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Conventional high resolution nuclear magnetic resonance (NMR) spectra are usually measured in
homogeneous, high magnetic fields (>1 T), which are produced by expensive and immobile super-
conducting magnets. We show that chemically resolved xenon (Xe) NMR spectroscopy of liquid samples
can be measured in the Earth’s magnetic field (~5 X 107> T) with a continuous flow of hyperpolarized
Xe gas. It was found that the measured normalized Xe frequency shifts are significantly modified by the
Xe polarization density, which causes different dipolar magnetic fields in the liquid and in the gas phases.
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The development of NMR methods in high magnetic
fields has opened the door to many applications in the last
decades [1,2]. A trend to higher magnetic fields produced
by large and expensive superconducting magnets is ob-
served because the signal-to-noise ratio (S/N) and the
dispersion of the different NMR lines improve with in-
creasing field strength. Also the potential of NMR in low
magnetic fields (10731 T) is being explored, because
low-field magnets are mobile and can be operated with
low-cost devices [3—5]. The two crucial problems of low-
field NMR are the inherent low S/N and the low spec-
tral resolution due to the fact that the spectral lines are
broad compared to the line separation. Recently it was
demonstrated that chemical shift resolved NMR spectra
can be obtained for protons ('H) in an inhomogeneous high
field by using an ingenious radio-frequency pulse excita-
tion [5] and for '>Xe in organic liquids and in polypro-
pylene in magnetic fields as low as 25 G [6—8]. 'H NMR
was conducted in the Earth’s magnetic field [9,10] of
Antarctica on half-liter size ice samples [11,12] and other
places on ground water [13,14] with sample volumes larger
than 1 m>. J couplings were measured by ultralow field
SQUID detected NMR of 'H and of 3'P in micro-Tesla
fields [15]. The development of hyperpolarization technol-
ogy [16-20] stimulates new applications of low-field
NMR. The main advantage of hyperpolarized nuclei like
129X e is the large nuclear spin polarization, independent of
the magnetic field strength B,. Consequently, NMR [6—8]
and magnetic resonance imaging [21-23] with hyper-
polarized nuclei can be performed in very low magnetic
fields.

In this Letter we demonstrate for the first time that high
resolution Xe NMR can be performed in the Earth’s mag-
netic field, allowing a direct observation of the large
chemical shift differences of '?*Xe gas and Xe dissolved
in various organic liquids, and of the dipolar magnetic field
generated by the hyperpolarized '*°Xe.

Assuming a nuclear induction NMR spectrometer in
the Earth’s field, where the only noise source is the
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Johnson noise of the coil N; = ./4kTR, Av, (T =
absolute temperature, R, = coil resistance, Ay, =
detection bandwidth), the S/N for 1 cm? of water in a
single-scan experiment is about 1072 [1,24]. For a §/N ~
10 at least 10° averages are necessary, and therefore ther-
mally polarized Earth’s field proton NMR for small sample
volumes is not feasible. In order to measure an Earth’s field
Xe NMR signal of a cm? sized sample with a single scan,
the Xe nuclear spins have to be hyperpolarized. Defining
Py, as the degree of hyperpolarization, the limiting S/N is
given by

S _ %FyXenXe%thPXe
- = , ey
N 242N,

where ny. is the number of '2*Xe atoms, w, ~ 27 X
570 Hz is the '?*Xe Larmor frequency in the Earth’s field,
and yx. =27 X 1178 s7!G™! is the Xe gyromagnetic
ratio. From Eq. (1) it follows that the S/N for 1 cm? of
hyperpolarized Xe gas at 1 bar pressure (Px, = 0.3, nx, =
7.5 X 10'8) is about 30 if we assume for the coil sensitivity
B,/i=70 GA ! and N, ~ 5 nV.

The second crucial problem for Earth’s field NMR is the
spectral resolution. A high resolution NMR spectrum of a
nuclear species is obtained when most of the NMR lines
originating from chemically nonequivalent sites are well
resolved. For protons in the Earth’s field, high resolution
NMR spectroscopy is not possible because the frequency
separation of the nonequivalent protons (about 10~2 Hz) is
much smaller than the typical proton linewidths wy of
about 1 Hz. Fortunately for '>°Xe the situation is quite
different because the transverse 7, relaxation times of
129X e in liquid samples vary between 10-1000 s [6], and
the chemical shift for liquids ranges between 100 and
300 ppm. For '*Xe dissolved in a pure organic solvent
(T,yX¢ ~ 100 s, wx. ~6 X 1073 Hz FWHM) and for a
chemical shift difference between Xe gas and Xe in the
solvent of 6x, ~ 200 ppm, we can estimate the lowest field
Bin for which the two NMR lines (Xe gas and Xe in
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solution) are separated as

2TWxe

=28X107°T. 2)
7Xe6Xe

Bmin =

Because B, < 5 X 1073 T, the chemical shift can be
well resolved in the Earth’s field by Xe NMR spectroscopy.

In order to investigate the potential of Xe NMR in the
Earth’s field we built a low frequency NMR spectrometer
and a mobile Rb-Xe hyperpolarizer (Fig. 1) based on
Rb-Xe spin-exchange optical pumping [18—-20]. The hy-
perpolarizer produces a continuous flow of ~2.5 X 10"
129Xe atoms per minute with a polarization fraction of
Px. = 0.3. The polarized Xe gas is transferred via a 7 m
long plastic tube to a liquid sample (2 cm?) into the NMR
probe. The continuous flow guarantees a permanent ex-
change of hyperpolarized Xe atoms between the gas phase
and the liquid phase. The '*Xe nuclei in the Earth’s field
are excited by a 90° dc magnetic field pulse (saddle coil,
By =1.8G, 120 us duration). The following free-
induction decay (FID) is picked up by a NMR coil tuned
to 570 Hz for 'Xe, amplified by a preamplifier, and
processed by the NMR electronics. All measurements
were performed outdoors at 10° C about 50 m away from
buildings which produce ambient electromagnetic noise.
This is possible due to negligible noise pickup of the small
NMR coil, which is shielded by a cylinder from 20 mm
thick aluminum.

Figure 2(a) (left) shows the measured FID of hyper-
polarized Xe gas at 0.07 bar partial pressure which is
continuously flowing over 2 cm? of liquid toluene. A broad
and a narrow line are observed in the Fourier transform
(FT) spectrum [Fig. 2(a), right] corresponding to Xe gas
and to Xe dissolved in toluene. The gas flow causes a
broadening of the Xe gas peak (wx. = 0.1 Hz) due to the
excited Xe gas atoms flowing out of the sample.
Figure 2(b) displays the FID of Xe in toluene after the
Xe gas flow has been stopped. Obviously the beat pattern
of the FID is much longer compared to that in Fig. 2(a).
The solid line in Fig. 2(c) shows the FT spectrum of
Fig. 2(b), where the gas peak has a width of 8 X 1073 Hz
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FIG. 1. Experimental setup for the Earth’s field NMR.

FWHM. The gas peak is used as the reference for the zero
chemical shift. The frequency difference between the two
peaks (0.1087 Hz) divided by the Xe Larmor frequency
results in a chemical shift of 191 = 1 ppm. The dotted line
in Fig. 2(c) is the FT spectrum of Xe in ethanol with a
chemical shift difference of 170 = 1 ppm. Both chemical
shift differences are close to our values measured at 7 T and
at 10° C (toluene, 192 ppm; ethanol, 169 ppm). We esti-
mated the resolution for the absolute determination of the
Earth’s magnetic field to a few pT.

Figure 3(a) shows the frequency shift of seven different
spectra of Xe in ethanol during 30 min of measuring time.
The frequency shift results from fluctuations of the Earth’s
field (~3 nT) at this time scale. The chemical shift mea-
surements are not influenced by these fluctuations
[Fig. 3(b)] because both lines (Xe gas and Xe in ethanol)
are shifted by the same value. The error for a single
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FIG. 2. Xe NMR spectroscopy in the Earth’s field. (a) '>Xe
FID (left) and corresponding spectrum (right) measured with Xe
gas flowing above 2 cm? of liquid toluene. (b) '*Xe FID as in
(a) but without gas flow. Compared to (a) the transverse relaxa-
tion time of the Xe gas (7T, ~ 80 s) is about 6 times longer.
(c) The Fourier transform of (b) (solid line) shows two separated
lines (~8 X 1073 Hz FWHM) corresponding to Xe gas (left)
and Xe in toluene (right). The dotted line displays the spectrum
of Xe in ethanol. For all experiments the flip angle of the dc
excitation pulse was 90°.
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FIG. 3. Accuracy of measured Xe chemical shifts. (a) Xe
spectra in ethanol measured over a time period of 30 min with
90° pulses. The density of Xe gas (Xe in ethanol) is 0.07
(0.18) amagat. (b) Xe chemical shift of toluene (circles) and of
ethanol (triangles). The solid lines indicate the chemical shift
measured at 7 T.

measurement of the chemical shift is about 0.5 ppm. The
scattering of a few ppm for different measurements is
caused by fluctuations of the sample temperature and of
the nuclear Xe polarization (see below).

Xenon earth’s field NMR is very sensitive to magnetic
fields produced by the sample itself [Fig. 4(a)]. At higher
concentrations of hyperpolarized Xe in the sample the
dipolar magnetic fields produced by the nuclei influence
the position and the width of the Xe lines in the spectrum.
Hyperpolarized Xe gas in high concentrations is produced
by first accumulating the flowing gas in the form of solid
Xe (T ~ 77 K) in a field >0.1 T and then thawing it to Xe
gas. This is demonstrated in Fig. 4(b) by three different
spectra of Xe in toluene after a 30° dc pulse excitation
(solid and dashed lines) and after a 90° pulse excitation
(dotted line). The dotted line serves as the reference spec-
trum at low '?°Xe polarization density ~0.1 amagat X Py,
in the liquid). The solid (dashed) line is measured at high
129Xe polarization density (~1 amagat X Py.) where the
longitudinal Xe nuclear polarization which is left after the
30° pulse excitation is pointing along (against) the direc-
tion of the Earth’s field vector [Fig. 4(a)]. Compared to the
position of the peak from dissolved xenon in the reference
spectrum (dotted line) the maxima of the peaks of dis-
solved xenon at high Xe density are shifted by about
0.023 Hz (solid line) and by —0.03 Hz (dashed line). The
dipolar field of the reference spectrum is equal to zero due
to the 90° pulse and the low polarization density. Defining

o = (V" — vax)/Vaa as the normalized Xe frequency

shift with ¢ (v35) being the measured frequency of Xe

in the liquid (gas) phase, the two shifts correspond to o, =
233 ppm for the solid line and 143 ppm for the dashed line.

Figure 4(c) shows o, versus the time after mixing of the
concentrated Xe gas with the liquid for the case where the
Xe polarization vector points parallel (squares) and anti-
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FIG. 4. Xe NMR spectroscopy at high Xe polarization den-
sities. (a) Enhanced view of the liquid toluene sample in the
Earth’s magnetic field and sketch of the Xe dipolar field anti-
parallel and parallel to the Earth’s field vector. (b) Dotted line:
Reference '2°Xe spectrum after 90° pulse with low '2*Xe polar-
ization density (0.1 amagat X Py, in the liquid). Dashed (solid)
line: 1?°Xe spectrum in the presence of high '?°Xe polarization
density (~1 amagat X Py, in the liquid) after a 30° pulse for
antiparallel (parallel) orientation of the Xe polarization vector. A
positive and a negative shift as well as a broadening of the Xe
peaks in toluene are observed. (c) Time dependence of the
observed normalized Xe frequency shift which converges to
the chemical shift of toluene (192 ppm) for both orientations
of the Xe polarization. Solid line: Exponential fit. (d) Expo-
nential fit (solid line) of the measured linewidth of Xe gas
(triangles) and Xe in toluene (circles).

parallel (circles) to the Earth’s field vector. Both measured
curves decay exponentially with the longitudinal relaxa-
tion time of 7| ~ 200 s and converge to the Xe chemical
shift value measured in high field (192 ppm at 10° C and
7T). These results can be explained by different magnetic
dipolar fields caused by the different nuclear polarization
densities of Xe dissolved in the liquid and of the Xe gas
which need to be added to the Earth’s magnetic field.
Because of an Ostwald solubility of five in toluene, the
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Xe concentration [Xe] in the liquid (and therefore the
averaged dipolar field) is about 5 times higher than that
in the gas phase. At time ¢ = (O the average difference of
dipolar fields between gas and liquid is 3 nT, and this
average dipolar field decays with the 7 time of Xe in
toluene.

Numerical calculations of a homogeneously polarized
liquid with a given geometry of a slanted cylinder show
that the measured mean dipolar field difference of 3 nT
corresponds to a polarization density difference of
([Xelo P! — [XelgsPke) ~ 1 X 10" cm™3. The calcula-
tions show also that the dipolar field inside the liquid is
inhomogeneous due to the boundaries of the slanted cyl-
inder, which leads to an additional broadening of the
measured Xe spectral line in the liquid. As shown in
Fig. 4(b) the two lines measured at high polarization
density show a significant broadening by more than a
factor of 4 compared to the width of the reference line.
Because the dipolar field is proportional to the polarization
density, the line broadening is expected to decay exponen-
tially with the T relaxation time. This is demonstrated in
Fig. 4(d) for the two lines of Xe in toluene and for Xe gas.
For Xe in toluene we observed a maximum linewidth of
0.09 Hz FWHM (7,* ~ 7 s) at t = 0 s. Numerical simula-
tions of the dipolar field distribution in the liquid predict
for our experimental conditions a 7,™" decay of about 30 s.
Further additional dephasing mechanisms occur due to
dipolar interactions between the Xe atoms [25] (7,4 ~
25 s) and to radiation damping [1] (T2rd ~20s). The
sum of all the decay rates explains our observed T, decay
of ~7 s.

In conclusion, we have measured for the first time
chemical shift resolved NMR spectra of Xe in organic
liquids from cm?® sized samples in the Earth’s magnetic
field. We found that the dipolar fields produced by the
polarized Xe atoms have a substantial effect on the position
and the width of the measured Xe spectral lines. Using 90°
pulses and low polarization densities, the accuracy of the
Xe chemical shift (<1 ppm) is comparable to that achieved
by high field superconducting magnets. Many applications
are envisioned, for example, the characterization of min-
eral oil in well logging and quality control, the measure-
ment of the Earth’s magnetic field with sub-pT resolution
in geophysics, and the detection of biomagnetic fields.
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