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The single-sided NMR-MOUSE sensor that operates in highly inhomogeneous magnetic fields is used to
record a CPMG 1H transverse relaxation decay by CPMG echo trains for a series of cross-linked natural
rubber samples. Effective transverse relaxation rates 1/T2,short and 1/T2,long were determined by a bi-expo-
nential fit. A linear dependence of transverse relaxation rates on cross-link density is observed for med-
ium to large values of cross-link density. As an alternative to multi-exponential fits the possibility to
analyze the dynamics of soft polymer network in terms of multi-exponential decays via the inverse
Laplace transformation was studied. The transient regime and the effect of the T1/T2 ratio in inhomoge-
neous static and radiofrequency magnetic fields on the CPMG decays were studied numerically using a
dedicated C++ program to simulate the temporal and spatial dependence of the CPMG response. A correc-
tion factor T2/T2,eff is derived as a function of the T1/T2 ratio from numerical simulations and compared
with earlier results from two different well logging devices. High-resolution T1–T2 correlations maps
are obtained by two-dimensional Laplace inversion of CPMG detected saturation recovery curves. The
T1–T2 experimental correlations maps were corrected for the T1/T2 effect using the derived T2/T2,eff correc-
tion factor.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Nowadays, strongly inhomogeneous static and radio fre-
quency magnetic fields become an accepted environment for
the development of various NMR techniques. More and more
NMR applications are being proposed and successfully operate
in such fields [1]. These techniques and applications include
stray-field NMR at high field [2], and surface NMR spectrometers
[3,4] and sensors at low field [5–8] for material testing [8–12],
biomedicine [8,13], imaging [14,15] and well logging [16–19].
Moreover, approaches toward high-resolution ex-situ NMR spec-
troscopy have been realized [20–23]. In the last years, single-
sided NMR with sensors like the NMR-MOUSE presents an
important advance in obtaining relevant microscopic information
for the characterization of diverse types of materials [6–13].
Among these materials are elastomers with a broad range of
important applications [8–12].

The CPMG sequence is widely used in NMR relaxometry to
rapidly acquire NMR decays bearing information on molecular
dynamics on time scale covering several orders of magnitude
ll rights reserved.

chete), bluemich@mc.rwth-
and that are suitable to characterize most organic liquid and
soft-solid samples. The CPMG multi echo train decay in
strongly inhomogeneous magnetic fields is generated by a com-
bination of stimulated and Hahn echoes. Many important fea-
tures of the CPMG pulse sequence are discussed in [9,18] and
there are some techniques to optimize the pulse amplitude,
phase, duration and inter-echo time. For example, the ampli-
tudes of the first few echoes exhibit a characteristic transient
behavior which quickly approaches to a smooth asymptotic
behavior [18]. This effect can be neglected by skipping the first
echoes or can be corrected by a function derived from numer-
ical simulations. Relaxation in inhomogeneous fields leads to a
signal decay that is in general non-exponential with an initial
decay rate that is a weighted function of T�1

1 and T�1
2 . By using

the CPMG pulse sequence the difference in T1 and T2 values
leads to an error in the determinations of the transverse relax-
ation time, denoted in this case by T2,eff. Goelman and Prammer
[17] and Hürlimann and Griffin [18] have presented numerical
results for T2,eff as a function of the ratio of T1/T2 for two dif-
ferent NMR logging devices. At long times, the echo amplitudes
decay to a finite value. Hürlimann and Griffin have shown that
by means of appropriate phase cycling this effect can be elim-
inated. Recently, the possibility to encode information directly
into the shape of the CPMG echoes was demonstrated [24].
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This approach allows single-shot measurements of diffusion
and T1.

The analysis of CPMG echoes amplitudes is made by fitting the
experimental data with two- or three-exponential functions or a
stretched exponential function for the soft solid materials and by
a multi-exponential function via 1D Laplace inversions for liquids
imbibed in porous media [24, and references therein]. There are
multiple algorithms to compute the inverse Laplace transform. In
the last decade a novel algorithm for fast two-dimensional inverse
Laplace transformation have been developed to obtain T1–T2 corre-
lation maps [25–27]. The algorithm efficiently performs a least-
squares fit on two-dimensional data sets with the constraint of
non-negative amplitude. After reductions of the data set by singu-
lar value decomposition (SVD), the Tikhonov regularization meth-
od is used to balance the residual fitting errors and the known
noise amplitude. The results obtained using this algorithm are sta-
ble in the presence of noise.

Two-dimensional T1–T2 correlation spectra were obtained
using the fast 2D Laplace inversion by Song et al. [27]. The appli-
cability of this algorithm was demonstrated by recording the 2D
T1–T2 correlation maps at different signal-to-noise ratios for sev-
eral brine-saturated rock samples. The inverse 2D Laplace trans-
form has been applied to various scenarios like the measurement
of diffusion–relaxation distribution functions D–T2, and relaxa-
tion–relaxation distribution functions like T1–T2 as well as T2–
T2 exchange. These methods can be used for fluid identification
and characterization of the pore geometry in porous media
based on the effects of restricted diffusion of water saturated
sedimentary rock [26] and rock cores prepared in a succession
of different saturation states of brine and crude oil [28]. These
techniques originally developed to characterize fluid filled por-
ous media with applications to well-logging are now also being
applied to study relaxation and diffusion in static gradients for
the characterization of food products [29]. 2D correlations be-
tween relaxation and/or diffusion have been used by Godefroy
and Callaghan to investigate diverse liquid based samples like
water and oil dynamics in food and micro-emulsions systems
[30]. Washburn and Callaghan introduced a novel propagator-re-
solved transverse relaxation exchange type of experiment that
expands the 2D Laplace technique by a dimension of spatial res-
olution [32]. T2–T2 exchange plots corresponding to different
spatial displacements of the spin bearing water molecules in a
porous sand matrix were obtained. Marigheto et al. [33] have
developed further methods that allow peak assignment in low-
resolution multidimensional NMR cross-correlation data. They
demonstrate that T1–T2 spectra can be used as a finger-print to
monitor the complex changes associated with phase transforma-
tions, aggregation, gelation and crystallization on a molecular
scale.

Proton longitudinal and transverse relaxation times are used
in homogeneous magnetic fields to describe the polymers net-
works dynamics directly via the mixed echoes [34,35], multipo-
lar spin states [36,37] and indirectly by observing small solvent
molecules incorporated as spies inside polymer network [38].
The aim of this paper is to discuss the polymer network dynam-
ics mapped by 1H longitudinal and transverse relaxation times in
inhomogeneous magnetic fields and to test the sensitivity of dif-
ferent methods to different material properties for a series of
cross-linked natural rubber (NR) samples. The dynamics of soft
polymer network were studied in terms of multi-exponential de-
cays and the inverse Laplace transforms. High resolution T1–T2,eff

correlations maps are obtained for all NR samples by bi-dimen-
sional Laplace inversion of CPMG detected saturation recovery
curves. The T1–T2,eff correlations maps were corrected for the
T1/T2 effect using the derived T2/T2,eff correction function.
2. Experimental

The preparation and microscopic to macroscopic properties cor-
relations of investigated elastomers sample series were already re-
ported on some previous work [8,10–12,34–38]. Proton relaxation
times were measured with a BRUKER Minispec spectrometer con-
nected to a bar magnet NMR-MOUSE� sensor with a butterfly coil
working at 19.2 MHz. The sample was placed on top of the NMR
sensor directly on the coil surface and 4 mm above the north pole
of the permanent magnet. All measurements were performed at
room temperature, i.e., at 20 ± 0.5 �C. The NR samples are denoted
as NR1–NR7 according to the amount in phr of cross-linker/accel-
erator which scales with the cross-link density.

The 1H transverse relaxation decays were measured using the
CPMG (Carr–Purcell–Meiboom–Gill) pulse sequence (Fig. 1a). The
excitation and the refocusing pulse durations were both set at
5.5 ls and the pulse amplitude is optimized to yield the maximum
of Hahn echo amplitude. In the presence of inhomogeneities of sta-
tic magnetic field the pulses became more selective with the
increasing of the pulses length. Pulse amplitude modulation of
the flip angle was chosen to assure the same excitation bandwidth
for both pulses in view of better signal-to-noise ratio. Moreover, in
order to ensure the best overlap of the Hahn and stimulated echoes
and to account for resonance offset characteristic for CPMG pulse
sequences in inhomogeneous magnetic fields, the duration s + s0

between two adjacent refocusing pulses was optimized, where s
is the duration between the excitation pulse and first refocusing
pulse. The time interval, s0 between the maximum of the echo
and the subsequent refocusing pulse is smaller than s. Usually,
the difference between these two durations is a fraction of the
pulse duration. In our case s = 34.5 ls and s0 = 30.0 ls was giving
an interecho time of 70 ls. We have recorded 800 echoes with
1024 scans to increase the signal-to-noise ratio. The recycle delay
was set to 1 s, which is a value much larger than 5 times T1, but
was chosen in order to avoid overheating the sample exposed to
many long CPMG scans. The detection windows were open for
15 ls per echo with the maximum of the echo approximately in
the middle of windows. We have recorded 10 points per echo in
magnitude mode and the corresponding value was computed as
an average of five points two before and two after the maximum
of the echo.

The 1H T1–T2 correlation data were recorded using a saturation
recovery pulse sequence for longitudinal relaxation encoding, fol-
lowed by a detection via a CPMG sequence for transverse relaxa-
tion encoding [27] (Fig. 1b). The parameters for the CPMG
detection are similar to the ones discussed above. In this case we
have used a number of 600 echoes, 512 scans with a recycle delay
of 0.4 s and an interecho time of 100 ls. The longitudinal relaxa-
tion was encoded by the saturation recovery pulse sequence. The
saturation of the magnetization was achieved by a series of excita-
tion pulses with variable time intervals between them. In our case
we have successively halved the time lag between 10 pulses. The
recovery time, was increased in steps of 2 ms up to 200 ms to ob-
tain 100 experiments in the indirect dimension of the 2D correla-
tion experiments.

3. NMR measurements, simulations and data processing

3.1. 1H transverse relaxation time measurements

The normalized CPMG decays for the series cross-linked natural
rubber samples becomes steeper with increasing cross-link density
indicating a decrease of T2 associated with more restricted polymer
chain dynamics. In a semi quantitative fashion, the CPMG decays
are analyzed in terms of a bi-exponential fit:



Fig. 2. Dependence of the inverse of the long (a) and short (b) transversal relaxation
times as a function of cross-link density, C. With the exception of low cross-link
density, the dependence is linear.

Fig. 1. The classical CPMG pulse sequence (a) and the combination of saturation recovery followed by detection via CPMG pulse sequence for recording T1–T2 correlations
maps (b).
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Mð2nsÞ ¼ Ashort exp � 2ns
T2;short

� �
þ Along exp � 2ns

T2;long

� �
þ Anoise;

ð1Þ

where n is the number of echoes and T2,short and T2,long are the
solid-like and liquid-like effective transverse relaxation times,
respectively. All decays can be fit by a bi-exponential function.
The dependences of the relaxation rates 1/T2,long and 1/T2,short

on the cross-link density are shown in Fig. 2a for the liquid-like
(long) component and in Fig. 2b for the solid-like (short) compo-
nent of transverse decay. For medium and large values of the
cross-link density C the dependence is found to be linear. Excep-
tion are NR1 for the long component and NR1 and NR2 for short
component.

3.2. Multi-exponential analysis of CPMG data

In the last years various inverse Laplace transforms algorithms
were developed [25–27,31,39], that are regularized to cope with
the ill condition in the presence of noise. So far the inverse Laplace
transform has been applied in NMR mostly for systems of isolated
spins, like fluids in porous media [25–29] or food samples [29] and
molecules undergoing diffusion [26,28–31]. The Laplace transform
of the magnetization decay can be written in integral form as a
function of stroboscopic time 2ns at which the CPMG echoes are
observed:

Mð2nsÞ ¼
Z 1

0
AðT2Þ exp �2ns

T2

� �
dT2 þ Anoiseð2nsÞ; ð2Þ

where A(T2) is the probability density function to observe a given T2

component in the transverse magnetization decay, and Anoise (2ns)
is the random noise at the maxima of the CPMG echoes. In practice,
Eq. (2) is replaced by a sum over a finite number N of components,
usually not larger than 1000:

Mð2nsÞ ¼
XN

i¼1

AðT2;iÞ exp �2ns
T2;i

� �
þ Anoise: ð3Þ
In order to obtain A(T2,i), a fast inversion algorithm was used
[25–27], based on singular value decomposition of associated
matrices, a transformation into a reduced problem and a regulariza-
tion algorithm. The regularization procedure is controlled by the
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regularization parameter a, which depends on the signal-to-noise
ratio and impacts the final result [27]. There are algorithms and rules
to choose the best value of a but to compare the results and based on
a very good signal to noise ratio we have chosen a = 1.

The CPMG echo decays of the natural rubber samples NR1–NR7
were analyzed by the Laplace Inversion assuming that they can be
described by a multi-exponential function (Fig. 3). For a good def-
inition of the peaks we have used 500 points on the logarithmic
scale of T2 values. The data of sample NR1 with the lowest cross-
link density are shown in the back of the figure. A single line with
pronounced left shoulder is observed. This shoulder at small T2 val-
ues can be an indication of a bimodal polymer chain dynamic even
at small values of the cross-link density. Due to the large line
width, both lines overlap and a single asymmetric line is observed.
In terms of an analysis by fits with a bi-exponential function such
an overlap can lead to errors in the extracted values of transverse
relaxation times. By applying the Laplace inversion to the CPMG
decays the polymer dynamic appear to be revealed better than
by a simple bi-exponential analysis. The integrals over the peaks
are proportional to number of spins characterized by similar dy-
namic behavior. The widths of the peaks inform about the hetero-
geneities of a particular behavior.

The T2 distributions can arise from the properties of the studied
samples but also as a result of the particular NMR experiment. It is
well known [18] that in inhomogeneous magnetic fields the CPMG
decay is determined not only by the transverse relaxation time but
it is also affected by the T1/T2 ratio. Consequently, a simple analysis
of CPMG data by Laplace inversion can be subjected to systematic
errors. The resultant 1D distributions of T2 values can be a superpo-
sition of multiple distributions characterized by different T1 values.
Moreover, a particular value of the T1/T2 ratio can result in a shift of
the observed T2 value resulting in the value T2,eff of the effective
transverse relaxation time.

In the following the effect of the T1/T2 ratio on the values of T2,eff

measured by the NMR-MOUSE�, a sensor with highly inhomoge-
neous static and radiofrequency magnetic fields, is estimated. The
approach to estimate the effect of the T1/T2 ratio on the measured
CPMG decay in a strongly inhomogeneous magnetic field is to simu-
late the NMR response of a standard sample measured with the
NMR-MOUSE� sensor. CPMG decays are simulated as a function of
T1/T2 ratio for a sample described by well-known values of longitu-
dinal and transverse relaxation times, and the T2,eff value is
extracted.

3.3. Numerical characterization of the NMR-MOUSE�

For unilateral NMR sensors with strong field gradients, the NMR
signal is determined by the spin system response in homogeneous
Fig. 3. Distributions of transverse relaxation times T2 obtained from Laplace
inversions of the CPMG echoes trains for the rubber samples NR1–NR7.
field to a specific pulse sequence and the particular characteristics
of NMR device, in particular the static and radiofrequency mag-
netic field inhomogeneities. In order to characterize and quantify
the influence of the NMR sensor characteristics on the NMR
observables, a numerical simulation of the spin-system response
is essential. The NMR sensor can be described in full by the spatial
distribution of the static and radiofrequency magnetic fields and
the filter functions. Two numerical simulation programs, written
in C++ were used to generate the static and radiofrequency mag-
netic field maps. These maps were used together with the pulse se-
quences as input information for another C++ program to calculate
the spin system response in the given inhomogeneous magnetic
fields.

The first step in our approach is the generation of static mag-
netic field~B0ð~rÞmap. Due to the large inhomogeneities, the sample
is divided into small volume elements, hereafter called voxels, in
which the magnetic fields can be considered constant. The mag-
netic fields are computed in each of this volume element to gener-
ate numerical maps. The static magnetic field produced by the
permanent magnet has been considered to be a Coulombian field
by using the surface charge approximation [9,40]. Considering an
arbitrary, but unique reference frame, the static magnetic field at
a point~r was computed by considering magnetic charges distrib-
uted on the pole surfaces of the permanent magnets:

~B0ð~rÞ ¼ k
Z

SN

~r �~rN

j~r �~rNj3
ds�

Z
SS

~r �~rS

j~r �~rSj3
ds

" #
; ð4Þ

where SN and SS are the North and South pole surfaces, and~rN and~rS

denote the position of the surface elements. The symbol jð� � �Þj de-
note the vector modulus. The mesh size of the integration grid
was 0.1 mm, and the constant k was determined by fitting the com-
puted values to the measured ones for the particular NMR-MOUSE�

used.
Modulus j~B0j maps of the static magnetic field for planes paral-

lel to the North pole surface of the magnet are presented in Fig. 4 as
function of distance z from the magnet surface. The distance is
measured from the top of the radiofrequency coil, which is at
4 mm above the pole surface. The magnetic field maps are centered
in the magnet center and extended in x and y direction to cover the
main influence of a square 20 � 20 mm radiofrequency coil. The
slice z = 0 mm (Fig. 4a) corresponds to a plane directly on top of
the radiofrequency coil and to the maximum of the Larmor fre-
quency. The working frequency was set to be 19.2 MHz which cor-
respond to a sensitive volume centered approximately at
z = 0.2 mm (Fig. 4b). The position z = 0.5 mm marks a transition re-
gime in the j~B0j maps (Fig. 4c) to the particular value z = 1 mm
above the radiofrequency coil, where the modulus of the static
magnetic field distribution is the least inhomogeneous (Fig. 4d).

For a better view of the magnetic field inhomogeneity, four con-
tour lines cover the middle areas of the field maps where the re-
gion of interest is located. All four maps are drawn to the same
scale for better comparison of the field distributions in the plane
and their depth dependence. An general observation is the asym-
metry of the j~B0j maps in x and y directions This is due to the fact
that the magnet cross section (45 � 40 mm) is not a square. The
magnetic field is more curved along the x direction than in the y
direction. Associated with the large gradients of 10–36 T/m of this
type of magnet [8] along the z direction is a relatively well defined
localization of the NMR signal. A large homogeneous area can be
observed centered in the middle of the field maps. For planes par-
allel to the pole surface, the magnetic field distributions differ
according to the distance from the surface. Close to the magnet
pole, the magnetic field decreases from edges to the middle
(Fig. 4a and b) and far away from the surface, the magnetic field
is higher in the middle position than at the edges. The transition



Fig. 4. Spatial distributions of the modulus of the static magnetic field in the xy plane of a 40 � 45 � 50 mm bar magnet for different values of z. (a) z = 0 mm; (b) z = 0.2 mm;
(c) z = 0.5 mm; (d) z = 1.0 mm.
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from one extreme to the other is not sudden, and a homogeneous
distribution of the modulus of the static magnetic field must occur
in a given intermediate plane (Fig. 4d). There the sensitive volume
extended over a large area, which is also influenced by the shape
and dimension of the radiofrequency coil.

The map of the radiofrequency magnetic field~B1ð~rÞ produced by
the transmitter coil was calculated according to the Biot-Savart law:

~B1ð~rÞ ¼
l0I
4p

I
C

ð~rc �~rÞ � d~rc

j~rc �~rj3
¼ I �~bRFð~rÞ; ð5Þ

where I is the intensity of the electrical current in the radiofre-
quency coil, l0 is the vacuum permeability, ~rC is the position of
the current element of length d~rC which moves along the curve C
that describes the windings of the coil. A unique magnetic flux den-
sity map ~bRFð~rÞ is computed for a unitary current so that the pulse
amplitude can be set simply by a particular value to the current I.
The same radiofrequency map is used to compute the electrical sig-
nal induced in the receiver coil by the time-dependent magnetiza-
tion as the transmitter and receiver coils coincide.

Maps of the modulus of the radiofrequency magnetic field gen-
erated for a current of 1 A are presented in Fig. 5 in the same planes
as for the static magnetic field parallel to pole surface of the mag-
net as a function of distance to this pole surface. The z distance is
measured from the top surface of the radiofrequency coil. All maps
are drawn to the same scale with the maximum corresponding to
the maximum value of the radiofrequency field at z = 0 mm corre-
sponding to the top of the transmitter/receiver coil (Fig. 5a), and
the minimum corresponding to the minimum value in the map
for z = 1 mm (Fig. 5d).

The j~B1jmap of Fig. 5a is a good image of the coil as it maps the
j~B1j distribution directly on top of the wire where the radiofre-
quency field is highest. The coil was etched on a two sided copper
plated PC board with mirror images on both sides. In the center gap
of the conductors a thermocouple was mounted to sense the tem-
perature. The particular coil used was a butterfly coil constructed
from two figure-8 coils [5]. A figure-8 coil produces a magnetic
field that emanates from one current loop closing the path from
the opposite side. The radiofrequency magnetic field capable of
inducing an electrical current in the figure-8 coil must have the
same near field symmetry. Contrary, external noise originate from
far field and the associated electromagnetic waves pass through
both loops of the figure-8 coil from the same side, inducing in
the coil two currents with opposite signs that cancel each other.

The amplitude of the radiofrequency magnetic field decay de-
crease with increasing distance from the coil surface, effect ob-
served in Fig. 5 by the brightness of the j~B1j maps. With
increasing distance from the coil, the coil shape become less and
less visible is indicating a decrease of the lateral B1 and an increase
in homogeneity of the radiofrequency field. The j~B1j map given at
z = 1 mm (Fig. 5d) presents only the general features of the trans-
mitter/receiver coil while the particular features vanish. At first
sight and noting also the static magnetic field map at z = 1 mm,
one can conclude that at this distance NMR experiments are per-
formed in more homogeneous magnetic fields. Unfortunately, this
is not entirely true, as one should bear in mind that only the field
magnitude are shown. In Fig. 4 is missing information on the rela-
tive orientation of the ~B0 and ~B1 fields, so that the homogeneity of
the sensitive volume is lower.

3.4. Radio-frequency pulse sequence and spin response

As a first approximation an isolated ½ spin system is considered
interacting with two magnetic fields ~B0ð~rÞ and ~B1ð~rÞ. In inhomoge-
neous magnetic fields the majority of voxels described by the posi-
tion vector ~r is out of resonance. The local precession frequency
x0ð~rÞ ¼ �cB0ð~rÞ relates to the external static magnetic field and



Fig. 5. Spatial distributions of the modulus of the radiofrequency magnetic field in the xy plane of a butterfly coil for different values of z. (a) z = 0 mm; (b) z = 0.2 mm;
(c) z = 0.5 mm; (d) z = 1.0 mm.
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the magnetogyric ratio by the Larmor theorem. In the rotating
frame resonance offset is defined as:

Dxð~rÞ ¼ xTR þx0ð~rÞ ¼ xTR � cB0ð~rÞ: ð6Þ

The linearly polarized radiofrequency magnetic field density
~bRFð~rÞ is understood to arise from two circular polarized fields of
which only one leads to transitions. It is therefore replaced by 2
~B1ð~rÞ. Moreover, in inhomogeneous magnetic fields, one needs to
consider the component of ~B1ð~rÞ orthogonal to ~B0ð~rÞ (henceforth
denoted by ~B1;nð~rÞ) as the one that induces transition because the
parallel component commutes with the Zeeman Hamiltonian. Sim-
ilar to the Larmor frequency in static magnetic field, the nutation
frequency is defined by the normal component of the radiofre-
quency magnetic field x1ð~rÞ ¼ �cB1;nð~rÞ. In the presence of both
fields the precession takes places around the effective field with
the effective precession frequency:

xeffð~rÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dx2ð~rÞ þx2

1ð~rÞ
q

: ð7Þ

For isolated spins the evolution during pulses and free preces-
sion periods can simply be described by rotations of spin compo-
nents around x, y and z axes. A rotation around the z-axis by an
angle h is expressed by the rotation matrix:

RzðhÞ ¼
cos h � sin h 0
sin h cos h 0

0 0 1

0
B@

1
CA: ð8Þ

The other rotation matrices are:

RxðhÞ¼
1 0 0
0 cos h �sin h

0 sin h cos h

0
B@

1
CA; RyðhÞ¼

cos h 0 sin h

0 1 0
�sin h 0 cos h

0
B@

1
CA: ð9Þ
In inhomogeneous magnetic fields the rotation matrix of a gen-
eral pulse of duration, t and transmitter phase /TR can be expressed
as a combination of five rotations matrices:

Pð~r; t;uTRÞ ¼ Rzð�uTRÞRyð�hð~rÞÞRzðxeff ð~rÞtÞRyðhð~rÞÞRzðuTRÞ; ð10Þ

where hð~rÞ ¼ arccos Dxð~rÞ
xeff ð~rÞ

� �
.

The pulse phase is the same in every voxel. But depending on
xeff ð~rÞ the effect of the pulse is different from voxel to voxel as
the static and radiofrequency magnetic fields vary. A general
expression of the density operator at every moment in time can
be written as:

qð~r; tÞ ¼ Cxð~r; tÞ̂Ix þ Cyð~r; tÞ̂Iy þ Czð~r; tÞ̂Iz; ð11Þ

where Cxð~r; tÞ, Cyð~r; tÞ and Czð~r; tÞ are three space-time-dependent
variables that describe the x, y and z components of the magnetiza-
tion. Then the density operator after a pulse is given by:

qð~r; sþ tÞ ¼ P̂ð~r; t;uTRÞqð~r; sÞ: ð12Þ

For isolated spins the free evolution is a rotation around the z-
axis, i.e.:

EðDxtÞ ¼ RzðDxtÞ: ð13Þ

Relaxation is implemented following the Bloch equations:

Cx;yð~r; sþ tÞ ¼ Cx;yð~r; sÞe�
t

T2 ; ð14Þ

Czð~r; sþ tÞ ¼ Czð~r; sÞe
� t

T1 þ C1ð1� e�
t

T1 Þ: ð15Þ

The variables Cið~r; sÞ, i = x, y, z (Eq. (10)) contain information re-
lated to the previous evolution of spin system, and the C1 is related
to the normalized equilibrium magnetization.
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3.5. The theorem of reciprocity and the NMR signal

The electrical signal induced in the receiver coil by a magnetic
moment ~mð~r; tÞ of a volume element of the sample at position ~r
is given by the theorem of reciprocity, taking into account the elec-
tromagnetic induction laws [9]:

e ¼ � @Um

@t
¼ � @

@t

Z
S
ð~Bm~nÞdS

� �
¼ �

@ ~mðtÞ~bRFð~rÞ
h i

@t

¼ � @
~mðtÞ
@t

~bRFð~rÞ; ð16Þ

where Um is the magnetic flux through the coil created by the mag-
netic moment

~mðtÞ ¼ c�h � Trf~I � qðtÞg; ð17Þ

and the~Bm is the corresponding flux density, and~n is the unit vector
of the infinitesimal element dS orthogonal to the coil surface. The
reciprocity theorem is related to the fact that the electromotive
voltage induced by a magnetic moment ~mð~r; tÞ at position~r in the
coil, is proportional to the magnetic field density, ~bð~rÞ produced
by the coil at the position of the magnetic moment.

Two important factors that must be considered for realistic sim-
ulations of the NMR response in inhomogeneous magnetic fields
are the sensor and receiver filters. The complex sensor filter is
implemented as a product:

f ðx0ð~rÞ;xRX;QÞ ¼ fAðx0ð~rÞ;xRX;QÞ expf�i f uðx0ð~rÞ;xRX;QÞg;
ð18Þ

of an amplitude function:

fAðx0ð~rÞ;xRX;QÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Qðx0ð~rÞ
xRX
� xRX

x0ð~rÞ
Þ2

q ; ð19Þ

and a phase function:

Fuðx0ð~rÞ;xRX;QÞ ¼ arctan Q
x0ð~rÞ
xRX

� xRX

x0ð~rÞ

	 
� �
: ð20Þ

The quality factor of the coil circuit is denoted by Q, and receiver
frequency by xRX. The spectrometer receiver will impose a supple-
mentary amplitude modulation, seen as a filter with receiver band-
width, fc of the signal at the Larmor frequency, x0ð~rÞ:

Srecðx0ð~rÞ;xRX; fcÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ x0ð~rÞ�xRX
2pfc

� �8
r þ 0 i: ð21Þ

The large value of the exponent ensures a band-pass like shape of
the filter.

The real and imaginary parts of the time domain signal are gi-
ven by:

SxðtÞ ¼
R

V Sxð~r; tÞdV

SyðtÞ ¼
R

V Syð~r; tÞdV
; ð22Þ

where the integral is considered over the entire sample volume V of
the real (x) and imaginary (y) signal component in each voxel:

Sxð~r; tÞ ¼Kð~r; tÞ f Aðx0ð~rÞ;xRX;QÞ Srecðx0ð~rÞ;xRX; fcÞ
� cos½Dxt þ að~rÞ � dþ fu�

Syð~r; tÞ ¼Kð~r; tÞ f Aðx0ð~rÞ;xRX;QÞ Srecðx0ð~rÞ;xRX; fcÞ
� sin½Dxt þ að~rÞ � dþ fu�

; ð23Þ

with að~rÞ ¼ arctan � Cxð~rÞ
Cyð~rÞ

� �
and the receiver phase, d.

The last point is to scale the value by the constant K that mul-
tiplies the local signals from Eq. (22) so the simulated NMR signal
can be expressed in lV and not into arbitrary units. The origin of
this value is related to the equilibrium magnetization, or the total
magnetization per volume unit:

M0 ¼N
c2�h2B0IðI þ 1Þ

3kBT
; ð24Þ

with N the number of spins per volume unit, c the gyromagnetic
ratio, I the nuclear spin quantum number, �h reduced Planck con-
stant, kB the Boltzmann constant and T the absolute temperature.
We have to consider the static magnetic field in each voxel depen-
dent on position as well as the voxel value of the radiofrequency
magnetic field. Due to the time derivative (Eq. (15)) of the magnetic
moment, the Larmor frequency or its negative and the product be-
tween the gyromagnetic ratio and static magnetic field must be also
considered. The spin evolution is described by the transverse mag-
netization or the time-dependent x and y components of magneti-
zations, Cx and Cy. Taken all together, the voxel dependent
multiplication constant is obtained as:

Kð~r; tÞ ¼ �N c3�h2DV
4kBT

B2
0ð~rÞb1;nð~rÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

x ð~r; tÞ þ C2
yð~r; tÞ

q
: ð25Þ
3.6. Magnetic field inhomogeneity and slice selection

A map of the magnetic field modulus, j~B0j for the bar magnet
NMR-MOUSE� in a vertical xz plane through the origin at y = 0 is
shown in Fig. 6a. The x direction ranges from �15 mm to
+15mm, large enough to cover the radiofrequency coil. The posi-
tion z = 0 mm corresponds to the upper surface of the radiofre-
quency coil which is at 4 mm above the north pole of the
permanent magnet. The z scale is stretched to reveal some useful
features. Close to the surface of the permanent magnet, the mag-
netic field is largest near the magnet edges. With increasing dis-
tance z from the surface, the magnetic field becomes more
homogeneous along the x direction. For example, near z = 1 mm
we can observe an isosurface in a horizontal plane, as outlined
by the black lines in the middle. From an NMR point of view, this
plane can be used to select a planar slice through the sample at
the given depth.

The static magnetic field imposes limitation on the sensitive
volume. Further limitation is imposed also by the radiofrequency
magnetic field (Fig. 6b). The j~B1j map produced by the unitary cur-
rent through the butterfly coil in the same xz plane centered at
y = 0 is far more inhomogeneous than that of the static magnetic
field generated in the same region. The inhomogeneities are largest
close to the copper conductors of the coil at low values of z close to
x = ±10 mm. Contrary to the j~B0j isosurface lines which extended in
the x direction, the j~B1j isosurface lines cover relatively short dis-
tances in both x and z directions.

A C++ program was written to compute the spin response fol-
lowing the concepts presented above using as input the static
and radiofrequency magnetic field maps of the NMR sensor, the
pulse sequence of the particular experiment and the T1 and T2 val-
ues of the sample. The sensitive volume or the spatial distribution
of the spin response calculated as the magnitude of the real and
imaginary magnetization components following an excitation
pulse for different transmitter/receiver frequencies of 16.5, 17.5,
18.5 and 19.2 MHz, the valued used in our conditions, are pre-
sented in Fig. 7. The duration of excitation pulse was 5.5 ls, and
the relaxation times of T1 = 1 s and T2 = 1 s, practically have no
influence on tens of microseconds scale. The most important fac-
tors that influence the sensitive volume are the NMR sensor and re-
ceiver parameters, because these affect the filter properties as
described in Eqs. (17)–(20). The quality factor was set to be
Q = 20 and the receiver bandwidth fc = 5 kHz. The gap in the sensi-
tivity volume around x = 0 mm is due to the fact that near this



Fig. 6. Magnetic field maps of the modulus of static, (a) and radiofrequency,
(b) magnetic fields in the vertical plane as a function of x and z coordinates for
y = 0 mm. This characterizes the bar magnet NMR-MOUSE� with a butterfly coil. The
position z = 0 mm in the magnetic field maps corresponds to a distance of 4 mm above
the north pole of the magnet and a 0.1 mm above the surface of butterfly coil.
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position the radiofrequency magnetic field has a very low value as
in Fig. 6b. With decreasing transmitter/receiver frequency slices at
different sample depth can be selected.

Contrary to NMR in homogeneous magnetic fields, where the
sensitive volume is contiguous, in inhomogeneous magnetic fields
the sensitive volume may depend on the value and orientation of
~B1 with respect to ~B0, and also on the particular pulse sequence.
This aspect is discussed in the next section.
Fig. 7. Simulation of the spatial variations of the sensitive volume of a bar magnet
NMR-MOUSE� with a butterfly coil. For different transmitter/receiver frequencies
mTX/RX = 19.2 MHz, mTX/RX = 18.5 MHz, mTX/RX = 17.5 MHz, and mTX/RX = 16.5 MHz the
resonant regions are identified in the vertical xz plane at y = 0 mm.
3.7. Sensitive volume of the bar-magnet NMR-MOUSE with a butterfly
coil for the CPMG pulse sequence

The sensitive volume is determined not only by the features of
the NMR sensor, but its shape in space can also change with time
after each pulse. Fig. 8 depict the sensitive volume in a horizontal
plane at z = 0.2 mm above the radiofrequency coil after the first
pulse and for maximum value of the first, second, fifth, tenth and
hundredth echo for a CPMG pulse sequence in terms of the maxi-
mum NMR signal. The Larmor frequency of 19.2 MHz and pulse se-
quence parameters were set those of the measurements presented
below with the exception of the spin-spin relaxation time which
was set to 10 s so that simulation time scale can be considered
to be infinite and without any influence on the sensitive volume.
Due to the magnet asymmetry, the sensitive volume is not sym-
metric in horizontal xy plane. For better comparison of the sensi-
tive volumes at different moments in time during the CPMG
sequence figures are all drawn to the same scale.

Fig. 8a shows the simulated sensitive volume after the first
pulse. It is an accurate representation of the radiofrequency coil.
The continuous lines of high intensity follow the coil pattern,
decreasing gradually in the middle, as the magnetization becomes
off resonance. The intensity decreases also fast with the increasing
distance from the coil conductor in the horizontal plane, leading to
a good map of the coil shape. However, the first refocusing pulse
induces dramatic changes in the sensitive volume of the first echo
(Fig. 8b). The general features remain similar to those in Fig. 8a but
the sensitive volume becomes fractionated and signal is acquired
from the space between the conductors. This is followed with the
sensitive volume for the echo number two (Fig. 8c). A coherent pat-
tern of stripes that follows the isolines of the static magnetic field
is barely observable in the middle. The subsequent radiofrequency
pulses scramble the features in the sensitive volume more and
more leading to an increased volume compared to that of Fig. 8a.
Moreover, after an initial transitory regime, a steady state regime
is reached in the evolution of the sensitive volume at high echo
numbers (Fig. 8d–f).

3.8. Numerical characterization of T1 and T2 mixing effects in CPMG
measurements

In the inhomogeneous magnetic field the on-resonance condi-
tion is fulfilled only for a very small number of voxels. The
majority of voxels from the sensitive volume is out of resonance,
and therefore, is not possible to achieve a perfect p/2 pulse. A
direct consequence is the fact that at every moment during the
CPMG pulse sequence, the total nuclear magnetization will be
described by non-zero values of all three components along
the x, y and z directions. An exception is the first echo, which
is a pure Hahn echo. The others are mixed, inhomogeneous ech-
oes, i.e., superpositions of Hahn echoes, characterized only by
evolution in the transverse plane and decaying with T2, and
stimulated echoes, characterized by storage of magnetization
along the z direction with magnetization build-up by T1 relaxa-
tion. As a consequence CPMG decay is weighted by transverse
as well as by the longitudinal relaxation. The relative contribu-
tions of these relaxation processes in the measured signals are
functions of the sensor properties i.e., the spatial distributions
of static and radiofrequency magnetic fields, as well as a func-
tion of the pulse sequence parameters, like the echo time, dura-
tion and amplitude of the excitation and refocusing pulses.
Moreover, the number of coherence pathways is increasing dra-
matically with the echo number in a CPMG pulse sequence.
Therefore, without the help of computer simulations it is not
possible to estimate the effect from the difference between T2

and T1 on the CPMG decay.



Fig. 8. Simulation of the sensitive volume of a bar magnet NMR-MOUSE� with butterfly coil in a horizontal xy plane after first pulse (a) and after the first Hahn echo (b).
Superposition of Hahn and stimulated echoes are shown for the second (c), fifth (d), tenth (e) and hundredth (f) echoes of a CPMG pulse sequence.
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The time-dependent NMR response was simulated for a CPMG
pulse sequence by a variation of the C++ program used to obtain
the spatial distributions of the sensitive volumes presented in Figs.
7 and 8 (Fig. 9). A general characteristic of CPMG echoes train is the
fact that the first echo (a pure Hahn echo) is smaller than the subse-
quent echoes of the train, if one neglects relaxation effects. Another
feature is the fact that the second echo is larger than the rest of them,
clearly observed in Fig. 9a and b. The amplitude of the others echoes
seems to be affected only by the relaxation ratios. Moreover, the
CPMG decay is characterized by a very short transitory regime [19].

For a relaxation time ratio of 1 (here, T1 = T2 = 25 ms Fig. 9a) the
CPMG decay follows the ideal path as shown by the drawn black
line for a mono-exponential decay with T2 = 25 ms passing through
the echoes maxima. All three magnetization components are
weighted equally and no difference to measurements in homoge-
neous or inhomogeneous fields are expected. Nevertheless, for a
long CPMG pulse sequence with a duration compared to T1, new
z magnetization will be generated, the corresponding spins can
be excited by the radiofrequency pulses and lead to a small in-
crease of the later echo amplitudes. During all simulations relaxa-
tion over the pulse duration was neglected.

The decay of a CPMG echo train for the same T1 value of 25 ms
and a transverse relaxation time of T2 = 12 ms is presented in
Fig. 9b. The exponential decay curve, with T2 = 12 ms and the same
amplitude as in the previous figure, decays faster than the echo
train. A direct consequence of the T1 relaxation is the fact that by
fitting the echo decay, an apparent transverse time T2,eff larger than
T2 is obtained. This effect is increasing at larger T1/T2 ratios as is
presented in Fig. 9c for T1 = 25 ms and T2 = 2 ms.

3.9. Correction factor T2/T2,eff

We have performed a study of the effect of T1 relaxation on the
CPMG echo train decay for different T1/T2 ratios. For that, we have
considered the maximum of the CPMG echo train simulated for
well defined T1 and T2 input values, and fitted the resultant decay



Fig. 9. Echo trains decay simulated with a C++ program for a CPMG pulse sequence
for a bar magnet NMR-MOUSE� with a butterfly coil operating at a mL = 19.2 MHz.
The responses of an isolated spin system with T1 = 25 ms and (a) T2 = 25 ms,
(b) T2 = 12 ms, (c) T2 = 2 ms were simulated, and a mono-exponential decays (solid
lines) characterized by the same values of the T2 parameter are shown.

Fig. 10. The correction factor T2/T2,eff as a function of the T1/T2 ratio for the bar
magnet NMR-MOUSE� with a butterfly coil. A constant T1 = 25 ms and a variable T2

were the input parameters for the numerical simulation program. T2,eff denotes the
transverse relaxation values obtained from fit the simulated CPMG echo decays
with a single-exponential function. The theoretical expressions by (Eq. (26)) from
reference [18] with hn2

z i = 0.18 are identified by a dashed line.
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with a single-exponential curve, excepting the first two transitory
echoes. The result of this fit is the T2,eff parameter.

Fig. 10 presents the correlation derived in the simulated
CPMG decay curves for the T1/T2 ratio and the T2/T2,eff ratio be-
tween the transverse relaxation time value used for input effec-
tive T2,eff value derived from the simulated CPMG response. The
simulated values are represented by circles and fitted with an
exponential function described by parameters with no obvious
physical meaning. The T2/T2,eff ratios shown in Fig. 10 are smaller
than one and decrease monotonously with increasing T1/T2 ratio.
At long values of the T1/T2 ratio, the curve asymptotically ap-
proaches a value of 78% of the value for T1 = T2. This particular
dependence was obtained for extremely inhomogeneous mag-
netic fields, particular B0 and B1 maps and a particular T1/T2 ra-
tios and echo time.
The dependence of T2eff on the actual T2 and T1 values for an
NMR sensor with inhomogeneous ~B0 and ~B1 fields was reported
by Hürlimann et al. [18 and reference therein]:

1
T2;eff

¼ 1
T2
� hn2

z i
1
T2
� 1

T1

	 

; ð26Þ

where hn2
z i is a normalized integral function that quantifies the

inhomogeneities of the static and the radiofrequency magnetic
fields. Hürlimann et al. [18] report a value of hn2

z i = 0.15 for their
sensor and a value of hn2

z i = 0.12 for the Goelman and Prammer
investigation presented in [18]. From Eq. (25) we obtain,

T2

T2;eff
¼ 1� hn2

z i 1� T1

T2

	 
�1
" #

: ð27Þ

The dashed line in Fig. 10 shows the dependence of the T2/T2,eff

ratio on T1/T2 according to the Eq. (26). For a value of hn2
z i = 0.18 the

agreement with the simulated T2/T2,eff curve is good for small T1/T2

ratios. At higher T1/T2 ratios, the asymptotic regime is reached
much earlier than by the simulated data. The value of hn2

z i = 0.18
applies to our NMR-MOUSE sensor and is higher than the value
of 0.15 reported in ref. [18]. This indicates that the NMR-MOUSE
works in much more inhomogeneous magnetic fields, which is
due in part to the special shape of the butterfly radiofrequency coil,
and in part to the strong B0 gradient in the depth direction.

The curves in Fig. 10 extended up to a T1/T2 value of 25 which is
higher than what is expected in practice. Such a large value pro-
vides confidence that the fitting error is within reasonable limit
for comparative types of measurements. Nevertheless, for accurate
measurements in inhomogeneous fields especially for samples
with similar dynamic properties described by closed values of T2

the effect of the T1/T2 on the CPMG decays must be considered
and eliminated. For practical applications, the T2/T2,eff ratio can
be employed, as an correction factor, to extract corrected relaxa-
tion times from the experimental data in order to describe the
dynamical properties of the sample more accurately.

3.10. The T1–T2 correlation maps

The correction of T2,eff values to estimate the contribution of T1

in CPMG decays measured in inhomogeneous magnetic fields can
not be directly applied to relaxation time distribution obtained
by Laplace inversion of relaxation decays. The main reason is that
one may observe multiple values of T1 for a well defined value of T2
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[29,32]. To analyze this effect, a T1–T2 correlation map was
generated by 2D Laplace inversion of data recorded with the satu-
ration-recovery-CPMG pulse. The saturation-recovery sequence
was chosen as it performs better in inhomogeneous fields than
inversion-recovery sequence.

For the Laplace inversion of the NMR data we have used the fast
inversion algorithm from MatLab [25–29]. The program is very
flexible and allows us to receive a T1–T2 distribution map of
301 � 301 points even if in the indirect dimension there are only
100 input points. The value of the alpha regularization parameter
was kept constant and set to one. Several values were tested but
we found that confident results can be obtained for a = 1. More-
over, a constant alpha value allows us to compare the T1–T2 distri-
butions recorded for the same experimental conditions.

Fig. 11 shown T1–T2 correlation maps in terms of 2D Laplace
transforms of a series of CPMG echo trains recorded for NR1 using
the saturation-recovery-CPMG pulse sequence. Fig. 11a shows the
2D distribution of T1 and T2 values as obtained directly from the
fast Laplace inversion program. The interpolation exponential
function (continuous line in Fig. 10) that describes the full decay
of the correction factor T2/T2,eff was applied to each pixel which
is characterized by well defined T1/T2,eff ratio to obtain the cor-
rected T1–T2 correlation map of NR1.

The T1–T2 distribution for NR1 is elongated perpendicular to the
primary diagonal. The transverse relaxation time T2 is distributed
inversely proportional to the longitudinal relaxation time T1. The
NR1 sample is characterized by the lowest cross-link density of
the series and the continuous distribution of relaxation times can
be a consequence of an unclear discrimination between a liquid-
like component and a solid-like component of the polymer chain
network. The upper left part of the T1–T2 distribution touches the
straight dashed line which represents equal values of transverse
and longitudinal relaxation times and can characterize the liquid-
like behavior of unrestricted chains such as dangling chains. From
the mobile chain end toward the cross-link points the motion be-
comes more restricted and the transverse relaxation time is reduc-
tion. The particular T1–T2 distribution perpendicular to the primary
diagonal indicates a relaxation mechanisms completely different
from those that govern isolated spins in, for example, liquids in
confined environments.

A continuous distribution of T1–T2 relaxation times, which can-
not discern between different dynamic components of a polymer
network, and cannot realistically be analyzed by a simple exponen-
tial fit of a CPMG decay with a bi-exponential function. Also a fit
with a single-exponential is inappropriate as the width of distribu-
tion along T2 dimension is large. This may explain why the data of
NR1 do not fit the linear relationship of Fig. 2.
Fig. 11. Two dimensional T1–T2 correlation maps for the sample NR1 (a
The corrected T1–T2 distribution functions of NR2 to NR 7 are
presented in Fig. 12. A continuous distribution is observed also
for NR2, but starting with NR3 and for the other sample with high-
er cross-link density, two components are identified. As a general
feature, the distributions of relaxation times start to decrease in
width along the T2 direction with increasing cross-link density.
Moreover, the gap between those two peaks is increasing on the
logarithmic scale leading to increased resolution in the T1–T2 relax-
ation maps.

We expect that for this type of soft-solids the longitudinal
relaxation time T1 does not change much with cross-link density.
This is underlined for samples NR2, NR5 and NR6 in Fig. 12a, d
and e, respectively. A small T1 dependence is observed for NR3
and NR7 (Fig. 12b and f) where the distribution center of the com-
ponent with larger T2 is characterized by small T1. But as this shift
is small it can be an artifact of the Laplace inversion algorithm.

This is different for NR4 (Fig. 12c), where the resultant distribu-
tion of T1–T2 values could be attributed to an error in the recording/
processing procedure. In fact this distribution is similar with to the
one observed for the NR1 sample. The distribution of relaxation
times is also perpendicular to the main diagonal, shifted to small-
est relaxation values and two components are observed. The ques-
tion is if NR4 is a special sample or if this behavior is simply a
coincidence. When analyzing previous investigations of the same
sample series we find that there is a number of microscopic and
macroscopic parameters sensitive to the particularities of sample
NR4 like the shear modulus and the logarithmic Gaussian distribu-
tion of the correlation time, while others are not sensitive [34,35].
The NR4 sample can be considered intermediate between the sam-
ple with small cross-link and large cross-link density. It has been
previously shown [34,41] that the crosslinked elastomers present
a simply squared distribution on C of various microscopic parame-
ters for low values of cross-link density. Only by considering high-
order corrections of the Gaussian end-to-end vectors distribution,
the full dependence of microscopic parameters on the mechanical
shear modulus can be interpreted in a unified manner [34]. In this
respect, the sample NR1 can be considered as the link passing from
unvulcanized and uncrosslinked to vulcanized and crosslinked nat-
ural rubber.

4. Conclusions

A multi-exponential analysis of the CPMG echoes decays re-
corded for a series of crosslinked natural rubber samples as an
example of soft solids was discussed. Since in strong inhomoge-
neous static and radiofrequency magnetic fields the CPMG echo
train decays is weighted not only with T2 but also with T1, the
) uncorrected and (b) corrected using the correction factor T2/T2,eff.



Fig. 12. Two dimensional T1–T2 correlation maps corrected for T2/T2,eff for a series of natural rubber samples with different cross-link densities. The sample are labeled (a)
NR2, (b) NR3, (c) NR4, (d) NR5, (e) NR6, (f) NR7 in order of increasing cross-link density.
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effect of the T1/T2 ratio on the T2,eff distribution was investigated by
numerical simulations. A C++ program was written to clarify this
point. With the help of this program, a correction factor T2/T2,eff,
was derived. By comparison of results obtained with other devices
we can conclude that the theoretical expression fits the simulated
data well for T1/T2 ratios up to 5. The NMR-MOUSE with butterfly
coil is a device with a highly inhomogeneous magnetic fields char-
acterized by hn2

z i = 0.18. The correction factor T2/T2,eff was effec-
tively used to correct the recorded T1–T2,eff correlation maps
for the entire series of natural rubbers samples with different
crosslink densities. This procedure could be applied only to the
T1–T2 maps, where each voxel is characterized by a well-defined
value of T1 and T2, therefore by a well defined T1/T2 ratio. The
effect of the T1/T2 ratio on the T2,eff distribution shows an asymp-
totic behavior which imposes a limit of T2,eff of 79% from the
maximum of T2 even at high T1/T2 ratio. It is noted that even
for the sensor with the highest inhomogeneity of magnetic fields
reported in this investigation and for an extreme T1/T2 ratio, the
deviations from T2 inflicted by measuring T2,eff is not larger than
20%. The correction procedure can also increase the resolution in
T1–T2 distributions maps. This will became more evident if the
relevant T1–T2 distributions are away from the main diagonal.
For example for sample NR1 one end of the T1–T2 distribution
was near the main diagonal and was not affected while the
other end away from the diagonal was shifted to smaller T2 val-
ues. The correction procedure can produce an elongation of con-
tinuous distributions as it is the case for NR1 and NR2. Although
starting with NR3 to NR7 the T1–T2 correlations maps present
two clearly resolved peaks, a fit of the CPMG decays of NR1
and NR2 with a bi-exponential function is not justified. A general
feature of the series of crosslinked natural rubber samples
resulting from these correlations maps is a relatively wide distri-
bution along the T2 dimension and a narrow distribution along
the T1 dimension. The distribution in T2 is mainly related to
the distribution of the chain segments dynamics between the
chemical and physical cross-link points.
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