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NMR instabilities and spectral clustering in laser-polarized liquid xenon

K. L. Sauer,H F. Marion, P. J. Nacher, and G. Tastevin
Laboratoire Kastler Brossel, Ecole Normale Suprieure, 24 rue Lhomond, F75005 Paris, France

To study how highly magnetized liquids behave in NMR experiments, we have performed low field
NMR on laser-polarized liquid ?*Xe, with nuclear polarization of up to 6%. Contrary to conven-
tional NMR results, we find that instabilities develop after a large pulse, leading to an unexpectedly
abrupt decay of the signal. In contrast, the NMR spectrum after a small pulse collapses to a series
of unusually sharp lines (spectral clustering), whose widths correspond to precession lifetimes longer
than a half minute. We discuss the key role of long-range dipolar coupling in such spin dynamics.

PACS numbers: 76.60.Jx

In conventional NMR the dipolar field created by the
magnetization of the sample is small and usually has a
negligible effect compared to that of the external fields.
However for a highly magnetized sample, as found in
high resolution NMR or in low temperature physics, it
can lead to unusual dynamjcal and spectral NMR, behav-
ior. Multiple spin echoes],ﬂEl modulated NMR, absorpt
spectrad and tip-angle-dependent precession hfetlmeslg ﬂ
have been observed in thermally polarized liquid or solid
3He. Liquefaction of laser-polarized noble gases intro-
duces a new class of dense samples with very high and
field-independent magnetization. With low field NMR,
spin dynamics can be probed in a regime where the dipo-
lar field dominates the external field variations over the
sample.

Using optical pumping techniques, Nacher et al.EVHVH
prepared U-shaped samples of liquid *He and 3He-*He
mixtures with large nonequilibrium polarizations. At
small tip angles they observed sets of very sharp lines
instead of a continuous spectrum (spectral clustering),
corresponding to long-lived spatial distributions of phase-
locked transverse magnetization magnlgtgzatlon modes)
precessing at distinct eigenfrequencies 'l Response to
larger tip angles died out much @ore rapidly, suggest-
ing the existence of instabilities..d The genuine origin
of these effects lies in the complex combination of long
range dipolar interactions. In a recent theoretical study
Jeener suggests that spectral clustering, as well as insta-
bilities obtained at large tip angles, are generic featﬁes
of dipolar field effects in highly magnetized samples.

In this paper we describe the systematic study of NMR
free induction decays (FID) in optically polarized liquid
129%e. Observation of spectral clustering and instabilities
demonstrates the truly classical nature of these phenom-
ena. Quantitative investigation of decay rates provides
clues about the dynamical robustness of magnetization
modes and the onset of turbulent spin motion at large
tip angles.

The contribution to the Bloch equation for the magne-
tization M at a point r due to the dipolar field created

by the remainder of the sample can be written asﬂ :
OM(r)  yuo [ 5 ,(3cos?0—1)
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where the angular dependence of the integrand results
from a straightforward secular approximation in the ro-
tating Larmor frame (6 is the angle between r’ — r and
static field axis z, v is the gyromagnetic ratio). Com-
puting the dynamical evolution of M from this contri-
bution is generally a formidable task. If one assumes the
direction of M to be uniform, M, simply remains un-
changed and a shift from Larmor precession is induced for
M . In an anisotropic sample, even with uniform M.,
the angular factor does not integrate out and a point-
dependent shift can result. One may yet find distribu-
tions of the amplitude of M that can exactly compen-
sate for the spatial variations of the angular factor, pro-
viding stationary solutions for the Bloch equation with
uniform (and shifted) frequencies. Such eigenmodes cor-
respond to the observed magnetization modes and have
been quantitatively determined using a ﬁ@iel with a 1D
approximation of the dipolar couplings.Htd In contrast,
spatial variations of the direction of M give rise to
changes in M and the nonlinear coupling between M,
and M comes into play. The stability of the magne-
tization modes against small perturbations is not known
yet. Using numerical simulations and analytical calcula-
tions Jeener found threshold vaﬂes for tip angles above
which instabilities may develop.

To have a well-defined geonﬁ‘Erg and facilitate com-
parison with work in liquid He H-th E we use a U-shaped
tube to contain the liquid Xe. As shown in Fig. EI, our ex-
perimental glass cell consists of a 12 mm inner diameter
spherical optical pumping volume (OPV) connected to a
U tube of inner diameter 0.6 mm. We sealed 180 pmol of
99.9%-enriched 29Xe, 6 ymol of Ny gas and a few mil-
ligrams of Rb within the cell. The cell is internally coated
with dimethyldichlorosilane to reduce nuclear relaxation.

The production of polarized liquid Xe is performed in
two steps: 129Xe is polarized as a gas in the OPV and
then condensed into the U tube. In the first step, the Rb
D1 line is optically pumped with circularly polarized light
from a 2 nm broad 40 W diode laser bar. Ny here serves



as a quenching gas. The Rb polariza@@ transferred to
the 29Xe nucleus by spin-exchange 14, . The OPV is
kept at a temperature of about 350 K while the bottom
of the U is maintained above 190 K to ensure that no
Xe is condensed and most of it lies in the OPV. A 29Xe
polarization of 10% can be reached in 30 min. When
optical pumping is complete, the bottom part is cooled
to 165+ 1 K. After a few minutes the system is thermally
stable and two thirds of the Xe is liquefied, filling 5 mm3
inside the U (up to the arms, see Fig. [l). In the liquid the
relaxation time is 77 =20 min and the highest polarization
obtained is 6%.
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FIG. 1: Experimental set-up. Temperature control of the
OPYV uses a hot air flow, that of the U a cold gaseous nitrogen
flow. During optical pumping, a heating wire prevents Xe
from condensing in the U. Afterwards, it is turned off and the
polarized '?°Xe liquefies to fill the bottom of the U.

Pulsed NMR is performed in a magnetic field
B=1.7 mT (Larmor frequency Fr.,=20 kHz for 129Xe)
with three possible directions for the field, defined with
respect to the cell (V: vertical, HT: horizontal-tangent,
and HN: horizontal-normal, see Fig. ) Optical pumping
is performed with B along HT, and the gas magnetiza-
tion is monitored in the OPV using a cross-coil NMR
probe. To study the liquid, different sets of NMR probes
are used for a vertical and a horizontal B. Magnetiza-
tion follows adiabatically the direction of B as the field
is switched from horizontal to vertical.

The field homogeneity over the sample is shimmed us-
ing additional gradient coils, leading to precession half-
life times T3, ~1 s as measured at 300 K in a 1 cm
spherical cell filled with 3 bars of Xe gas (with negligible
dipolar effects). As a measure of the magnitude of the
dipolar field in the liquid ?°Xe, we introduce the dipolar
frequency Fuip = (v/2m)puoM, from the magnetization
M = p, NP (p, is the magnetic moment of the 29Xe
nucleus, N the 29Xe number density, and P the polar-
ization). In our experiment Fy;,=0.8xP kHz and the
dipolar field is larger than the field inhomogeneities over
the sample even for P as low as 1%.

Magnetization is tipped using a resonant rf-field B; at

Frqr such that dipolar effects during the pulse are neg-
ligible (yB1 > 27 Fyip). Faip (and hence P) are deduced
from the analysis of FID signals (see below). Because the
observed signals are often nonexponential, we choose to
characterize each decay by the rate I'y /5, defined as the
inverse of the FID half-life time.

FID signals recorded after 90° tipping pulses have been
studied as a function of field direction and initial dipo-
lar frequency. Lifetimes range from 1-2 s for low Fy;;, to
0.1 s for higher Fy;,. A reduced time (time multiplied
by Fgip) is thus used to conveniently compare the time
variations of the FID signals, which all present similar
features (see Fig. f(a)). Precession occurs at Fpq,. Am-
plitude is almost constant during the first part of the pre-
cession (approximately 4 periods of Fy;p). Then the sig-
nal decreases abruptly, this decrease being more abrupt
for larger Fy;,. Decay rates increase fairly linearly with
Fuip (see Fig. ((b)), which justifies using Fy, to define
a reduced time. Time evolutions are independent of the
direction of B.

@
06 ——HT Fy,=35,190r3 Hz
_ i s HN F . =18.5 Hz
= 05 dlp_
\‘E; 1N \Vi Fdip_19.5 Hz
o 0.4 4
g ]
2 03-
£ ]
g 0.2
m B
0 0.1
T ]
0.0
0 4 6 8 10
time x Fdlp
(b) -
104 @ HT '
g * HN * e
{ o v *x
NS W
" ]
o, o
g ) 4 g@ )K’
L 1 &%
1
0 T T T T
0 5 10 15 20 25 30 35 40
Fdip (Hz)

FIG. 2: (a) FID signal amplitudes for a 90° tip angle are
plotted as a function of a reduced time. The dipolar frequency
Faip is proportional to the initial magnetization density (see
text). (b) Signal decay rates are plotted as a function of Fgu;p
for three different field directions (HT, HN, V| see Fig. 1).

For small tip angles, behaviors are qualitatively differ-
ent and depend much on the field direction. Figure [(a)
shows spectra computed by fast Fourier transform (FFT)
of FID signals recorded in a vertical B for various Fi;p.
All spectra present two sets of lines, one on each side of
Frar, with shifts from Fp,, scaling with Fy;,. Applying
known field gradients, we could attribute the lines on the
left (the less shifted) to the magnetization precession in
the U bottom, and the lines on the right to the precession
in the U arms. Linewidths change dramatically with po-



larization. They increase with Fg;)p, the lines associated
with the U arms remaining the broadest. At low Fy;;, the
lines associated with the U bottom are very narrow and
well resolv; ﬂ They form structures that are quite similar
to those ofﬁ E obtained with He mixtures (magnetization
modes for a vertical U in a vertical field). Given our sys-
tem dimensions, using Fy;;, as the only fitting parg@eter,
the positions of all observed and computed linesBtd can
be accurately matched (Fig. 3(c)). This determination
of Fy;p is consistent with an estimation of P from the
signal amplitude.
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FIG. 3: NMR spectra after a 7.9° tip angle for (a) different
magnetization densities in a vertical field and (b) one in a
HT-horizontal field. The main modes in the U bottom are
labeled 0, 1 and 2. In (b) a small gradient has been applied
along HT to shift Lamor frequencies by £2 Hz in the U arms
and clearly separate the corresponding sets of modes. In (c),
frequency splittings with respect to mode 0 in a vertical field
are compared to computed expectations (solid lines, [12]).

Experiments have been repeated with B along HT.
One typical spectrum is plotted in Fig. E(b) For figure
clarity, it has been recorded with the opposite polariza-
tion, so that the lines on the left (now the most shifted
from Fpq,) still correspond to the magnetization modes
in the bottom. In contrast with the vertical field situa-
tion, the modes in the arms are now long lived, whereas
modes in the bottom are short lived. The stability of a
mode is thus found to depend on the orientation of the
local curvature of the cell with respect to B, rather than

on shape or boundary effects in the arms.

With B along HN, all elements of the sample can be
expected to experience the same dipolar shift. This con-
figuration has been briefly studied. Indeed all NMR spec-
tra have been observed to be shifted from FJ,, by about
—Fyip/4 and to extend over at most 1 Hz. We obtained,
however, sets of narrow lines for small tip angles that
need to be further investigated.

Figure fl(a) shows that for a vertical B the modes in
the bottom (0, 1, 2...) become more stable when Fy;,
decreases. Using inverse FFT of band-pass filtered spec-
tra, the time evolution of mode 0 has been tracked and
quantitatively studied, both for B along V and along HT.
The resulting I'y /o are plotted for two different tip angles
as a function of Fy;, in Fig. E For a vertical B two de-
cay regimes can be observed. The first regime occurs at
low polarization or at very small tip angle. For tip an-
gles up to the largest studied (15°), exponential decays
with very long (up to 40 s) angle-independent lifetimes
have been observed for sufficiently low polarization. For
tip angles below 7°, this regime was observed over the
whole polarization range studied. Decays that could be
characterized by a single exponential are plotted as open
symbols in Fig. @ The second regime was observed for
angles larger than 7° at high polarization. The decays are
nonexponential and present a complex structure with a
clear two-step decrease from which two half-life times are
unambiguously extracted (plotted as crossed symbols in
Fig. ) Finally, with B along HT nonexponential decays
are always obtained, characterized by a single fast decay
rate (filled symbols in Fig. ).
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FIG. 4: Decay rates of mode 0 localized in the U bottom
in a vertical field (open symbols) and in a HT horizontal
field (filled symbols) for two values of the tip angle. The
crossed open symbols correspond to non-exponential decays
(see text).

To conclude, spectral clustering is consistently ob-
served for small tip angles. The line positions are suc-
cessfully described by the model previously used for NMR



in liquid He.HvE This consistency strongly supports the
model’s basic assumption, namely, that spectral cluster-
ing arises from classical dipolar coupling over macro-
scopic dimensions and does not involve the quantum
properties of low-temperature He fluids.

The decay rates of FID signals have been systemati-
cally studied by varying the tip angle, the field direction,
and the polarization. We have checked that they are not
related to the processes that usually control decay rates
in conventional NMR. First, decay rates in this exper-
iment do not significantly depend on applied gradients
(in contrast with 1/T5, . for a system with negligible
Faip). T'1/2 much shorter or longer than 1/73;, have
been recorded (Fig. 2(b), Fig. 4). Second, contributions
of radiation damping effects have been estimated to reach
at most a few 1072 s~!. Consistently, no significant de-
pendence on the sign of M, was observed for long-lived
signals. Radiation damping is thus believed to have a
negligible effect for fast decays at large tip angles.

The abrupt signal decays we observe at high F;, and
large tip angles may be related to the onset of turbulent
spin motion and the strong decrease in tefal magneti-
zation obtained in numerical simulations.tH Jeener also
computed the exponential growth rate of deviations from
uniform M in the bulk of an isotropic magnetized sam-
ple and found it to be proportional to Fg;, For 90°
pulses, decay rates experimentally scale with Fg;, and
strikingly enough do not depend on the field direction
with respect to our anisotropic sample. However, fits
of the departures from initial FID amplitudes give ex-
ponential growth rates three to ten times smaller than
Jeener’s (7.2 s71 at Fy;,=2.4 Hz for negligible diffusion),
depending on Fy;;,. Sample edge effects and long term
evolution of the magnetization still have to be included
in the calculations to allow quantitative comparison and
fully describe the observations.

Instabilities are observed to occur in liquid Xe (see
Fig. 4) at much smaller tip angle than predicted in
Ref.d (above 35°). This confirms recent results obtained

4

in laser-polarized He.E’B Below the onset of instabil-
ities, long-lived magnetization modes result in the ob-
served spectral clustering. These spatially non-uniform
modes should be dgﬁped by spin diffusion. Using the
1D model of Refs. B84 the computed decay rate of the
most-shifted mode in the U bottom (mode 0 in Fig. 3(a))

is Ff}];fzo.le 1072 57!, independent of tip angle and of
Fip. This does not account for the observed I'y /, (Fig. 4)
and the origin of these Fy;,-dependent decay rates is un-
clear. Spin diffusion does, however, put a lower limit
on the observable decay rates. The very long mode life-
times measured for liquid Xe thus could not have been
obtained in liquid 3He-*He mixtures, which have much
larger spin-diffusion coefficients. Yet they form a consis-
tent extension to the He data, which corregﬁnd to higher
Fyip (100-600 Hz) in a similar geometry.Btd Our Xe ex-
periment shows that the decay rates in this small angle
regime strongly depend on the sample-field orientation.
This unanticipated result needs further investigation and
explanation.

From our results, a substantial body of data can be
extracted that puts severe constraints on models devel-
oped to account for NMR observations in highly magne-
tized samples. Quantitative discrepancies with existing
predictions and unanticipated new features call for an
improved comprehensive description of the nuclear spin
dynamics. Investigations for different_sample shapes are
in progress in laser-polarized liquids.E2 Dipolar field ef-
fects similar to those presented in this paper are expected
to be observed in conventional high-resolution NMR ex-
periments in liquids, as soon as relaxation and radiation-
damping proceﬁ@ get under efficient control in high-field
spectrometers.&=
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