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A B S T R A C T   

We report on hyperpolarization of quadrupolar (I = 3/2) 131Xe via spin-exchange optical pumping. Observations 
of the 131Xe polarization dynamics via in situ low-field NMR show that the estimated alkali-metal/131Xe spin- 
exchange rates can be large enough to compete with 131Xe spin relaxation. 131Xe polarization up to 7.6±1.5% 
was achieved in ∼8.5×1020 spins—a ∼100-fold improvement in the total spin angular momentum—potentially 
enabling various applications, including: measurement of spin-dependent neutron-131Xe s-wave scattering; 
sensitive searches for time-reversal violation in neutron-131Xe interactions beyond the Standard Model; and 
surface-sensitive pulmonary MRI.   

1. Introduction 

Spin exchange optical pumping (SEOP) [1] can polarize macroscopic 
amounts of I=1/2 nuclei like 3He and 129Xe [2–8] to near-unity values 
[9,10] for applications in biomedical imaging, NMR spectroscopy, and 
fluid dynamics [11–13], as well as nuclear/particle physics efforts to 
constrain CPT/Lorentz violations [14–19] and electric dipole moment 
searches [20]. If 131Xe—the other stable xenon isotope with non-zero 
spin—can be sufficiently hyperpolarized, its unique properties may 
enable new envisioned applications, varying from novel tests of funda-
mental symmetries to biomedical imaging (respectively exploiting spe-
cific neutron resonances and contrast mechanisms that are absent with 
129Xe). However, the strong quadrupole moment of I=3/2 131Xe gives 
rise to much faster spin–lattice relaxation (T1) losses with increasing Xe 
density and surface interactions [21–23]. This physics has severely 
constrained the utility of 131Xe for many applications, even when 
employing small amounts (≲1016 spins) of polarized ground state 131Xe 

nuclei [24–28,22,29–35] to understand the atomic physics of the SEOP 
process [24,25], probe gas/surface interactions [26–28,22], study Berry 
geometric phases [29], or perform 129Xe/131Xe comagnetometry 
[32–35]—including searches for axion-like particles [32]; minute 
amounts of polarized 131mXe [36] have also been used to demonstrate a 
new MRI/gamma-ray imaging modality [37]. Although larger amounts 
of hyperpolarized (HP) 131Xe may be produced transiently via cross- 
polarization with HP 129Xe in cryogenic lattices [38], arguably the 
greatest success with bulk production of HP 131Xe to date [23] was part 
of pioneering work by Meersmann and co-workers to hyperpolarize 
quadrupolar noble gases via SEOP [39–42]. They reported 131Xe po-
larizations of 2.2%, 0.44%, and 0.026% at 9.4 T for 0.075, 0.3, and 
1.4 bar Xe, respectively, following gas separation from a ∼72 mL SEOP 
cell [23]. 

Here we investigate the preparation of hyperpolarized 131Xe using 
isotopic enrichment, next-generation spectrally-narrowed laser diode 
arrays, and in situ low-field NMR to permit real-time observation of 
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polarization dynamics and SEOP optimization. The resulting alkali- 
metal/ 131Xe spin-exchange rates were found to be comparable to the 
rapid 131Xe spin relaxation rates in glass cells (estimated using a model). 
131Xe polarization values as high as 7.6%±1.5% were achieved at 0.37 
amagat1 in a 0.1 L cell (N = 8.5 × 1020 131Xe spins). This approach, here 
yielding a ∼100-fold improvement in PXeN (where PXe is the nuclear 
polarization and N is the number of polarized 131Xe nuclei), has since 
enabled the first measurement of the spin-dependent scattering length of 
polarized neutrons from polarized 131Xe nuclei [43]. We conclude this 
paper with a brief discussion of potential applications, including surface- 
sensitive biomedical imaging and searches for time-reversal invariance 
violation (TRIV) in polarized neutron transmission at the 3.2 eV p-wave 
neutron-nucleus resonance in polarized 131Xe. As detailed in the Sup-
plemental Information (SI) document, such an experiment could 
discover new TRIV sources beyond the Standard Model. 

2. Experimental methods 

All SEOP cells were custom-made from Pyrex by Mid-Rivers Glass-
blowing (Saint Charles, MO), with stopcock assemblies (Chemglass) 
welded as side-arms to permit loading of contents; Fig. 1A. Unless stated 
otherwise, all data were taken from uncoated cylindrical (2″ × 2″, i.e. 
5.08 cm i.d. × 5.08 cm long) cells (V≈103 cm3); the lack of hydrophobic 
coatings, combined with the cell geometry (i.e. with reduced S/V ratio) 
and high cell temperatures, helped minimize 131Xe relaxation contri-
butions from surface interactions. Fig. 1A also shows a “standard” 10″ 
long cell (500 cc [9,10]). Cells were loaded with a small droplet (few 
hundred mg) of either Rb or Cs in an N2-atmosphere glovebox. A thin 
alkali metal film was distributed on the cell’s side walls with a heat-gun. 
Cells were then loaded with gas (unless stated otherwise, 300 torr 
isotopically enriched 131Xe (84.4%, Berry and Associates/ Icon Isotopes) 
and 300 torr ultrapure N2). 

A given cell was mounted in either a 3D-printed polycarbonate [44] 
or home-built Garolite forced-air oven (Fig. 1B,C); maximum tempera-
tures were 135 ◦C and 225 ◦C, respectively. Cell temperature was 
monitored using a thermocouple fixed to the exterior cell wall using 
Kapton tape, providing feedback for a temperature controller. The oven 
was mounted within the homogeneous region of the magnetic field 
generated by a 22″ Helmholtz coil (HC) pair (Fig. 2). 131Xe or 129Xe 
polarization was monitored in situ using a low-field NMR spectrometer 
(Magritek Aurora, nominal 131Xe NMR frequency: 20.9, 46, or 66 kHz, 
corresponding to magnetic fields of approximately 60, 130, or 190 G, 
respectively) connected to a 1″ diameter surface RF coil mounted to the 
bottom of the cell (Fig. 2). 

For most of the work presented here, optical pumping was performed 
using one of three lasers tuned to the D1 line of Rb (794.8 nm) or Cs 
(894.3 nm). Each design uses volume holographic gratings to spectrally 
narrow the laser output. Before being directed into the SEOP cell, the 
output of each laser was expanded and rendered circularly polarized 
using a polarizing beam-splitter cube and quarter-wave plate. For Rb, 
the first laser was a ∼150 W microchannel-cooled (MCC) laser (QPC 
Lasers) with spectral width (defined by the full width half maximum, 
FWHM) of 0.29 nm. When the Rb/131Xe cell was first created, it was 
found that this laser deposited too much heat into the cell for stable 
SEOP above ∼90 ◦C; thus, the laser’s optical train was fitted with a 3″ 
expander and the widened beam was partially blocked with a 1.75″ 
(4.4 cm) aperture, reducing the power on cell to ∼100 W. Later Rb/131Xe 
SEOP experiments were performed with an Ultra-500 QPC laser with 
FWHM of 0.18 nm operated between 130–145 W (2″ (5.1 cm) beam 
diameter). All reported Cs/131Xe experiments used an OptiGrate ultra- 

narrow laser with ∼50 pm FWHM (power on cell: ∼50 W). 
For some experiments, the spectral profile of near-IR light trans-

mitted through the cell was monitored via fiber optic mounted behind a 
retro-reflecting mirror. The fiber optic was connected to an Ocean Optics 
near-IR spectrometer (HR2000 or HR4000, ∼0.04 nm resolution). 
Please see Refs. [7,45] for other apparatus details. 

3. Results and discussion 

3.1. 131Xe polarization dynamics 

Figs. 3(a,b) show time-dependent in situ 131Xe NMR spectra during 
SEOP with Rb (a) or Cs (b). Use of isotopically enriched 131Xe and high 
resonant photon fluxes enabled single-shot 131Xe detection, improving 
on previous work [46] and permitting optimization of 131Xe SEOP and 
monitoring of 131Xe polarization dynamics as a function of temperature 
for each metal (Figs. 3(c,d)). The signals were fit to 
S(t) = S0[1 − exp( − tΓSEOP)] to extract the polarization rate constant for 
each curve, ΓSEOP. 

Resulting ΓSEOP values (Fig. 4(a)) have contributions from alkali- 
metal/ 131Xe spin-exchange and 131Xe nuclear spin relaxation: 
ΓSEOP=γSE+ΓXe(131), where γSE is the spin-exchange rate and 
ΓXe(131)=1/T1(131Xe). As with 129Xe, higher alkali metal densities (i.e. 
higher cell temperatures) increase 131Xe polarization rates according to 
the relation γSE=γ′[Rb], where γ′ is the effective spin-exchange cross 
section [47]. Here, we are interested in three specific aspects: (1) the 
absolute magnitude of the spin-exchange rates—and if possible, the 
magnitudes of the SE cross-sections themselves—for 131Xe (and their 
relative sizes compared to corresponding rates of relaxation for 131Xe 
and spin-exchange for 129Xe), to determine the viability of using SEOP to 
prepare bulk hyperpolarized 131Xe for envisioned Neutron Optics Parity 
and Time Reversal EXperiment (NOPTREX) efforts [48] or other appli-
cations; (2) to inform future modeling of 131Xe SEOP; and (3) to compare 
the spin exchange attained with a given alkali metal. 

Aspects of nuclear spin relaxation and SEOP of different xenon iso-
topes have long been of fundamental interest (e.g. Refs. 
[23,49,50,24,25,1,51,52,31,36,47,53–55]). As early examples, Volk 
and co-workers [24,25] pointed out that one can use the theory of 
Herman [50]—originally developed to calculate contributions to Rb/gas 
spin exchange from scalar versus classical dipolar hyperfine inter-
actions—to predict the ratio of spin-exchange cross sections (and hence, 
the relative sizes of spin-exchange rates) for a given alkali metal with 
131Xe versus 129Xe: 

γ′
I

γ′
K
=

I(I + 1)γ2
I

K(K + 1)γ2
K
≈ 2.28, (1)  

where I,K are the nuclear spins and γI(K) are the corresponding gyro-
magnetic ratios. Thus while simplistic, this would predict ∼2-fold lower 
spin-exchange rates for 131Xe versus the now-better-characterized 
values for 129Xe (e.g. Refs. [1,49,51,52,56,47,57,58]). Yet Volk and 
co-workers reported an experimental γ′ value for Rb/131Xe (in cells with 
only 0.5 torr of enriched 131Xe) that was ∼16-fold smaller than that 
measured (separately) for Rb/129Xe—an initial result that was ratio-
nalized as possibly originating from a hypothesized additional (e.g. 
quadrupolar) interaction that reduces the efficiency of spin exchange for 
131Xe [24]. However, later experiments from the same group and by 
Mehring and co-workers (who studied gases with somewhat higher 
densities—13 mbar and 150 mbar of Xe and N2) indicated ∼4-fold and 
∼8-fold ratios, respectively [25,22]). 131Xe spin-exchange rates are 
practically important for the envisioned TRIV experiments: Given the 
much greater relaxation rates for 131Xe versus 129Xe, a large concomitant 
reduction in γSE values could impact the feasibility of bulk hyper-
polarized 131Xe production. 

1 1 amagat (amg) = 2.6873× 1019 cm3, equal to the number density of an 
ideal gas at 0 ◦C and 760 Torr. 
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3.2. Modeling 131Xe spin relaxation to obtain spin-exchange rates 

Extracting γSE values from 131Xe polarization dynamics is 
confounded by the inability to independently measure ΓXe(131) and its 
large size relative to γSE (compared to the case of 129Xe). Guided by 
previous efforts [21,23,22,24–27,30,53–55]), we constructed a model of 
gas-phase 131Xe relaxation (see SI document for more details). Following 
Anger et al.’s formulation for 129Xe [55], we may also write for 131Xe: 

ΓXe = Γt +Γp +Γw (2)  

= α[Xe] + β(B0, T)χ′
Xe +Γw, (3)  

where Γt, Γp, and Γw are the contributions from transient (binary) Xe-Xe 
collisions, persistent Xe-Xe dimers (the three-body term), and wall col-
lisions, respectively; α and β are the corresponding relaxation rate 
constants from transient and persistent Xe dimers, [Xe] is the xenon 
density in amagats, and χ′

Xe is effectively a Xe “reduced mole fraction”: 

χ′
Xe =

[Xe]
[Xe] + r[N2]

, (4)  

where r = 0.51 is a ratio quantifying the relative efficiency with which 
N2 breaks up persistent Xe-Xe dimers compared to that of Xe itself 
(assuming our binary gas mixture, and that the N2 r value is the same for 
131Xe as 129Xe [55]). 

For 129Xe, Γt and Γp are dominated by the spin-rotation interaction, 
with a Γp contribution coming from chemical-shift anisotropy (CSA). 
Whereas Γt depends on [Xe], Γp is independent of [Xe] and instead de-
pends on the mixture’s Xe fraction. Γw arises from dipolar interactions 
between 129Xe and surface spins and is not expected to have a depen-
dence on [Xe], but should be proportional to the container’s surface-to- 
volume ratio (S/V) and have an exponential temperature dependence. 

Unlike 129Xe, 131Xe spin relaxation is dominated by interactions 
between the nucleus’s quadrupole moment and local electric field 

Fig. 1. (A) Front and top views of a 2″ × 2″ cell (a) used in this work; a 2″ × 10″ (0.5 L) cell (b) typically used in our 129Xe hyperpolarization experiments is shown for 
comparison. (B) A 2″ × 2″ cell mounted in the Garolite oven. (C) Assembled Garolite (left) and 3D-printed polycarbonate (right) forced-air ovens, containing 3″ × 3″ 
and 2″ × 10″ cells, respectively. 

Fig. 2. (Top) CAD drawing of the SEOP apparatus, here with the 2″ cell (gray 
cylinder) mounted in the polycarbonate 3D-printed forced air oven (white) and 
a QPC laser with mounted beam-expanding/ polarizing optics (silver, right). 
The HC pair is shown in red. (Bottom) Top-view close-up of the interior of the 
3D-printed oven, showing the 2″ cell mounted near the rear, in the most ho-
mogeneous region of the magnetic field. A thermocouple (orange wire) is 
mounted above the stem with Kapton tape (yellow); the surface detection coil is 
shown as beneath the transparent cell. A retro-reflecting mirror is mounted 
within the rear wall of the oven (dark gray, left). 
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gradients. Nevertheless, their fluctuations are modulated by the same 
types of collisions, giving rise to the same overall contributions in Eq. 
2—albeit with far greater rates. For Γt = α[Xe], α is 3.96×10− 2 s− 1, 
giving a 131Xe T1 of only 68 s from that contribution alone at 300 torr Xe 
(0.37 amagat) [21,59], compared to hours for 129Xe. We also assume 
that Γw(131) will be independent of gas mixture [55] but will have the 
same qualitative dependence on T and S/V as Γw(129) [22,23]. 
Accordingly, we also expect that β will depend on T and B0 (but will be 
independent of [Xe] [23])—such that faster relaxation contributions 
will likely be observed at higher fields and lower temperatures. To 
obtain estimates for Γp and Γw, we examined ΓXe(131) measurements 
[23] with varying Xe fraction. Subtraction of Γt allows the residual 
relaxation rate to be plotted as a function of χ′

Xe (see SI document), and 
values of β=0.140 and Γw=0.0302 s− 1 were obtained for T = 290 K, 
B0=9.4 T from a linear fit. Data from [23] obtained during SEOP, 
combined with 131Xe surface relaxation measurements [22] modeled 
with an Arrhenius temperature dependence, allowed extrapolation of Γp 

and Γw(T) to our conditions, giving β=0.036 and Γp=β⋅χ′
Xe=2.4× 10− 2 

s− 1 (Fig. 2(a)). Under our conditions (and unlike often with 129Xe), the 
“intrinsic” (Γp+Γt) contributions are predicted to dominate, and Γw can 
be negligible; Γw can become significant when S/V is much larger, T is 
lower, and/or the surface adhesion energy is larger (e.g. with hydro-
phobic surfaces) [22,23]. 

Subtraction of ΓXe(131) from ΓSEOP values in Fig. 4(a) permitted 
corresponding spin-exchange rates (γSE) with 131Xe to be estimated for 
each alkali metal and at each temperature (Fig. 4(b)). Over this 

temperature range, the spin-relaxation rate is predicted to be nearly flat, 
whereas the spin-exchange rate should increase exponentially with 
[AM]. In principle (and as discussed in the SI document), this analysis 
can be taken a further step by plotting such γSE values versus the density 
for each alkali metal [AM] to yield an effective 131Xe/AM spin-exchange 
cross-section (γ′) for each case [47]. However, the easiest way to change 
the alkali metal vapor density is to change the temperature, and this 
approach tends to neglect any other temperature-dependent contribu-
tions to the dynamics. Moreover, such an approach is further compli-
cated here by: (1) the fact that the present data does not have direct 
measurements of [AM], requiring instead that the [AM] values be esti-
mated from literature vapor-pressure curves [60]; and (2) the deviations 
from linear γSE behavior over the entire temperature range (Fig. 4(b)— 
particularly the lowest-temperature point with Rb2). Thus, such results 
should be treated only as rough estimates. Doing so yields values of 
γ′(Rb/131Xe)∼5×10− 15 cm3⋅s− 1 and γ′(Cs/131Xe)∼1–2×10− 15 cm3⋅s− 1 

respectively. These values are discussed in greater detail in the SI 

Fig. 3. (a,b) Single-scan in situ low-field 131Xe NMR spectra acquired at 20.9 kHz, 105 ◦C at each delay time (τ) for Rb (a) and Cs (b). Here, τ values are fixed delay 
times between the re-zeroing of the 131Xe magnetization and the NMR signal acquisition for a given data point; specific values are given at the top of (a,b). (c,d) 131Xe 
polarization dynamics curves from SEOP with Rb (c) and Cs (d) generated by fitting the integrated 131Xe NMR signal (average of 24 scans, see SI document) at each τ 
to the exponential function: S(t) = S0[1 − exp( − tΓSEOP)]. 

2 While the Rb/131Xe 75 ◦C data set did have the lowest SNR, the origin of its 
anomalous behavior is unclear. Although higher ΓXe(131) rates (and hence, 
total ΓSEOP values [24,22]) are indeed expected at lower temperatures (tending 
to endow a shallow, asymmetric ‘u-shape’ to such graphs), neither the point’s 
large absolute value nor its difference from the corresponding point in the Cs 
data set can be explained by the ΓXe(131) temperature dependence. One 
possible explanation could arise from an unexpectedly high AM density (e.g. 
possibly owing to direct laser heating of Rb during that earlier run). 
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document, but are in rough agreement with expectation based on no 
more than a few-fold reduction in spin-exchange for 131Xe compared to 
129Xe. Indeed, as shown in Fig. 4(b), the 131Xe spin-exchange rates for 
both Cs and Rb under our conditions appear to be high enough to 
compete with 131Xe auto-relaxation and allow significant 131Xe PXeN 
values—even at relatively high Xe densities. 

3.3. Measurements of 131Xe nuclear spin polarization 

Determining the absolute 131Xe polarization PXe from this first 
dataset was confounded by the large difference in gyromagnetic ratios 
for 131Xe versus the thermally polarized reference (1H in water). Indirect 
comparisons through a third nucleus (HP 129Xe) allowed PXe to be 
initially estimated at ∼1–10%. To measure PXe, a second set of experi-
ments was performed using the Rb cell. First, measurements of the 131Xe 
NMR signal as a function of laser wavelength found that the polarization 
was generally higher when the laser centroid was red-shifted from the 
Rb D1 absorption maximum (Figs. 5(a,b))—consistent with previous 
129Xe results when using a spectrally narrowed laser in the power- 
limited regime [61]. Lower-than-expected 131Xe signals—despite the 
higher RF frequency (46 kHz) and elevated cell temperatures compared 

to the first dataset—were found to result from Rb loss from the cell’s 
optical region, giving greatly reduced spin-exchange rates (see SI 
document). The cell was then washed and used as a secondary thermally 
polarized water reference, allowing its matched geometry to reduce 
systematic errors in PXe. The ability to detect NMR signals from HP 131Xe 
and 1H from thermally polarized water at the same frequency (at ∼13 
and ∼1.1 mT, respectively) allowed PXe to be measured as a function of 
offset wavelength (Fig. 5)) and cell temperature (Fig. 5(c)), with PXe 
peaking at 2.17%±0.39% for this second dataset. 

Measurements of other relevant systematics (see SI document) 
determined PXe values from the first dataset (Fig. 5(c)). Under conditions 
for the dynamics experiments in Fig. 3, PXe values of up to 3.4±0.7% and 
3.8±0.7% were measured for Rb/Xe and Cs/Xe SEOP, respectively. Even 
greater values were measured under higher-temperature conditions of 
“Rb runaway” ([4,62,63] wherein laser heating causes positive feedback 
with Rb density), reaching values as high as PXe=7.6%±1.5%. This value 
corresponds to a ≳102-fold improvement in PXeN over previous efforts. 

To help achieve these results, key improvements in our experiment 
have included: (1) using high-powered, spectrally narrowed laser sour-
ces, which dramatically increased the resonant photon flux (by roughly 
an order of magnitude or more); (2) in situ low-field NMR detection, 
which allowed the SEOP conditions to be found that gave the greatest 
131Xe polarization; (3) using a “square cylinder” (i.e. length = diameter) 
cell, a design which not only minimizes a cylinder’s S/V 
ratio—mitigating surface-induced 131Xe relaxation—but its shallow 

Fig. 4. (a) 131Xe SEOP rate constants, ΓSEOP, versus temperature for both Rb/Xe 
(black) and Cs/Xe (red); estimated 131Xe spin relaxation contributions are 
plotted for comparison (see SI document). (b) 131Xe/Rb (black) and 131Xe/Cs 
(red) spin-exchange rates (γSE), after subtraction of the estimated contributions 
from ΓXe(131) (magenta) from the SEOP rate constants plotted in (a). Error bars 
are uncertainties from the curve fits in Fig. 3. 

Fig. 5. (a) Near-IR spectra for the SEOP laser transmitted through the Rb cell 
when at room temperature (dotted) and at 180 ◦C (with magnet on, solid lines) 
as the laser is tuned by varying the LDA temperature, as well as corresponding 
power measurements (black circles/ line). (b) PXe (squares) and Rb polarization 
values (triangles, estimated from laser transmission variations with field cycling 
[7]) for each laser centroid wavelength. (c) Absolute PXe values as a function of 
cell temperature for both datasets; open icons are single-point acquisitions 
taken under conditions of. “Rb runaway”. 

M.J. Molway et al.                                                                                                                                                                                                                             



Journal of Magnetic Resonance 354 (2023) 107521

6

depth also provided better through-cell illumination; and (4) use of a 
rich (50%) Xe gas mixture with enriched 131Xe but low (<1 atm) total 
pressure. Indeed, many of these features acted synergistically to further 
improve the 131Xe polarization. For example, we note that the use of 
enriched 131Xe was enabling for these experiments, as it helped provide 
sufficient detection sensitivity for real-time in situ low-field NMR for 
131Xe SEOP optimization; however, it directly accounted for only a 
factor of ∼4 of the overall improvement in PXeN. Moreover, the high 
resonant laser flux permitted operation at relatively high 131Xe density 
but low total pressure (obviating the need to further pressure-broaden 
the alkali metal absorption line); combined with the shallow cell 
depth, it also allowed SEOP at higher temperatures, providing illumi-
nation to achieve sufficient alkali metal polarization at at higher alkali 
metal densities (increasing the spin-exchange rate) while further mini-
mizing surface-induced 131Xe relaxation. Finally, while it is expected 
that higher cell temperatures should improve Xe polarization (to a point 
[63]), in situ NMR allowed us to find our highest 131Xe polarization 
values under conditions of “Rb runaway”, an unexpected 
result—particularly since such conditions are generally considered 
detrimental to 129Xe SEOP [4,62,63]. 

To improve this experiment, employing a metal heating jacket 
should enable more stable SEOP control at high cell temperatures [64]. 
Moreover, given that these experiments are almost certainly photon- 
limited, further improvements in PXeN should be possible with higher 
incident laser powers—particularly when combined with better tem-
perature control. 

4. Conclusion 

We have optimized SEOP to polarize 8.5 × 1020 131Xe nuclei to 
7.6%±1.5%, a ≳102-fold improvement in PXeN over previous efforts. 
Such a value of PXe*N is large enough to conduct a sensitive search for 
TRIV in neutron-131Xe scattering and has already enabled the first 
measurement of neutron-131Xe pseudomagnetic precession [43]. These 
results may inspire further improvements in SEOP polarization of other 
quadrupolar noble gas isotopes (e.g. 83Kr [42] and 21Ne [65]), with 
applications ranging from medical imaging to searches for CPT/Lorentz 
violation. Higher PXeN using more laser power delivered over larger 
volumes will benefit neutron TRIV searches, the motivations and pros-
pects of which are discussed in greater detail in the SI. Another 
intriguing potential application is pulmonary imaging with HP 131Xe, 
with its surface-selective relaxation potentially providing orthogonal 
contrast to that of HP 129Xe as shown for HP 83Kr [42]. However, before 
such biomedical applications can be realized, a number of technical 
challenges must first be overcome. First, while the present PXeN levels 
might be sufficient for low-resolution studies in small-animal models, 
they would likely need to be increased by over an order of magnitude for 
human studies. Next, whereas the envisioned neutron-science applica-
tions would likely involve probing the HP 131Xe within its SEOP cell, for 
biomedical applications it would of course have to be transferred to the 
subject. Unlike the case with HP 129Xe, HP 131Xe cannot be cryo- 
collected, as the 131Xe T1 in condensed phases is generally on the ms 
timescale [23] (which would also preclude direct observation of 
dissolved-phase resonances); moreover, as discussed above the 131Xe T1 

is generally short even in the gas phase. In the previous HP 131Xe ex-
periments of Meersmann et al. [23], gas samples were ejected through a 
filter into an evacuated container in order to allow detection of the HP 
gas at high field. Similarly for pulmonary imaging applications, to save 
time the hyperpolarizer would likely need to eject a large volume of the 
Xe gas mixture while hot, with an in-series alkali metal condenser that 
could rapidly remove all of the metal atoms while cooling the gas to 
enable in vivo administration. Lastly, the optimal SEOP conditions for 
131Xe SEOP (temperature, gas mixture, etc.) are not the same as those for 
129Xe, which presents challenges for hyperpolarizer design and 

operation (not to mention the vastly different MR resonance frequencies 
for 131Xe versus 129Xe). 

Potential biomedical developments would likely benefit from further 
studies of differential 131Xe relaxation (perhaps incorporated into the 
relaxation model provided here) in the presence of hydrophobic versus 
hydrophilic surfaces—particularly in the context of lung pathologies 
[42]. For example, through the surface quadrupolar relaxation 
(SQUARE) effect [42,66], 131Xe may be able to detect pathological tis-
sues through changes in surface adhesion, or highlight regions with 
reduced surface area (e.g. alveolar surfaces lost to COPD [66]). Near- 
simultaneous ventilation imaging with HP 129Xe may also enable 
ratiometric quantification of such contrast. Importantly, HP 129Xe was 
recently approved by the FDA for clinical pulmonary imaging. Given its 
relatively high natural abundance (21.2%), the presence of 131Xe in 
xenon gas mixtures thus offers the possibility of using HP 131Xe/129Xe as 
a readily available “dual reporter” contrast agent. Towards this end, we 
are currently studying the feasibility of simultaneously polarizing and 
detecting 131Xe and 129Xe in a clinical-scale xenon hyperpolarizer [67]— 
efforts that will be reported in due course. 
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runaway in a direct-infusion xenon-spin hyperpolarizer optimized for high- 
resolution hyper-CEST (chemical exchange saturation transfer using 
hyperpolarized nuclei) NMR, J. Chem. Phys. 140 (8) (2014) 084203. 

[63] P. Nikolaou, A.M. Coffey, K. Ranta, L.L. Walkup, B.M. Gust, M.J. Barlow, M. 
S. Rosen, B.M. Goodson, E.Y. Chekmenev, Multidimensional mapping of spin- 
exchange optical pumping in clinical-scale batch-mode 129Xe hyperpolarizers, 
J. Phys. Chem. B 118 (2014) 4809–4816. 

[64] J.R. Birchall, P. Nikolaou, A.M. Coffey, B.E. Kidd, M. Murphy, M. Molway, L. 
B. Bales, B.M. Goodson, R.K. Irwin, M.J. Barlow, et al., Batch-mode clinical-scale 
optical hyperpolarization of xenon-129 using an aluminum jacket with rapid 
temperature ramping, Anal. Chem. 92 (6) (2020) 4309–4316. 

[65] R.K. Ghosh, M.V. Romalis, Measurement of spin-exchange and relaxation 
parameters for polarizing 21Ne with K and Rb, Phys. Rev. A 81 (4) (2010) 043415. 

[66] D. Lilburn, C. Lesbats, J. Six, E. Dubuis, L. Yew-Booth, D. Shaw, M. Belvisi, 
M. Birrell, G. Pavlovskaya, T. Meersmann, Hyperpolarized 83Kr magnetic 
resonance imaging of alveolar degradation in a rat model of emphysema, J.R, Soc. 
Interface 12 (2015) 20150192. 

[67] J.R. Birchall, R.H. Chowdhury, P. Nikolaou, Y.A. Chekmenev, A. Shcherbakov, M. 
J. Barlow, B.M. Goodson, E.Y. Chekmenev, Pilot quality-assurance study of a third- 
generation batch-mode clinical-scale automated xenon-129 hyperpolarizer, 
Molecules 27 (2022) 1327. 

M.J. Molway et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S1090-7807(23)00156-8/h0045
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0045
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0045
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0045
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0050
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0050
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0050
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0055
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0055
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0060
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0060
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0065
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0065
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0065
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0070
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0070
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0070
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0075
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0075
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0075
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0080
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0080
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0080
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0080
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0085
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0085
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0085
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0085
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0090
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0090
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0090
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0095
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0095
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0100
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0100
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0100
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0100
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0105
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0105
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0110
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0110
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0110
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0115
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0115
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0120
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0120
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0120
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0125
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0125
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0130
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0130
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0135
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0135
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0135
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0140
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0140
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0145
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0145
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0150
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0150
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0150
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0155
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0155
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0155
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0160
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0160
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0160
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0160
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0165
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0165
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0165
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0170
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0170
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0170
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0175
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0175
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0175
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0180
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0180
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0180
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0185
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0185
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0185
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0190
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0190
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0190
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0195
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0195
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0195
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0200
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0200
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0200
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0205
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0205
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0210
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0210
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0210
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0210
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0215
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0215
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0215
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0215
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0220
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0220
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0220
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0225
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0225
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0225
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0235
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0235
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0235
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0240
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0240
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0240
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0240
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0245
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0245
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0245
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0250
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0250
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0255
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0255
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0260
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0260
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0265
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0265
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0270
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0270
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0275
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0275
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0280
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0280
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0280
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0280
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0285
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0285
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0285
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0290
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0290
http://steck.us/alkalidata
http://steck.us/alkalidata
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0305
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0305
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0305
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0305
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0310
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0310
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0310
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0310
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0315
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0315
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0315
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0315
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0320
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0320
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0320
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0320
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0325
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0325
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0330
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0330
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0330
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0330
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0335
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0335
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0335
http://refhub.elsevier.com/S1090-7807(23)00156-8/h0335

	Dramatic improvement in the “Bulk” hyperpolarization of 131Xe via spin exchange optical pumping probed using in situ low-fi ...
	1 Introduction
	2 Experimental methods
	3 Results and discussion
	3.1 131Xe polarization dynamics
	3.2 Modeling 131Xe spin relaxation to obtain spin-exchange rates
	3.3 Measurements of 131Xe nuclear spin polarization

	4 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary material
	References


