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Probes capable of generating short high intensity pulsed magnetic field gradients are commonly used in
diffusion studies of systems with very short T2. Traditional methods of calibrating magnetic field gradi-
ents present unique challenges at ultrahigh field strengths and are often inapplicable. Currently the most
accurate method of determining magnetic gradient strength is to use the known diffusion coefficient of a
standard sample and determine gradient strength from the echo attenuation plot of a diffusion experi-
ment, however, there are problems with finding suitable standards for high intensity gradients. Here,
we show that molecules containing at least two receptive nuclei (i.e. one with high and one with low
gyromagnetic ratios) are excellent systems for calibrating high intensity gradients.

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

Pulsed gradient spin-echo (PGSE) NMR diffusion measurements
is an indispensable characterisation tool in many fields of science
ranging from nanoscience [1] to food science [2] and to petroleum
exploration [3]. Translational diffusion measurements are carried
out by varying the magnetic gradient amplitude (g), gradient dura-
tion (d), or diffusion time (D) then studying the attenuation of the
spin-echo signal [4]. In systems with short a T2 (e.g. restricted dif-
fusion measurements in porous materials) the extent to which d,
and D can be extended is limited therefore there is a need for
probes capable of applying short, high amplitude pulses
( > 10 T m�1). Such probes are becoming common and, in recent
years, probes capable of applying ultra high intensity gradient
pulses have also been developed [5–7]. The calibration of high
intensity gradients does, however, present unique challenges
which can prevent accurate diffusion measurements. Importantly,
the ultimate accuracy of a diffusion measurement is determined by
the accuracy of the gradient calibration.

Many problems, which are insignificant at low field strengths,
can arise when switching high intensity magnetic field gradients.
These include eddy currents generated in conducting surfaces sur-
rounding the gradient coil [8], mismatched gradient pulses [9], coil
vibration [9,10], and gradient uniformity across the length of the
sample [11]. Here, we are mainly concerned with the calibration
of high intensity magnetic field gradients and ensuring the effec-
tive gradient output is a linear function of the input parameter con-
ll rights reserved.
trolling the current amplitude. Gradient calibrations carried out at
low gradient amplitudes cannot be extrapolated to higher gradient
amplitudes, especially for very short pulses because eddy currents,
coil resistance, and coil vibration can change with gradient
strength. Below we discuss the most common gradient calibration
procedures and highlight challenges which are present at high
magnetic gradient field strengths.

First, the most fundamental method for the determination of
gradient strengths is to do theoretical calculations based on gradi-
ent coil dimensions, geometry, number of turns of wire, and ap-
plied current [12]. However, this method is inaccurate because it
does not account for interactions with nearby metal in the probe
and non-ideal gradient pulse generation. Second, the echo shape
or line width of the Fourier transformed spectrum of a sample of
known geometry can be used to calculate the gradient strength
[13,14]. The presence of a read gradient will result in a spatial
dependence of the resonance frequency therefore if the sample
length perpendicular to the gradient (l) is known, the linewidth
(m) (Hz) can be measured and used to determine the gradient
strength (g) from

m ¼ cgl
2p

ð1Þ

where c is the gyromagnetic ratio. This technique can be performed
without knowledge of the diffusion coefficient and can provide an
error of less that 5% if the sample dimensions are not temperature
dependant. This type of ‘‘projection” analysis (i.e. 1D imaging) can
additionally be used for checking the constancy of the gradient over
a range of temperatures and over the length of the sample. Analo-
gous to this method, the gradient can also be calibrated by relating
precision displacements of the sample to the subsequent frequency
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Fig. 1. Water filled cavity in a susceptibility matched tube used for the projection
method of calibrating magnetic gradient strengths. The length of the cavity l was
precisely determined by placing a piece of glass capillary in the centre of the cavity.
The diameter of the capillary was determined to be 0.51 mm using a micrometer
screw gauge.
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shift of the NMR spectrum [15]. An advantage of using the fre-
quency shift over the line shape is that the position in the frequency
space is clearly defined whereas when using the line shape, the
edges of the projection can become quite arbitrary, especially at
high gradient strengths. Major problems which arise when using
the echo shape, line width, or frequency shift for calibrating high
intensity pulses are that large receiver bandwidths are required at
even modest gradient strengths and the gradient broadened spec-
trum makes it difficult to obtain adequate signal-to-noise (S/N).
By restricting the length of the sample (l) or using slice selective
pulses, one can alleviate problems with spectrometer bandwidth,
however, restrictions due to S/N become more significant.

Third, gradient strength can be determined from the echo shape
by intentionally mismatching the duration of the gradient pulses
[16] although this technique is still limited by the extremely short
echo time at high gradient strengths. Wright et al. [7] recently devel-
oped a two stage calibration procedure for high intensity pulsed field
gradients where the gradient is calibrated at low field strengths
(< 4 T m�1 in this case) then based on this value, used an echo based
technique to calibrate a high intensity pulse of shorter duration. This
technique is useful because a standard sample with a known diffu-
sion coefficient is not required (if the low amplitude pulse is cali-
brated from the line width). The two pulses of opposite polarity
are adjacent to each other, to reduce diffusion effects, mean that
eddy current artefacts may be present. Eddy current problems are
exacerbated because gradient pulses are of different amplitude
and quantified from the current amplifier output which may differ
in shape when compared to the output of the gradient coils [17].

Finally, if a ‘‘standard” sample with a ‘‘known” diffusion coeffi-
cient is available, regression analysis can be used to determine gra-
dient strength from an echo attenuation plot. This is currently the
most accurate way of calibrating magnetic field gradients (error
< 1%) and is preferred because it includes non-ideal behaviour (e.g.
rise and fall times, droop or residual gradients) if the same experi-
mental parameters are used (i.e. pulse shape, delays, pulse length,
gradient strengths, etc.) in subsequent experiments. Comprehensive
lists of known diffusion coefficients of relatively fast moving mole-
cules at different temperatures are given in many references [18–
22]. Still the calibration of very high gradient amplitudes present
problems such as the difficulty in finding suitable diffusion stan-
dards. Standards with very small, and more importantly reproduc-
ible, diffusion coefficients are hard to find. For example glycerol,
which has often been used, has a diffusion coefficient which is
greatly affected by its water content as well as a highly temperature
dependant diffusion coefficient and T2 [23]. Polymer standards also
present many problems because they are synthetic and in general
polydisperse. Therefore, ensuring different batches of the same poly-
mer are identical and have the same polydispersity is a significant
problem. Polymers in general have to be dissolved in organic sol-
vents, which, compared to water have greater propensity for convec-
tion. Also for polydisperse samples, a change in the diffusion
measuring time (D) may mean a different distribution is observed
thus giving a different diffusion coefficient.

Presently, the most reliable diffusion standards have a diffusion
coefficient of the order of 10�9 m2 s�1. Therefore, a gradient of the
order of 0.05–0.10 T m�1 is all that is required to completely sup-
press the 1H resonance and thus limiting calibration of higher field
strengths. A multinuclear probe capable of measuring nuclei with
lower c (i.e. 2H) would allow for the calibration of a much larger
range of gradient amplitudes because low c resonances are still vis-
ible at much higher magnetic field strengths. A molecule labelled
with two NMR active nuclei also presents the opportunity to re-
move a significant variable in calibrating probes at high and low
gradient field strengths because a single sample can be used. The
diffusion of 2H2O is well-characterised nevertheless it is difficult
to find instances where low c nuclei have been used to calibrate
a high intensity gradient probe. Here, we show that observing
low c nuclei is an excellent method for the calibration of very high
gradient strengths, and also presents the opportunity to test a
range of gradient strengths from a single sample thus ensuring that
the gradient output is a linear function of the input parameter con-
trolling current amplitude. For comparison, gradient strengths
were also determined using the widely used projection technique.

2. Materials and methods

Samples for diffusion measurements were prepared by placing
2H2O in susceptibility matched microtubes (Shigemi, Tokyo) and
the sample height restricted to approximately 10 mm to ensure
it lay within the constant region of the applied gradient. The sam-
ple to be used in the projection technique was prepared by placing
H2O in the cavity between the base and plunger of a susceptibility
matched tube (see Fig. 1). The sample height was precisely set by
wedging a small glass capillary with diameter 0.51 mm between
the base and the plunger. The wedge was placed in the centre of
the tube to reduce background gradient errors which might arise
when measuring the line width.

1H and 2H NMR experiments were performed at 298 K on a Bru-
ker Avance 500 wide bore spectrometer equipped with a Diff30
gradient probe (producing approx. 0.3 T m�1 A�1) with a single
(i.e. z) shielded gradient coil connected to a GREAT60 current
amplifier capable of generating current pulses of 60 A amplitude.
1H measurements were performed at 500.1 MHz whilst 2H mea-
surements were performed at 76.77 MHz. The sample temperature
was calibrated using the temperature dependant chemical shift of
methanol.

The Hahn spin-echo pulse sequence containing ‘‘rectangular”
gradient pulses in each s period was used for the translational dif-
fusion experiments. For a single diffusing species the normalised
echo attenuation, E, is related to the experimental parameters
and self-diffusion coefficient, D, by Stejskal and Tanner [24]

E ¼ exp �Dc2g2d2 D� d
3

� �� �
ð2Þ

where D is the separation between the leading edges of the gradient
pulses. Nonlinear regression of Eq. (2) onto the spin-echo attenua-
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tion data, based on the integrals of the 1H and 2H resonances, was
performed to determine g and associated error margins in Origin
ver. 8.0 (Microcal, MA), which is based on the Levenberg–Marqu-
ardt algorithm. Experimental parameters used in the 1H and 2H
experiments were D = 20 ms and d = 0.8 ms whilst the gradient in-
put parameter controlling current amplitude, ga, was incremented
in the range of 0–6 A for 1H experiments and 0–55 A for 2H exper-
iments. D values used in the regression analysis were
1.90 � 10�9 m2 s�1 for the diffusion coefficient of residual HO2H
in 2H2O [18] and 1.87 � 10�9 m2 s�1 for 2H2O [25]. Eight scans were
averaged for each value of ga with the delay between subsequent
scans in the PGSE was 10 s for the 2H measurements. This value
was made much longer than required for complete longitudinal
relaxation of the 2H nuclei to avoid problems with coil overheating.
The recycle delay for the 1H measurements was 25 s (i.e. 5 � T1).
The projection technique was carried out by using a single scan
for ga values ranging from 0 to 1.2 A.

3. Results and discussion

Gradient strengths were unable to be determined from the 0.9
and 1.2 A z-axis projections in Fig. 2 because of poor S/N. The
0.6 A projection (which had adequate S/N) gave a g value of
0.175 ± 0.006 T m�1 when using Eq. (1) which when extrapolated
to 60 A (i.e. maximum current amplitude) gives a g value of
17.5 ± 0.6 T m�1. Using the same sample and a larger spectrometer
bandwidth, it is theoretically possible to directly determine gradi-
ent strengths up to 20 T m�1 but as seen in Fig. 2, the S/N deterio-
rates to the point where the technique is unusable beyond a
fraction of a T m�1. Using a longer sample would mean a larger vol-
ume and hence improved signal-to-noise but this would limit the
range of gradient strengths which can be calibrated.

Another possibility when using projection methods is to use the
resonance of a low c nuclei. A broader range of gradient strengths
can theoretically be observed, however, the critical flaw with
observing low c nuclei is that they are significantly less sensitive.
Any advantage which can be gained from using low c nuclei would
be significantly outweighed by a reduction in signal-to-noise.
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Fig. 2. z-axis projection of H2O in the cavity of a susceptibility matched tube (see
Fig. 1). The scan acquired during a gradient using 0.6 A gave a maximum gradient
strength g = 17.5 ± 0.6 T m�1. We tried to centre the 0.5 mm sample to the centre of
the gradient coils, however, the lack of symmetry suggests the samples were not
perfectly centred. Subsequently, the frequency was manually set to zero at the
centre of each projection.
The results of the diffusion experiment on 2H2O are shown in
Fig. 3. Maximum gradient strength determined from the 1H (low
current amplitudes) and 2H (high current amplitudes) resonances
agree within experimental uncertainty. Maximum gradient
strengths determined from high and low values of ga were verified
by further diffusion experiments at intermediate values of ga

(whilst D was varied) and all values for g agree with Fig. 3. This
indicates the effective gradient output is a linear function of the in-
put parameter controlling the current amplitude. It is important to
use both the 1H and 2H resonances for verifying the linearity of the
gradient output with the input parameter because the spin-echo
signal must attenuate at least and order of magnitude in order to
carry out accurate diffusion experiments. To achieve the same
amount of attenuation at high and low field strengths by only vary-
ing D or d may introduce eddy current artefacts.

Despite all g values agreeing within experimental uncertainty,
the error determined from the diffusion experiments is signifi-
cantly less than that obtained from the projection technique (see
Table 1). So if a probe is capable of observing multiple nuclei, con-
siderable advantages are gained by carrying out diffusion experi-
ments on a well studied sample (with an accepted value for D)
for calibrating high intensity gradients. Furthermore, a sample con-
taining NMR sensitive nuclei with a broad range of c values al-
lowed the determination of g from high and low current
amplitudes. The opportunity to calibrate a range of gradient
strengths with a single sample is very convenient and removes a
major source of errors; also dilution problems are not an issue. An-
other major advantage of calibrating gradient strengths from a
standard D value is that if more accurate diffusion coefficients
are determined in the future, updating the gradient strength would
be trivial.

A sample of pure 2H2O, as used here, would still be suitable for
calibrating higher strength gradient pulses (> 25 T m�1) if smaller
values of D and d are used. The use of nuclei with lower c such
as 15N is also currently feasible (i.e. 2H and 15N labelled dimethyl-
formamide) thus allowing for the calibration of higher magnetic
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Fig. 3. PGSE attenuation plots of the 1H (open dots) and 2H (closed dots) resonances
in 99.9% 2H2O. For the 1H resonance D = 1.90 � 10�9 m2 s�1, c ¼ c1 H and ga incre-
mented from 0 to 6 A. For the 2H resonance D = 1.87 � 10�9 m2 s�1, c ¼ c2 H, and ga

incremented from 0 to 55 A with d = 0.8 ms and D = 20 ms for both resonances.
Regression of Eq. (2) onto the normalised echo attenuation plots determined the
maximum gradient strength g = 17.96 ± 0.06 T m�1 from the 1H plot and g = 17.89 ±
0.02 T m�1from the 2H plot.



Table 1
Maximum gradient strengths determined from a range of current amplitudes

Calibration technique ga range (A) Maximum g (T m�1)

Projection 0–0.6 17.5 ± 0.6
1H diffusion 0–6 17.96 ± 0.06
2H diffusion 0–55 17.89 ± 0.02
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field strengths. A doubly labelled compound would have the added
advantage calibrating against a single diffusion coefficient thus
simplifying the method even further. If suitable standards are not
available or the probe is incapable of observing other nuclei,
observing 2H nuclei in 2H2O can be useful in a two step calibration
procedure, e.g. [7], because the initial calibration would be done to
a high field strength and consequently artefacts that may arise
from eddy currents would be reduced.

In addition to gradient calibration, samples with multiple reso-
nances (especially with high and low c nuclei) may also be used to
assess the presence or absence of eddy currents as a function of g
when s, d, D are kept constant.

Nevertheless, some problems arise when considering lower c
nuclei. First the probe at hand must be capable of observing such
nuclei and secondly there is significantly less sensitivity for low c
nuclei which can prevent accurate diffusion measurements.
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