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High-volume production of hyperpolarized 129Xe by spin-exchange optical pumping (SEOP) has

historically fallen short of theoretical predictions. Recently, this shortfall was proposed to be

caused by the formation of alkali metal clusters during optical pumping. However, this hypothesis

has yet to be verified experimentally. Here, we seek to detect the presence of alkali particles using

a combination of both transmission (TEM) and scanning (SEM) electron microscopy. From TEM

studies, we observe the presence of particles exhibiting sizes ranging from approximately 0.2 to

1 lm and present at densities of order 10 s of particles per 100 square microns. Particle formation

was more closely associated with extensive cell usage history than short-term (�1 h) SEOP expo-

sure. From the SEM studies, we observe pits on the cell surface. These pits are remarkably smooth,

were frequently found adjacent to Rb particles, and located predominantly on the front face of the

cells; they range in size from 1 to 5 lm. Together, these findings suggest that Rb particles do form

during the SEOP process and at times can impart sufficient energy to locally alter the Pyrex sur-

face. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4991642]

I. INTRODUCTION

Hyperpolarized (HP) noble gases have been widely applied

to fields, including testing fundamental symmetries,1 investigat-

ing surfaces and materials,2 studying cells and biomolecules,3

novel biosensing,4 and functional magnetic resonance imaging

(MRI) of the lung and other organs.5 Recently, limitations in
3He supply have driven a transition towards using 129Xe for

clinical MRI.6 However, this application requires both high

polarization levels and high throughput in order to meet the rig-

orous scheduling demands of a clinical setting.7

129Xe is most efficiently polarized using spin-exchange

optical pumping (SEOP).9 By this process, the valence elec-

trons of an alkali metal (commonly rubidium) are spin-

polarized by the selective absorption of angular momentum

from circularly polarized, D1-resonant photons. The polarized

Rb atoms then collisionally impart their spin angular momen-

tum to the 129Xe nuclei. In addition to atomic Rb vapor and

Xe gas, the SEOP environment typically contains 4He gas to

pressure-broaden the alkali D1 absorption cross-section and

N2 gas to efficiently quench the emission of photons that

would otherwise be emitted by excited-state Rb atoms with

random helicity.10 A typical polarizer seeks to maximize

polarization and throughput by using a high-power laser tuned

to the 795-nm Rb D1 resonance, while a mixture lean in

xenon flows continuously through the SEOP cell. Under these

conditions, high alkali number density enables rapid colli-

sional spin exchange to 129Xe, which is subsequently

extracted from the He and N2 buffer gases cryogenically.11

Theoretically, the rate at which polarized photons are

converted to 129Xe nuclear spins is described by the photon

efficiency. This metric is defined as the fraction of absorbed

photons that are successfully converted into 129Xe nuclear

spins and was recently calculated for the common binary and

short molecular lifetime regime by Norquay et al. to be

3.9%.12 This suggests that every watt of laser light absorbed

in the SEOP cell should produce �21 standard mL h–1 of

polarized 129Xe. Thus, to polarize volumes of order liters/

hour, one needs to use laser powers of order 100 W. In com-

bination with lean Xe mixtures, the theory predicts this pro-

duction rate should be attained with polarizations exceeding

70%–80%. However, with the exception of some outlying,

very high polarizations reported in static cells operating at

low laser absorption (and thus, slow production rate),13,14

most SEOP systems fall short of theoretically predicted per-

formance by a factor of 2–4 when larger amounts of light are

absorbed in efforts to accelerate production.

The under-performance of flow-through 129Xe polarizers

was recently characterized and compared to the predictions

of a basic theoretical SEOP model.15 To explain the

observed discrepancy in both 129Xe polarization and produc-

tion rate across a broad range of optical pumping conditions,

it was proposed that activated nanoscale Rb clusters, such as

those described by Atutov et al.,16 formed during high-

power SEOP and undermined the efficiency of the process.

These clusters were postulated to form in proportion to

excited-state Rb density and to adversely affect SEOP by
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increasing Rb spin destruction, enhancing 129Xe spin relaxa-

tion, and causing wasteful scattering of incident optical

pumping laser light. When the effects of such hypothetical

clusters were incorporated into the SEOP model, the pre-

dicted performance metrics agreed to a remarkable extent

with experimental results. Although this approach success-

fully brought modeling and experiment into agreement, clus-

ters had not yet been directly observed by experiment.

Here, we seek to address this gap by directly searching

for such clusters and their effects on cell surfaces ex situ,

using a combination of transmission (TEM) and scanning

(SEM) electron microscopies.

II. METHODS

A total of ten standard 300 cc SEOP cells containing

�1 g of Rb were evenly divided for TEM and SEM studies.

In the TEM study, two cells served as controls and under-

went the standard flow-through procedure used during hyper-

polarization, without being illuminated by the laser, and thus

without optical pumping. Aside from this difference, all cells

were exposed to the same SEOP environmental parameters:

the gas mixture was 1% Xe, 10% N2, and 89% He; the typi-

cal pressure was �6 atm; the typical flow rate was �1.7

SLM; and the typical oven temperature was �150 �C as mea-

sured on the exterior glass surface of the cell. All other cells

were illuminated with approximately 90 W of laser light,

spectrally narrowed to �0.3 nm FWHM and tuned to

795 nm, the Rb D1 transition.

The characteristics of the five cells used for TEM studies

are listed in Table I. This group of cells consisted of 3

heavily used (A, B, and C) and 2 new (D and E) cells. Each

underwent the flow-through hyperpolarization procedure

with the laser either on or off, as described in Table I. Used

cells had a previous service life of greater than 100 h of

SEOP. In each cell, one or more Formvar-coated TEM grids

with a 200 mesh (Electron Microscopy Science-FCF200-

CU-TB) were inserted via the outlet tube of the cell. During

insertion, a flow of ultra-high purity (UHP) nitrogen was

maintained through the cell to prevent contamination. The

constant nitrogen flow, although not delivered in a glove

box, was directed through the cell outlet (into which the

grids were placed) and maintained throughout to prevent any

atmospheric contaminants from entering the cell. Grids were

placed as close as possible to the front face of the cell and

away from macroscopic puddles of rubidium located near

the center of the cell body. With this placement, the grids

were expected to be illuminated during the subsequent SEOP

process.

After grid insertion, each cell was installed in the polar-

izer and run under standard flow-polarization conditions,

with the laser either on or off, for 1–1.5 h, the typical time to

collect a 1-l batch of 129Xe. Subsequently, the cell was

cooled to room temperature, sealed, removed from the polar-

izer, and transported to the TEM for analysis. Each cell was

placed in a glove bag that had one opening attached to the

sample exchange of the TEM. The glove bag was purged

with UHP N2 for 5 min prior to, and continuously during

extraction and sample loading. The cells were cracked open

by hammer blow, and a grid was extracted and inserted into

the TEM sample chamber where they were imaged at �10�8

Torr. The approximate locations from which grid samples

were collected in the SEOP cell are shown in Fig. 1.

The five cells used in the SEM study all had a service

life of greater than 100 h; their characteristics are summa-

rized in Table II. Two cells (F and G) were prepared by first

reacting the bulk rubidium using sequential exposure to iso-

propanol, ethanol, and then deionized water; no effort was

TABLE I. Cells used for the TEM study, their history, and associated observations. Cells had either a very long SEOP history or were constructed for the pur-

pose of this study. Some cells from both categories were selected to act as control cells and were not illuminated with the laser. Cells contained a variety of fea-

tures that were broadly categorized as either “particles” or “amorphous Rb features.” “Particles” were persistent, roughly spherical features. “Amorphous Rb

features” were either non-spherical or had a transient morphology. Some of these “amorphous Rb features” appeared to evaporate during illumination by the

electron beam. The complete image data derived from each sample is available for inspection at the Harvard DataVerse.8

Cell ID SEOP history (h) Laser status during testing Observations and characteristic sizes Other features

A >100 On Particles: 200–1000 nm

B >100 On Particles: 200–500 nm Particle distribution

sparser than A

C >100 Off Particles: 200-1000 nm Amorphous

Rb features: 10–100 nm

Amorphous Rb features

evaporated after exposure to TEM beam

D 0 On No particles: N/A amorphous

Rb features: 500–5000 nm

Continuous Rb background

E 0 Off No particles: N/A amorphous

Rb features: 200–500 nm

Amorphous Rb features evaporated

after exposure to TEM beam

FIG. 1. Diagram of a typical SEOP cell used for SEM and TEM studies.

This shows the relative locations from which each sample was taken for

SEM studies and the location of the TEM grids. For SEM studies, samples

were taken from the front face (sample 1), rear face (sample 2), and the side-

walls (sample 3). TEM grids were laid on the sidewall near the gas outlet at

the front of the cell. In all studies, the gas flowed from the rear to the front

of the cell.
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made to limit their exposure to air. The other three cells (H,

I, and J) were not rinsed and were maintained under nitrogen

during all aspects of sample preparation. Cell H was exposed

to a heat gun for �5 min in an effort to chase off both bulk

and microscopic rubidium layers from the interior of the

front face and side wall. All cells were marked on the exte-

rior surface to aid in the subsequent identification of samples

originating from the front, sidewall, and rear faces. The cells

were typically broken apart by first being scored and then

struck with a hammer. Pieces from these three different parts

of the cell were selected for examination. For all Pyrex frag-

ments, the side that had been interior to the cell was coated

in �4 nm of gold using a Denton Desk IV vacuum sputter

coater (Denton Vacuum, LLC, Moorestown, NJ), which is

required of all non-conducting SEM samples. Samples were

scanned using an FEI XL30 SEM (FEI, Inc., Hillsboro, OR).

III. RESULTS

The TEM studies on grids extracted from the used cells

run with laser-on SEOP (A and B) revealed an abundant and

relatively uniform distribution of particles. Examples of

these particles (cell A) are seen in Fig. 2 at a variety of mag-

nifications. Particles ranged in size from 200 nm to 1 lm in

diameter and were present at a density of 20 to 30 particles

per 100 square microns or ð2565Þ � 106 particles per square

centimeter. Their size is somewhat larger than the proposed

size of 40–600 nm used in prior modeling.15 By contrast, the

grid extracted from the never-used cell (E) run under SEOP

conditions without laser exposure showed no evidence of

particles. It did, however, exhibit what appeared to be dif-

fusely distributed amorphous Rb features that evaporated

under prolonged exposure to the TEM electron beam.

Interestingly, the heavily used cell (C) that was run with

laser-off SEOP, nonetheless exhibited evidence of particles.

SEM images taken from various locations in SEOP cells

allowed for examination of the potential effects of particles

on the cell surfaces. Images of the samples obtained from the

front face of each cell were dominated by what appear to be

circular indentations or pits. To verify that the pits were, in

fact, indentations, images were taken at various tilt angles to

improve depth perception. The pits were often found in large

patches, with widely varying distances between them, rang-

ing from 1 to 15 lm. Most pits appeared to have a diameter

of 1–5 lm.

As seen in Fig. 3, SEM images acquired on side-wall

samples of the cell F yielded no significant structure, other

than what appeared to be sites of residual precipitate from

TABLE II. Cells used for the SEM study, preparation details, and observations. All cells had long SEOP service histories. Cells were prepared for the SEM

using several different techniques in an effort to ascertain the origin of the pits. Energy-dispersive X-ray spectroscopy (EDS) was used on some samples to

determine chemical composition. The complete image data derived from all samples is available for inspection at the Harvard DataVerse.8

Cell ID

SEOP

history (h) Preparation Sample location Observations EDS

F >100 Alcohol and Water Rinse Front Particles and pits Particles contain Rb

Side No particles no pits Not tested

Rear No particles no pits Not tested

G >400 Alcohol and Water Rinse Front Particles and pits Pits contain No Rb

Side No particles pits Not tested

H >100 No Rinse; Heat Gun on Areas of Interest Front Particles no pits background layer Background layer contains Rb

Side Background layer Not tested

I >100 No Rinse Front Particles no pits background layer Background layer contains Rb

J >100 No Rinse Front Particles uncertain pits background layer Not tested

Side No particles uncertain pits background layer Not tested

FIG. 2. TEM images at various magnifications of particles collected on a grid extracted from cell A.8 Image A shows an overview of the relative density of the

particles, �0.2/lm2. Images B and C (with image C approaching maximum achievable TEM resolution) show that particles have a size of order 100 nm. These

images also suggest that the particles are not uniform, as evidenced by variations in their mass density.
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the solvent evaporation. Similarly, images taken from sam-

ples of the rear face revealed no pitting.

Figure 4 illustrates that despite thorough rinsing, pits

were often accompanied by the presence of a number of

large particles. Particularly striking is their large �10 lm

diameter compared to the tens to hundreds of nanometers

previously postulated.15,17 We hypothesize that this is the

result of the particles having been exposed to both water and

air prior to SEM. Given the hygroscopic and reactive nature

of alkali metals, such exposure likely caused significant

enlargement compared to their native state in an SEOP cell.

As with the pits, particles were only found on samples from

the front face of the cell, less frequently on the sidewall, and

never on the rear face of the cell.

The elemental analysis was performed on the particles

using the energy-dispersive X-ray spectroscope (EDS) on the

SEM. This revealed a characteristic peak at 13.4 keV, arising

from the Ka line of rubidium, as can be seen in Fig. 5. It is

worth noting that no such peak could be detected in cluster-free

portions of the sample, including those containing only pits.

A second cell (G) examined, as described, yielded simi-

lar results—particles and pitting on the front face and a pris-

tine rear face. However, in this cell, some pitting was also

observed on the side wall near the front face. Notably, this

heavily used cell also exhibited significant cracking in

between pits. To confirm that these pits and cracks were

indeed in the glass itself, and not a layer of residual rubid-

ium, EDS was performed. This revealed no characteristic

peaks attributable to rubidium. To test whether particles

observed on SEM were simply the result of a reaction during

the cell rinsing process rather than the SEOP conditions, we

also examined samples from cells (H, I, and J) that were not

rinsed but were meticulously maintained under UHP N2 dur-

ing sample preparation. These trials showed a mix of par-

ticles and indentations as described in Sec. II. To better

understand the nature of the surface seen in these trials, EDS

was conducted and indeed revealed intense rubidium signa-

tures. This appears to suggest that in unrinsed samples, the

surface of the sample contains significant residual layers of

condensed rubidium metal.

FIG. 3. SEM images from the front face and sidewall of cell F at 2000-, and 8000-�magnification.8 Compared to the sidewall (images A and B), the front face

(images C and D) of the cell shows markedly different structure dominated by pits and some Rb particles (not pictured here). Similar images of the rear face

show it also to be largely devoid of features and absence of any sort of pitting.

FIG. 4. SEM images of micron-scale

rubidium particles adjacent to pitting

on cell F.8 These particles may have

absorbed and reacted with water during

the cleaning process and, thus,

expanded to their 1–10 lm diameter

size.

FIG. 5. EDS spectra of a particle

detected via SEM, compared with the

background signal from the same sam-

ple. The indicated gold peaks arise

from the sputter coating used to

improve sample conductivity. The

majority of the background appears to

be from the borosilicate glass of the

cell. The particles exhibited a charac-

teristic 13.4 keV peak, known to arise

from the Ka line of rubidium.
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IV. DISCUSSION

The TEM study showed two concrete observations relating

to the presence of Rb particles. First, if a cell had been previ-

ously used, particles were present on the TEM grid, regardless

of whether the cell had undergone laser-exposure with the grid

in place. Second, in pristine, new cells, no particles were seen

on TEM, regardless of whether there had been laser-exposure

with the grid in place. This would seem to support the notion

that particle formation does require some aspect of the SEOP

conditions, albeit on a timescale longer than 1–1.5 h.

Additionally, in heavily used cells that underwent SEOP with-

out laser exposure when grids were in place, particles were still

observed. This suggests that particles were already present in

the cell, and therefore may persist on relatively long timescales.

It is thus possible that cluster formation is mediated by some

factor that is present in cells after some time, such as a contami-

nant (e.g., hydrogen) to aid nucleation.18 Such factors likely

increase over the course of cell usage as such cells are typically

exposed to 100 liters of gas for each liter of polarized xenon

they produce. It should be noted that while cell polarization per-

formance does tend to deteriorate slightly over many hundreds

of hours of use (cell T1 times decrease from 1 to 2 h to

10–15 min), polarization is certainly not dramatically better in

its first hours of use. One important caveat to these interpreta-

tions is that the location of TEM grids in the cell is only roughly

controllable, and the absence of particles on a single grid does

not definitively rule out their presence in the cell as a whole.

The most striking finding on SEM was the presence of

pits from samples originating from the front faces of cells

and regions close to the front. The fact that pits were found

near the front, and not the rear of the cell suggests that they

cannot be explained alone by reactions associated with rins-

ing the cell. If pitting were caused by a chemical reaction

during the cleaning of the cell, the pits would be homoge-

neously distributed on all cell faces. The lack of such homo-

geneity makes clear that pitting is a phenomenon occurring

primarily at the front of the cell.

It is tempting to explain the pitting to be caused by ballis-

tic impacts from the particles present during the SEOP pro-

cess. However, it should be noted that the area around most

pits is remarkably smooth. By contrast, impact craters would

likely display radial fractures.19 Thus, direct impact is likely

not the cause of pitting we observe. It is conceivable that such

pitting could be caused by laser ablation, mediated by impuri-

ties in the glass. This could be discerned by a control study

illuminating a cell containing no rubidium. However, it is

likely that the process is mediated by the rubidium itself.

We can gain further insights into the formation process

by estimating the energy required to etch a hemispherical pit

of radius R. Ignoring latent heat, this requires heating a vol-

ume of Pyrex glass 2R3

3
from the typical surface temperature

of 150 �C to its melting point of 820 �C. Hence, forming the

pit requires an energy of roughly

E ¼ 2p
3

qR3CmDT; (1)

where q is the glass density, Cm is its heat capacity, and DT
is the temperature rise. For a pit of 1 lm radius, we estimate

requiring �3� 10�12 J. To put this in perspective, the ther-

mal kinetic energy of particles in a system at 425 K is closer

to 10�20 J. Hence, the energy required to create such pits is

more than 8 orders of magnitude greater than the energy

thermally available to particles in the system.

The most obvious source of continuous, excess energy

available to the system is provided by the optical pumping

laser. In our typical SEOP cell, the 90 W optical pumping

laser generates a photon flux of 1:6� 1019 cm–2 s–1. Such a

flux would ensure that a particle 1 lm in diameter would be

exposed to roughly 1011 photons per second. With each pho-

ton carrying 2:5� 10�19 J of energy, this has the potential to

deposit of order 10�8 J s–1 into a particle. Given the �90%

reflectivity of bulk Rb at 795 nm, an estimate of 1%–10%

absorption is reasonable.20 Thus, even if<10% of these pho-

tons are absorbed, sufficient energy to create a pit could be

imparted to a cluster in less than 1 s. Absorption of photons

will heat the particle to the point of instability as suggested

by simulations performed by Li et al.21 In these studies, it

was found that small particles (N � 120) can reach tempera-

tures up to 800 K before undergoing fission. Thus, a picture

is emerging that Rb particles are deriving energy from the

pumping laser and deploying that energy to produce pits in

the surface. Similar cases of rapid heating of rubidium clus-

ters via laser irradiation have been reported.16 Although we

cannot definitively claim this to be the mechanism responsi-

ble, it may explain why pits appear to be relatively sparse

and are primarily found near the front face of the cell. It is

here that the laser beam enters the cell with highest intensity.

V. CONCLUSION

The ability to image the interior surface of SEOP cells

has provided information on complex surface interactions

that have never previously been considered in the perfor-

mance of high-volume SEOP polarizers. The observation of

condensed and persistent rubidium particles in both TEM

and SEM images suggests that the rubidium is forming com-

pounds either on the surface of the glass or in the gas stream.

However, the ex situ detection of particles containing Rb

does not definitively implicate their presence or formation

during SEOP, nor inform the postulated effects on the polari-

zation process. That being said, the SEM observation that

particles and their potentially associated pitting were often

co-localized suggests that the pits could have been formed

by the particles themselves. Although it appears clear that

over time the SEOP process promotes the formation of Rb

aggregates larger than an atom, it does not appear to do so

instantaneously. The preference for pitting near the front of

the cell does support the notion that these mechanisms of

particle formation and destruction are most active in the

regions of highest laser intensity (we note that this associa-

tion could be strengthened by a study in which the gas flow

direction was reversed). This suggests that there is likely a

useful limit on the productive deployment of additional laser

power in a confined space. This may explain the success of
129Xe polarizer systems that use larger cells22 and/or cooler

operating parameters14 to limit overly localized absorption

of laser power. Thus, future SEOP systems may be able to
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regain full efficiency by using larger optical pumping cells

that effectively absorb all the light from high-power lasers at

moderate temperatures and alkali number densities.
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