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Fast Nuclear Spin Relaxation in Hyperpolarized Solid **Xe
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We report extensive new measurements of the longitudinal relaxation time T; of '*Xe nuclear spins
in solid xenon. For temperatures 7 < 120 K and magnetic fields B > 0.05 T, we found T, on the order
of hours, in good agreement with previous measurements and with the predicted phonon-scattering limit
for the spin-rotation interaction. For 7 > 120 K, our new data show that 7} can be much shorter than
the phonon scattering limit. For B = 0.06 T, a field often used to accumulate hyperpolarized xenon, T}
is ~6 s near the Xe melting point 7, = 161.4 K. From T = 50 K to T,,, the new data are in excellent
agreement with the theoretical prediction that the relaxation is due to (i) modulation of the spin-rotation
interaction by phonons, and (ii) modulation of the dipole-dipole interaction by vacancy diffusion.
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In recent years, optical pumping [1] has been success-
fully used to prepare large quantities of hyperpolarized
noble gases 3He [2] and '*Xe [3]. The applications
range from inelastic electron scattering [4] and searches
for nuclear electric-dipole moments [5] to enhancement
of nuclear magnetic resonance (NMR) signals of surfaces
[6], solutions [7], and air spaces such as human lungs.
High-resolution *He lung images have been reported [8],
but the quality of '2Xe imaging [9] is still limited by the
comparatively low nuclear spin polarization (10%—-15%)
in xenon gas. On the other hand, highly polarized xenon
is especially promising for medicine, where it can be used
as a potential chemical-shift probe of human tissues [10].

A number of recent studies [11] have focused on the
gas-phase physics of producing hyperpolarized '**Xe by
spin-exchange optical pumping. Much less is known about
what happens to '?Xe spins during the subsequent cryo-
genic separation of Xe from much larger quantities of He
and N, buffer gases currently used [3] for efficient opti-
cal pumping. Despite experimental evidence [12,13] that
a small amount of hyperpolarized xenon preserves almost
all of its polarization after a freeze/thaw cycle in a sealed
cell, currently about half of '>Xe polarization is lost dur-
ing cryogenic separation and accumulation.

To improve the performance of hyperpolarized xenon
accumulators, a better fundamental understanding of the
causes of longitudinal '**Xe spin relaxation is needed.
There have been NMR studies of '**Xe in Xe gas [14],
Xe liquid [15], and Xe-N; liquid solution [16]. 129%e spin
relaxation in pure gaseous and liquid xenon is known to be
caused by the spin-rotation interaction [17],

Va = CK(ra,B)Ia : NaB, (D

between the nuclear spin I, of a '*Xe atom « and the
relative angular momentum N, g of the atom pair that also
involves a second xenon atom B3, with or without spin,
located a distance r, g away. The interaction (1) was also
found to be responsible for spin relaxation of '*°Xe at
temperatures 50 = T =< 120 K, where it gives rise to the
Raman scattering of phonons in solid xenon [18]. The
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spin-rotation coupling coefficient cx decreases so rapidly
(exponentially) with r,g that one need only consider the
nearest-neighbor interactions in the crystal.

The familiar nuclear dipole-dipole interaction [19],

a Ia ‘T Iap * I
Vi — Mol [Ia~1 _3( g) (ap ,B)i|,
3 B 2
IaIBraﬁ I"a’g

@)

may mediate cross-relaxation between 2*Xe and 3!'Xe
[18,20] below 50 K. With this exception, however, the
relaxation of '?°Xe in gaseous and liquid xenon, as well as
over a wide temperature range in solid xenon, was thought
to be mediated by the spin-rotation interaction of Eq. (1).

Here we present extensive NMR measurements of the
longitudinal spin relaxation time 7' in hyperpolarized solid
129%e. We show that, for temperatures above 120 K, T}
can be several orders of magnitude shorter than what is
expected from phonon scattering mediated by the spin-
rotation interaction of Eq. (1). The observed additional
relaxation is in excellent quantitative agreement with the
predicted effects of the dipole-dipole interaction of Eq. (2),
modulated by vacancy diffusion [21,22], both for samples
of natural isotopic composition and for samples highly
enriched in '*Xe.

In this experiment, xenon gas was polarized with a pro-
totype commercial system (model 1GI.9800.Xe polarizer,
Magnetic Imaging Technologies) connected via a pair of
nylon tubes to a glass cold finger (Fig. 1, A) in a setup
described elsewhere [16]. The cold finger was placed in
a cryostat, cooled by a stream of He gas coming from
the liquid helium bath of a superconducting magnet sys-
tem (Oxford Instruments). The standard He-N,-Xe gas
mixture (~1% Xe of either natural isotopic composition,
26.4% 'PXe and 21.2% '3'Xe, or isotopically enriched,
86% '2Xe and 0.13% '*'Xe) was polarized and flowed at
a pressure of 4.5 atm through the cold finger, maintained
at T ~ 60 K, for a 30—50 min accumulation period. The
pressure was then lowered to ~1.5 atm, and the cryostat
was warmed to 190 K and immediately cooled back down
to a desired temperature. The goal was to liquefy the ac-
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FIG. 1. Schematic diagram of the experimental setup (not to

scale). The pressurized gas mixture with hyperpolarized '*°Xe
flows through the glass accumulator (A), placed into the cryo-
stat insert (B) inside a superconducting magnet (C). The mixture
comes in through the inlet tube (D), kept just above the Xe melt-
ing temperature 7,,. As the mixture flow turns around and comes
in contact with the cold glass walls of the accumulator, xenon
is deposited in the form of snow (E). Once the accumulation
is completed, xenon snow is heated above T,,, melts, and fills
the bottom of the accumulator to the level shown by the dashed
line (F). After xenon is recrystallized, NMR signals are detected
by a two-turn surface coil (G). The temperature, monitored by
sensors (H), can be controlled using a counterwound heater (1)
and a valved cooling gas inlet (J).

cumulated Xe snow (Fig. 1, E), so it could run down and
refreeze as a dense solid. At the same time we tried to
warm xenon past its melting point quickly, especially at
low fields, to avoid rapid relaxational loss of polarization.

To obtain data at the lowest fields, accumulation and
refreezing of xenon were performed at B = 1.435 T.
The magnet was then brought down to the desired field
and the superconducting shim coils (that provide the
field homogeneity) were set quickly to the predetermined
values. At B = 0.067 T, an internal NMR coil of poorer
stability had to be used, resulting in larger 7' errors. The
temperature 7 was controlled with a heater (Fig. 1, I),

1 9wk T?n5(e, T)
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using two Cernox™ thin-film resistor sensors (model

CX-1080-BG-HT, Lake Shore), calibrated to 0.1 K and
suspended inside the cold finger 2 cm one above the other.
Over weeks of use, the bottom sensor calibration drifted
by a small amount (<2 K), determined from the 7'(¢)
“plateau” at 161.4 K during melting/crystallization of
xenon. Appropriate temperature corrections were made.

A two-turn NMR surface coil (Fig. 1, G) was mounted
to enclose the region of the cold finger where magnetic
field was homogeneous to ~3 wT. The coil was connected
to the spectrometer [16] which applied weak 0.8—12 us
pulses, tipping '?°Xe spins by small angles (0.3°-5°) at
regular intervals (15 s—8 min). Much longer pulses (up to
50 ws) were also used to estimate the effect of tipping on
129Xe relaxation. The integral intensity A of thus obtained
spectra was plotted as a function of time ¢. The resulting
curves of relaxation to thermal equilibrium were fitted to
an exponential A(t) = Agexp(—1/T;). Each T} value was
later corrected by a small amount (<10%) for depolariza-
tion caused by the pulses.

Figure 2(a) shows the summary of our '*°Xe relaxation
data (open symbols), taken in natural xenon at five differ-
ent fields, from 0.067 T (squares) to 1.435 T (diamonds).
Below 120 K our data are in good agreement with the ear-
lier data (crossed circles) by Gatzke et al. [12], obtained in
natural xenon at 0.1-0.2 T, and with the calculated effects
(thick solid curve R) of the Raman scattering of phonons
by '?*Xe nuclei [18]. Our new data extend all the way
to the melting point of xenon (vertical dashed line), but
are limited to 71 > 60 s by our current apparatus. The T
values are reproducible over many cryogenic cycles, which
indicates the validity of the data.

The observed spin relaxation times are in excel-
lent agreement with the theoretically predicted values
[Fig. 2(a), solid curves A-FE], calculated from (i) the
phonon scattering through the spin-rotation interaction
(1), as described by Fitzgerald er al. [18], and (ii) the
dipole-dipole interaction (2) [23], modulated by vacancy
diffusion as described by Sholl [24,25]. The spin po-
larization of !3'Xe is always negligibly small compared
to that of hyperpolarized '*Xe, because of rapid 3!Xe
relaxation due to its nuclear quadrupole moment [26], so
the predicted spin relaxation rate of '**Xe is

+ f1

T] 4h2a)D 5b6
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All parameters in Eq. (3) are well known from indepen-
dent sources, and we have made no attempt to adjust them
to make them fit our experimental data. The spin-rotation
coupling coefficient is cx = hv, with v = —27 Hz at
77 K; the parameter €y = rqopdIn|ck|/drop = —11.8
describes the nearly exponential dependence of cg on
the Xe pair separation [18]. The ratio of the temperature
T to the Debye temperature T, = 55 K of xenon is T*
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ws]7/2) + g(lo; — ws]r/2) + 3g(w;7/2)}.

D [e(wr7/2) + 4g(wm)]

3

T/Tp, and wp = kgTp/h. The phonon-freeze-out factor,
15(ey, T*), is very nearly equal to its high-temperature
limit n° (e, %) = 2686.8 for T > 50 K [18]. The nuclear
spin quantum numbers of '>*Xe and '*'Xe are I = 1/2
and S = 3/2, respectively. The gyromagnetic ratios
(in units of 103 s !G™!) are y; = —u;/1h = 7.402
and yg = —us/Sh = —2.193. The (radian) Larmor
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FIG. 2. '?Xe nuclear spin relaxation measurements in natu-

ral and enriched xenon. Our new data [open symbols (natural
Xe) and filled symbols (enriched Xe)] are in excellent quantita-
tive agreement both with the earlier data at lower temperatures
(crossed circles) and with the theoretical predictions of the com-
bined effects of interactions (1) and (2) (solid curves A—FE for
natural xenon, and B’, E' for enriched xenon) from ~50 K to
the melting point 7,, = 161.4 K (dashed line). The high-field
relaxation limit corresponds to the Raman scattering of phonons
(thick solid curve R). The absolute temperature errors and the
relative 1/T) errors are shown in the legend.

frequencies in an applied magnetic field B are w; = y,B
and wg = ysB. For xenon of natural isotopic com-
position the fractional abundances are f; = 0.264 and
fs = 0.212. For 78 K < T = T,, the lattice parameter
of xenon crystals has been accurately measured with x-ray
scattering by Granfors et al. [22]. Their data are well rep-
resented by the empirical formula (with 5 in A and T in K)
b(T) =6.276416 + 0.001 807 71(T — 125) + 4.57633 X
107%(T — 125)>. The spin-rotation coupling was scaled as
cx(T) = cx(77K){1 + 300 A3[b=3(T) — b3 (77 K)]}
to account for the density dependence [27] of the '**Xe
paramagnetic chemical shift, to which cg is proportional.
The hopping rate 1/7 per Xe atom has been inferred by
Yen and Norberg [21] from their temperature-dependent
T, measurements of '>Xe. Their findings can be inter-
polated as 7 = 8.8 X 10717 s X exp(3604 K/T). An
analytic approximation for the dimensionless spectral
density function, g(y), in the monovacancy limit [25] is
g(y) = 555/(0.169 + 0.128./y + y?).

Figure 2(b) compares our enriched Xe data (filled sym-
bols) to the natural Xe data of Fig. 2(a), obtained at the
same field values (0.200 and 1.435 T). The relaxation
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in samples enriched to 86% '*Xe (only 0.13% '*'Xe)
is also in excellent agreement with Eq. (3) (solid curves
B', E'), and at 0.2 T is about 70% faster compared to
samples of natural isotopic composition. Thus 13! Xe atoms
are somewhat more effective than '>*Xe atoms at causing
spin relaxation of '?*Xe nuclei. The magnetic moment
of 13 Xe is smaller in magnitude than that of '*Xe (0.69
vs —0.77 nm), and would therefore be less effective in
causing relaxation. But the coupling frequencies w in the
spectral density functions g(w) are smaller for '*'Xe, re-
sulting in larger values g(w) in Eq. (3) and, ultimately, in
a slightly stronger effect of '3!Xe on relaxation of '**Xe.

Finally, we use the data of Fig. 2(a) to model cryogenic
accumulation of natural xenon at several practical values
of magnetic field. We assume a solid xenon layer to be
growing steadily under a fixed linear temperature increase
across its width. The layer is in thermal contact with
the glass wall at 7 = 77 K on one side, and with the
flow of the warmer gas mixture on the other. We further
assume that the temperature at the other side is fixed. To
be consistent with observations [28] at 0.06 T, we take
this temperature to be 145 K. Figure 3 shows the total
magnetization of the growing layer as a function of time
t. If there were no spin relaxation, the total magnetization
would grow linearly with time, as more xenon is deposited
(dotted line, normalized to 1 at ¢+ = 120 min). The four
curves show the magnetization growth of the layer under
relaxation effects shown in Fig. 2(a). Obvious advantages
of accumulation at high fields are seen, both in polarization
and in the amount of xenon that can be accumulated before
its magnetization declines.

In summary, the relaxation of '?*Xe at temperatures
above 50 K is well described by Eq. (3) which combines
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FIG. 3. A simple accumulator performance model, assuming

linear temperature increase 77—145 K across the growing Xe
layer. After 15 min of accumulation at 0.06 T (lowest curve),
the magnetization is about 50% of the no-loss limit, consistent
with 50% polarization losses observed by [28].
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the effects of the spin-rotation interaction of Eq. (1) and
the magnetic dipole-dipole interaction of Eq. (2). The
details of the two mechanisms are different. The spin-
rotation interaction (1) causes spin-flip Raman scattering of
phonons, and the resulting relaxation rate is approximately
proportional to the square of the temperature. Magnetic
fields of a few tesla make little difference to the relaxation
rate. Simple calculations show that (1) causes negligible
relaxation when modulated by vacancy diffusion. This is
because the interaction (1), unlike (2), is velocity depen-
dent and its mean value is always zero, except for the short
time needed for a vacancy to hop.

The magnetic dipole-dipole interaction of Eq. (2) causes
129Xe relaxation when it is modulated by vacancy diffu-
sion. It has a strong temperature dependence, because of
the Arrhenius activation of the vacancy density and va-
cancy hopping rate. The relaxation can be strongly af-
fected by ordinary laboratory fields of a tesla or less. On
the other hand, estimates by Waller [29,30] show that re-
laxation caused by phonon scattering through the dipole-
dipole interaction (2) is completely negligible.

We believe this is the first systematic study of spin
relaxation due to vacancy diffusion in a hyperpolarized
solid. The dependence of relaxation rates on temperature,
magnetic field, and isotopic composition is reported for a
system of two magnetic nuclear species. Semiquantita-
tive evidence for 'Xe relaxation due to vacancy diffu-
sion was obtained by Cates et al. [31]. Some of these
effects were also seen earlier in more complicated molecu-
lar solids CH4 [32] and (CH,CN), [33]. The improved un-
derstanding of how the '°Xe relaxation rate depends on
temperature and magnetic field should help design better
cryogenic accumulators of hyperpolarized '*°Xe.
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