PRL 100, 213001 (2008)

PHYSICAL REVIEW LETTERS

week ending
30 MAY 2008

Distant Dipolar Fields in Laser-Polarized Gases on Macroscopic Scales
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Distant dipolar fields among nuclear spins on macroscopic scales in the gas phase are reported for the
first time. Their observation via interatomic multiple quantum coherences requires high nuclear spin
polarization corresponding to spin temperatures of a few mK, which is generated in laser-polarized 3He,
and proper control of the gas diffusion through a heavier buffer gas. This combination of physics at low
and ambient temperatures opens up new ways of studying the relative translational diffusion of atoms and
of gas diffusion in structures with a large range of length scales.
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Dipole-dipole coupling is one of the basic interactions in
physics. As far as nuclear magnetic resonance (NMR) is
concerned, it is mostly observed and exploited to study
structure and dynamics on the molecular level. More than
10 years ago, however, it was shown that dipole-dipole
coupling between nuclear spins in liquids can also arise
from distant dipolar fields (DDFs) and can be detected by
intermolecular multiple quantum coherences (IMQCs)
[1,2]. The progress in understanding their physical basis
[3,4] led to the development of important applications in
different fields, ranging from physics to medicine [5-9].
As on the molecular scale, spectroscopic observation of
DDFs requires that the dipolar coupled species retain their
distance and orientation over sufficiently long times
[10,11]. As spatial diffusion in gases is orders of magni-
tudes faster than in condensed phases, this requirement is
usually violated in the gas phase and DDFs have not yet
been observed in a gas at ambient pressures. If this problem
can be overcome, however, the rapid diffusion in gases can
be exploited to probe such DDFs over much larger spatial
excursions on macroscopic length scales, e.g., in porous
media or in imaging. Along these lines, dipole couplings
between gas filled nanovoids at pressures in the kbar
regime were indirectly detected by Baugh et al. using H,
[12], and IMQCs between gas and liquid phase were
observed by Granwehr et al. using laser-polarized (LP)
129Xe and 'He [8]. The observation of DDFs in gases
themselves, however, is also hampered by the low spin
density leading to low magnetizations even in strong mag-
netic fields. As we show below, these problems can be
solved by using LP noble gases with nuclear spin polar-
izations corresponding to spin temperatures of a few mK
and controlling the diffusion coefficient by admixing
heavy buffer gases [13,14]. Using this strategy the first
signals of IMQC:s in the gas phase itself are presented here.

Intermolecular MQCs were first detected by the obser-
vation of unexpected cross-peaks in two-dimensional spec-
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tra, corresponding to coherences between independent
molecules in solution [1,2]. These cross-peaks were mea-
sured with the correlation spectroscopy revamped by an
asymmetric z-gradient echo detection (CRAZED) experi-
ment, shown in Fig. 1, where two gradient pulses with a
ratio of 1:n act as an n-quantum filter. Similar to a spin
echo sequence [15], the excitation radio frequency (rf)
pulse has a flip angle of 90°, while the flip angle 8 of
the refocusing pulse has an optimum value for different
n-quantum coherences, for instance 8 = 120° for double-
quantum coherences (DQC) [16]. In contrast to single-
quantum (SQ) signals which decay from a maximum
value, IMQC signals typically build up from zero, peak
out, and decay with an oscillation [17]. Two different
pictures were proposed to explain the occurrence of
IMQCs. The classical picture describes the effect by a
DDF, which is generated by the magnetization of one
spin component, and acts on the evolution of the magne-
tization of another spin component [4]. The quantum-
mechanical approach, introduced by Warren and cow-
orkers [1-3,18-20], is described shortly in the following.

Here, a density matrix picture is employed, which ex-
plicitly retains dipolar couplings between distant pairs of
spins and removes the usual truncation of the density
matrix p.q in the “high temperature approximation.” For

90° B
GT

nGT

0 T —>time
FIG. 1. Standard n-quantum CRAZED sequence. The pulses
are delayed by time 7 and the area of the second gradient pulse is
n times larger than the first one and acts as a filter for n-quantum
coherences. The flip angle B of the second pulse must be
optimized for each value of n.
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N spins I = 1/2 in an external magnetic field B, the
equilibrium density matrix is obtained by taking the prod-
uct of the equilibrium density matrices of all individual
spins of the sample as

peg =27 N[ ] =T, ()
where
. ’yhBO
J = 2tanh< KT >, (2

with y the magnetogyric ratio of the nucleus, k the
Boltzmann factor, and 7 the temperature of the sample.
The factor J is directly related to the polarization of the
system by J = 2P, with P =(p, —p-)/(p+ + p-),
where p, and p_ are the numbers of spins in the m; =
1/2 and m; = —1/2 states, respectively. Note that the
factor J approaches yhB,/kT as the temperature in-
creases, which means that the high temperature approxi-
mation is recovered for first order terms of Eq. (1). The
observation of IMQC:s is facilitated in systems with low
effective spin temperature, because the higher order terms
in the density matrix are precisely the ones that account for
the presence of MQC:s. For instance, first order terms of the
form 723, ;1;1,; are rotated into J*Y . ;1,l,; by the
application of the first 1f pulse, and will lead to double-
quantum signals in the detection period. Even though the
factor 72 is about 4 orders of magnitude smaller than 7 in
a sample of water at high magnetic fields, the high number
of second order terms that contribute is large enough to
make the signals observable [3]. For the particular case of
LP 3He, the system is driven out of equilibrium by a laser
excitation of the electronic spin population which is sub-
sequently transferred to the nuclear spins. Today, polar-
izations of 60% are routinely obtained for *He [21],
independent of the external magnetic field in which experi-
ments are performed. These polarizations correspond to
low spin temperatures around 5 mK for fields of 4.7 T used
in our experiments below. This in turn will considerably
enhance the effect of 7" terms as compared with thermally
polarized gases.

Another aspect that circumvents the occurrence of
IMQCs in thermally polarized gases is the time where
the signal maximum occurs. For the double-quantum sig-
nals considered in this Letter, this time is given by

tmax ~ 22/(1““07M0) = 2-27'(1: (3)

where 7, is referred to as the dipolar demagnetizing time
and p is the vacuum permeability [1]. M|, is the sample
magnetization, which includes not only the polarization
but also the spin density. In order to observe IDQC signals
the relaxation times of the spins have to be at least on the
order of t,,,. For thermal magnetizations, ?,,, is in the
range of minutes, which therefore renders the detection of
IDQCs virtually impossible. For LP gases, on the other

hand, f.,, is in the range of ms, and the demagnetizing
time can be controlled by the polarization itself.

Therefore, IMQCs in gases can only build up and be
detected in LP systems. This is a fundamental difference to
most other applications of LP gases, where the large po-
larization is only needed for enhancing the signal to noise
ratio of the measurements. However, a major drawback of
this approach is that the polarization of the spins is not
renewable, i.e., after a saturation rf pulse the spin system
relaxes back to the small thermal polarization. This ob-
stacle is overcome with an automated setup that permits the
evacuation, refilling, and mixing of different gases in a
sample cell located in a fixed position in the bore of the
magnet, similar to the one described in [14].

As the calibration of the pulse flip angles is crucial for
the experiments and reproducibility must be guaranteed,
we first of all checked our setup with a nutation experi-
ment. Measurements were carried out in a magnetic field of
4.7 T using a birdcage coil of 25 mm diameter. For each
data point two spectra were acquired: the first one with a
constant small flip angle of about 1° as a measure for the
relative polarization, and the second one with a variable
pulse length. The signal amplitude of the second spectrum
was normalized by the amplitude of the first one. As T}
relaxation times of *He were in the range of 10 min, the
measurements are not time critical and up to eight calibra-
tion values were measured for each gas portion, depending
on the used rf pulses. An example of a nutation spectrum
recorded in LP *He is shown in Fig. 2, where t, is the
variable pulse length, yielding a 180° pulse of 70 ws. The
symmetry of the curve around 180° ensures that radiation
damping was effectively avoided [22]. In order to ensure
that the DDF arises solely from the modulation introduced
by the field gradients and is not influenced by the sample
geometry, a spherical glass cell of 15 mm outer diameter
was used as a sample container.

Finally, the effects of gas diffusion must be taken into
account. For unrestricted *He at 1 bar the diffusion coef-
ficient D = 1.85 cm?/s is 5 orders of magnitude larger
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FIG. 2. Flip angle calibration measurements in LP *He. The
normalized signal maximum values are plotted versus the rf
pulse length. The line shows the fitted calibration curve.
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than for bulk water. Therefore, suppressing diffusion is 35

crucial for the detection of echo signals in gases, especially 3 —D=0.09 sz/s

for long echo times. According to Eq. (3) the IDQC signal ”s - Bigg; 222; z

in LP 3He gas at 1 bar and a polarization of 60% reaches its
maximum at about 53 ms after the second rf pulse. This
signal is additionally suppressed by 7, relaxation due to
magnetic field inhomogeneities, for the present conditions
with a time constant of about 14 ms. The diffusion coeffi-
cient of *He can be lowered by admixture with a heavier
buffer gas such as SF¢ [14] and also by increasing the total
pressure in the gas sample. As the estimated motional
correlation time for echo signals in a mixture of 1 bar
SHe and 2 bar SF is already in the order of 20 ms [23],
it should be possible to suppress the effect of diffusion well
enough to detect the rising slope of the IDQC signal.
Therefore, in the following experiments, the diffusion
coefficient was lowered by mixing 1 bar of LP *He with
6, 3, and 1 bar of SFg, respectively, resulting in diffusion
coefficients of D =0.09, 0.21, and 0.95 cm?/s,
respectively.

The measurements of IDQCs in *He were performed
using a CRAZED sequence with the following settings:
90° pulse 35 ws, pulse delay time 7 = 600 ws, first gra-
dient pulse of duration 300 us, and 30 mT/m. For these
settings the correlation distance d, = ar/(yGT), which
defines the length scale of the major contribution to the
distant dipolar field [18], is 1.7 mm. This is about 1 to 2
orders of magnitude larger than typical values in liquids
[9]. In order to minimize the loss of signal by diffusion
suppression during the gradient pulses, the timings were
chosen as short as possible. For such short durations, the
impedance of the gradient coils delays the buildup of the
currents, which leads to a deviation between the adjusted
gradient parameters and the real gradient amplitudes. The
second gradient pulse intensity was therefore calibrated by
inspection of the SQ signal during the gradient and set in
such a way that the echo was formed at the center of the
pulse. A four-step phase cycle with (x, y, —x, —y) for the
first pulse and (x, —x, x, —x) for the receiver was imple-
mented to suppress the remaining SQ signals. Note that
each phase cycling step is a separate experiment with a new
gas mixture, requiring about 1 min. The four different
phase step experiments are measured consecutively and
automatically controlled by the spectrometer PC. The re-
sults are added up later during data processing to give the
IDQC signal. This approach assures that no SQ signal is
passing the DQ filter of the sequence.

The IDQC signal is acquired directly after the second
gradient pulse. The magnitude of the resulting sum of the
four different phase steps is shown in Fig. 3 for different
gas mixtures. While the remaining SQ signal, which is
present for small times in a single scan, is averaged out
almost completely by the phase cycle, the sum of the signal
builds up from zero, with the amplitude clearly exceeding
the noise level for the two slower diffusion coefficients.
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FIG. 3 (color). Magnitude signals of the CRAZED experiment
in LP 3He for different diffusion coefficients. The partial pres-
sure of *He in the gas mixture is 1 bar for all measurements. The
different colors correspond to different SFg partial pressures.
Blue: 6 bar, D = 0.09 cm?/s; red: 3 bar, D = 0.21 cm?/s;
green: 1 bar, D = 0.95 cm?/s.

The signal for D = 0.09 cm?/s reaches its absolute maxi-
mum at a time of about 10 ms after the gradient pulse
which is less than the predicted 53 ms, because T relaxa-
tion suppresses a further buildup. With increasing D the
signal is further suppressed and the maximum shifts to
shorter times. This effect was already exploited in order
to measure D and T, simultaneously [24]. The maximum
of the signal results from a competition between diffusion
and relaxation and, neglecting spin-lattice relaxation, was
shown to occur at t,, = In(2Dk>T, + 1)/2Dk?, with k =
vG46, and 6 the gradient pulse duration. For the present
experiments, and replacing 7, by 7, the signal maximum
times of 10, 8, and 4 ms are obtained for increasing D,
which is in good agreement with our experimental data.
The shifts and distortions of the signal result from echo
formation in presence of rapid diffusion in the inhomoge-
neous field, as recently described in [13]. This relaxation
attenuation can be reduced by performing a 2D version of
the CRAZED sequence [17].

In order to verify the authenticity of the IDQC signal in
LP 3He, the dependence on the second rf pulse flip angle
was checked. As already stated, this signal should display a
maximum for 8 = 120° [16]. Figure 4 shows the signal
intensities of a set of CRAZED experiments with varying
B in a gas mixture containing 1 bar *He and 6 bar SF. The
experimental points clearly follow the plotted line of the
theoretical relative signal amplitude function f(B) =
sinB(1 — cosB) [16] and strongest amplitudes clearly arise
for B = 120°. The signal vanishes for 8 = 180° showing
that no SQ signal is present in the detection period. These
measurements represent, to the best of our knowledge, the
first experimental evidence of IDQC in the bulk gas phase,
arising from the DDF in LP *He.

The ability to detect DDFs of nuclear spins in LP gases
and their high sensitivity to diffusion and spatial restric-
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FIG. 4. Dependence of the measured CRAZED signal intensity
on the flip angle of the second rf pulse B. Circles mark the ex-
perimental data, the line shows the theoretically expected curve.

tions is of fundamental interest, as such fields offer new
ways of studying the relative translational diffusion of
atoms, chaotic spin dynamics, and multiple quantum co-
herences in simple systems close to an ideal gas [12,25,26].
Such experiments are made possible by exploiting high
spin polarizations not only for increasing the NMR signal,
but also to dramatically shorten the time required for the
formation of IMQC:s. In free gases diffusion can be con-
trolled by buffer gases; in porous media DDFs will provide
unique information about diffusion in the sample itself.
Indeed, the usefulness of IDQCs for the study of such
systems was already shown for liquids and gases with
densities comparable to liquids [7,12]. In comparison to
liquids, LP gases allow the investigation of larger struc-
tures over a bigger range of pore sizes, as the dipolar
coupling distance exceeds the one in liquids and can be
varied easily by changing the amount of polarization. The
extreme sensitivity of IDQCs on D offers unprecedented
ways of studying gas diffusion in complex structures where
diffusion is slowed down due to a logarithmic distribution
of channel dimensions, a field of considerable interest for
the physics community. The signal maximum dependence
on D and T is ideal for setting a quantum filter for medical
magnetic-resonance imaging, e.g., in imaging of the lung
with its complex structure of a large range of length scales,
which are generally characterized by local distributions of
diffusion coefficients.
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