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Abstract. Nuclear magnetic resonance (NMR) experiments are usually carried out at very high and homoge-
nous magnetic fields. However, portable systems have emerged in recent years at low fields, offering many
advantages like easier maintenance and open design that permit us to imagine a variety of coil configurations
in order to maximize the homogeneity of the static field By and the radio-frequency field B;. The wire winding
distribution based on space harmonics suppression (SHS) of the cosine current density distribution offers new
possibilities of producing homogenous static fields By. In this work, an extension of the SHS method, allow-
ing homogeneity enhancement and flexibility of the coil design, is presented. The efficiency of the method is
demonstrated through the construction of homogenous magnetic field coils dedicated to a very low magnetic
field (8mT) ' H NMR spectrometer. The performance of these coils in terms of magnetic field intensity and
homogeneity as well as self-heating behavior is compliant with in planta experiments for agronomic studies.
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1 Introduction

Global warming has increased the occurrence of stress in liv-
ing plants, which forces them to adapt to the environmental
conditions. This induces some modifications in growth and
composition at physiological and biochemical levels (Osak-
abe et al., 2014). Due to the wide biodiversity of some plants,
like sorghum, one needs to perform a study of the behav-
ior for each species. The possibility of studying the local re-
sponses of plants to biotic and abiotic stress is limited since

current anatomical and biochemical methods are destructive
and do not allow us to investigate plants.

Otherwise, nuclear magnetic resonance (NMR) offers the
possibility of non-invasively and quantitatively measuring
targeted nuclei like H, C, and N in plants (Van As and Schaaf-
sma, 1984) and some of their physical properties like My,
T1, T, diffusion and water velocity. The 'H NMR signal is
roughly quadratically dependent on the intensity of the mag-
netic field (Vo-Dinh, 2002). This consideration has histori-
cally oriented the NMR spectrometer design to higher mag-
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netic fields, up to 31 T (Yoshida and Kramer, 2012), in or-
der to take advantage of a high signal-to-noise ratio (SNR).
Nevertheless this magnetic field “race” has made the NMR
magnet more and more sophisticated (cooling is mandatory,
bulky and extremely heavy) and therefore not suitable to the
problem of monitoring the plant’s response to stress in the
fields.

To address the agronomic studies in planta, the NMR in-
strument should be lightweight in order to be easily handled.
This consideration has oriented our development toward low
field NMR using resistive coils, as has been demonstrated by
means of a Helmholtz coil at a few mT (Asfour, 2011).

A way to increase the magnetic field strength of the resis-
tive coil NMR would be to take advantage of the air cooling.
Unfortunately that would interact with the plant and alter its
behavior. A second way would be to use water cooling at the
expense of a more complicated and heavier system, which
are not desirable conditions. For these reasons the use of re-
sistive coil cooling by natural convection has been consid-
ered.

The NMR instrument will be dedicated to the relaxation
parameters (Mo, T1 and T>) of plants (especially sorghum)
for different stress conditions. The underlying idea is to iden-
tify NMR parameters of the plant’s health as suggested by
Van As et al. (1985).

We aim to push the boundaries of very low magnetic field
NMR by developing a highly homogenous resistive magnet
while considering the constraint of self-heating, size reduc-
tion and versatility to keep the integrity of the plant under
study. This constraint implies taking into account the ther-
mal behavior. For this purpose, we describe an extension of
the space harmonic suppression (SHS) method (Coillot et al.,
2016), which allows us to enhance the magnetic field homo-
geneity of coils.

2 Magnetic field homogeneity of coils: problems
and overview

The condition that must be fulfilled by the current density
to produce a homogenous magnetic field for spherical coils
(demonstrated by Clarck, 1938; Everett and Osemeikhian,
1966), and known as “cosine” distribution, is expressed as

Je,(0) = Jocos(0)ey, (1

where J is the current density magnitude and 0 is the angu-
lar position over a circle of radius R with respect to a refer-
ence axis (x; see Fig. 1).

An equivalent condition arises for the generation of a
transverse homogenous magnetic field produced within a
cylindrical volume. Numerous RF coils used in NMR spec-
troscopy and imaging take advantage of this condition
(Harpen, 1991; Coillot et al., 2007; Hayes et al., 1985;
Bolinger et al., 1988; Hoult and Richards, 1976; Mispelter
et al., 2006). Note that, unlike superconducting magnets, the
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Figure 1. Current density distribution of spherical coils oriented
along ey, in spherical coordinates.

Table 1. Axisymmetric coil homogeneity study: comparison be-
tween several coil configurations: Helmholtz, SHS 2, SHS 4 and
SHS 6.

Helmoltz SHS2 SHS4 SHS6
0.1 % homogeneity 0.141 0.199 0355 0.523
1 % homogeneity 0.267 0.301 0493  0.629
10 % homogeneity 0.523 0543 0.729  0.837

reverse current is not optimal in the presence of Joule’s effect
since the reverse current reduces the magnetic field strength,
while it increases the power consumption.

The SHS method, reported in Coillot et al. (2016), con-
sists in approaching the cosine current density distribution
by calculating discrete conductors’ angular positioning on a
circle (see Fig. 1), aiming to approach cosine distribution by
means of a Fourier series formalism. It was assumed that the
same current is flowing in each conductor. The angle solu-
tions which have been obtained for the two, four and six pairs
of coils are mentioned here:

— SHS 2 (61 = 30°, NB: this angle value is slightly differ-
ent from the Helmholtz coil one: Oyejm = 26.57°, con-
verse to what was erroneously written in Coillot et al.
(2016);

— SHS 4 (61 = 12° et 6, = 48°);
— SHS 6 (61 = 11.56°, 6, = 26° and 65 = 56°).

The efficiency of the method in designing highly homoge-
nous coils is based on the evaluation of the homogeneity fac-
tor: the 0.1, 1 and 10 % homogeneities are defined as the frac-
tion of the coil diameter where the magnetic field intensity
remains, respectively, within 0.1, 1 and 10 % of its maximum
value (Table 1).

These results suggest that a homogeneity sufficient to per-
form quantitative NMR experiments and relaxometry (hun-
dreds of ppm) in a wide volume fraction of the coil can be
reached.

WWWw.j-sens-sens-syst.net/7/227/2018/
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3 Extended SHS method

While the restriction of an equal current flowing into the
conductors forming the coil is relevant for most of the MRI
probes where the conductors are in series (a notable excep-
tion being the four-coil MRI probes proposed by Hoult and
Deslauriers, 1990), it appears that this restriction is not re-
quired in many situations like calibration coils, but also for
the coil producing the static magnetic field, which is the con-
cern of a portable NMR device.

3.1 Current density distribution

Thus, we will consider a more general current density distri-
bution in coils: the current magnitude in a coil is independent
of the ones in other coils (see Fig. 2). Then, by extending the
method, the current density distribution (illustrated by Fig. 3)
will be expressed as

JO)=1o(3(8) = 8(6 — 1)) + =)L 1, (56 — 6,)
+8(0+6,)—80 -0, —7m)—80+6,—m)), (2)

where §(0) is the one-dimensional Dirac distribution as a
function of the angle 8. Then, by applying a reasoning analog
to the one developed in Coillot et al. (2016), the Fourier se-
ries coefficient (axx—1) of j(6) can be calculated. The current
density function (j(6)) can then be re-written as a Fourier
series:

JjO)=%2, (Z,]lvzl ; (Io+ 21, cos((2k — 1)9,,)))

x cos ((2k — 1)0). 3)

3.2 Magnetic field generation

The magnetic field produced for the in planta portable NMR
experiments requires the plant to be placed in the center of
the coil. That leads us to focus only on the even SHS coils
case (i.e., without a central coil; thus, the term Iy vanishes)
composed of N pairs of coils. Each coil has N,, conductors
flown by a current I,,. The magnetic field generated at the
center of the SHS coil pair (B,), based on the magnetic field
at the center of a symmetric pair of coils, can be expressed
either as a function of the coil radius (R,), see Eq. (4), or
as a function of the radius supporting circle (R, such as in
R, = Rcos(8y)), defined in Fig. 2; see Eq. (5).

B, = %Nn I,cos>(6,), )

n

B, = %anncosz(en). (5)

The total magnetic field (Bsps) produced by the N pairs of
coils results from the sum of the magnetic fields produced by
each pair of coils:

Mo
Bsus = ;E,iv:lzvn 1,c08%(6). ©)
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Figure 2. Electrical conductors of unknown angular positions (6;,),
flown by currents [, distributed along the circumference.

J(0)

Figure 3. Illustration of the space current density distribution for
non-identical currents flowing through the coils.

3.3 Formulation of the homogenous magnetic field coil
design problem

In the context of N turn coil pairs without the central coil,
we will have to determine the N angles and currents allowing
us to produce the target magnetic field (Bsgs = 8 mT in our
design case) and satisfying the harmonic suppression. That
gives us 2N equations allowing us to suppress (2N — 1) har-
monics. The first equation of the equation set (Eq. 7) allows
the magnetic field goal to be reached (namely Eq. 6), while
the other equations are deduced from harmonics suppression

(Eq. 3):

o
2 Znli N Incos®(6n) = Bsws

2N Iicos(30,) =0 (k=2)
E,]lv:]]n cos(2j—1)0,)=0 (k=)

Z,ivzl I,cos (4N —1)8,) =0 (k=2N). )

This set of equations offers the possibility of designing the
coil generating the required magnetic field and allowing us
to enhance the homogeneity by means of the harmonics sup-
pression technique.

J. Sens. Sens. Syst., 7, 227-234, 2018
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3.4 Numerical resolution aspects

The angle solutions of Eq. (7) are obtained using a numeri-
cal resolution tool. Nevertheless, for a large number of vari-
ables, the algorithm may converge to an aberrant solution
with some angles higher than /2, which satisfies the har-
monic cancellation but does not maximize the magnetic field.
Thus, it is recommended in such a case to solve the designed
problem using optimization formalism. The objective func-
tion will be a compromise between the maximization of the
magnetic field production g(u) (left member of the first equa-
tion of Eq. 7) and the minimization of function f(u), ensur-
ing the cancellation of the harmonics (remaining equations
of Eq. 7):

s = ("5 Ny o’ @) ®)

N 2
Fu) = (Enzlln cos(39n)) ..
N 2
+ (Enzll,, cos(4N — 1 )9,,)) , ©)
where u is the set of variables (6, and I,,).

Next, the optimization formalism will permit us to limit
the feasible space solution research using inequality con-
straints. Thus, an example of optimization formalism for the
SHS coil design will be

Min(u)[iJrﬂf(u)] (10)
g(u)

0<6,<m/2,
I, > 0.

a and B are weighting parameters permitting us to guide
the optimization resolution according to the designer priori-
ties. They also have the role of normalizing different goals. In
our case, the harmonics suppression is the primary objective,
so we choose a high value for the g parameter (8 = 1000),
while the « is used to normalize the function (o« = po/R).

Lastly, the angle solutions of the optimization problem are
obtained using a numerical optimization tool.

To conclude this section, we report the angle solutions (ex-
pressed in radians) and homogeneity efficiency (see Table 2)
obtained for SHS 8 and SHS 10 by means of the optimization
formalism of Eq. (10):

— SHS 8 (61 =0, 0, =0.439, 63 = 0.609 and 64 = 1.061);

— SHS 10 (6; =0.163, 6, =0.264, 63 =0.573, 04 =
0.7901 and 65 = 1.159).
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Table 2. Axisymmetric coil homogeneity study: comparison be-
tween several coil configurations: SHS 6, SHS 8 and SHS 10.

SHS6 SHS8 SHS10
0.1 % homogeneity  0.523  0.5276  0.6078
1 % homogeneity 0.629 0.6563  0.7144

10 % homogeneity 0.837 0.884 0.893

The optimization formalism opens the way to a flexible
solution where other kinds of constraints can be implemented
(given range of value for instance).

4 Extended SHS coil design

The magnetic field produced for the in planta portable NMR
experiments results in a compromise between the generation
of a homogenous magnetic field on the one side and self-
heating to avoid heating stress of the plant on the other side
(it is assumed that the local surrounding sorghum stem tem-
perature increase should remain < A7 (K) = 10K). In our
case, the choice of the intensity of magnetic field at 8 mT
was based on a compromise between the SNR closed to the
one demonstrated in pioneer work (Asfour, 2011) and the
portability of the device in fields. The use of SHS coils al-
lows us to seek the best compromise thanks to the splitting
of the dissipated power over several coils. Lastly, the appli-
cation requires access to the center of the coil and has led us
to consider a constrained design option.

4.1 Extended SHS 4 design

We consider the case of two pairs of turns (i.e., N = 2) with
identical turn numbers (i.e., N1 = N» = N). Thus, we have
four variables: two angles and two currents, which allows us
to cancel the first three spatial harmonics:

N
% (Ilcosz(el) + Igcos2(92)) — 8mT, (11)

11 cos(361) + I cos(362) = 0,
I1 cos(56) + I, cos(56;) = 0,
11 cos(761) + I cos(762) = 0.

The solution of this set of equations is obtained by means
of a numerical minimization and leads to 6; = 0.3142, 6, =
0.9425, I} =1.7794 A and I, =1.0997 A (I,/11=10.618),
which is slightly different from the solution obtained by
Hoult and Deslauriers’s coil (cf. Hoult and Deslauriers, 1990)
mentioned here (W' =7 /2—¢% =0.288~0,¢' =1 /2—€ =
0.871 ~ 6, and I,/11 = 0.682).

Finally, we report, in Table 3, the comparison of the 1%
magnetic field homogeneity for standard SHS, an extended
SHS coil and Hoult-Deslauriers coils.

WWW.j-sens-sens-syst.net/7/227/2018/
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Table 3. Four-turn axisymmetric coil homogeneity: comparison be-
tween the four-turn SHS coils, the four-turn extended SHS and the
four-turn Hoult and Deslauriers coil.

SHS 4 Extended Hoult—

SHS 4  Deslauriers

0.1 % homog.  0.355 0.393 -
1 % homog. 0.493 0.573 0.56
10 % homog. 0.729 0.806 0.78

4.2 Extended SHS 6 design

We now consider the case of three pairs of turns (i.e., N = 3).
We have six variables: three angles and three currents, which
allows us to cancel five harmonics:

N
% (110032(91) + cos2(6:) + I3c0s2(93)) —8mT, (12)

11 cos(361) + 1> cos(362) + I3 cos(363) =0,
11 cos(561) + 1> cos(562) + I3 cos(563) =0,
I cos(761) + I cos(76,) + I3 cos(763) =0,
I cos(961) + I cos(963) + I3 cos(963) = 0,
Iy cos(1161) + I, cos(1167) + I3 cos(1163) = 0.

The solution of this set of equations is obtained by means
of a numerical minimization and leads to 6; = 0.2244, 6, =
0.6732, 65 =1.122, I =1.305A, I, =1.0465A and I3 =
0.5808 A, while the homogeneity efficiency is reported in Ta-
ble 4.

The results of the simulations show that the extended SHS
method makes it possible to improve the homogeneity in the
region where the NMR measurement was achieved.

4.3 Thermal behavior of SHS coils

Splitting of SHS coils into multiple coils has an important
advantage, with respect to the thermal behavior, since it al-
lows us to split the total power on multiple coils (or, in other
words, to increase the exchange area of coils). The ther-
mal behavior will be studied with a special focus for the
inner coil, which is the closest to the plant stem where the
self-heating must be limited. The thermal exchange between
neighbor coils is neglected.

4.3.1 Power to be dissipated by SHS coils

The power dissipated by Joule’s effect for the nth coil (with
resistance Res, ), see Fig. 4, is expressed as

P, =Res,I?, (13)
where [, is the current flowing through the nth coil and Res,,
is its resistance, given by the following equation:
N, X R x cos(6,)

2 s
rC

Res, =2p (14)

WWW.j-sens-sens-syst.net/7/227/2018/
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Table 4. Six-turn axisymmetric coil homogeneity: comparison be-
tween the six-turn SHS coils and the six-turn extended SHS.

SHS 6  Extended SHS 6
0.1 % homogeneity  0.523 0.637
1 % homogeneity 0.629 0.731
10 % homogeneity 0.837 0.911

Figure 4. SHS coil constituted of N pairs of coils.

where p is the material resistivity, r. is the wire radius and
N,, is the number of turns of the considered nth coil.

4.3.2 Thermal model

The thermal resistance of the coil will be neglected since a
copper conductor is assumed. Next, the power to be dissi-
pated (P,) will be evacuated by means of natural convection
(an average convection coefficient & will be assumed) and
radiation through the exchange area of the coil (S,):

Py =hS, (Ts — Toy) + 0€S,, (TS4 _ T;‘O) : (15)

where T is the average surface temperature, o is the Stefan—
Boltzmann constant (5.6703¢ 8 Wm 2K %), € is the emis-
sivity of the surface of a material (a black body is assumed,
i.e., € = 1) and T is the ambient temperature.

The natural convection coefficient is preliminarily deter-
mined by fitting the thermal prediction given by Eq. (15)
with thermal measurement on a SHS 4 prototype (whose
geometrical parameters are summarized in Table 5 below),
supplied with I} = I, =1.4 A (in order to produce 8§ mT).
Consequently the measured temperature of the coil over-
heating, AT < 25K and T, = 297K, leads us to estimate
h=6Wm 2Kl

4.3.3 Thermal behavior of extended SHS 6

We consider the case of the extended SHS 6 whose angles
and currents are given in Sect. 4.2, while parameters for the
inner coil are summarized in Table 6. The model of Eq. (15)

J. Sens. Sens. Syst., 7, 227-234, 2018
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Table 5. Geometric parameters of SHS 4 (supplied with I = I, =
1.4 A).

N, Sj (m?)
320 0.24

r¢ (mm) 01 Res; ()

04 0.2094 6.65

Table 6. Homogeneity comparison between the SHS 4 prototype
and the constrained extended SHS 6.

SHS 4  Constrained SHS 6
0.1 % homogeneity  0.353 0.463
1 % homogeneity 0.493 0.589
10 % homogeneity 0.729 0.814

permits us to estimate the surface temperature of inner coil
overheating: AT < 25K. Thus, it appears that the extended
SHS 6 reduces the temperature, but not sufficiently so to
make the coil compliant with the plant environment.

4.4 Constrained extended SHS 6: fixed current and
aperture angle 64

To solve the thermal issue we will now constrain the formu-
lation of the extended SHS by fixing some parameters like
the current intensity flowing into the inner coil (1 A should
permit us to limit the coil overheating: AT < 10K) and the
angle of the central pair of coils (in order to have a suffi-
cient gap to insert the plant stem, namely ~ 30 mm). Thus,
we will fix I = 1A and 6; = 0.2244, which reduces our
number of variables to four and thus simplifies the set of
Eq. (12). The solutions obtained for the new set of equa-
tions are 0; = 0.2244, 6, = 0.4509, 65 = 0.9676, I} =1 A,
I =0.8844 A and I3 = 1.0017 A.

5 Experimental results

5.1 SHS 4 coils prototype

As depicted before, the SHS 4 coil could suffer from too
much overheating. In order to solve this issue we increased
the exchange area (S =0.24 m2) and the nature of mate-
rial support so as to reduce the temperature. Our goal is to
evacuate heat by the natural convection mechanism, so we
created a simple heat sink placed around the element to be
cooled (coils). To make it, we have chosen a non-magnetic
aluminum material with a high thermal conductivity and a
black paint to get the emissivity coefficient as close as possi-
ble to 1. The improved setup (Fig. 5) exhibits an overheating
of about ~~ 12 K, which satisfies the plant integrity.

Our prototype allowed us to measure, with a one-pulse
NMR sequence (acquisition time < 3 mn for repetition time
about 1 s), the signal at the stem of a sorghum plant directly
in the greenhouse (Fig. 6).

J. Sens. Sens. Syst., 7, 227-234, 2018
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Figure 5. Portable NMR prototype based on the SHS 4 model at
333 kHz for agronomic studies (R = 100 mm, N, = 320, window
of wire winding: 18 mm x 15 layers, rc = 0.4 mm, and the proto-
type total weight =7 kg).

The NMR signal of plants measured at 333 kHz (which
corresponds to the expected Larmor frequency of 'H at
8 mT) demonstrates clearly the homogeneity performance:
the line width of the NMR signal used to estimate the ho-
mogeneity of the prototype is about 900 ppm (300Hz) in
a volume of 4 cm? corresponding to the internal volume of
the clipping RF coil dedicated to the plant stem (diame-
ter =20 mm and height = 14 mm).

Note that the NMR system comprises a resistive SHS mag-
net (without gradient coils) flowing by current produced by
an enslaved power supply, a homemade coil dedicated to
sorghum plants, an amplifier low noise high impedance as
suggested in Asfour (2011) and concerning the pulse se-
quencer, a Chameleon (RS2D Company) was used.

From a practical point of view, it is helpful to improve
the homogeneity of the magnetic field starting from identical
currents calculated by the SHS method and finally adjust-
ing them by fine changes. This allows, when we are in good
experimental conditions, to reach a homogeneity as low as
600 ppm (see Fig. 6).

The numerical computation of the homogeneity for the
SHS 4 coil obtained by means of the standard deviation ex-
tracted from the magnetic field distribution over the centered
sphere (performed with a numerical finite-element software)
gives a linewidth value of about 456 ppm, which is in good
agreement with the experimental one.

WWW.j-sens-sens-syst.net/7/227/2018/
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Figure 6. NMR spectrum of a sorghum plant at 333 kHz by the
SHS 4 coils prototype in a greenhouse at CIRAD.

5.2 Constrained extended SHS 6 coils prototype

The design validated on the SHS 4 prototype results has en-
couraged us to go further in the prototype construction. The
design of the constrained extended SHS 6 (based on param-
eters given in Sect. 4.4) seems to offer a promising compro-
mise between homogeneity, weight, overheating and acces-
sibility to the plant stem.

Indeed, increasing the number of coils to produce the same
magnetic field is known to be beneficial for the thermal be-
havior.

The gap is now 30 mm (all the coils of the prototype have
the same number of turns equal to 320 turns) and totally com-
pliant with our future experiments.

The constrained SHS 6 prototype (as shown in Fig. 7)
nominally supplied has exhibited an overheating limited to
about >~ 6 K around the sorghum stem under test, which is
within the acceptable overheating range.

Our prototype allowed us also to measure with a one-pulse
NMR sequence (acquisition time < 3 mn for repetition time
about 1s) the signal at the stem of a sorghum plant directly
in the greenhouse. The homogeneity of the prototype is im-
proved at 333 kHz (8 mT) by 10 % compared to the prototype
SHS 4, but it would be even better if we had not imposed the
gap restriction.

WWWw.j-sens-sens-syst.net/7/227/2018/
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Figure 7. Portable NMR prototype based on a constrained SHS 6
model at 333 kHz for agronomic studies (R = 100 mm, N,, = 320,
window of wire winding: 18mm mm x 15 layers, r¢ = 0.4 mm and
the prototype total weight = 10kg).

6 Conclusion

The extended SHS method has been demonstrated to be an
efficient and intuitive analytic tool to determine the conduc-
tor distribution enhancing the coil homogeneity.

The simplicity of the formulation allows us to make a more
flexible design, as shown on the portable NMR prototype.
Only one angle could be fixed for practical reasons, like a ge-
ometrical aperture, while the other angles and currents could
be computed to preserve a high homogeneity.

The combination of this method (allowing us to predict the
overheating of the coil) with the thermal model has been suc-
cessfully used to design and build a homogenous coil which
keeps plant integrity. This opens the way for outdoor agro-
nomic studies using this device, the only remaining concern
the power supply management. At present, we are investigat-
ing modifications of NMR relaxation parameters (Mg, 77 and
T,) during the dynamic diurnal cycle in normal and abiotic
stress conditions.
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