or
when adjusting the attenuation in the pulse-shaping electronics,
each vector of amplitudes must be scaled to make the correspond-
ing tilt angle 90�. This is a task that poses no difficulties in any of
the contexts mentioned. However, the adjustment of the delays
dj requires a far more careful approach. Indeed, their values must
be such that the final effect of the saturation train resemble, as
much as possible, the proposed objective function f(x). If that final
effect is labeled by the profile g(x,dj), where j={1,. . .,N2} and there
is a long RD (the magnetization vector should be in equilibrium at
the beginning of the saturation train), the following matrix opera-
tion allows us to calculate g(x,dj):

g x;dj
� � ¼ YN2

j¼1

LðdjÞPjðxÞ
0
0
1

2
64

3
75

8><
>:

9>=
>;

Z

ð8Þ

whereby L(dj) and Pj(x) are the rotation matrices associated with
the free-precession periods and the RF soft pulses respectively.
The former corresponds to the off-RF regime, where the evolutions
of M+ and Mz decouple, although the effects of diffusion are too
R x0;x1;Dtð Þ ¼

cos b 1þcos2 hð Þþsin2hð Þ
2 þ i sin b cos h cos b� 1ð Þsin2h=2 � 1� cosbð Þ sin h cos hþ i sin b sin hð Þ=

ffiffiffi
2

p

cos b� 1ð Þsin2h=2 cos b 1þ cos2 h
� �þ sin2h

� �� �
=2þ i sin b cos h 1� cosbð Þ sin h cos h� i sinb sin hð Þ=

ffiffiffi
2

p

� 1� cosbð Þ sin h cos hþ i sin b sin hð Þ=
ffiffiffi
2

p
1� cos bð Þ sin h cos h� i sin b sin hð Þ=

ffiffiffi
2

p
cos bsin2hþ cos2h

2
6664

3
7775
minimal to require consideration given the short mean-free paths
corresponding to the delays dj. Therefore, L(dj) takes the form of a
rotation matrix around the z-axis.
LðdiÞ ¼
e�idix 0 0
0 eidix 0
0 0 1

2
64

3
75 ð9Þ

The minus sign in the exponent for the I+ state and the plus sign
for I- are consequences of the counterclockwise rotation of protons.
On the other hand, the rotation matrix for soft pulses Pj(x) can be
constructed from the combination of several rotation matrices R(x,
x1(i), Dt) for each of the N1 pulses of constant amplitudex1(i) that
are tilting the magnetization exposed to an off-resonance fre-
quency of x during a time lapse Dt. The concrete form of R(x,
x1(i), Dt) will be presented later in this paper. The effect of the sin-
gle soft pulse can thus be written as:

Pj xð Þ ¼
YN1
i¼1

Rðx;x1 ið Þ;DtÞ ð10Þ

Execution of Eq. (8) using the definitions of Eqs. (9) and (10)
was programmed using MATLAB scripts. An error function v2

was then calculated from the integration over the x-axis of the
squared difference between f(x) and g(x,dj):

v2ðdjÞ ¼
Z

dx f xð Þ � gðx;djÞ
� �2 ð11Þ

The result is naturally a function that is solely dependent on the
vector of delays dj. The space of delays dj was explored to find the
minimum v2 while subjecting the generation of values in this six
dimensional space to two constraints: (i) all values are multiple
of 10 ls (ii) all delays must increment monotonically with j. These
strategies make the exploration less costly in computational terms.
A global minimum was then searched for each of the sequences
examined, with the results presented in Table 2.

In carrying out this investigation, it is important to mention
that, prior to calculating the error function v2, the final profile g
(x,dj) is convoluted by a transfer function with diffusion band-
width f0 = 10 KHz. This operation filters the high-frequency oscilla-
tions exhibited by the raw profile without changing the general
shape of the profile.

Results from the search for the minimum v2 (N1 = 11) g(x,dj),
together with the related objective function f (x/2p) are shown
in Fig. 4 with solid and dashed lines respectively.

We present now the rotation matrix R(x,x1(i), Dt). The preces-
sion frequency with which the spins evolve locally is

O =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þx2

1

q
in the on-RF regime. Clearly the flip angle b corre-

sponding to each time segment Dt (2 ms) that makes up the soft
pulse equals O.Dt. Depending on the offset resonance x and the
RF fieldx1, the local spins are deflected by an effective RF field that
leans from the x axis at angle h in accordance with the relation sin
h =x/O. R(x,x1(i), Dt) can be expressed in the spherical basis as
[15]:
This matrix was incorporated in the MATLAB script to execute
Eq. (10) and from that point onwards, the evaluation of the error
function v2 proceeds through Eq. (11).

Once the magnetization has been saturated and allowed to
evolve for the duration of the main delay, it must then be detected.
We therefore turn our attention to the detection train.

3. Detection train

As previously mentioned, the detection train establishes, in
accordance with its sequence parameters, a sensitive slice that
need not to coincide fully with the saturated slice. They can how-
ever both be described using the Gaussian bell, an assumption of
central importance in this research. The magnetization at the end



Fig. 4. Profile of Mz after a saturation train composed of seven (N2 = 7) aperiodic
90� spins and eleven segmented (N1 = 11) soft pulses (continuous line) and of the
objective function, calculated from the Gaussian bell of half bandwidth fA = 36 kHz
(dashed line).

Table 1
Vector of amplitudes x1 for the N1-segmented soft pulses normalized to the central lobe.

N1 A-5 A-4 A-3 A-2 A-1 A0 A1 A2 A3 A4 A5

11 0.07 0.19 0.39 0.66 0.9 1 0.9 0.66 0.39 0.19 0.07
5 – – – 0.13 0.6 1 0.6 0.13 – – –

Table 2
Saturation train delays between discretized soft pulses of 11 and 5 segments (N1).

N1 d1(ms) d2(ms) d3(ms) d4(ms) d5(ms) d6(ms) fA(kHz)

11 20 80 140 180 520 560 36
5 100 230 270 310 520 660 80
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of the main delay, Mz(x,tW) in Eq. (7), can be considered to be the
function representing the density of saturated spins around and
within the sensitive slice. It also provides the initial spin density
encountered at the beginning of the detection train. To detect the
signal, it is definitely useful to employ a familiar expression from
the theory of the CPMG sequence in inhomogeneous fields [16].
This is given by Eq. (12) as follows:

S twð Þ ¼
ZZ

dxdx1fðx;x1Þx2
RFm1;yðx;x1ÞFðx;QÞ ð12Þ

whereby f(x, x1) denotes the initial density of spins in the x-x1

space, F(w,Q) is the frequency transfer function of the system as a
detector of NMR signals and m1,y is the function that represents
the frequency weighting imposed by the detection train.

Another simplifying hypothesis concerns the spatial inhomo-
geneity of x1. Though it clearly exists, it does so on a scale larger
than the thickness of the sensitive slice [4]. We can thus assume
that x1 is constant within the range of values for x for which
the integral of Eq. (12) is evaluated. The valuex1 is of course deter-
mined by the pulse length through the relation x1tp = p/2. In view
of this simplification and the discussion previously devoted to Mz
(x,tW), we can write:

S twð Þ ¼ 1
2p

ffiffiffiffiffiffiffi
xB

p
C

�
Z

dxMzðx; twÞ m1;y x;x1; tE; t90ð ÞFðx;QÞ � sin xTacq=2
� �
xTacq=2

	 

ð13Þ

Convolution with Sinc function allows the effect of a finite
acquisition window over the shape of the sensitive volume in the
x space to be correctly reproduced. Constants xB and C are
adjoined for reasons that will become evident later. F(x,Q, xrf) is
in fact the squared transfer function of the tank circuit, which
includes a quality factor Q. The direct expression of its dependency
on the Larmor frequency is measured, not in the rotating frame x,
but in the laboratory frame x + xrf [17]

F x;Q ;xrf

� � ¼ 1= 1þ xþxrf

� �2Q2

x2
rf

1� x2
rf

xþxrf

� �2
 !2

2
4

3
5 ð14Þ

The importance of function m1,y makes it worthy of an addi-
tional comment. One of the finest results from the theory of the
CPMG sequence in highly inhomogeneous [16] fields is the proof
of the existence of an effective rotational axis around which the
spins revolve when exposed to this sequence. The projection of this
asymptotic axis on the y-axis is the function m1,y, which turns out
to depend on the frequenciesx,x1 and the sequence parameters tE
and tp as:

m1;y x;x1ð Þ ¼x1

X
sin Xtp=2
� �

X

1þ X
x1

sin xtE=2ð Þcot Xtp=2
� �þ x

x1
cos xtE=2ð Þ

h i2
ð15Þ

whereby X, again, denotes the precession frequency
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þx2

1

q
.

There are thus three functions m1,y, F(w,Q, wRF) and Sinc
(xTACQ) involved in the system’s frequency response for the detec-
tion of NMR signals. Both physical (Q) and sequence-determined
(TACQ, tp, tE) variables influence the final shape and thickness of
the detection slice. The first-order thickness is inversely propor-
tional to the pulse length Dx = p/2!gtp, however a more quantita-
tive description is deemed necessary in order to apply the Gaussian
approximation. This works smoothly, provided that the approxi-
mation taken is defined as:

e�x
2=2x2

B ¼ 1
C
m1;y x;x1; tE; t90ð ÞF x;Q ;xrf

� �� sin xTacq=2
� �
xTacq=2

ð16Þ

in which the values of constants xB and C are simply those which
make the last equation hold true. Defined as such, each of these
constants also clearly relates to a physical property: xB is the half
bandwidth of the detection slice and C is the area, within the x
space, of the function m1,y*F(x, Q, xRF) � Sinc(xTACQ/2). In other
words, C is a relative quantification of the number of spins the
MOUSE is capable of detecting when the detection train is
deployed.

To determine xB and C the convolution integral in Eq. (16) must
be executed, an operation that can only be executed numerically.
In the Material and methods section only xB, in kHz (fB =xB/2p)
will be reported.

Therefore, with the approximation of Eq. (16), Eq. (13) promptly
results in:



Fig. 5. Growth of Mz against the main delay tw measured with the GAUSS-SR
sequence. Sample: Distilled Water. T = 25C. Larmor frequency: 20 MHz.
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S twð Þ ¼ Mo 1� e�tw=T1xAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

A þx2
B

q 1ffiffiffiffiffiffiffi
2p

p
xB

Z
dx exp

�x2

2 x2
A þx2

D

� �
 !

exp
�x2

2x2
B

� �2
64

3
75

ð17Þ
resulting in an integral that poses no difficulties in execution. If the
radial frequencies xB and xA are now changed to their counterparts
in Hz (fA and fB), the expression sought for the signal S(tw) comes
out as:

S twð Þ ¼ Mo 1� e�tw=T1 f Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2A þ f 2B þ 2Dðcg=2pÞ2tW

q
2
64

3
75 ð18Þ

with fA and fB being constants determined solely by the sequence.
They reflect the kinematics of multiple transfers of quantum coher-
ences, which, as they are manipulated either by the saturation train
or the detection train, establish the excited bandwidth in its effec-
tive value. To validate this new GAUSS-SR sequence, an experiment
using a water sample was performed. The following section reports
the results obtained.
3. Materials and methods

An NMR-MOUSE model PM5 (Magritek GmbH, Germany)
equipped with a Kea electronic console was used. The Larmor fre-
quency fL was 20 MHz at the center of the sensitive volume and the
given gradient !g/2p was at 996 kHz/mm. The depth of measure-
ment (d) was 5 mm. This last condition is critical to the theory
developed here. Indeed, if the value of d is diminished, the inhomo-
geneity of B1 along the z and y axes increases and some of the sim-
plifying assumptions discussed above cease to be valid. The sample
comprised water distilled twice and kept in a sealed container dur-
ing the experiment to eliminate any trace of paramagnetic oxygen
and avoid further oxygen absorption. The GAUSS-SR sequence
(Fig. 1) was applied to the water sample at 25 �C using 13 values
for the delays tW: 0.05, 0.08, 0.1, 0.2, 0.4, 1, 3, 4, 5, 6, 7, 8 and 15 s.

As for the sequence parameters (N1, N2, tp, tE, TACQ, Rd, NE)
described in Fig. 1, their values, together with the number of rep-
etitions NS, are reported in Table 3:

The quantity DAtte was the soft-pulse attenuation change with
respect to the attenuation for the 90� rectangular pulse. It was sim-
ply calculated by assuming an area for the soft pulse equal to that
of the rectangular 90� pulse. No phase-cycling was necessary for
the saturation train. As for the detection train, the usual phase-
cycling of the CPMG sequence was used.

As mentioned previously, the saturation train was adjusted to
affect a Gaussian-shaped slice with half-bandwidth fA of 34 kHz.
fB was calculated by executing Eq. (16) with the parameters in
Table 1. It turned out to be 32 kHz.
4. Results and discussion

Measurements using the GAUSS-SR sequence on distilled water
took 43 min to complete. The sequence was repeated six times to
calculate the experimental uncertainty in the measurement. Fitting
of experimental data (shown with error bars in Fig. 5) using Eq.
(18), with M0, T1 and D as free parameters and fA and fB as fixed
parameters yielded the adjusted curve of Fig. 5.
Table 3
Sequence parameters for the GAUSS-SR Sequence.

N1 N2 tp (ms) tE (ms) TACQ (ms)

11 7 12 80 8
The distribution of values for the main delay tW plays an impor-
tant role in the implementation of the sequence. Values of tw
should be scattered mostly at the beginning and at the end of
the saturation curve. The first set of values contains information
about the T1-dominated growth and the second set about the D-
dominated growth. The strategy by which they are generated dif-
fers from that usually employed in the standard SR sequence (uni-
form distribution on the logarithmic scale). The fitting analysis
gave final values for T1 and D at 1700 ± 400 ms and 2.2 ± 0.5 *
10�6 mm2/ms, respectively. These values match, within the param-
eters of experimental uncertainty, those reported in the literature
[18].

Given the number of variables involved in Eq. (18), it can be
assumed that considerable room for maneuver is available when
designing the GAUSS-SR sequence. N1, N2 and the set of delays
dj determine fA and tp, tE, and Q determines fB. In fact there are cer-
tain constraints that must be complied with if the sequence is to be
effective. A key consideration in designing the sequence is the half
bandwidth of the affected slice, which can confidently be described

by the quantity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2A þ f 2B

q
. The latter should be wide enough to

guarantee a good SNR during acquisition but at the same time thin
enough to allow the broadening effect of diffusion to have a
marked effect on the growth of magnetization. This last constraint

is expressed by the condition
ffiffiffiffiffiffiffiffiffiffiffiffi
2DT1

p � cg
2p =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2A þ f 2B

q
� 1. For exam-

ple for the fA and fB values employed, this ratio reaches a value of 2.
For the second sequence however, where N1 = 5 (fA and fB equal to
80 and 42 kHz, tp = 7.5 ms), the ratio is just 1.1. In this latter
sequence, the results are a poor reflection of the influence of diffu-
sion on the longitudinal magnetization, introducing large uncer-
tainties (data not shown) in the T1 and D values when fitting Eq.
(18). Therefore, only when appropriate sequence-parameter values
are assigned will the translational behavior of the spins appear
clearly in the data acquired.

A further constraint lies in the value of the acquisition window
Tacq. Were too small the value selected (say 2 lsec), the sinc func-
tion would become wider, increasing the value of fB (273 kHz)
NS Rd (s) DAtte (dB) NE

16 10 +4.4 128
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through the convolution operation set out in Eq. (16). The ratio
mentioned beforehand would no longer be greater than 1. This
means that, in physical terms, we would be recording the signal
from a slice that was wider than the polarized slice. In conse-
quence, the diffused spins would still fall within the detection
range after the main delay, thereby weakening the influence of dif-
fusion. If, on the other hand, the window were to be set too large,
the SNR ratio would worsen due to noise acquisition at those
points where the signal was weak. Here, a value of Tacq of 75% of
the pulse length worked well for our purpose.

It is important to look on the GAUSS-SR sequence as comple-
mentary to other sequences created to measure diffusion, not as
a competitor. The reason for this lies in a profound conceptual dif-
ference between this and other sequences. For example, the Stim-
ulated Spin Echo (STE) sequence [4] is an established method
based on the manipulation of coherence in transverse magnetiza-
tion. Using such a sequence, the value of D is obtained with typical
diffusion times of 100 ms, a value that can be regarded as a short-
time limit. By contrast, the GAUSS-SR sequence obtains diffusion
values from the evolution of coherence on the longitudinal axis
during the main delay with a diffusion time of the order of 3*T1.
The GAUSS-SR sequence therefore provides a very real route to
acquisition of values for the long-time limit of D. The two
sequences complement each other at picturing of the nature of dif-
fusive motions measured by NMR.

5. Conclusion

The GAUSS-SR sequence is uniquely placed, as compared with
other sequences, to measure simultaneously both the longitudinal
relaxation time T1 and the diffusion coefficient D. Meanwhile,
parameters defining the three main components of the sequence
(saturation train, main delay and detection train) have been calcu-
lated to allow the intended measurements to be carried out within
the physical constraints of the NMR system (NMR-MOUSE gradi-
ent, tank-circuit quality, RF power delivered).

Such a sequence is useful for measurements using unilateral
NMR systems where diffusion phenomena strongly affect the
acquired data, i.e. using instruments with large gradients (at least
20 T/m) and samples with large D values (at least 2 * 10�6 mm2/
ms). This is of particular relevance for water in a heated sample:
at 80 C, D becomes 6.6 * 10�6 mm2/ms and T1 = 104 ms [18]. Even
when switching to the sequence parameter where N1 = 5 (Table 1),
the condition for the frequency ratio still holds true, thus making
possible measurements for sensitive volumes with greater thick-
ness. Furthermore, in the domain of restricted diffusion in porous
media, the measurement of the long-limit value of D is important.
As is well-known, this parameter is directly related to the surface/
volume ratio of the media [19]. It thus makes possible a measure-
ment that no other unilateral NMR sequence can provide.
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