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Abstract: Laplace NMR (LNMR) consists of relaxation and
diffusion measurements providing detailed information about
molecular motion and interaction. Here we demonstrate that
ultrafast single- and multidimensional LNMR experiments,
based on spatial encoding, are viable with low-field, single-
sided magnets with an inhomogeneous magnetic field. This
approach shortens the experiment time by one to two orders of
magnitude relative to traditional experiments, and increases the
sensitivity per unit time by a factor of three. The reduction of
time required to collect multidimensional data opens signifi-
cant prospects for mobile chemical analysis using NMR.
Particularly tantalizing is future use of hyperpolarization to
increase sensitivity by orders of magnitude, allowed by single-
scan approach.

N uclear magnetic resonance (NMR) spectroscopy is one of
the most powerful and versatile tools in chemical analysis,!!
and is widely exploited in medicine as magnetic resonance
imaging (MRI).”! Single-sided magnets for NMR, first
introduced over two decades ago,””’ solve three major prob-
lems associated with traditional high-field NMR experiments:
cost, immobility, and sample size restrictions. Single-sided
hardware is roughly an order of magnitude less expensive
than its high-field counterpart. Single-sided magnets’ small
size and low weight make them portable, and their open
geometry allows for measurement of arbitrarily sized samples,
including building materials,* paintings and other cultural
heritage objects,”! and skin;® they are also commonly used in
well-logging.!”

One major downside to single-sided magnets is that their
magnetic fields are strongly inhomogeneous, preventing the
observation of high-resolution NMR spectra. Impressive
steps have been taken toward collecting high-resolution
spectra in inhomogeneous fields."l However, despite their
inhomogeneity, single-sided magnets still facilitate 7} and 7,
relaxation as well as diffusion measurements. These measure-
ments reveal details of molecular motion, explore interactions
of nuclei with their microscopic environments, and can
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ultimately provide chemical information via these parame-
ters."**! Relaxation and diffusion data consist of exponen-
tially decaying components, and the distribution of diffusion
coefficients or relaxation times can be extracted from the
experimental data by an inverse Laplace transformation.!'”)
Consequently, these methods are referred to as Laplace NMR
(LNMR).

As with traditional NMR spectroscopy, the resolution and
information content of LNMR can be enhanced by a multi-
dimensional approach.!'*"! Multidimensional LNMR deals
with the correlation of relaxation times and/or diffusion
coefficients with one another; it can also measure chemical
exchange via these observables. This method has only
recently entered routine use, following the development of
a sufficiently reliable and robust multidimensional Laplace
inversion algorithm in 2002.'” Multidimensional LNMR
measurements can also be performed in inhomogeneous
fields, including those produced by single-sided hard-
Ware'[ib.B]

Traditionally, multidimensional experiments increase the
total measurement time, as the measurement has to be
repeated with varying evolution delays."! Long experiment
times caused by these variable-delay repetitions generate
several problems. Among these is the inability to use nuclear
spin hyperpolarization techniques. Because generating hyper-
polarization is typically very time-consuming (may take hours
in some DNP setups) and different scans may receive
different amounts of nuclear polarization,' these methods
that otherwise would increase the sensitivity by several orders
of magnitude become inaccessible. However, recently it has
been shown that 2D LNMR data can be measured in a single
scan,[® based on continuous spatial encoding. This method of
spatial encoding is similar to Frydman’s ultrafast NMR
spectroscopy® and to single-scan 1D LNMR experiments.!"”!
The ultrafast approach shortens the experiment time by one
to three orders of magnitude but, because ultrafast experi-
ments split the magnetization into several voxels, the
sensitivity per voxel is decreased (high-field experiments
typically show approximately a factor of four decrease in
sensitivity). However, the sensitivity per unit time is better in
ultrafast experiments, because ultrafast measurements can be
repeated many times in the same time that one traditional
measurement requires. Furthermore, as the single-scan
approach makes possible the use of hyperpolarization, overall
sensitivity in ultrafast experiments may potentially increase to
orders of magnitude higher than in conventional experi-
ments.'*!

Single-sided magnets produce a magnetic field above the
surface of the magnet that has an intrinsic, strong, and
approximately constant (within the sensitive region of the RF
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coil) magnetic field gradient—this is in contrast with pulsed
gradients found in high-field experiments.">'®! In this com-
munication, we demonstrate that the constant field gradient
of single-sided magnets can be exploited to generate the
spatial encoding and readout required for ultrafast multi-
dimensional LNMR measurements. This encoding and read-
out scheme shortens the experiment time and improves the
sensitivity of low-field spectrometers. This demonstration is
realized through the implementation of a 7,7, correlation
experiment.

Traditional and ultrafast 7,—7, pulse sequences for single-
sided magnets are shown in Figure 1 A and B; these sequences
are similar to their high-field counterparts.!™*' In the
ultrafast pulse sequence, inversion-recovery (7)) encoding
is performed with a frequency-swept CHIRP pulse,7*%
followed by a m/2 excitation pulse and subsequent 7, encoding
in the Carr—Purcell-Meiboom-Gill (CPMG)?! loop. The
adiabatic, frequency-swept CHIRP pulse® inverts the mag-
netization of the system, but because the frequency at which
spins are inverted varies with time, and the Larmor frequency
of the spins varies spatially due to the field gradient, different
regions of the sample are inverted at different times (Fig-
ure 1 C). With a CHIRP pulse of a duration that is a few times
the T, of a sample, the first spins to be inverted will have
largely returned to equilibrium magnetization before the /2
excitation pulse, while the last spins to be inverted will remain
inverted. The recovery time of the magnetization can be
obtained from the linear relationship between frequency,
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Figure 1. A) Traditional T,—T, correlation sequence. The delay time 7 is
varied between scans (21 different values in these experiments) to
construct the recovery of inverted magnetization, and the CPMG
acquisition block, looped n-times, records transverse decay. B) Ultra-
fast T,—T, correlation sequence. A CHIRP pulse with a linear frequency
sweep is applied in lieu of a m-pulse. This CHIRP pulse, along with the
magnetic field gradient, causes different regions of the sample to be
inverted at different times, illustrated schematically in (C). Each echo
collected during the CPMG acquisition period encodes the spatially
dependent inversion recovery information (shown in D), which can be
recovered by Fourier transformation of the individual echoes (E).
Because the magnitude of the Fourier-transformed signal is obtained
(solid line in E), the user must select a point for manual inversion of
the transformed data, producing a familiar inversion recovery curve
(dashed line in E). Since each echo encodes both inversion recovery
and attenuation due to transverse relaxation, the data set can be used
to construct a T,—T, relaxation map.
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position, and time of inversion, thanks to the field gradient.
Because the field gradient is present during acquisition,
according to the principles of MRI,? the Fourier transform of
the first CPMG echo generates an inversion-recovery curve
(Figures 1D and E). The decay of the signal in subsequent
CPMG echoes encodes 7.

Experimental ultrafast 7,-7T, data of a gadolinium-doped
water sample, measured with a single-sided magnet, is shown
in Figure 2. The first column of the data and the coil
excitation-detection profile (1D MR image of the sample,
Figure 2 A) reveal that the sensitive layer above the surface of
the magnet is approximately 350 um in thickness, and the data
is heavily weighted by the sensitivity profile. This weighting
was compensated for by dividing the data by the coil
excitation-detection profile. Furthermore, data points outside
the CHIRP sweep region were removed and the sign of the
magnitude data in the negative regions was changed (Fig-
ure 2B) before the 2D Laplace inversion. Importantly,
extracting the inversion recovery record from the first echo
and fitting it to an appropriate function provides a facile way
of measuring 7, only, without requiring a 2D Laplace
inversion. This, then, represents the first demonstration of
ultrafast measurements to record 7 alone. Further details of
the processing procedure are given in supporting information.

Figure 3 shows 7|—T, maps of several samples, resulting
from 2D Laplace inversions of data collected using both
traditional and ultrafast methods. The maps include the same
dominant peaks: the doped water and glycerol samples each
produce one peak, while the double sample gives two peaks
showing chemical resolution of the two compounds (water
and glycerol). All the peaks have identical 7} and 7, values
within experimental error in the traditional and ultrafast
experiments (see Table 1), confirming the reliability of the
ultrafast method. The maps include some additional artifacts,
commonly encountered in Laplace inversions of low signal-
to-noise ratio (SNR) data. If the artifacts were to hinder the
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Figure 2. Ultrafast T,—T, data of a glycerol sample following Fourier
transformation. A) The first column of the 2D dataset, corresponding
to the first inversion-recovery record, along with the coil excitation-
detection profile. The CHIRP sweep region is indicated by vertical
dashed lines, and the onset of the CHIRP sweep pulses causes the
abrupt drop in signal at 0 ms. B) The data after removing points
outside the CHIRP sweep region, applying coil excitation—detection
profile compensation, and changing the sign of the magnitude data in
the negative regions. This dataset is then subjected to 2D inverse
Laplace transformation to produce a T,-T, correlation map.
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Figure 3. T,—T, correlation maps obtained from 2D inverse Laplace
transformation of the pre-processed data. Figures on the top row are
from the traditional experiments, while the bottom row comes from
the ultrafast experiments. A) and B) doped water; C) and D) glycerol;
E) and F) a side-by-side arrangement of glycerol and doped water. The
T, and T, values obtained from these maps are given in Table 1. All
figures come from measurements with 1024 scans; the diagonal
dashed line in each indicates T,=T,.

Table 1: T,, T,, and SNR values of the traditional (TRAD) and ultrafast
(UF) T,—T, experiments measured with 1024 scans. The number of
indirect points in the traditional experiments was 21.

Sample Type T, [ms] T, [ms] SNR  SNR
increasel

doped water TRAD 541 1.7+04 181

doped water UF 442 134+05 121 3.1

glycerol TRAD 24410 14+£5 84

glycerol UF 22+9 941 54 2.9

doped water +  TRAD 441 1.5+05 173

glycerol 16+£2 14+4

doped water +  UF 7£1 1.7+£05 141 3.7

glycerol 12+2 8+2

[a] Improvement in SNR per unit time by the ultrafast method relative to
the traditional one. SNR increase = scaled SNR(UF)/SNR(TRAD). Scaled
SNR(UF) takes into account the fact that the UF experiment can be
repeated 21 times in the experiment time of the traditional experiment, if
the repetition rate is the same; scaled SNR(UF) =SNR(UF) x (21)"2

identification of the true peaks, one should measure the data
with higher SNR or with slightly different experimental
parameters; when this is done, the true peaks remain sta-
tionary while the artifacts change position.

In addition to comparable accuracy, the speedup offered
by the ultrafast method is remarkable. For example, in the
doped water experiments with 1024 scans, the ultrafast
experiment required only 5.6 minutes, compared with 116
minutes for the traditional experiment. On the other hand,
spatial encoding lowers the sensitivity: the SNR for the
conventional experiment is 1.2-1.6 times larger than in the
ultrafast experiment (see Table 1). However, because there is
no need to repeat the experiment for each value in the
indirect dimension as is done in traditional multidimensional
experiments, the ultrafast experiment can be repeated N
times (where N is the number of indirect points in the
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traditional experiments) in the time of one traditional
measurement; this results in an N'?-fold increase in SNR.["
The combination of decreased sensitivity due to splitting the
signal across voxels and time savings by avoiding repeat
measurements in the indirect dimension leads to a signifi-
cantly higher SNR per unit time in ultrafast measurements
than in traditional ones: improvements of 2.9-3.7 times were
observed in these experiments (see Table 1). In other terms,
ultrafast experiments require approximately one-tenth the
time of traditional experiments to achieve the same SNR.
This improvement in sensitivity per unit time with a single-
sided magnet is higher than at high field—at high field, the
ultrafast improvement in sensitivity per unit time is about
1.8.°1 One reason for this may be the receiver bandwidth: in
both traditional and ultrafast single-sided experiments, the
bandwidth is the same because the magnetic field gradient is
always present. In contrast, the receiver bandwidth in high-
field experiments may be smaller in traditional experiments
than in ultrafast ones, as there is no field gradient present
during traditional experiments.

The experimenter using ultrafast 7,—7, methods needs to
be aware of some special features of the technique. The length
of the CHIRP pulse needs to roughly match the T, of the
sample. If the CHIRP pulse is longer than a few times 77,
much of the inverted magnetization will have recovered
before the acquisition period, compromising the ability to
determine small values of 7). Conversely, if the CHIRP pulse
is shorter than 7, only the initial recovery of the magnet-
ization is observed, leading to large uncertainties in 7 values
following inverse Laplace transformation. These restrictions
necessitate some knowledge of 7' beforehand, though this
requirement is not substantively different from traditional
procedures used to determine 7.

In order to detect the magnetization profile accurately, the
acquisition time in the CPMG loop has to be long enough,
setting a lower limit for the echo time (700 us in the current
experiments). This may restrict the observation of very short
T, values.

The thickness of the magnetization encoding slab was
about 350 um in the current experiments. The root-mean-
square displacement of water molecules (diffusion coefficient
about 2x 10 m?*s™') during the CHIRP pulse (length 15-
60 ms) is about 10 um; for glycerol it is much smaller.
Consequently, the diffusional mixing of the spatial encoding
is insignificant; this claim is supported by the agreement
between the ultrafast and traditional experiments. Samples
that have larger diffusion coefficients or that require longer
CHIRP pulses may be more complex.

In conclusion, this communication demonstrates that
ultrafast LNMR experiments based on spatial encoding are
viable with a low-field, single-sided magnet. They provide
a remarkable time savings of one to two orders of magnitude,
which can be converted to a significant (about three-fold)
increase in SNR relative to traditional methods, while
maintaining the same level of accuracy. Modifying other
LNMR measurements, including molecular self-diffusion
measurements, to be ultrafast experiments with single-sided
magnets is a natural extension of this work. The single-scan
nature of the ultrafast LNMR experiments also facilitates the
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use of hyperpolarized substances to increase sensitivity by
several orders of magnitude. Currently, experiments require
a large number of scans due to low thermal nuclear spin
polarization at low field (about 10°°). However, if the
polarization were increased to greater than 0.1 by nuclear
spin hyperpolarization techniques,* single-scan LNMR
measurements would became feasible for samples with
proton concentrations below 100 mm. This opens brilliant
prospects for low-cost, mobile, real-time chemical analysis.

Experimental Section
Samples include water doped with 15mm GdCl; and (undoped)
glycerol (Sigma-Aldrich, St. Louis, MO). First, the doped water and
glycerol were measured individually, then put side-by-side in separate
sample containers for a double sample. All data were collected using
a single-sided PM25 magnet (Magritek, New Zealand) and Scout
spectrometer (Tecmag, TX). The magnet produces a field gradient of
6.59 Tm". Hard m and /2 pulses were calibrated to 6 ps with the
power of the m pulse twice that of the w/2 pulse. The CHIRP pulses
used in ultrafast experiments were calibrated to invert magnetization.
The length of the CHIRP pulse was chosen to be on the order of the
T, of the sample of interest, between 15 and 60 ms. The echo time
during the acquisition period was 700 ps, and a sufficient number of
echoes was collected to observe the decay of magnetization to the
level of noise. A dwell time of 8 us per complex point (125 kHz
bandwidth) was used with an acquisition time of 608 us per echo.
Traditional 7,-7, measurements were made using an inversion-
recovery sequence with a CPMG detection scheme.'”! The exper-
imental parameters were similar to those used in the ultrafast
experiments. However, to accommodate the grossly inhomogeneous
field, the magnetization was inverted at the beginning of the sequence
using an adiabatic iBURP pulse.®!

Additional experimental details, including details of the data
processing, are provided in the Supporting Information.
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