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ABSTRACT

The '?°Xe nuclear spin polarization (Px.) that can be achieved via spin-exchange optical pumping (SEOP)
is typically limited at high in-cell xenon densities ([Xe]cen), due primarily to corresponding reductions in
the alkali metal electron spin polarization (e.g. Pgp) caused by increased non-spin-conserving Rb—Xe col-
lisions. While demonstrating the utility of volume holographic grating (VHG)-narrowed lasers for
Rb/'?°Xe SEOP, we recently reported [P. Nikolaou et al., JMR 197 (2009) 249] an anomalous dependence
of the observed Py on the in-cell xenon partial pressure (px.), wherein Px. values were abnormally low at
decreased px., peaked at moderate px. (~300 torr), and remained surprisingly elevated at relatively high
Pxe values (>1000 torr). Using in situ low-field 2Xe NMR, it is shown that the above effects result from an
unexpected, inverse relationship between the xenon partial pressure and the optimal cell temperature
(Topr) for Rb/1?°Xe SEOP. This interdependence appears to result directly from changes in the efficiency
of one or more components of the Rb/'?°Xe SEOP process, and can be exploited to achieve improved Pxe
with relatively high xenon densities measured at high field (including averaged Py, values of ~52%, ~31%,

~22%, and ~11% at 50, 300, 500, and 2000 torr, respectively).

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The high nuclear spin polarization of hyperpolarized (HP) noble
gases (e.g. '2°Xe, 83Kr, and 3He) can be exploited to increase NMR
detection sensitivity by several orders of magnitude, leading to
their use in a variety of magnetic resonance applications [1,2],
including: biomedical MR imaging and spectroscopy [3-8]; prob-
ing pores and surfaces of molecules and materials [9-17]; xenon
biosensors [18,19]; and low-field [20,21] and remotely-detected
[22] NMR and MRI—as well as experiments where HP gases are
employed as nuclear magnetization sources for other species [23-
26]. HP gases are commonly produced via spin-exchange optical
pumping (SEOP) [27-30]. SEOP is a two-step process whereby
angular momentum is transferred from resonant, circularly-
polarized (CP) light to the electronic spins of an alkali metal vapor
(e.g. Rb), and is then subsequently transferred to the nuclear spins
of the noble gas during collisions.

The efficiency of SEOP depends on the identities of the noble gas
and alkali metal species involved, as well as the conditions within
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the OP cell [27]. Consider the specific example of Rb/'?°Xe SEOP.
Achieving high (>10%) '?>°Xe nuclear spin polarization (Px.) values
typically requires low in-cell xenon density ([Xe]cen) during SEOP—
mostly because xenon itself limits the achievable rubidium elec-
tron spin polarization (Pgp) through non-spin-conserving Rb-Xe
collisions [30-32]. Moreover, Rb—Xe spin exchange is expected to
become increasingly inefficient at high xenon (and total gas) cell
densities [29] (particularly as the Xe partial pressure, px., exceeds
much more than a few tens of torr). Because of these effects, in-
creases in [Xe]e. are compensated by corresponding losses in
Pxe; for example, the NMR ‘signal-to-concentration ratio’ (SCR) is
generally expected to exhibit a flat (or worse) dependence upon
increasing [Xe]ce (e.g. [32]). Correspondingly, impressive demon-
strations of very high (>50%) Px. values have generally depended
not only on innovative designs and technological developments,
but also on limiting the xenon partial pressure in the cell (often
<30 torr at loading) [33-38]. The desire to maintain low [Xe]cey
complicates the production of large amounts of HP '2°Xe with high
polarization (required for many of the aforementioned NMR/MRI
applications); indeed, most current implementations employ com-
plex (and often expensive) set-ups that polarize a small amount of
Xe at an instant and cryogenically accumulate the HP gas over time
[30,34-38].

While demonstrating the utility of volume holographic grating
(VHG)-narrowed lasers for Rb/!'?°Xe SEOP, we recently reported
an anomalous dependence of the observed Px. on [Xe]c, Wwherein


http://dx.doi.org/10.1016/j.jmr.2010.11.016
mailto:bgoodson@chem.siu.edu
http://dx.doi.org/10.1016/j.jmr.2010.11.016
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr

Communication/Journal of Magnetic Resonance 208 (2011) 298-304 299

Pxe values were abnormally low at decreased [Xe]c, peaked at
moderate [Xe]cen (Pxe ~ 300 torr), and remained surprisingly ele-
vated at relatively high [Xe]. values (pxe > 1000 torr) [39]. Using
in situ low-field '?°Xe NMR, it is shown that such effects result
from an unexpected, inverse relationship between the xenon par-
tial pressure within the cell and the optimal cell temperature (Topr)
for Rb/!2°Xe SEOP. This interdependence appears to result directly
from changes in the efficiency of one or more components of the
Rb/!?%Xe SEOP process (and not, say, to some temperature- or
Xe-density-dependent change to '>°Xe spin-relaxation rates). This
effect can be exploited to achieve improved Py with relatively high
xenon densities in the cell.

2. Background

In Rb/™°Xe SEOP [27-30], the maximum '?°Xe nuclear spin
polarization attainable is limited by the volume-averaged Rb elec-
tron polarization:

yOP(z7 r) (21)

(Pro(z, 1)) :mv

where (zr) specifies the ‘depth’ into a cylindrical cell (z) and the
radial distance (r) from the cell’s central axis, and yop(zr) is the
position-dependent OP rate within the cell, given by [40]:

Yor(Z 1) = / (z,1,v) - go(v)dv, (2.2)

where ®(z,r,v) is the light flux per unit frequency (v) at position (z,r)
and ao(v) is the Rb Dy absorption cross-section. In Eq. (2.1), T'sp is
the Rb electron spin destruction (SD) rate, which (away from the
cell walls) is given by:

Top =D Ksp - [Mi] (2:3)

where «i, is the SD rate per collision with a given gas species (i) and
[M;] is its number density; xsp values of 2 x 10718, 9 x 1078, and
5.2 x 10715 cm® s~! have been measured for He, N, and Xe, respec-
tively [30-32]. Thus even at low [Xe]cy, the SD rate from Rb/Xe
collisions generally dwarfs the contributions from other gases—
lowering the achievable values for both Pgp, and Pxe.

Although the Rb density is orders of magnitude lower than that
of Xe—and the chance of a mutual spin-flip during an encounter is
low [27]—Px. may accumulate over time [40]:

Vse
Pre = (Pr) (555 ) - 1 - expl-rse + T, 24
where yg is the Rb-Xe spin-exchange (SE) rate and I'x. is the 12°Xe
nuclear spin destruction rate (or, 1/T;*¢). During SEOP, the primary
contributors to I'xe will generally be wall collisions (diffusion
through local field gradients and gas-phase collisions with other
species are expected to provide much weaker contributions
[41,42]). The Rb-Xe spin-exchange is mediated by two-body colli-
sions and three-body complex formations (typically Rb-Xe-N, or
Rb-Xe-Xe [29]). The efficiency of the Rb-Xe polarization transfer
is determined by ysg, given by [29,30,32]:

75e = Rl {2 (50 ) + (00 . 25)

where [Rb]ce; is the Rb number density (typically ~101'-10"/cm?,
dependent upon Te) [27], Yrbxe iS the 3-body SE rate, (ov) is the
velocity-averaged 2-body SE cross-section (in cm?s), and
(1+br)! is a factor that takes into account the use of a binary
Xe/N, gas mixture, where br=(0.275) (N, pressure)-(Xe pres-
sure)~! [28,29] (here N is added to quench unwanted Rb fluores-
cence [30,43] and to collision-broaden the Rb absorption line

[27,44]). The proficiency of spin-exchange under a particular set
of conditions can be monitored via the time constant of the Py
build-up curves (") [29]:

_ ) Vroxe 1
= [Rb]cell {[Xe]cell (1 + br) * <av>} " rxe
= [Rbleey 7" + Txe, (2.6)

where )" comprises both 2-body and 3-body contributions to ysg
(i.e. yse =7 - [Rb]cen), and in principle can be determined from the
slope of a linear plot of I" versus [Rb]ce; (with I'xe as the y-inter-
cept) [29]. Similarly, systematic measurements of )’ values and
Eq. (2.6) should in principle allow discrimination of the respective
contributions from 2-body and 3-body interactions to the overall
spin-exchange rate using [29]:

, Vrbxe <1 ) }
= — | +(ov)}, 2.7
4 {2.48 x 10" cm=3 \Pq o2) @7
where 2.48 x 10'® cm 3 is the number density of 760 torr Xe gas at
296 K, and P, is a dimensionless quantity given by [29]:

()= 15 () 28

A plot of 7 versus P, should result in a straight line; from the
slope, one can calculate the rate yrpxe (using Eq. (2.7)), with the
y-intercept providing the 2-body term ((ov)). The 2-body term
should exceed the 3-body contribution with Xe pressures greater
than a few hundred torr [29].

Finally, Pxe will accumulate over time—reaching steady-state
(from Eq. (2.4)) [40]:

= TSE (P (z, 1)) (2.9)

Pye(t = =
XE( OO) Vsz + FXE

Thus, the steady-state Py, is limited by the volume-averaged Rb
polarization (Pgrp(z,r)), along with the relative magnitudes of ysg
and Txe.

3. Results and discussion

3.1. Dependence of optimal temperature for SEOP (Topr) on xenon
partial pressure

The dependence of the '?°Xe polarization efficiency on the gas
composition and cell temperature was monitored in situ via low-
field NMR. For example, Fig. 1a shows the NMR signal from HP
129%e gas within the OP cell as a function of T for different cell
loadings where the xenon partial pressure was varied, but the total
cell pressure at loading was held constant (each point was taken
following 5 min. of SEOP). The temperature at which the peak
129%e NMR signal was achieved was observed to depend sensitively
upon px.: The optimal temperature (Topr) for SEOP was relatively
high for the lowest Xe partial pressure studied (50 torr), but was
observed to follow a qualitatively inverse relationship with pxe,
shifting smoothly to lower temperatures with increasing Xe partial
pressure (see Fig. 1a inset). Additionally, the increase in signal with
Xe partial pressure indicates that the loss in Px. is more gradual
than the increase in [Xe]e. Indeed, upon division of the low-field
129%e NMR signal in Fig. 1a by pxe (to obtain a relative estimate of
129%e polarization), we observed that Px. is higher at lower pxe (as
expected)—but only near Topr, and not to the degree that would
maintain a constant SCR upon increased [Xe]cey; on the other hand,
at lower cell temperatures Px. peaks at moderate Xe partial pres-
sures (Fig. 1b) [45], in qualitative agreement with Ref. [39].

The above behavior may be compared with that observed upon
varying the in-cell nitrogen partial pressure (pnz), with the Xe
partial pressure held constant at 300 torr (Fig. 1¢). While a small
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increase in '2°Xe NMR signal was observed with higher total cell
pressures®, Topr Was poorly sensitive to changes in py (see Fig. 1c
inset). Similar experiments using a tertiary gas mixture (Xe, No,
and He) also exhibited little variation in Topr, signaling that this opti-
mal temperature effect is most likely due to changes in py. itself, and
not some other aspect of gas composition or density.

3.2. Studies of SEOP efficiency as a function of T..; and xenon partial
pressure

While partially explaining our previously reported results [39]
regarding the uncharacteristically high Px. values at high px. (as
well as low Py, at low px.—note that all data in Ref. [39] were taken
at T =80°C, favoring SEOP performance at higher px. values
according to present data), time-dependent studies of SEOP
dynamics were performed to gain additional insight into the inter-
play of Topr and pxe. Although Py, reaches steady-state with the
local photon flux within a fraction of a second [27], the accumula-
tion of spin polarization in the '?°Xe nuclei is a much slower
process—and can be monitored in situ at low field.

The selected '?°Xe NMR time courses in Fig. 2 provide an
indication of how the xenon polarization dynamics can change
non-trivially under two different circumstances: variable py. but
constant T (90 °C, Fig. 2a); and variable T but constant pye
(500 torr Xe, Fig. 2b). The Py build-up curves were fit to
S(t)=a-[1—exp(-It)] (c.f.Eq. (2.4)), thus parameterizing each
fit by two values: T" (the overall rate constant for Pxe build-up—
equal to ysg+I'xe); and a, the steady-state '?°Xe NMR signal
(=¢[Xelcen - (Pro) - yse - T !, where ¢ is an instrument function).
Contrary to expectations, runs in Fig. 2a with higher py. loadings
exhibited greater Px. build-up rates (higher [Xe]c is expected to
both decrease ysg and increase I'sp); note that these runs were per-
formed at a common (low) temperature, shown in Fig. 1 to favor
SEOP at higher Xe densities under our conditions. Correspondingly,
these curves also exhibit increasing steady-state '2°Xe NMR signal
with increasing Xe partial pressure (indicating that the fall-off in
Px. is much slower than the anticipated rise in Rb spin destruction
from increasing [Xe]cen).

The Pyx. accumulation rate would be expected to rise steeply
with cell temperature (due to rapidly increasing [Rb]cy, which
has a proportional relationship with 7ysg), and indeed this is ob-
served in the fixed-py. curves (Fig. 2b). However, this set of curves
also demonstrates the utility of optical pumping at Topr, as the high-
est steady-state '2°Xe signals were achieved at the optimal cell
temperature for this Xe loading (85 °C for 500 torr Xe). More gener-
ally, larger ysg values should translate to higher Px. values—to a
point: once the Rb density grows too high, poor illumination of
the rear and outer portions of the cell volume will cause the overall
(Pro) to fall [34,46] (as ‘dark’ Rb is essentially unpolarized)—capping
the value of Px. that can be achieved. Moreover, at the highest
temperatures (e.g. >110°C), the strong light absorption caused
by the high Rb density (and likely, lower (Pgp)) can lead to instabil-
ities associated with “rubidium runaway” [34], as increased light
absorption heats up the cell—vaporizing more Rb, increasing the
cell opacity, and decreasing (Pgp) in a self-reinforcing way.

Although there are weak [Xe].-dependent contributions to
gas-phase Xe T; processes [41,42], significant variation in I'ye
values would be unexpected under the range of conditions

3 This observation was likely due simply to increased collision-broadening of the
Rb D, line as the total cell pressure was increased; transmitted laser spectra show
additional light absorption at higher cell pressures. Note that 150 torr of N, (the
lowest amount utilized) should be sufficient to quench Rb fluorescence and radiation
trapping. Any other contributions (e.g., from possible deviations from the current
modeling of pressure-dependent three-body contributions to Rb-Xe spin exchange)
would likely be overshadowed by the pressure-dependent changes to the Rb
absorption profile.
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Fig. 1. (Color online) (a) In situ low-field NMR signal from HP '2°Xe gas as a function
of the cell exhaust temperature (Tcey) for various py.. For all experiments, the cell
was back-filled with N to give a total pressure of ~2000 torr; OP time was 5 min.
Inset: dependence of the optimal temperature for OP (Topr) On pxe, as estimated
from the data in the main figure. (b) Same as (a), but with the low-field '>Xe NMR
signal divided by pxe, to provide relative polarization enhancements. (¢) Same as (a),
but for various py; (for these runs, pxe was held at 300 torr). Inset: Dependence of
Topr ON py;y for corresponding OP runs, showing little discernable dependence (on
either py, or overall cell pressure). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

explored here. Nevertheless, multiplication of the parameters (a
and I') extracted from the Px. accumulation curves and division
by [Xe]en should give a number proportional to (Prp) - Vs
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Fig. 2. (Color online) (a) Selected curves showing the time dependence of the in situ
low-field HP '?°Xe NMR signal during SEOP, shown for various pxe (Teen = 90 °C).
Each dataset is the average of four runs; solid lines are exponential fits as described
in the text. (b) Same as (a), but with variable T and fixed pxe (500 torr). Curve fits
were truncated at the highest T values (=110 °C), due to instabilities likely
caused by ‘rubidium runaway’ effects [34]. (c) Plots of I' multiplied by the
steady-state value of the low-field NMR signal (a), and divided by [Xe]cey (using the
factor: 760 torr/Xe partial pressure, to adjust for the variation in '?°Xe spin density)
giving: €= ¢ - (Prp) - ysg, Where ¢ is an instrument function. Data points are plotted
as functions of pxe. Black squares/dotted line: data points obtained at fixed
Teent = 90 °C; Red circles/solid line: data points obtained at Tcey = Topr. Inset: Same as
main figure, except plotted versus T for fixed pxe (500 torr Xe). Error bars are fit
uncertainties. For all experiments, the cell was back-filled with N, after Xe loading
to give a constant 2000 torr total pressure. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

represented here by the symbol €; thus € essentially provides a
Xe density-normalized figure of merit for SEOP efficiency that is
free of contributions from the '?°Xe nuclear spin-relaxation rate
(Fig. 2c). When performing SEOP at a constant T (90°C), ¢
initially rises with increasing pxe, peaks, and then slowly falls
off at high Xe densities; this trend qualitatively follows the previ-
ously reported, unexpected dependence of Px. on pxe at high Xe
densities [39]. However, when SEOP is performed at each pyx.'s
optimal temperature (Topr), high SEOP efficiency is observed at
low pxe, dropping off smoothly and dramatically with increased
Xe density (i.e. exhibiting the traditionally expected dependence).
As an aside, we note that Topr is not necessarily where the SEOP
efficiency (at least, as represented by ¢ o< sk - (Prp)) is the highest
(Fig. 2c inset): Here, Topr is the temperature at which the steady-
state Py is maximized. But particularly at high temperatures,
Yse > I'xe, causing Pxe(t = 0o) — (Prp) according to Eq. (2.9); thus,
even under conditions where )sg is very high (giving rise to stea-
dily increasing € values), (Pgp)—and by extension Pyx.—can still
suffer from poor cell illumination. In any case, because the factor
¢ is devoid of contributions from Iy, the results in Fig. 2c indi-
cate that the interdependence of pxe. and T that determines
Py is due to some facet of the SEOP process itself (and not, say,
to temperature- or density-dependent changes to '?°Xe spin
relaxation).

In principle, the data from the Py, build-up curves can be fur-
ther analyzed to determine the 2-body and 3-body contributions
to Rb/!'?°Xe spin-exchange and the intrinsic Px. relaxation. By
plotting I" as a function of [Rb].y (here, estimated from literature
vapor-pressure curves [47]), one should obtain a straight line with
a slope equal to )’ (the overall SE cross-section) and a y-intercept
equal to I'x. (Eq. (2.6)). As shown in Fig. 3a, using this approach
with the variable-temperature data (500 torr, Fig. 2b) yields a good
linear fit with y=12x10""cm?®s™! (with fit error of
#4 x 1077 cm®s™'); this value appears to be a reasonable
estimate, with previous measures typically ranging between
~9x 1071 and ~8 x 1077 cm®s~! (depending on gas mixture
and technique—see, e.g. Refs. [27,29,48]). From this fit, I'x. was
found to be ~0.0017 s~!, corresponding to an in-cell *°Xe T; of
~10 min. In principle, repeating the process of determining )’ for
multiple [Xe]cen values should allow the 2-body and 3-body contri-
butions to the spin-exchange rate to be distinguished: Plotting y’ as
a function of 1/P, (see Egs. (2.7) and (2.8)) is expected [29] to result
in a straight line with a slightly increasing slope; one could extract
values for the 2-body (y-intercept) and 3-body (slope) contribu-
tions from a linear fit of such data. Although our data is limited
(see caption), we attempted to replicate this approach to extract
the 2-body and 3-body contributions to }’; however, the expected
dependence was not observed (hindering these efforts). More spe-
cifically, the data appear not only to show overall higher-than-
expected values (at least compared to previous measurements of
the binary SE cross-section (e.g. (ov) ~ 3.7 x 107'® cm®s™' from
Ref. [29]), but also appear to show higher )" values at higher Xe
densities—counter to expectation (as 1/P, is inversely proportional
to pxe)- While the higher-than-expected nature of our 7’ values
could reflect the reliance on vapor-pressure curves to estimate
[Rb]een?, the origin of the unexpected trend is unclear (but the
behavior does appear to be consistent with our overall findings
of high Py values at high xenon densities).

4 For example, laser-heating of the cell (not sufficiently reflected in the measure-
ment of the temperature of the oven’s exhaust air from the cell) could cause a
systematic underestimate of [Rb]. that may grow larger with increasing laser
absorption/cell opacity (i.e., causing the error to grow with increasing ‘actual’
temperature).
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Fig. 3. (Color online) (a) Plots of the time constant for HP 12°Xe polarization build-
up (I") measured at fixed pxe (500 torr Xe) versus [Rb]ce; (estimated from vapor—
pressure curves [47]). Following Ref. [29], a fit to the data (red line) should give a
slope and intercept that correspond respectively to the total spin-exchange cross-
section, 7" (~1.15 x 107°£4 x 1077 cm*®s~") and the in-cell '?*Xe nuclear spin-
relaxation rate, I'xe (~0.00166 s '). (b) Plot of y versus 1/P, (see Egs. (2.7) and
(2.8)) determined for different values of [Xe]e (red dotted line); the point at
P;l = 0.83 (corresponding to 500 torr Xe) was taken from the fit of I" values
obtained at multiple temperatures shown in (a); all other points were obtained by
fitting I" values obtained at two temperatures and using the I'x. from (a) as the
intercept (i.e. assuming no dependence of I'x. on [Xe]cy). The solid line (black) is
the predicted trend [29]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

3.3. High-field measurements of P, following SEOP with high in-cell
Xe densities

The observed pxe/Topr dependence was exploited to achieve
exceptionally high Px. values over a wide range of high in-cell Xe
partial pressures (50-2000 torr) and only ~29 W of frequency-
narrowed laser power. Several series of Rb/'?°Xe SEOP runs were
performed at different temperatures with variable Xe densities,
followed by gas collection and transfer to high field (9.4 T). To bet-
ter illustrate the effect of the pye/Topr interdependence on the SEOP
performance, the Px. data in Fig. 4 are split into two groups accord-
ing to the SEOP cell temperature: ‘hot’ (T =100-110°C) and
‘cold’ (Teey = 85-90 °C). Importantly, the high-field data qualita-
tively reproduce the trends observed in the low-field in situ studies
(Figs. 1 and 2), with higher Py. values achieved at lower T for
higher Xe densities (and vice versa)—yielding a ~2-fold difference
in Py, at the highest Xe loadings. Moreover, while performing SEOP
at lower temperatures resulted in somewhat lower Px. values at
the lowest Xe loadings (<100 torr), the fall-off in Py, with increas-
ing pxe is much more gradual under these conditions—to the point
of being virtually independent of Xe partial pressure above
~1000 torr. Correspondingly, we continued to observe stronger
129%e NMR signals with increasing Xe partial pressures (as shown
in the figure as the product of Px. and px.), thus surpassing the
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Fig. 4. (Color online) Left axis: measurements of Px. obtained following SEOP and
subsequent transfer of HP Xe gas to high field (9.4 T) for various values of px.. Data
as shown are grouped into two different cell temperature ranges: ‘Hot cell’ (orange
dotted line)—Tce; = 100-110°C; and ‘Cold cell’ (blue solid line)—Tee; =85-90 °C
(lines are meant only to guide the eye). Values and error bars correspond to
averages and standard deviations obtained for multiple (typically ~2-5) SEOP runs.
Open symbols correspond to additional (non-optimal) runs performed outside of
the stated temperature ranges. Right axis: corresponding normalized HP '2°Xe NMR
signal intensities (black dashed line; product of Px. - pxe) for each px. under optimal
OP conditions. For all experiments, the cell was back-filled with N, after Xe loading
to give a constant 2000 torr total pressure (exception: runs with 2000 torr Xe
partial pressure contained an additional 600 torr N5). Top: Examples of high-field
(9.4 T) NMR spectra of HP (left) and thermal (right) '>°Xe for px. =300 torr (left:
spectrum from one 6° pulse; right: averaged from 1100 acquisitions with 90°
pulses; calculated enhancement: ~42,900; Px. = ~39%. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

typically expected trend for the signal-to-concentration ratio with
increasing [Xe]cy. In any case, performing SEOP at or near the
respective Topr values yielded average Pyx. values of 52% * 6%,
40% + 8%, 31% £ 6%, 22.3%+1.5%, 12.8%+1.1%, 11.8%+1.0%, and
11.0% + 0.3% for cells loaded with 50, 100, 300, 500, 950, 1400,
and 2000 torr Xe, respectively. To our knowledge, these are the
highest Px. values yet reported at such high [Xe]c values (~0.06
to ~2.6 amagat) for Rb/!'?°Xe SEOP.

4. Summary and conclusions

Using low-field in situ NMR studies of Rb/'?°Xe SEOP, we have
shown that a previously-reported anomalous dependence of Pxe
on the xenon partial pressure observed under our conditions is
the result of an unexpected, inverse relationship between the
xenon density and the optimal cell temperature for SEOP. This
interdependence appears to result directly from changes in the
efficiency of one or more components of the Rb/'??Xe SEOP process
itself (as opposed to changes in the 2°Xe spin-relaxation rate). The
effect was exploited to achieve the highest Px. values yet reported
at such high in-cell Xe densities (to our knowledge). We anticipate
that these results will be relevant to NMR/MRI applications where
significant quantities of highly polarized xenon are required (as
these studies may point to improved HP gas production methods
with greater efficiency, experimental simplicity, or lower cost), as
well as to SEOP approaches employing different experimental con-
figurations, alkali metals, and/or noble gas isotopes. The origin of
the interdependence of Xe pressure and Topr is not yet understood.
While at a very preliminary stage, recent simulations have
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suggested that part (but not all) of the observed effect is a conse-
quence of the high flux and narrow bandwidth of the incident light
used for SEOP. In any case, this effect—along with the respective
roles of laser-offset dependence (to be studied with new tunable
‘on-chip’ VHG-narrowed sources [49]), buffer-gas-induced changes
to the Rb absorption lineshape [44], and the effects of ultrahigh
buffer gas temperatures [50] expected under our conditions—are
subjects of ongoing work.

5. Methods

All Rb/'?°Xe SEOP experiments were conducted using a
‘fixed-frequency’ laser diode array (LDA) production prototype
[39] (‘Comet’; Newport/Spectra-Physics) frequency-narrowed with
integrated VHG. Nominal LDA conditions: driving current:
52 amps; laser output power (at cell): ~29 W; output linewidth:
~0.27 nm; centroid: ~794.66 nm (the laser is specifically driven
to have a ‘blue-side’ spectral offset from the Rb D, line (nominally
794.76 nm) to achieve maximum Py, under these conditions [39]).
The LDA is TEC-cooled and fiber-coupled into a binocular circular
polarizer box (Coherent) to illuminate the OP cell (giving a ~85/
15 straight/angled beam ratio). The non-LDA components of the
apparatus have been described previously [43]. Briefly, the OP
apparatus—centered around a Rosen cell [40] (75 cc inner cell vol-
ume) residing in a Helmholtz coil (HC) pair (22" i.d. ~32 G)—
permits operation in either batch or “stop-flow” mode and allows
for arbitrary gas mixtures/densities of Xe, N, and He. The cell is
supported and positioned with custom (non-magnetic) PTFE cell
mounts and Garolite posts on translation stages. Nominal SEOP
conditions: single-batch-mode OP; binary Xe/N, gas mixture; cell
gas pressures: 50-1400 torr Xe (natural isotopic '?°Xe abundance),
back-filled with N, gas to give ~2000 torr total pressure; and up to
~20 min. OP time. Since our last publication [39], a number of
improvements have been implemented, including a 2” mirror in-
stalled behind the cell to retro-reflect excess transmitted laser light
back into the OP cell; this practice was found to provide up to a
~29% ‘free’ increase in Px. (under nominal conditions; dependent
on Tcell) [45]~

Low-field NMR detection was performed with a Magritek Aur-
ora NMR spectrometer (1?°Xe frequency: 37.5 kHz). Acquisition
was typically performed as follows [45]: after a series of (~300-
500) ‘crusher’ pulses to re-zero Pxe, the laser is unblocked and
the polarization is allowed to accumulate for a set time before a
single 1.25 ms pulse (~52°) is applied via a 1.75”-wide homebuilt
transmit/receive coil pair (residing over the middle quarter of the
inner cell volume) to measure the '?°Xe NMR signal. For studies
of Xe polarization dynamics, shorter pulses (0.6125 ms) were used
to sample the '2°Xe magnetization during SEOP; the cumulative ef-
fect of these pulses (1/min) was separately determined to be equiv-
alent to an additional relaxation contribution to the apparent time
constant governing SEOP (T, see Eq. (2.6)) of ~3.9 x 10~4s~! (c.f.
typical range of I values measured (~2.7 x 1073-1.6 x 1072 s7);
all T values were thus corrected for the effect of the rf pulses by
subtracting this number from the results of all raw fits of the
experimental data). All low-field experiments were performed
without rf/af shielding, and the resulting (magnitude) NMR spectra
were obtained with a significant noise plateau (~20-30 counts).
Correspondingly, each dataset was obtained by averaging four
identical runs following subtraction of the noise plateau, and then
shifted in time (so that the polarization growth began at 0s) and
subsequently fit to S(t)=a- (1 — exp(—It)) to extract I" and the
steady-state '2°Xe NMR signal intensity (a=¢ - [Xe]cen - Prob -
yse - I'1, where ¢ is an instrument function that includes charac-
teristics of the spectrometer and its configuration, and subsumes
all other parameters not explicitly provided).

For high-field NMR measurements, the xenon may be efficiently
collected following OP using a glass liquid-N,-cooled condenser
residing in a ~1500 G field provided by two permanent magnets
(Indigo Inst.); alternatively, the cell contents can be simply ex-
panded into an evacuated stopcock-sealed NMR tube. High-field
129%e NMR spectra were recorded at 9.39 T (110.58 MHz) using a
Varian spectrometer. HP '?9Xe spectra were obtained with a single
1 ps f pulse (o =6.7°); corresponding thermally polarized *°Xe
signals were obtained from the same sample following careful
addition of sufficient O, gas to reduce the ?°Xe T, (to a few s) to
permit signal averaging (o = 90°; typical recycle delay = 20 s).

Note added in proof

Readers may also be interested in recent work from Sheffield
investigating off-resonant Rb/129Xe SEOP with tunable high-
power external-cavity-narrowed LDAs [51].
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