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Single-sided NMR sensors such as the NMR-MOUSE have been very successfully implemented for
quality control applications in the rubber and polymer industries. More recently, single-sided NMR
was also applied in characterization of the fat components in foods. Both industrial polymers and the
fat components in food exhibit relatively low self-diffusion coefficients on the order of 5 × 10-11 m2/s
or lower. The application of conventional single-sided NMR to highly mobile, watery phases in foods
and beverages is hampered by the strong magnetic field gradient present in standard single-sided
NMR devices. In this contribution, we present both a single-sided NMR sensor with a reduced magnetic
field gradient and another (“semisingle-sided”) sensor design with an open sample bay using a single-
sided RF coil. The latter design allows much better sensitivity without sacrificing the necessary open
access needed for measurements on entire food packages such as bottles. As a first application, the
sensors were used for determining the oxygen content in bottles with superoxygenated table water.
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INTRODUCTION

Low-field proton nuclear magnetic resonance (NMR) is a
technique that is widely used in the food industry, with the main
application being the determination of the solid/liquid ratio of
fat blends (1, 2). In contrast to high-field NMR, no spectral
information can be obtained in low-field NMR. Rather, the
behavior of the NMR response in the time domain is studied.
For this reason, low-field NMR is often also known as time-
domain NMR (TD-NMR). The information available from TD-
NMR experiments includes proton spin relaxation times ands
with slightly more sophisticated approachessalso diffusion
coefficients. Traditionally, TD-NMR is carried out on small
samples in test tubes with a diameter around 1 cm. These vials
are put into the RF sample coil of the NMR setup, which is
located inside a fairly homogeneous magnetic field (typically
about 0.5 T). The sample size is dictated by the size of the air
gap in the magnet system and the diameter of the sample coil.
This kind of TD-NMR has been successfully applied to many
areas of food science, e.g., dairy products (3), starch preparations
(4), and bakery products (5). Because of the restricted sample
sizes, however, it is not possible to apply this method in a
nondestructive fashion to entire (packaged) foods. One option
to overcome this is bigger diameter low-field NMR setups,
which are typically used for magnetic resonance imaging (MRI).
However, MRI machines are expensive, heavy, and sensitive
pieces of equipment, which excludes routine application in most
quality control or food verification applications. Nevertheless,

some applications such as that have been suggested (6). An
option that comes along at a much lower price and with a proven
potential even for mobile use is single-sided NMR.

Single-sidedsor inside-outsNMR sensors such as well-
logging spectrometers (7) and the NMR-MOUSE (8) have been
used for applications in the oil and polymer industries,
respectively, for quite some time. The target materials for the
NMR are relatively slow-diffusing in these applications. The
same holds true for food materials with a high-fat content such
as salmon tissue (9) or oil-in-water emulsions (10). Studies of
materials with higher self-diffusion coefficients are hampered
by large magnetic field gradients (about 10 T/m or even higher),
which are typical for most single-sided NMR setups. In the
presence of a magnetic field gradient, excited NMR magnetiza-
tion experiences a decay not only due to transverse relaxation
but also due to the diffusive displacement of the excited spins
relative to the magnetic field gradient. This diffusion effect has
been known since the early days of NMR (11) and leads to an
effective transverse relaxation timeT2,eff (9), which is dependent
on the echo timete:

with T2 denoting the “real” transverse relaxation time,γ denoting
the gyromagnetic ratio of the excited nuclei,G denoting the
strength of the magnetic field gradient, andD denoting the self-
diffusion coefficient or the liquid phase. Even for relatively short
echo times on the order of a few 100µs, this echo attenuation
will dominate over the one due to transverse relaxation and thus
signals from fast-diffusing components will at least exhibit
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grossly distorted transverse relaxation rates (9, 10) or even be
attenuated so strongly that reasonable measurements are not
possible at all any more. For spin-lattice relaxation time
measurements, a strong background gradient mainly leads to a
smaller sensitive volume and thus to a lower signal/noise ratio
but not to a severe distortion as in the transverse relaxation times.
(However, one also has to be aware that the higher fields typical
for high-gradient single-sided magnet designs may compensate
the smaller sensitive volume by higher sensitivity.) The fact
that lower field strength is a price to be paid for more
homogeneous field conditions in single-sided magnets is also
known from some homogenized magnet designs in the literature
(12, 13).

In this contribution, two different approaches for a “single-
sided” NMR sensor with a reduced magnetic field gradient will
be described and the application of both sensors to unopened
bottles of oxygen-supersaturated table water will be demon-
strated. This takes up a suggestion made in an earlier publication
on superoxygenated water (14). While there have been several
publications on high-field NMR spectrocopy (in imaging
magnets) on entire wine bottles recently (15, 16), we are not
aware of applications of low-field NMR to unopened bottles of
beverages. In ref16, the carbon dioxide content of sparkling
wine was measured.

MATERIALS AND METHODS

NMR Setups.Three different home-built low-field NMR setups were
used for the experiments. (i) A conventional volume NMR setup (used
as a reference system for the other setups) with an enclosing sample
coil (26 windings of 1 mm isolated copper wire, 32 mm in diameter,
55 mm length) in a magnetic field produced by a Helmholtz-like
configuration of two FeNdB permanent magnet disks (100 mm
diameter, 18 mm height, obtained from Ningbo Ninggang Permanent
Magnetic Materials Ldt., Ningbo, People’s Republic of China) was used.

(ii) A single-sided NMR setup constructed from two FeNdB
permanent magnet bricks (50.8× 50.8 × 25.4 mm3, obtained from
Supermagnete-Webcraft GmbH, Uster, Switzerland) arranged in the
way sketched inFigure 1A was used. By varying the distance between
the two magnets, it was possible to obtain “homogenized” field regions
with a gradient of about 1 T/m at distances of several millimeters from

the magnets (further details and photos of the magnet setup are given
in the Supporting Information). Further attempts to increase the
homogeneity of the magnet by additional shimming of the magnets as
they were also used for another homogenized single-sided NMR magnet
(17) proved to be beneficial only in theory. With our magnets, the
inhomogeneity due to the nonuniform magnetization inside the
permanent magnets proved to dominate over the benefits from the
shimming. The RF coil was elliptically shaped (15 mm× 40 mm) to
match the geometry of the region of the homogeneous magnetic field.
It was constructed from 20 turns of a flat copper band with about 2
mm width and 0.1 mm thickness and an insulation made from adhesive
polymer tape. The inductivity of the coil was 13µH, and its ohmic
resistance was 1.1Ω. The distance 2d between the two magnets was
chosen as 46.8 mm in the experiment as a result of optimal sensitivity
conditions for water in standard plastic bottles. In this case, the center
of the sensitive volume was just inside the bottle (i.e., about 2 mm off
the sensor surface).

(iii) A semisingle-sided NMR setup with a large gap, magnet system
consisting of a Helmholtz-like configuration of two iron plates on which
magnet bricks of the type that were also used in the single-sided magnet
design were arranged in the way shown inFigure 1B,C. Photos of the
setup are given inFigure S3 of the Supporting Information. The
distance between the two arrays of magnet bricks was chosen in a way
that 1.5 L bottles fit in the gap of the magnet system (see the next
section). For the spin-lattice relaxation measurements on oxygen-
saturated water, the field homogeneity of the device was sufficient.
Simulations indicate that smaller gradients can be achieved when
optimizing the air gap and the distance between the magnets on each
side according to the size of the magnet bricks (seeFigure S5 of the
Supporting Information). For the measurements on entire bottles, the
same probehead with a surface coil that was also used with the single-
sided magnet configuration was placed inside the magnet in the way
shown inFigure 1B. Like that, the sample finds itself in a relatively
homogeneous magnetic field and the surface coil can excite a much
bigger part of the sample volume than in the single-sided apparatus
where the resonance conditions are only fulfilled in the “sweet spot”.
This probehead was used to keep the conditions comparable. Bigger
RF coils would allow further gains in sensitivity.

Further details of the magnet systems can be found inTable 1 and
in the Supporting Information. The magnetic field simulations repre-
sented there were performed using EM studio (CST, Darmstadt,
Germany).

The magnetic field strengths of the three setups are not completely
matched (the semisingle-sided setup was constructed to achieve the
maximal magnetic field with an air gap to accommodate entire bottles).
However, as the frequency dependence of the oxygen relaxivity in water
is only minor in the frequency range from 5 to 10 1/MHz (18,19), the
variations in the oxygen relaxivityr1,ox between the different spec-
trometers can be neglected (1/r1,Ox dr1,Ox/df0 < 0.02 MHz).

Figure 1. Magnet setups for (A) single-sided and semisingle-sided NMR.
The semisingle-sided NMR setup (B) consists of a Helmholtz configuration
(side view) of iron plates tiled with an array of four permanent magnet
bricks (C, front view).

Table 1. Properties of the Different NMR Setups Used in This Work

(i) reference
setup

(ii) single-
sided

(iii) semisingle-
sided

magnetic field strength (T) 0.127 0.122 0.136
proton resonance frequency,

fo (MHz)
5.4 5.2 5.8

residual gradient (T/m)
(determined by spin−echo)

<0.2 1 0.4

air gap (cm) 9 9
maximal sample volume (mL) 60 entire bottle entire bottle
excited sample volume (mL) ca. 30 <1 several
magnet system weight (kg) 4.5 3 12
approximate cost for permanent

magnets (Euro)
300 80 320

signal/noise ratio in single shot on
fully relaxed water sample

65 2.4 7.4

duration of RF pulse (90°) (µs) 2.7 3 3
typical time for determining a

T1 of about 2 s (min)
2 45 10
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The rather low field strength used in our setups was chosen as a
compromise in order to keep the weight and cost of the magnet systems
as low as possible (only standard commercial FeNdB brick or disk
magnets were used; the maximal sizes of these magnets are limited as
a result of transport safety legislation).

Calibration Procedures and Samples.For the NMR determination
of dissolved oxygen in table waters, the longitudinal relaxation time
of the water was measured. It was related to the oxygen concentration
cOx according to the following relationship:

with T1o denoting the relaxation time of the oxygen-free water.
As the relaxivityr1,ox of oxygen in water is field-dependent (18,19)

and no sufficiently precise relaxation data at a proton resonance
frequencies of 5-6 MHz are available in the literature, it was necessary
to perform calibration measurements against samples with a known
(supersaturated) oxygen concentration. As pointed out in ref14, the
conventional methods for oxygen determination were not directly
applicable to supersaturated oxygen concentrations. Therefore, we used
a similar probe and dilute approach with subsequent electrochemical
determination of the oxygen concentration as described in ref14. For
electrochemical oxygen determination, a CellOx 325 sensor from WTW
(Weilheim, Germany) was used. As the time required for measuring a
relaxation time in the single-sided setup is much longer than in a volume
setup, outgassing during the measurements proved to be a much graver
problem. To avoid outgassing a set of 1.5 L polyethylene bottles with
well-defined oxygen, partial pressure in the gas over the water was
produced for testing the relaxivity calibration in the single-sided and
semisingle-sided setup. The oxygen concentration in the bottles was
determined from electrochemical measurements on 5-40 mL water
samples at least 1 day after the preparation of the calibration bottles.

In the volume setup, the samples were filled in disposable 60 mL
Luer-Lock syringes (Beckton-Dickinson, Meylan, France), which were
kept under defined pressure during the measurement. Before the
measurement, the pressurized syringes were allowed to equilibrate to
ensure reproducible conditions in the syringe. After the NMR relax-
ometry experiments, the oxygen concentration in the water from the
calibration bottles was again measured by the electrochemical sensor.
For samples with an expected oxygen concentration of more than 30
mg/L, the dilution technique was used. Samples with lower concentra-
tion were measured directly. Calibration series were run for deminer-
alized water and using water samples from two German brands of
commercial oxygen-supersaturated table waters (Oxivit and active O2).
After calibration, measurements on commercial oxygen-supersaturated
table waters in unopened stage and after opening were preformed. Some
further relaxation time measurements were conducted on unopened
bottles of wines and fruit wines, which were obtained from local
supermarkets.

Pulse Sequences and Data Processing.Longitudinal relaxation time
measurements were conducted using the echo-detected saturation-
recovery (SR) sequence sketched inFigure 2. Transverse magnetization
decay curves were recorded using a simple Hahn echo sequence (in
order to quantify the magnetic field gradient effect in the different
magnet systems).

In measurement series with signal intensities in the order of the noise
level, the number of accumulationsn for the different evolution times
tev was adapted to achieve a uniform signal/noise ratio of the
accumulated signal S/N for all evolution times. For monoexponential
relaxation (which is the case in studies of dissolved oxygen or other
paramagnetic species in a watery solvent) and a noise level that is
independent of the signal amplitude, we can assume that

In this case, a uniform S/N can be achieved when choosing the number
of signal accumulations

In addition to the signal-independent noise level, there is also
amplitude-dependent noise in a typical NMR signal. Therefore, a second
term m is phenomenologically introduced in order to account for this
noise contribution, too.

The NMR experiments were controlled by a home-written two-
layered NMR control software in which spectrometer driver core (open
source development in C++ based at the institute,20) is run from a
LabView (NI, Austin, TX) front end, which also performs the on-the-
fly signal evaluation needed for the adaptive numbers of accumulations
just described.

RESULTS AND DISCUSSION

Signal Quality and Characterization of the Different
Magnet Systems.On all NMR systems, measurements were
run to quantify the sensitivity and to characterize the field
homogeneity of the magnet. To compare the sensitivity, the
signal intensities recorded in an SR NMR experiment using the
pulse sequence described in the third section of the Materials
and Methods with an evolution time of 6 s were determined
for a water sample with an oxygen content of 3 mg/L in all
three setups. The results can be seen fromFigure 3.

Calibration and Test Series in the Volume Magnet.The
determination of the relaxivity was performed in the conven-
tional volume NMR setup where also the signal intensity was
best. The resulting calibration curve is shown inFigure 4.

Figure 2. Echo-detected saturation recovery sequence for measuring
longitudinal relaxation times in the presence of strong magnetic field
gradients. In our experiments, we worked with a saturation comb consisting
of five 90° pulses and with a fixed echo time 2τ of 300−500 µs. Phase
cycling was not used.

Figure 3. Signal intensity for the volume, semisingle-sided, and single-
sided NMR systems for an oxygen concentration of 3 mg/L in commercial
drinking water with brand name Oxivit and an evolution time of 6 s. Ten
volume measurements, 25 semisingle-sided, and 46 single-sided measure-
ments accumulations were used. The data were normalized for comparison
of signals obtained with different numbers of accumulations.

S/N ∝ xn(1 - e-tev/T1)

n ∝ ( 1

1 - e-tev/T1)2

n ) m + n0 ‚ ( 1

1 - e-tev/T1)2

1
T1

) 1
T1o

+ r1,OxcOx (1)
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The determinedR0 is in good agreement with ref21. The
value determined forr1,Ox fits well with the values for other
temperature and field conditions reported in the literature (14,
18, 19). The calibration was further checked by measurements
of oxygenated water samples harvested from different bottles
of commercial table waters. The results are presented in the
Supporting Information (Figure S6). For both waters, the
measured oxygen concentrations and relaxation times were in
good agreement with the calibration values determinated from
deionized water.

Measurements in the Single-Sided and Semisingle-Sided
Setup. Figure 5show the results obtained for a series of test
bottles (prepared from Oxyvit, oxygen content stabilized by
pressurization) in the single-sided and in the semisingle-sided
NMR setup, respectively. As can be seen from the graphs, the
measured relaxation times in both cases correspond very well
to the calibration curve obtained in the volume setup. The
measurements for both curves were conducted in a way that a
similar signal/noise ratio was obtained. The measuring times
to achieve this in the single-sided setup were about a factor of
4 longer than in the semisingle-sided setup (see alsoTable 1).

In Figure 6, semisingle-sided NMR measurements on a bottle
of a commercial sample of oxygen-supersaturated water (Oxyvit)
are given before and after opening of the bottle and taking water
samples. The oxygen concentration observed in the first data
points before opening of the bottle is about 10 mg/L higher
than that observed immediately after opening the bottle.
Relaxation time measurements were performed every 22 min.
The time constant for the outgassing process was found to be
350 ( 55 min, and the residual oxygen concentration at the
end of the outgassing process was extrapolated to 5.4( 1.6
mg/L, which is slightly lower than the value expected on the
solubility of oxygen in water at atmospheric pressure (8.68 mg/L
at 21 °C). The oxygen concentration in the bottle right after
opening is 42( 3 mg/L according to the fit. This means that
over 10% of the dissolved oxygen is lost very fast after opening
the bottle. The time constant for the outgassing process is in
good agreement with the observations for oxygenated water in
plastic containers reported in ref14. The oxygen loss upon
opening the bottles could not be measured in these experiments
as the sampling of the oxygenated water was invasive.

Measurements on Wine Bottles.Dissolved oxygen is not
the only possible solute that may lead to increased longitudinal

relaxation rates in beverages: Dissolved paramagnetic metal
ions also lead to a reduction ofT1. In drinking waters,
sufficiently high concentrations (i.e., several mg l-1 of moder-

Figure 4. Determination of the oxygen relaxivity at 18 ± 1 °C and 5.4
MHz (in deionized water). From the slope of the calibration curve, we
find a relaxivity r1,Ox ) (122 ± 2) × 10-4 s-1 mg-1 L and a relaxation
rate R0 ) 1/T1o ) 0.348 ± 0.005 s-1 for the oxygen-free water.

Figure 5. Spin−lattice relaxation rate measured with the single-sided and
the semisingle-sided NMR sensor as compared with the results obtained
in the volume NMR setup for different oxygen concentrations. The
temperature was 18 ± 1 °C. To achieve a better signal/noise ratio, the
measuring times for each relaxation time in these curves were several
hours per data point in the single-sided setup and about 40 min in the
semisingle-sided setup.

Figure 6. Oxygen concentration measurements by semisingle-sided NMR
on a bottle of commercial oxygenated table water Oxyvit. Left of the line,
before opening; right of the line, after opening.
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ately relaxing ions such as Cu2+ or about 1 mg L-1 of highly
relaxing ions such as Fe3+ or Mn2+) to seriously affect the
relaxation times can be excluded both for health regulations
and for taste reasons (except in some highly mineralized waters
used for therapeutic purposes) (14, 22). This is different in some
fruit juices and wines. For example, pineapple or blueberry juice
and some tea extracts are known to exhibit very short relaxation
times (mainly due to Mn bound by organic complexing agents).
Because of their short relaxation times, there even have been
several studies about using such juices or extracts as contrast
agents for MRI (23-25). NMR relaxometry on unopened bottles
might become a valuable tool for studies of such beverages as
well. As a proof of principle, we have performed relaxation
time measurements on several bottles of ordinary (grape) wine
and blueberry wine. The results are shown inTable 2.

As compared to blueberry juices and wines, which may
contain up to 90 mg/L Mn (26), (grape) wine typically contains
1-2 mg/L Mn. However, in some red wines, values of up to
7.8 mg/L Mn have been reported (27). Under certain circum-
stances, NMR relaxometry on whole wine bottles may actually
provide a nondestructive tool to verify claims of origin for
certain vines known to exhibit high Mn concentrations. In any
case, the NMR relaxometry method should be applicable for
nondestructive distinction between products made from cultured
blueberry and wild blueberry for which huge differences in the
Mn content are reported (26).

DISCUSSION AND OUTLOOK

Our results demonstrate that single-sided NMR can be used
for noninvasive measurements on foodstuffs with high self-
diffusion coefficients such as beverages in closed bottles. While
being the most lightweight and flexible setup, the single-sided
NMR comes with two main disadvantages: sensitivity and the
location of the sensitive volume quite close to the sensor surface.
Both are intrinsic problems in single-sided NMR. Because of
the relatively longT1 values, the sensitivity problem is more
severe in application to beverages than in previously published
applications to polymers or fatty materials. The location of the
sensitive volume prevented us from successful relaxometry
experiments on beverages in glass bottles with the single-sided
setup.

As bottled beverages and also most other samples in food
science do not come in arbitrarily big sizes, a semisingle-sided
sensor allows all of the flexibility needed with respect to the
sample size and at the same time offers several advantages with
respect to sensitivity, intrusion depth, and a smaller background
gradient. This type of sensor therefore seems to be the most
appropriate tool for nondestructive NMR relaxation measure-
ments not just in beverages but also in many other food science
applications. The required magnet system can be constructed
from widely available, low-cost, permanent magnet bricks.

Further improvements in this type of NMR sensor can be
expected from the design of semiflexible, larger surface coils
(as they are common in medical applications, see28), which
allow an even better filling factor than in our demonstration
experiments. Such coils and a magnet housing with thermal
insulation (and possibly temperature stabilization) are the next
steps to go in developing the semisingle-sided NMR relaxation
sensors into a tool for practical applications in food science.
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