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Abstract 

 Since the inception of hyperpolarized 129Xe MRI, the field has yearned for more 

efficient production of more highly polarized 129Xe. For nearly all polarizers built to date, 

both peak 129Xe polarization and production rate fall far below theoretical predictions. 

This thesis sought to develop a fundamental understanding of why the observed 

performance of large-scale 129Xe hyperpolarization lagged so badly behind theoretical 

predictions. 

 This is done by thoroughly characterizing a high-volume, continuous-flow 

polarizer using optical cells having three different internal volumes, and employing two 

different laser sources. For each of these 6 combinations, 129Xe polarization was carefully 

measured as a function of production rate across a range of laser absorption levels. The 

resultant peak polarizations were consistently a factor of 2-3 lower than predicted across a 

range of absorption levels, and scaling of production rates deviated badly from predictions 

based on spin exchange efficiency. 

 To bridge this gap, we propose that paramagnetic, activated Rb clusters form 

during spin exchange optical pumping (SEOP), and depolarize Rb and 129Xe, while 

unproductively scattering optical pumping light. When a model was built that 

incorporated the effects of clusters, its predictions matched observations for both 

polarization and production rate for all 6 systems studied. This permits us to place a limit 

on cluster number density of <2 × 109 cm-3. 
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 The work culminates with deploying this framework to identify methods to 

improve polarization to above 50%, leaving the SEOP cell. Combined with additional 

methods of preserving polarization, the polarization of a 300-mL batch of 129Xe increased 

from an average of 9%, before this work began, to a recent value of 34%. 

 We anticipate that these developments will lay the groundwork for continued 

advancement and scaling up of SEOP-based hyperpolarization methods that may one 

day permit real-time, on-demand 129Xe MRI to become a reality. 
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1. Introduction 

 Hyperpolarized (HP) 129Xe MRI was first demonstrated in 1994 by Albert, et al. 

[1], and the field of HP gas MR imaging quickly developed imaging with another noble-

gas isotope, 3He [2]. Since that time, 3He had traditionally been the weapon-of-choice 

for HP lung imaging, owing to its relatively well-developed polarization technology, 

capable of readily exceeding 60% polarization [3], and its high gyromagnetic ratio of 

32.433 MHz/T, near that of 1H. This enabled imaging the lung in high resolution with 

relative ease. 

 While the 3He toolset was limited to ventilation (imaging of gas in the 

unobstructed airspaces of the lung, or, "spin density") imaging, it did so very well. With 

high SNR, images were readily quantified to characterize the progression, or response to 

therapy, of diseases of impaired ventilation such as asthma [4, 5] and COPD [6]. 3He 

apparent diffusion coefficient (ADC) MRI also provided a measure of increased diffusion 

due to localized tissue destruction in COPD subjects with emphysematous involvement 

[7]. 

 An issue has developed with 3He however, in that the only earthly source of the 

gas is in the decay of tritium, which we acquire from the silos housing nuclear warheads. 

Tritium is a rare decay product of the nuclear fission of 235U, 239Pu and 233U, and decays to 

3He according to 
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 3 3
eH He e ν+ −→ + + . (1.1) 

 As the United States has decommissioned its nuclear stockpile, the supply of 3He 

has dwindled. Further compounding the problem, the Departments of Homeland 

Security, Defense and Energy currently utilize most of the existing supply to use in 

neutron detectors for the purposes of security. These two factors have now combined to 

push the cost of 3He to over $2000 per gaseous liter. Gram for gram, it is again as many 

times more expensive than gold as gold is than copper. 

 Thus, the need to find a more affordable isotope arose. Xenon gas is freely 

available in Earth's atmosphere at a concentration of 0.09 ppm, and as a heavy isotope, 

when expelled into the atmosphere rejoins the worldwide supply and stays close to 

ground level. There are over 100,000 liters of xenon in the first meter of atmosphere 

above the state of North Carolina. As such, costs for naturally occurring xenon (26.4% 

129Xe) are around $20 per liter. However, compared to 3He, 129Xe has a 3-fold slower 

gyromagnetic ratio of 11.778 MHz/T, and that inherently makes it proportionately more 

difficult for NMR. This was evident in the first human 129Xe MRI by Mugler, et al. in 

1997 [8], who demonstrated 129Xe ventilation images that were of vastly poorer quality 

than had been demonstrated with 3He MRI [9]. 

 However, in 2007, Patz, et al., led a return to 129Xe MRI in human subjects [10]. 

Although image quality remained relatively poor, the impetus for progress was more 

urgent. Several years later, our own group was funded by GE Healthcare to conduct the 
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first Phase I clinical trial of hyperpolarized 129Xe MRI. After careful optimization of 

scanner performance and pulse sequences these studies demonstrated high-quality 129Xe 

ventilation MRI (see Fig. 1). These images used 1 liter of isotopically enriched xenon 

(85% 129Xe) polarized to ~7% and was of sufficient quality to demonstrate that 129Xe MRI 

could potentially replace 3He for ventilation MRI. 

 
Figure 1: Standard ventilation HP 129Xe highlights well-ventilated regions, and, by contrast, poorly 

ventilated regions remain dark, as can be seen in the asthmatic subject at right. 
 

 The greatly improved 129Xe image signal led to renewed interest in exploiting its 

other contrast mechanisms. The work of our group, and others, introduced a variety of 

advances, including the establishment of the safety and tolerability of 129Xe inhalation 

[11, 12], quantitative ventilation defect mapping [13, 14] and apparent diffusion 

coefficient (ADC) imaging to visualize airspace enlargement associated with emphysema 

[15] as shown in Fig. 2. 
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Figure 2: ADC imaging emphasizes regions of unrestricted diffusion, such as can be seen in the case 
of emphysema, where local alveolar destruction allows the gas to diffuse more freely. Mean ADC for 
the emphysematous patient (0.068 cm2s-1) is nearly double that of the healthy volunteer (0.037 cm2s-1) 

[15].  
 Perhaps the most intriguing opportunity for functional lung imaging was to 

exploit the transfer of 129Xe to the pulmonary blood. Uniquely among gaseous NMR 

contrast agents, 129Xe is highly soluble in tissues, freely diffusing from the airspaces of the 

lung, across the lung parenchyma, and into the blood plasma. 129Xe in this "barrier" 

compartment has a chemical shift of 197 ppm in humans. 129Xe also readily binds to the 

hemoglobin molecule of the red blood cell, following the same pathway as oxygen, and 

there exhibits a chemical shift of 220 ppm. However, interrogating this compartment by 

imaging is particularly challenging because the 129Xe magnetization within it is only ~2% 

as large as the compartment in the airspaces. Additionally, by exploiting magnetization 

replenishment dynamics, our group demonstrated the ability to image the dissolved-

phase 129Xe distribution in human subjects in a single breath-hold (Fig. 3). 
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Figure 3: Dissolved-phase 129Xe (color) overlayed on ventilation 129Xe (grayscale) lung image. In this 

image, the dissolved phase includes 129Xe dissolved in the parenchymal tissue, blood plasma, and 
RBCs [16]. 

 This progress in 129Xe MRI put new strains on hyperpolarization physics. With 

each image requiring 1 liter of polarized 129Xe, the logistics of conducting a 

comprehensive imaging session became challenging. For our clinical imaging studies, we 

employ two polarizers, each with 100 W of laser power, polarizing simultaneously to 

provide the HP 129Xe necessary for an imaging session. The schedule for a typical MRI 

session seeking to obtain all three forms of contrast is shown in Fig. 4. 

 
 

Figure 4: Typical polarization scheme for a 1-hr HP 129Xe MR imaging battery includes 2.5 hrs of 
polarizer time on two polarizers operating in tandem to provide HP 129Xe for 60 minutes of scan 

time. 
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Note that the polarizers are operating for 2 hours before the MRI session begins 

(including 30 mins of warm-up time, not shown) and they continue throughout the 60 

minute study. If a patient doesn't arrive on time, or cancels at the last minute, many liters 

of precious HP 129Xe may be wasted. What is particularly striking is that it therefore takes 

3 hours of polarizing to obtain approximately 60 seconds worth of breath-hold 129Xe 

MRI scans. Clearly, these constraints could be attacked by achieving both higher 129Xe 

polarization, and producing that 129Xe more rapidly. 

 To better understand the requirements for a 129Xe polarizer, it is useful to consider 

some reasonable metrics for required 129Xe polarization and volume. The dose of 

hyperpolarized 129Xe, in conjunction with the prescribed image resolution, determines the 

signal-noise ratio (SNR) of the image. To this end a single metric, the dose equivalent 

(DE) was introduced by our group [17]. It is defined as:  

 129 129XeXe Xe
DE f V P= × ×  (1.2) 

where 129 Xe
f  is the isotopic ratio of 129Xe:Xe, XeV  is the volume of xenon, and 129 Xe

P  is its 

nuclear spin polarization.  

Furthermore, we showed that for a typical fast gradient echo ventilation image 

acquisition, the SNR is given by 

 ( )21.91 0.76 voxelSNR mL V DE−= ± × ×  (1.3) 

where voxelV  is the prescribed voxel volume. This framework permits us to calculate the 

required DE  for a desired image resolution. A typical imaging voxel volume ranges from 
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0.12 mL to 0.42 mL. The 129Xe fraction can range from 26.4% for natural abundance 

xenon, to >85% in isotopically enriched blends. In order for an image to be readily 

interpreted it should have an SNR of >10. To achieve such an SNR for the smallest 

typical voxel volume, the required DE  would be 44 mL. Note that DE  can be thought 

of conceptually as the equivalent volume of 100% polarized, 100% isotopically enriched 

129Xe. 

Another way of looking at it is that a 1-liter dose of enriched xenon (85% 129Xe) 

polarized to 5% has a DE  of 42.5 mL, while a 300-mL dose of natural xenon (26.4% 

129Xe) polarized to 54% would have the same DE , and thus provide the same image 

quality. However, this smaller volume reduces the cost of the gas used, reduces 

production time, and would represent a significant clinical breakthrough in terms of 

throughput and accessibility. Because isotopically-enriched xenon can cost over $200 per 

liter, this savings can become substantial over multiple scans. 

Thus, while the standard 129Xe polarizers were sufficient to demonstrate the 

promise of 129Xe MRI, they were not sufficient to continue progress in the field. At the 

time, it was well known that 129Xe polarization levels and production rates were well 

below theoretical expectations. What was unclear, however, were the factors that limited 

polarization levels and whether, or how, they could be eliminated. 

However, in the past decade important published reports began indicating that 

much higher polarization levels could be achieved. In 2006, the groundbreaking work of 
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Ruset, et al., claimed that it was possible to attain polarizations as high as 64% at a 

modest production rate of 300 mL hr-1, or 22% at 6 L hr-1, by employing a 

volumetrically-quite-considerable flow-through apparatus [18]. This design utilized an 

optical pumping cell 2 m in length, operating at pressures below 1 atm. Although the 

polarization calibration for this work has now come into some question, the performance 

represented an undeniable breakthrough. Unfortunately, the authors did not provide any 

particular physical principles that might have been responsible for improved polarization 

relative to prior systems. A second breakthrough came in 2013, when Nikolaou, et al. 

reported polarizations reaching 90% [19]. This study was limited to polarizing small 

volumes acquired statically at very low production rates. However, it too demonstrated 

that fundamentally new regimes of 129Xe polarization could be accessed. What was clear 

was that two, starkly different systems had been demonstrated that produced polarization 

levels that greatly exceeded those of all other polarizers described in the literature to date 

[20-27]. Again, the authors were not able to point to any particular physical principles 

that led to achieving such extraordinary polarization. 

Thus, it was a major component of this work to not only achieve much higher 

129Xe polarization levels and production rates, but to attempt to understand the 

mechanisms that do arise to limit large-scale 129Xe hyperpolarization and what can be 

done to overcome them. It is our view that such a systematic approach should allow us to 

more productively utilize our photon supply as realized 129Xe polarization through 
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physics-inspired design changes. It has been the case, for many years, that numerous 

improvements that should have positively impacted polarizer performance, in fact, either 

did not, or did so very negligibly. Initially, laser beam profiles, optics, and optical cell 

quality were improved so that more power illuminated the optical cell more 

homogeneously, with little substantial gain realized. Furthermore, significant 

improvements in laser performance, such as line narrowing the spectral profile from ~2 

nm to 0.2 nm FWHM, did not yield the advantages expected. Even greatly increased 

laser power [21] led to negligible improvements in both polarization and production rate. 

Moreover, additional phenomena were reported that could not be readily explained by 

standard models of SEOP. For example, polarization increased when more N2 quenching 

gas was added, or when lasers were detuned from the Rb D1 resonance [28]. 

Additionally, polarizers operating with richer xenon mixtures and attendant higher spin 

destruction rates [28], actually exceeded in many cases, the performance of polarizers 

using lean 129Xe mixtures. Most fundamentally, perhaps the most unrecognized 

discrepancy has been the inability to increase 129Xe production rate by simply scaling up 

the laser power [21]. 

In principle, 129Xe production rate should increase as more laser light is absorbed 

by the alkali vapor. As introduced by Bhaskar, et al. [29], the fraction of Rb-129Xe 

collisions resulting in spin exchange rather than alkali spin destruction, determines the 

overall efficiency with which circularly polarized photons are converted into nuclear spins. 
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This so-called photon efficiency for 129Xe-Rb spin exchange during binary collisions and 

short-lived molecular formation [30] was recently re-calculated by Norquay, et al. [27] to 

be 4.6%. That is, for every Watt of 795-nm light absorbed by the 129Xe-Rb system, it 

should be feasible to produce 25 mL/hr of polarized 129Xe. Hence, a polarizer absorbing 

100 W of laser light should readily produce 2.5 L/hr, and absorbing 200 W should 

produce 5 L/hr, and so on. In practice, however, most systems achieve nowhere near their 

theoretical production rate. 

If the mechanism limiting large-scale 129Xe polarizer performance can be 

identified, it will be possible to identify the regime in which photons are most efficiently 

employed. This will enable the rational design of future polarizers capable of on-demand 

production, and minimize cost (mostly due to laser power) and space constraints (due to a 

potentially sub-optimal cell size). This field still faces several hurdles before widespread 

clinical deployment. Unlocking theoretical polarization levels removes one of them, 

perhaps the biggest one, thus shepherding in a new MRI contrast with many relevant 

applications. The focus of this work, therefore, is to identify and remove the key 

bottlenecks that have prevented real-time production of hyperpolarized 129Xe from 

becoming a reality.  
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2. Rb-129Xe Spin Exchange Optical Pumping 

 Hyperpolarization increases the nuclear spin polarization (and thus MR signal) of 

129Xe nuclei by roughly five orders of magnitude compared to their thermal equilibrium 

polarization level of 1.5 ppm at 1.5 T and body temperature. The most common 

approach for doing so is to use spin exchange optical pumping (SEOP) [31]. 

 SEOP is a two-step process in which circularly-polarized D1-resonant photons 

are absorbed selectively by spin-down valence electrons of Rb atoms, polarizing those 

electrons, which then impart their polarization to the spin-½ nuclei of 129Xe atoms 

through Fermi-hyperfine interactions. This process could involve any alkali (K, Na or Cs, 

for example) as the mediator, or any spin-possessing noble gas (3He, 21Ne or 83Kr, for 

example) as the target medium, but this work focuses on the clinically relevant Rb-129Xe 

SEOP setup. 

The D1 transition of Rb involves exciting a ground state (5s½) electron to the first 

excited state energy level (5p½) by absorbing a 795 nm photon (1.56 eV). This transition 

needs to conserve not only energy, but also angular momentum, and that is the principle 

that is exploited in optical pumping. For optical pumping to occur it is necessary to 

selectively excite this transition from only one ground state spin sublevel as shown in Fig. 

5. Both the ground state and the first excited state of Rb exhibit a total angular 

momentum (spin + orbital) of ½. That means that electrons in both the ground and 

excited states can exist in either the spin up or spin down sublevel. The goal of optical 
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pumping is to deplete one of the ground state sub-levels, while fully populating the other. 

In this way it creates electron spin polarization. This is done by using circularly polarized 

photons to selectively excite only Rb atoms whose valence electrons reside in the spin-

down state (or the spin-up state, depending on the helicity of the circularly polarized 

light, or the direction of the magnetic field). Since both energy and angular momentum 

must be conserved, use of, say right circularly polarized light, ensures that only Rb atoms 

in the spin down ground state can absorb the +  of angular momentum and progress to 

the spin up excited state. The excited electron states mix readily and quickly (~30 ns) de-

excite back to either ground state [32]. The collisional mixing of the excited states is what 

causes the electron to essentially de-excite with random spin, because the excited state 

lifetime is very long compared to the collisional mixing rate. However, because only the 

spin-down ground state is able to absorb the circularly-polarized photons and the spin up 

state is effectively "dark" or "transparent," all Rb atoms quickly end up in the spin up 

state. This process increases the polarization of Rb, and is therefore commonly referred to 

as depopulation optical pumping. 
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Figure 5: Rb optical pumping diagram. Circularly polarized 795-nm light excites exclusively valence 
electrons in the spin down ground state, 5s-½, to the lowest energy spin-up excited state, 5p½

 (red 
arrow), from which they rapidly de-excite to either spin state at the ground energy level (blue 
arrows). The gray arrows illustrate collisional mixing, meaning that the spin states are rapidly 

exchanging between electrons. 
  

The resulting Rb polarization can be calculated by: 

 ( )( )
( )
OP

Rb
OP SD

zP z
z

γ
γ

=
+ Γ

 (2.1) 

where ( )OP zγ  is the optical pumping rate at a given depth, z , into the optical cell, and 

SDΓ  is the spin destruction rate. Spin destruction is the rate at which Rb is depolarized, 

due to binary and short-lived van der Waals molecular formation. The contribution from 

binary collisions is given by 

 [ ]bin Rb i
SD i SD

i
G κ −Γ = ⋅∑  (2.2) 

with spin-destruction coefficients given in Table 1 below. 
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Table 1: Binary collision spin-destruction coefficients for Rb. 

Rb Rb
SDκ −  13 3 14.2 10 cm s− −×  [33] 

Rb He
SDκ −  ( )4.26

19 3 13.45 10 298
T cm sK

− −× [13] 

2Rb N
SDκ −  ( )3

18 3 13.44 10 298
T cm sK

− −×  [34] 

Rb Xe
SDκ −  ( )1.17

15 3 16.02 10 298
T cm sK

− −× [30] 

 

Interaction times can be longer for molecular formation. The lifetime of a van der Waals 

molecule is made shorter at increased buffer gas pressure, wherein collisions that break up 

molecules increase. This results in an additional pressure-dependent molecular relaxation 

rate described by [35] 

 
[ ]
[ ]

[ ]
[ ]

2.5

2

66183
4231 0.92 0.31

vdW
SD

T
N He K
Xe Xe

−
 
    Γ = ⋅    + + 
 

. (2.3) 

The optical pumping rate is given by 

 
0

( , ) ( , ) ( )OP sv z z dγ ν s ν ν
∞

= Φ ⋅ ⋅∫  (2.4) 

where ( , )zνΦ  is the photon flux, and ss  is the Rb D1 absorption cross section, given by: 

 
( )

( ) ( )

2

0 2
2

0

2( )

2
s

γ
s ν s

γν ν
=

− +
 (2.5) 

and 
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 0
2 ecr fs
γ

=  , (2.6) 

where c is the speed of light, re the radius of the electron, and f the oscillator strength 

(0.348) [36]. The full width half max of the Lorentzian, γ , is determined by the pressure 

of gases within the SEOP cell according to the values in Table 2 [37]: 

Table 2: Coefficients determining the D1-absorption cross-section for Rb vapor. 

 He N2 Xe 

D1 full width (GHz/amg) 18.0 ± 0.2 18.9 ± 0.5 19 ± 2 
D1 line shift (GHz/amg) 4.3 ± 0.1 -5.1 ± 0.3 -7.0 ± 0.7 

 

The Rb-D1 absorption cross-section of our standard gas mixture of 1% Xe, 10% 

N2, and 89% He (by volume) at several operating pressures is shown in Fig. 6. 
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Figure 6: The D1-absorption cross-section of Rb vapor in a 1% Xe, 10% N2, 89% He buffer gas 
mixture at varying pressure. Note that Rb vapor readily absorbs off-resonant photons at higher 

pressure, while also experiencing a slight pressure-shift in the resonant wavelength. 

Once a cross section is established, the photon absorption is 

 [ ] ( )( , ) ( , ) ( ) 1 ( )s Rb
d z Rb z P z

dz
ν ν s νΦ

= − ⋅Φ ⋅ ⋅ − . (2.7) 

Note that the attenuation of the photon flux, ( , )zνΦ , is a function of both frequency, 

ν  , and position along the long axis of the cylindrical cell, z . Photons will be absorbed 

from the central frequencies of the spectral distribution first. Moreover, with each step 

deeper into the optical cell, more photons are removed in proportion to the number of Rb 

atoms in the vapor phase. Thus, the alkali polarization can be calculated through the 

entire optical cell by modeling the propagation and attenuation of light through the 

optical cell. Calculations are done in terms of laser frequency, but shown as a function of 
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wavelength in Fig. 7, to relate to the more familiar display we would see on our on-board 

spectrometer. 

 
Figure 7: Photon spectral profile showing intensity drop-off through a hot SEOP cell. Photons are 

preferentially absorbed first at the D1 resonance, and off-resonant photons continue to absorb 
towards the back of the cell, a point at which the on-resonant photons have already been absorbed. 

This was modeled for a laser with FWHM = 1.923 nm and a Rb D1 absorption linewidth of 0.228 nm.  
 The absorption of our pumping laser is controlled by the vapor density of Rb, in 

turn controlled by temperature. A reasonable scaling for Rb vapor pressure is given by 

 [ ]
404026.18010 T

Rb
T

−

=  [38]. (2.8) 
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The interaction of spin polarized Rb vapor imparts polarization to the 129Xe nuclei 

via spin exchange collisions, as shown in Fig. 8. These collisions involve both binary Rb-

Xe collisions and short-lived molecular collisions. 

 
Figure 8: Spin-exchange diagram. On the left, in binary collisions, the spin-up Rb electron (top left) 
collides with the spin-down Xe nucleus (top right) in a Fermi hyperfine interaction. This leaves the 

Xe atom spin up, and the Rb atom again opaque to D1 resonant photons. On the right, weakly bound 
Rb-129Xe van der Waals molecules are formed in three-body collisions (with N2) and broken up in a 

collision with another N2 molecule. 
 

The resulting spin exchange rate, SEγ , at which spin is transferred to the 129Xe 

nuclei is thus the sum of binary and molecular collisions: 
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[ ] [ ]1bin vdW Rb Xe

SE SE SE SE
i

ii

Rb
G

γ γ γ κ

ξ

−

 
 
 = + = + ⋅
 
 
 

∑
 (2.9) 

where Rb Xe
SEκ −  = 2.2 × 10-16 cm3 s-1 [39], and the van der Waals-specific rate coefficients, 

ξ , for each gas are Heξ  = 17,000 Hz [20], 
2Nξ = 5,700 Hz [40] and Xeξ  = 5,230 Hz [41]. 

The result of these interactions is that 129Xe polarization builds up like a charging 

capacitor according to 

 ( )1

1

( ) 1 res SEtSE
Xe res Rb

SE

P t P e γγ
γ

− +Γ = ⋅ ⋅ − + Γ
 (2.10) 

where rest , the residence time, is the average amount of time a 129Xe atom spends in the 

SEOP chamber, and 1Γ  is the relaxation rate of 129Xe within the cell, typically the inverse 

of 1cell
T , the 1T  relaxation constant of the cell based on surface interactions with the pyrex 

cell body. 

Because the 129Xe-Rb spin interaction is strong, spin exchange time constants are 

fast. For example, a cell at 150 ºC will have Rb vapor pressure [ ]Rb  = 1014 cm-3, and at a 

pressure of 3 atm of our standard gas mixture of 1% Xe, 10% N2 and 89% He, this spin 

exchange time constant is SEτ  = 25 s. Thus, 129Xe hyperpolarization within the SEOP cell 

happens on timescales of seconds to minutes. This enables 129Xe to be polarized in "flow-

through" mode, whereby a lean gas mixture flows continuously through an SEOP cell 

[20]. Of course, the xenon exiting the cell remains mixed with N2 and He buffer gases 

that are no longer needed. They are separated by cryogenic accumulation. Xenon is the 
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only of the three gases present that is a solid at liquid N2 temperature. It has a triple point 

temperature of 161.4 K and 0.807 atm, and has a relaxation time of 150 min at 77 K 

[42]. After a sufficient amount of xenon is accumulated, it can be thawed for delivery. 

 
Figure 9: A basic schematic of a typical flow-through polarizer. The 129Xe in the gas mixture is 

continuously polarized in the SEOP cell,  cryogenically accumulated, thawed and dispensed into a 
Tedlar bag when ready. During accumulation, excess N2 and He buffer gases vent into the room, Xe 

ice is kept in a 0.3 T magnetic field, and the SEOP cell at ~20 gauss. 

Shown in Fig. 9 are the basic requirements of a spin-exchange optical-pumping 

129Xe flow-through polarizer. The gas mixture is lean in xenon because xenon is a 

powerful spin-destructing force within the SEOP environment. The buffer gases are 

added to quench unwanted and randomly polarized 795-nm radiative emissions (N2) and 

to broaden the absorption cross section of the D1 resonance of Rb (He). Ultra-high 

purity (≤1 ppm O2, CO, CO2, H2O, THC and TFC) gas leaving the supply tank is 

reduced in pressure to 3-6 atm by a pressure regulator, then passes through a getter to 

further remove impurities, and a flow meter, then enters the SEOP cell within an oven. 
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The polarization occurs while the gas is passing through the SEOP cell, while the oven 

controls the temperature (and thus the vaporized Rb number density), Helmholtz coils 

provide a 20 gauss B0 and a high-power 795-nm laser illuminates the cell. Once 

polarized, the gas enters a coldfinger immersed in liquid nitrogen at 77 K, where the 

xenon freezes out as snow within a 0.2 T magnetic field. Once the volume is 

accumulated, the solid xenon can be thawed into a dose bag for delivery. 

 There are, thus, many factors contributing to the resulting polarization of a dose 

of 129Xe, not just the SEOP process itself, but the relaxation of 129Xe in transit and 

polarization lost on ice and during the thaw. Characterizing the performance of spin 

exchange optical pumping will require decoupling SEOP from other polarization 

considerations. This is evident in Fig. 10, in which the polarization that should be seen in 

a batch of accumulated 129Xe is shown by the red and blue curves, while the dots represent 

the actual polarizations measured in the clinic. 
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Figure 10: 129Xe Polarization, as predicted by the model, is shown by the dashed curve. Taking into 

account relaxation on ice, and a 95% thaw recovery, a batch of accumulated 129Xe should have 
polarizations on the colored curves. Instead, accumulated batches (green and black dots) fall short of 

predictions by over 80%. 
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3. Characterizing 129Xe SEOP Performance 

Given the complex interactions of both SEOP and cryogenic accumulation it is 

difficult to systematically characterize performance by measuring batch polarization. 

Thus, it is convenient to break down the problem by focusing on measuring only 

polarization of 129Xe that leaves the SEOP cell. A simple solution, then, is to remove the 

need to acquire a batch of xenon for every polarization measurement, and we do this very 

simply by rerouting the gas from the cell, through a 1-m length of polyurethane tubing, 

directly to an NMR test bulb in a polarization measurement station (Model 2881, 

Polarean, Inc.). The 50-cc bulb is housed in a solenoid NMR coil tuned to 25 kHz, 

although the mixture inside the bulb is only 1% natural abundance xenon, providing a 

very small signal. 

 
Figure 11: Direct-measurement flow testing circuit. The cryogenic freeze-out is replaced by an NMR 
circuit and test bulb. Peak (frequency domain) signal intensity of the NMR signal from the NMR test 

bulb is used to measure polarization. 

Using this setup, described in detail below and illustrated in Fig. 11, we measure 

polarization as a function of flow, or, "flow curves." Typically, we measure polarization at 
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the flow rates of 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10, 12, 14, 16, 18, 20, 24, 28, 32 and 

36 sccm (standard cm3 min-1, or a cc at STP in 1 minute, of Xe, where 2 sccm of Xe in a 

1% Xe mixture corresponds to 0.20 SLM, or standard liters per minute, of the gas 

mixture). The research polarizer (Model 9800, Polarean, Inc., Durham, NC) used for 

data collection is shown in Fig. 12. 

 
Figure 12: Custom-installed Polarean 9800 research polarizer (CIVM's 4th polarizer) for 

room 133 enabled full-time data acquisition. 
 

To practically characterize this output, it is convenient to cast this expression for 

XeP  in Equation 2.10 in terms of the mass flow rate, F , through the optical cell, which is 

related to Xe residence time therein according to [ ]res cellt V G F= , where cellV  is the cell 

volume and [ ]G  is the total gas density in the cell, in amagats. This allows Equation 2.10 

to be re-written as 

 ( )0( ) 1 critF F
XeP F P e−= −  (3.1) 

where 0P , the maximum 129Xe polarization at zero flow, is: 
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, (3.2) 

and Fcrit, the critical flow rate, is the flow rate at which a 129Xe atom spends, on average, 

one spin-up time constant, SUτ ,  in the SEOP cell 

 [ ]cell
crit

SU

V G
F

τ
= , (3.3) 

where SUτ  is defined by 

 1
1

SE
SU

γ
τ

= + Γ . (3.4) 

129Xe polarization is a maximum ( 0P ) at zero flow. As flow increases, with less 

spin-exchange time in the cell, 129Xe polarization decreases, reaching 63% when critF F= . 

As SUτ  depends on SEγ , and SEγ  increases with [ ]Rb , as temperatures increase, critF  

increases and flow curves flatten out. However, the conditions are such that at higher 

temperatures, with higher spin destruction and faster 129Xe relaxation, 0P  begins to 

decrease at a certain point, and thus there is an optimum regime where both 0P  and critF

are sufficiently high. 

 With the ability to efficiently and thoroughly characterize a large parameter space 

of SEOP conditions, 129Xe polarization vs. flow curves were acquired in three different 

cell sizes: 300 cc, 200 cc and 100 cc.  The properties of these three cells are listed in Table 

3. Furthermore, to measure the effects of laser narrowing, two different fiber-coupled 

diode laser arrays were evaluated: a broad-band, 111 W, 1.92 nm FWHM laser (Dual 
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FAP, Coherent, Inc., Santa Clara, CA), and the second, a line-narrowed, 71-W, 0.39-

nm FWHM laser (QPC Lasers, Laser Operations LLC, Sylmar, CA). Light from these 

systems was coupled via a 200-cm fiber optic to an optics box that collimated the beam, 

split it into horizontally and linearly polarized components, and circularly polarized each. 

The two beams were adjusted to maximize light transfer to the cells such that the beam 

that did not pass straight through the polarizing beam splitter entered the cell at a 7º 

angle and intersected the straight beam at the cell mid-point. We estimate that for the 

broad laser, 94 W of light was coupled into the cell, and for the narrowed laser, 60 W 

were coupled in. This 15% reduction in incident photon intensity results from reflective 

losses at the glass interfaces on the oven window and cell face. 

Table 3: Characteristics of the optical cells used in this work. Cell T1 measured in pure Xe at STP. 

V [cm3] l [cm] r [cm] A [cm2] T1 [min] 

100 9.0 1.9 130 56 
200 12.5 2.25 210 43 
300 12.7 2.71 260 8 

 

For each combination of laser and optical cell, 129Xe polarizations vs. gas-flow 

curves were acquired with increasing degrees of laser absorption. Our standard gas 

mixture, consisting of 1% Xe (natural abundance), 10% N2 and 89% He flowed through 

the optical cell at 6 atm pressure. Upon exiting the cell, the gas mixture was directed via a 

150-cm length of 6.4-mm O.D. polyurethane tubing to the NMR station that acquires 
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129Xe NMR at 25 kHz, with a sufficient sensitivity to detect 129Xe polarized to 25%, 

within the dilute 1% mixture, with a single shot SNR of ~20. To measure polarization as 

a function of flow, the system was first allowed to equilibrate to the desired laser 

absorption level, while gas flowed slowly at 0.20 SLM. Once absorption was stable, flow 

was continued for a time 1.5 rest×  before being stopped and acquiring four 129Xe NMR 

signals from the test bulb using a series of 22º pulses. The 4×-averaged free-induction 

decays (FIDs) were line-broadened by 0.10 Hz, Fourier transformed, and quantified by 

their peak height at the 129Xe resonance. The flow was then restarted, and 129Xe NMR 

measurements were made for the full scale of flow rates. At each flow rate, polarization 

was permitted to equilibrate for 1.5 rest×  prior to taking 129Xe polarization measurements. 

To convert the signal attained within the test bulb to a quantifiable polarization, a 

calibration was done by simultaneously dispensing pure xenon polarized to ~10% into the 

bulb and a 300-cc Tedlar bag at atmospheric pressure. The bag was then placed on a 

second, calibrated measurement station to determine its absolute polarization. This 

station was originally calibrated against thermally polarized 1H2O, and is recalibrated 

annually using a calibration transfer standard [43]. Combined with measured signal from 

129Xe in the flow test station, this provided a calibration constant that required only 

scaling for 129Xe density during polarization vs. flow tests. 
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Figure 13: Representative 129Xe polarization vs. flow curves acquired in the 300-cc cell using the line-

narrowed laser at 5 different levels of absorption. Each of these curves can be fit to estimate peak 
129Xe polarization, P0, and production rate, Fcrit. 

Fig. 13 depicts a series of representative polarization vs. flow curves acquired using the 

line-narrowed laser illuminating a standard 300-cc optical cell, at 50-100% absorption of 

the pumping laser. A few trends are evident from these curves. When operating at 50% 

laser absorption, we observe a peak polarization of 23 ± 2%, and a xenon production rate 

of 12 ± 3 sccm. As absorption increases to 80%, the peak polarization reaches a maximum 

of 29%, before beginning to drop modestly as xenon production rate begins to increase. 

For the highest 100% absorption, the peak polarization decreases to 20 ± 6%, while 

production rate increases to 34 ± 9 sccm. The general trend of increasing production rate 

with increasing light absorption is qualitatively consistent with expectations from photon 
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efficiency arguments, although the relatively low polarization and its limited variation 

with absorption are not consistent. 

 

 
Figure 14: Peak 129Xe polarization achieved for all 3 cell types and pumped with both types of lasers 
at numerous absorption levels. Each point is the result of a single flow curve. Overlaid in the plot is 

the polarization predicted by the standard SEOP model. 
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Figs. 14 and 15 show plots of peak 129Xe polarization and xenon production rate (f 

× Fcrit) as a function of laser absorption for all combinations of cell geometry and laser 

configuration. These plots have superimposed on them the theoretically predicted 

polarization levels and production rates determined using the standard SEOP model. 

These comparisons across a range of laser absorptions illustrate a clear and systematic 

discrepancy between observed data and model predictions. Beginning with the 300-cc 

cell pumped with the line-narrowed laser, we note at low absorption, 129Xe polarization is 

nearly 3-fold lower than predicted. This polarization gap narrows to roughly 2-fold at the 

highest absorptions. However, xenon production rate appears to agree very well with 

prediction and increases with absorption as expected. 
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Figure 15: Critical flow rates extracted from fitting the same flow curves as used to obtain peak 

polarization depicted in the previous figure. These values are compared to predictions of the 
standard SEOP model and show significant underproduction, particularly for the smaller cells and 

high absorption. 

When the same 300-cc cell is pumped with the broad-spectrum laser, peak 129Xe 

polarization is nearly 2-fold lower than predicted at low absorption, but approaches the 

model at higher absorptions. The production rate for this laser/cell combination matches 

model predictions at low absorption, but deviates significantly below predictions at the 
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higher absorption levels. For the broad laser, the standard model predicts high xenon 

production rates as absorption increases because it requires absorbing the most off-

resonant photons, which can only happen at very high [Rb], given the small off-

resonance cross-section. High [Rb], in turn, would yield high spin exchange rates and 

hence high production rates. However, such high production rates are not seen for the 

broad laser, suggesting other photon-scattering mechanisms may be coming into play. 

 Inspection of 129Xe polarization for the smaller 200- and 100-cc cells show similar 

discrepancies with the model predictions for both laser configurations. When pumping 

with the broad laser, 129Xe polarization again starts roughly 2× below predictions at low 

absorption, with slight convergence towards model predictions at higher absorptions, 

although less so than seen with the 300-cc cell. For the narrowed laser, the 129Xe 

polarization discrepancy with the model is greater and remains consistently so across the 

range of absorption values. Observing such low 129Xe polarization, even as the available 

laser light is being concentrated over progressively smaller areas, is suggestive of a 

mechanism whereby increasing laser intensity is not productively deployed to produce 

polarized 129Xe. 

 An additional discrepancy between model and measured data lies in the reduced 

129Xe production rates obtained with the smaller 200-cc and 100-cc cells. When pumping 

with the broad laser, xenon production rate is close to expectations for both cells at low 

absorption. However, as absorption increases, the observed production is significantly 
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lower than model predictions. When pumping with the narrowed laser, the production 

rate for these smaller cells remains consistently a factor of two below model predictions. 

For example, when absorbing 50% of narrowed light, the 200-cc cell produces just 12 ± 2 

sccm of HP xenon, whereas roughly twice that value is predicted. This underproduction 

remains roughly 2-fold below predicted values across the entire range of absorption for 

the narrowed laser. These findings suggest that despite concentrating the available light 

into smaller volume cells, the resulting absorption and/or scattering of higher intensity 

laser light is not being fully converted into production of polarized 129Xe nuclei. 

 
Figure 16: Comparison of polarization vs. flow curves obtained when pumping the 100-cc and 300-cc 

cells with the narrowed laser, each absorbing 50% of the available light. This illustrates that 
although higher polarization can be achieved in the smaller cell, it comes with an unexpected 4-fold 

penalty in production rate. 



  34 
 

The diminished 129Xe production achieved using smaller cells relative to larger ones is 

illustrated in Fig. 16, which compares polarization vs. flow curves acquired at 50% 

absorption of narrowed light in the 300-cc cell and the 100-cc cell. Note the peak 

polarization in the smaller cell is 52 ± 4%, vs. 23 ± 2% in the larger cell. This result is 

somewhat consistent with the expectation that concentrating the available light on the 2× 

smaller cell area results in 2× greater optical pumping rate, and thus higher alkali 

polarization. However, at such relatively low absorption, pumping rate is not expected to 

limit alkali polarization; the predicted volume averaged alkali polarizations in these cells 

are 91% (100-cc cell) and 85% (300-cc cell) at 50% absorption. The more striking finding 

is that while these cells absorb essentially the same amount of laser power (~30 W), the 

production rate is decreased by 4-fold in the small cell (3 ± 1 sccm) relative to the 300-cc 

cell (12 ± 3 sccm). Thus, a simple geometric change that concentrates more laser light in 

a smaller volume, and requires operating at higher alkali vapor pressures to absorb that 

light appears to grossly reduce the photon efficiency of the system. 

 

3.1 Possible Extensions to the Standard Model of SEOP 

 The extensive characterization of 6 different cell geometry and laser combinations 

across a wide range of absorption conditions provides a means to evaluate and extend the 

"standard model" of 129Xe SEOP to better account for underperformance. Thus, we seek 

to postulate an effect or series of effects that could augment the standard model such that 
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predicted performance is brought in line with our findings across all combinations of cell 

and laser. 

 To date, a large number of mechanisms have been proposed that in some way 

impede the efficiency of SEOP. The bulk of these mechanisms have been introduced in 

the context of 3He-Rb SEOP. These include a) 3
2

P  mixing and D2 pumping [44], b) 

hypothesizing a less than unity alkali polarization limit [45], c) long-range dipolar spin-

exchange interactions, d) radiation trapping [46, 47], e) energy pooling collisions [48], f) 

temperature-dependent spin destruction [27], g) imperfect circular polarization [49], or 

h) skew-light optical pumping [50]. Each of these effects may be playing a role, but fail 

to explain our range of results. Specifically, none explain the poor 129Xe polarization at 

low absorption levels, and its relatively unchanged nature as absorption increases. 

Moreover, none fully explain the utter lack of benefit resulting from spectrally narrowed 

laser light, and very poor production rates obtained when concentrating light into smaller 

optical cells. 

 These results are also not readily explained by more pedestrian mechanisms. For 

example, one might consider whether poor quality optical interfaces simply lead to far less 

laser power entering the cell than expected. While this could again explain poor 

performance at high absorption, even small amounts of laser power should still generate 

high 129Xe polarization at low absorption, given the very dilute xenon mixture we employ. 

But, this is not observed. Particularly the narrowed laser, even at very low power, should 
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generate exceedingly high alkali polarization, and by extension very high 129Xe 

polarization. In fact, such high alkali polarization was confirmed by Schrank, et al. [25] 

in characterizing a variant of the Ruset polarizer using only 30 W. Thus, it might become 

tempting to explain the 129Xe polarization at low absorption (low temperature), by 

invoking an exceedingly short 129Xe wall relaxation time. However, this would require 

cold wall relaxation times on the order of 2 min, whereas we measured 1T s ranging from 

8-56 min for the cells used in this study (see Table 3). Moreover, even if such a short wall 

relaxation time were present, then 129Xe polarization should increase dramatically at 

higher light absorption, where [Rb] increases and spin exchange rates begin to exceed 

wall relaxation rates. But in fact, particularly for the narrowed laser case, 129Xe 

polarization at low absorption appears to become steadily stronger at higher absorption, 

such that it cannot be overcome by faster spin exchange rates. 

The observations and analysis presented thus far point to the need to extend the 

standard SEOP model in two ways. First, we require a mechanism that dramatically 

suppresses the 129Xe polarization at low absorption. It must do so, while still permitting 

high alkali polarization at low absorption, as measured by Schrank and co-workers [25]. 

Thus, there are indications of the presence of a highly paramagnetic, unpolarized species 

that rapidly relaxes 129Xe. Moreover, to explain the lack of improvement in polarization at 

higher laser absorption, this mechanism must intensify with absorption. A second 

requirement is that it must somehow disproportionately punish the higher optical 
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pumping efficiency of the narrowed laser relative to the broad one. But given literature 

reports of exceedingly high 129Xe polarization achieved in polarizers running in different 

regimes than we describe here, it must also be possible to remove or suppress these 

mechanisms through design changes. And finally, we require a mechanism that scatters 

off-resonant laser photons much more potently than atomic Rb. This is required to 

account for the remarkably efficient loss of light from the wings of the broad laser, which 

are depleted at far lower temperature, and thus lower [Rb] than predicted. 

It turns out, we may not need to look any further than the very Rb we use to drive 

optical pumping, which, until now has been assumed to be a vapor of isolated atomic Rb 

atoms. 
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4: Rb Nanoclusters in the SEOP Environment 

 The reality of Rb is that, with its lone, loosely-bound valence electron, it is highly 

interactive with other Rb atoms, and readily forms what are now known as clusters. Very 

simply, a cluster is a very small particle, larger than several atoms, but not large enough to 

exhibit the behavior of the macroscopic material. We were introduced to the possibility of 

cluster formation by Atutov, et al. [51], who showed that alkali clusters form and exhibit 

remarkable behaviors in heat pipes irradiated with 795-nm light, under conditions very 

similar to those in SEOP. Hence, we sought to ask the question, what if the alkali vapor 

contains more than just isolated atoms, but instead includes larger clusters? Other 

familiar clusters include Buckminsterfullerene (C60) and iron-oxide nanoparticles used as 

MRI contrast agents. 

 The first physicist to study clusters was John William Strutt, 3rd Baron Rayleigh, 

who in 1871 discovered that the colors in stained glass were due to the presence of small 

metal particles much smaller than the wavelength of light, and also that the sky is blue 

due to sub-wavelength scatterers in the atmosphere, a phenomenon now known as 

Rayleigh scattering [52, 53]. This work was later extended to particles of a size near the 

wavelength of light by Gustav Adolf Feodor Wilhelm Ludwig Mie [54], and this 

scattering of electromagnetic radiation by homogenous spheres of ~wavelength-diameter 

is now known as Mie scattering. 
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 The study of metal clusters came into its own and continued to grow throughout 

the 1960's and 1970's, a time during which they were simply thought of as small 

molecules. This changed in 1984, when Knight, et al., studied alkali clusters up to 100 

atoms, and discovered an underlying order resembling electronic shell structure [55]. This 

shell structure was later found to exist in clusters containing many thousands of atoms 

[56]. The structure for Rb clusters was shown to favor sizes with n = 3, 9, 19, 21, 35, 41, . 

. . atoms [57]. 

 The study of alkali clusters has exploited numerous methods to deliberately 

promote their formation. Commonly, Rb clusters are formed by heating a Rb pool to 550 

K to create a high vapor pressure and then flowing a cool noble gas over it to create a 

supersaturated condition that causes the alkali atoms to aggregate into clusters [58]. Such 

a system is not dramatically different from what we use to polarize 129Xe. 

 

4.1 Hypothesizing Effects and Formation of Rb Clusters in SEOP Cells 

 As deliberate Rb cluster formation involves mechanisms that appear similar to 

those that can be present during spin exchange optical pumping, it is worth considering 

what effect Rb clusters may have on the SEOP environment. Note that alkali clusters 

have been shown to be paramagnetic, with an overall magnetic moment that increases 

with cluster size [59]. Of particular relevance for flow-through SEOP systems where 

some impurities are unavoidably introduced over time, incorporation of other atoms can 
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enhance cluster magnetic moments [60]. Particularly, incorporation of oxygen atoms into 

Rb clusters produces a large magnetic moment [61]. Furthermore, given their high free-

electron densities, alkali clusters exhibit broad (>50 nm FWHM) light scattering. Such 

scattering has been studied in sodium clusters and has shown to be driven by the 

collective resonances of the valence electrons, which exhibit a photon-absorption cross-

section that depends on cluster size [62]. 

The conditions for deliberate cluster formation are very similar to those found in 

SEOP. However, intentional cluster formation typically requires much higher 

temperatures. At an SEOP internal temperature of 150º C, the Gibbs free energy is 

 G H T S∆ ° = ∆ °− ∆ °  (4.1) 

where 28H kJ mol∆ ° = is the enthalpy difference between atomic Rb ( 77 kJ mol ) and 

Rb2 ( 105 kJ mol ), and ln 2BS k∆ ° =  is the entropy difference between Rb and Rb2. This 

is 31G kJ mol∆ ° = . The equilibrium between Rb and Rb2 can be calculated by 

 G
RT

eqK e
∆ °−= , (4.2) 

providing a Rb2 density of 0.1% [ ]Rb . Higher-order clusters would be less prevalent. 

However, the introduction of O2 (and other) impurities and their reactions with 

atomic Rb vapor would allow their integration with Rb clusters, both diminishing the 

energy requirements for, and promoting the formation of, larger clusters at more modest 

temperatures [63]. In one study, water vapor was deliberately added to a flowing, inert 

gas stream, in order to aid alkali cluster formation [64]. 
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Given an abundance of approaches for deliberate creation of alkali clusters, it is 

not difficult to imagine their unintended presence in SEOP cells. However, it is 

somewhat more challenging to delineate an exact mechanism by which they arise and 

how laser light may aid their formation or activation. One possible effect of the laser is to 

promote light induced atomic desorption (LIAD), wherein atomic Rb is desorbed from a 

surface by non-wavelength specific light [65]. In fact, in our SEOP cells we notice that 

within seconds of turning on the laser, 5-10% of the incident light is already absorbed or 

scattered, and, conversely, whenever the pumping laser is turned off, we observe an 

immediate rush of gas into the cell, suggesting a rapid decrease in pressure inside the cell 

as soon as the pumping laser is removed. A test of this principle on an SEOP cell, sealed 

at the inlet, with the outlet connected to a pressure transducer, showed that the pressure 

instantaneously dropped from 29 psig to 25 psig when the laser was turned off. The 

rapidity with which the effect occurs suggests it is a mechanism other than heat, though 

it is not clear if this mechanism is related to LIAD or cluster energy. Although LIAD 

typically involves desorbing alkalis from polymer coated cells [66] or those containing 

porous silica [67], it may also occur to a modest extent in uncoated cells, especially in the 

presence of 10's to 100's of watts of light and macroscopic pools of Rb. Such localized 

increases in vapor pressure would be met in a flow-through SEOP cell, by a cool gas 

mixture entering the cell, creating localized supersaturation that causes Rb atoms to begin 

aggregating. 
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The role of the laser continues once clusters have been formed. As recently shown 

by Atutov, et al. [51], the incidence of 1 W cm-2 of D1 resonant light causes clusters to 

become unstable and to explode. Atutov, et al. observed Rb clusters exploding, 

fluorescing, and propagating in a soliton-like fashion through a hot, buffer-gas filled 

heat-pipe optical cell. Atutov describes these exploded clusters as exhibiting a very hot 

plasma-like state involving significant numbers of free electrons, which would be highly 

depolarizing. Multiply ionized clusters have temperatures approaching their boiling 

point, and atoms within the cluster behave like a liquid [68]. Beyond this point, as 

clusters ionize further, their internal energy causes them to explode. It is particularly 

noteworthy that Atutov noticed that incident light had to be within 5 GHz of the D1 

resonance to cause clusters to fragment. 

The emerging picture of cluster formation and destruction by laser light may also 

play a role in the commonly observed phenomena of "rubidium runaway" in 129Xe SEOP 

systems [69, 70]. The formation of Rb clusters would likely be concentrated near high-

intensity laser irradiation of alkali metal atoms near bulk alkali pools on the optical cell 

surface. The LIAD effect creates localized high vapor pressure, which when combined 

with the flow of cool gas or convection creates a supersaturated vapor that promotes 

particle agglomeration. Subsequent irradiation of clusters by resonant D1 light causes 

cluster explosion into vapor, with increased heating, and further supersaturation. Thus, 

one can conceive of a rapid and dynamic cycle, wherein clusters are formed, absorb 
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energy, release electrons into a plasma-like state, and energetically explode. Alkali vapor 

and fragments are eventually incorporated into new clusters and are convectively 

dispersed throughout the vapor in the SEOP cell. 

 

4.2 Modeling Activated Rb Clusters 

 With this background in mind, we seek to model the clusters in the simplest 

possible way until such time that they may be better characterized. To simplify the 

complex dynamic state of clusters and calculate their effects on polarization, we refer to 

them at any point within their formation and destruction cycle as "activated" clusters. 

Such clusters would have several effects. First, the presence of these large, paramagnetic 

clusters and related plasmas must relax 129Xe nuclei. We model this process simply as 

collisional relaxation between 129Xe and the cluster according to 

 
1

1

Xe

z
n cluster XeRb v

T
s+

− = ⋅   (4.3) 

where z
nRb +    is the activated cluster number density, in which n  signifies the 

unknown, but non-negligible, number of atoms in the clusters, and z +  signifies its 

unknown, but non-negligible, ionization state. And, akin to spin exchange formalism, 

cluster Xevs −  is the velocity-averaged relaxation cross-section for 129Xe-cluster collisions. 

Given their large size, z
nRb +  clusters should exhibit a much larger collisional cross-section 

with 129Xe than would their atomic Rb counterparts. Estimates of Rb cluster size from 
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the literature, range from ~40 nm when formed at very low buffer gas pressure [71], to 

~600 nm when formed at higher pressure and irradiated with ~1 W cm-2 of D1 resonant 

light [51]. With these geometrical considerations in mind, we estimate the cross-section 

for 129Xe atoms colliding with Rb clusters to be 4-6 orders of magnitude larger than for 

atomic Rb. Assuming a less efficient spin interaction than for atomic Rb-129Xe, and 

through further steepest descent tuning detailed below, we arrive at an estimated velocity-

averaged cross-section of 13 3 14 10clusters Xev cm ss − −
− ≈ × . This is roughly 3 orders of 

magnitude larger than the measured Rb-129Xe velocity-averaged spin-exchange cross-

section. Thus, even a small number density of clusters could begin to compete with spin 

exchange to suppress 129Xe polarization. 

 If activated Rb clusters have a relaxing effect on 129Xe, they must also cause Rb 

spin destruction. We characterize this spin destruction using the same standard 

collisional formalism 

 
clusters

z
SD n cluster RbRb vs+

− Γ = ⋅   (4.4) 

where cluster Rbvs −  is the velocity-averaged Rb relaxation cross-section induced by cluster 

collisions. Through similar estimates as outlined above we estimate this cross-section to 

be 7 3 14 10cluster Rbv cm ss − −
− ≈ × . By comparison, the atomic Rb-Rb spin destruction 

cross-section is 13 3 14.2 10Rb Rb cm ss − −
− = ×  [33]. Again, the relatively larger size of 

clusters would endow them with comparatively enormous collisional cross-sections 

relative to pure atom-atom interactions. And finally, we model the broadband scattering 
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of laser photons by clusters by endowing them with a wavelength-independent scattering 

cross-section that wastes photons in proportion to their density, z
nRb +   . Again using the 

steepest-descent optimization described below, we estimate this scattering cross-section 

to be 

 12 21 10cluster cms −≈ × , (4.5) 

which is roughly an order of magnitude larger than the peak scattering cross-section for 

the atomic Rb D1 resonance under the conditions in our cell. This estimate substitutes 

for what is likely to be an overlap of many Mie-scattering profiles arising from a broad 

distribution of cluster sizes. 

 With the physical effects of activated clusters included in the model, the 

remaining task is to postulate a means of scaling their number density. We seek to 

account for two factors that we have empirically observed to diminish polarizer 

performance. The first, is that neither polarization nor production rate improve when 

laser intensity increases or spectral width is narrowed. Second, higher alkali vapor 

pressure in smaller cells appears to negatively impact performance. For these reasons, we 

model cluster density as being proportional to excited state Rb population. This 

incorporates increased optical pumping rate (through either narrowing or concentrating 

laser light), increased spin destruction rates, and higher alkali vapor pressure into the 

cluster generation mechanism. Note, that this approach has been empirically found to 

best explain our measurements. We also attempted to scale cluster number density 
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according to Rb number density alone, optical pumping rate alone, gas temperature and 

photon intensity. None of these approaches agreed with observation to the same extent. 

The excited state Rb density is given by 

 [ ] ( )5 ½ 1p OP RbRb Rb Pτ γ+  = ⋅ ⋅ ⋅ −   (4.6) 

where τ  is the excited state lifetime. Substituting for RbP  as defined in Equation 2.1 into 

Equation 4.6 and subsuming the lifetime into the overall scaling constant clusterΘ  we 

obtain an expression for cluster density as a function of alkali density of 

 [ ]z OP SD
n cluster

OP SD

Rb Rbγ
γ

+  Γ  = Θ ⋅ ⋅   + Γ 
 (4.7) 

 This way of modeling cluster number density z
nRb +    thus increases as a function 

of [ ]Rb , as well as OPγ  and SDΓ . This approach appears to appropriately punish 

operating at higher alkali number density, as well as penalizing high optical pumping 

rates achieved by laser narrowing or concentrating power in a smaller volume. We should 

note, however, that the overall scaling of activated cluster number density and the 

postulated cross-sections are not fully independent. Thus, the same modeling effect can 

be achieved by increasing cluster density and decreasing the associated cross-sections, or 

vice versa. Thus, as a starting point for the model we have set the overall scale such that 

z
nRb +   , is roughly 1

1000  the number density of atomic Rb at 100 ºC. This gives us a 

starting constant 86.5 10cluster s−Θ = × . 
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4.3 Steepest Descent Tuning of Cluster Parameters 

 To arrive at the best possible estimates of the associated cross-sections and 

number density scaling, we wish to "fit" the entirety of our collected dataset. However, 

since this data does not have a simple analytical function, an alternative approach is to use 

a steepest descent gradient fitting routine to minimize least squares differences with the 

model results. We allowed only three model parameters to be adjusted: cluster Rbvs − , 

cluster Xevs −  and clusters . These same parameters were used to collectively fit the entire 

dataset, including polarization and production rate at all absorption levels, for all six 

combinations of cell geometry and laser configuration. Prior to running the steepest 

descent gradient algorithm, a baseline starting-guess for all the parameters was adjusted 

until the predictions of the model came into good visual agreement with the data. Then, 

a random number generator varied all six values between 0× and 2× the values found in 

the qualitative fit, 51,751 times. The best fit from that sequence was then run through a 

steepest descent gradient fitting routine to further optimize the parameters toward a 

global minimum. The technique used a cost function consisting of a least squares 

difference between the 24 polarization data points and numerical model, as well as the 

differences for the 24 production rate data points and the model. 

 The results of the steepest descent fits appear in Fig. 17 showing peak 

polarization data compared to the optimized model, and Fig. 18 showing production rate 

compared to the optimized model. 
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Figure 17: 129Xe peak polarization data from Fig. 14, but now including predictions of the cluster 

model (bold) showing significantly better agreement than the standard SEOP model (dotted). 
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 Note that peak polarization now agrees well across the entire range of absorptions 

for all six combinations of laser and optical cell geometry. Particularly, the polarization at 

low absorption, which so greatly underperforms the standard model, is now pulled into 

line by cluster-induced relaxation of the 129Xe. This mechanism of polarization 

suppression continues to grow towards higher absorption levels. 
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Figure 18: 129Xe production rates from Fig. 15, now compared to the cluster model (bold), which 
shows considerably better agreement across absorption levels than the standard model (dotted). 

 The model also appears to better predict the observed production rates (Fig. 18). 

For the narrowed laser, the model correctly predicts the poorer photon efficiency for the 

smaller optical cells. For the broad laser, the model now does a good job of slowing the 

predicted production rates at higher absorption levels. The general differences between 
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the way production curves scale for the narrowed and broad lasers are due to the readiness 

with which they are absorbed. As the broad laser has more off-resonant photons, 

temperature (and atomic Rb density) must be higher in order to absorb that light, an 

effect that becomes more pronounced approaching 100% absorption in the standard 

model. Thus, the addition of a broad scattering component reduces the temperature 

requirements of light absorption, and as light can be absorbed at lower temperature, and 

lower atomic Rb vapor density, it is done so in a regime with a lower spin exchange rate, 

longer spin up time constant, and thus, there are lower predicted production rates in the 

cluster model, which is more pronounced at high temperatures, and most pronounced for 

a broad pumping laser. 

The hypothetical cluster cross-sections used to generate these curves are listed in 

Table 4. 

 

Table 4: Proposed cluster scaling constant, cluster relaxation cross-sections, and scattering cross-
section determined from steepest descent fit. 

clusterΘ   cluster Rbvs −   cluster Xevs −   clusters   
86.5 10 s−×   7 3 14 10 cm s− −×   13 3 14 10 cm s− −×   12 21 10 cm−×   

 

 

4.4 Comparison of Individual Cluster Effects 

 The new activated cluster model comes to agreement with data through the 

addition of three cluster-initiated effects, a velocity-averaged spin destruction cross-
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section, cluster Rbvs − , a velocity-averaged 129Xe relaxation cross-section cluster Xevs −  and a 

broad photon-absorption cross-section clusters . To appreciate the individual influence of 

each of these mechanisms, their effect on predicted polarization and production rate are 

shown in Figs. 19 and 20. For these figures the standard model was run, while adding in 

only one additional effect at a time (red for spin destruction, green for light scattering and 

blue for 129Xe relaxation), and compared against the full cluster model (black). 
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Figure 19: 129Xe peak polarization data from the cluster model in Fig. 17 (black), but now including 

predictions of the individual effects of the model, that is, the standard model with only the addition of 
the 129Xe T1 relaxation effect (blue), Rb spin destruction effect (red) and broad photon absorption 

effect (green). 

4.4.1 Spin Destruction 

 When only the effect of cluster-induced spin destruction on the atomic Rb is 

added to the standard model (shown in red in Figs. 19 and 20), it effectively reduces 129Xe 

polarization at higher laser absorption levels, but has relatively little effect at the lower 
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absorption levels. Hence, alkali polarization can remain high at low absorption levels, 

consistent with the findings of Schrank, et al. [25]. Cluster-induced alkali spin 

destruction at high absorption has a more deleterious effect on 129Xe polarization for the 

broad laser than the narrowed laser. That is because high absorption occurs at higher 

[ ]Rb  for the broad laser, and clusters grow in proportion to [ ]Rb . 

 Regarding production rate, the cluster-induced spin destruction, again has little 

impact at low absorption on any cell configuration. However, as absorption increases, 

increased alkali spin destruction suppresses production rate more significantly for the 

narrowed laser than for the broad laser. The narrowed laser, with its higher optical 

pumping rate, creates a higher cluster number density. This in turn results in a larger 

fraction of atomic Rb relaxation coming from collisions other than 129Xe-Rb spin 

exchange collisions. Thus, cluster-induced Rb spin destruction undermines photon 

efficiency. 
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Figure 20: 129Xe production rates from Fig. 18, but now including predictions of the individual effects 

of the model, 129Xe T1 relaxation (blue), Rb spin destruction (red) and broad photon absorption 
(green) as compared to the full cluster model (black). 

 

4.4.2 Broad Photon Scattering 

 The effect of cluster-related photon scattering (green line) on 129Xe polarization is 

somewhat similar to that of Rb spin destruction. It again does not significantly suppress 

129Xe polarization at low absorption, but has its most substantial impact at the higher 
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absorption levels. It has a primary effect of decreasing production rates across the board, 

as laser photons are being unproductively scattered rather than pumping atomic Rb. In 

fact, for all cell and laser combinations, this effect actually suppresses production rate 

below the rate seen in the final model. That is because in the final model the production 

rate is actually artificially enhanced partially by an exceedingly short 129Xe 1T , discussed in 

the next section. The photon-scattering term was necessary to enable predicting both 

129Xe polarization and production rate for all combinations of cell and laser. 

 

4.4.3 129Xe Relaxation 

 Cluster-induced 129Xe relaxation (blue line) actually appears to provide the bulk of 

the polarization-limiting effects. For the example of the 100-cc SEOP cell pumped by 

the broad laser, the 129Xe relaxation time 1T  caused by clusters at only 10% absorption is 2 

minutes. By the time 90% absorption is reached the 129Xe 1T  has been reduced to only 8 

seconds. As mentioned, this short 129Xe 1T  actually artificially increases apparent 

production rates, much like the way in which 3He cells with very poor wall relaxation 

times actually exhibit accelerated spin-up times. In this case, the artificially accelerated 

production rates are somewhat counterbalanced by the even slower than predicted 

production rates from true atomic Rb-129Xe spin exchange. 
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4.5 Possible Presence of Activated Clusters in 3He Cells 

 Although the work presented here is focused entirely on 129Xe polarization, it is 

tempting to consider the possibility that clusters may also play a role in 3He SEOP. 3He 

polarization, although typically quite high, remains plagued by an "X-factor" [72, 73], 

which behaves somewhat like a temperature-dependent wall relaxation rate that causes 

cell-to-cell performance variations and scales loosely with their surface-to-volume ratio. 

Moreover, although impressive 3He polarization levels exceeding 80% are now routinely 

attained [3], these systems still consume considerably more laser light than should be 

necessary. Such observations could potentially also be attributable to cluster formation. 

For example, cluster-induced relaxation of 3He could be difficult to distinguish from 

enhanced wall relaxation, and clusters could also be responsible for excessive scattering of 

laser light. However, as we have modeled their formation, cluster generation should be 

considerably weaker in 3He cells than 129Xe cells, because the generally lower spin 

destruction rate associated with 3He-Rb collisions will result in a lower excited state Rb 

density. Thus, cluster number density, as estimated by Eq. 4.5, would be reduced. 

Moreover, 3He SEOP does not involve flow. It takes places in an ultra-pure environment 

with uniform temperature, which reduces the conditions of alkali supersaturation that are 

promoted by cool gas flowing into a hot cell. Absence of flow also diminishes the 

introduction of contaminants like O2 and H2O. Without such contaminants, cluster 

formation is likely inhibited and cluster size is likely reduced [63]. Nonetheless, the 
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arguments presented here certainly suggest that Rb cluster formation could be occurring 

in 3He SEOP, as well. 

 

4.6 Limitations of Modeling Alkali Cluster Formation 

 If Rb cluster formation can be confirmed, the proposed model of their formation 

and effects on 129Xe relaxation, Rb spin destruction and optical scattering will 

undoubtedly be found to be overly simplistic. It is, additionally, unlikely that Rb clusters 

would form with a uniform size, but would instead exhibit a distribution of sizes. 

However, it stands to reason that some aspects of these three behaviors will be found to 

persist and their effects to manifest themselves at least qualitatively as postulated here. 
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5. Rb Nanocluster Detection 

A critical step towards eliminating the effects of Rb clusters on the 129Xe 

hyperpolarization process, is to definitively identify, and quantify, their presence in situ. 

Such efforts are needed to both confirm the validity of the model just described, and to 

be able to begin testing methods to prevent cluster formation or at least mitigate their 

negative effects. However, it is challenging to detect nanoscale particles that may only be 

present in the vapor phase at a concentration roughly 1 ppb of an atmosphere. There are 

several approaches to detecting clusters. The most common in the field of cluster science 

is to use mass spectrometry, but this is impractical to integrate into the SEOP 

environment. The other is to use scanning electron microscopy to seek direct evidence of 

their presence in optical cells. We will show such approaches later in this chapter, but 

they are of course destructive. The most preferred method of cluster detection is to use 

optical means. This has the advantage of speed and potentially being possible to integrate 

as a real-time diagnostic on our polarizers. In fact, we have seen some indications of an 

optically detectable effect by monitoring the transmission of our spectrally broad laser. A 

striking finding is that when the laser is turned on to illuminate a cold cell (<40 °C) the 

laser transmission immediately (<30 sec) decreases and then stabilizes. Observations of a 

photodiode indicate the bulk of the initial attenuation occurs during the first 10 seconds. 

Note that the transmission spectrum acquired at 30 seconds after turning on the SEOP 
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laser exhibits both a resonant dip, but also a subtle decrease in intensity away from the 

795-nm peak, as shown in Fig. 21. 

 
Figure 21: Paradoxical cold-cell attenuation (orange) of the 1.923 nm FWHM pumping laser is seen 

30 sec after the laser illuminates a 300-cc SEOP cell. Transmission through a cold cell should 
essentially consist of the laser emission profile shown in black. The decrease in resonant transmission 

would indicate a mechanism that creates Rb atomic vapor density. The decrease in non-resonant 
transmission suggests other absorption or scattering mechanisms are coming into play. 

 This observation is unexpected because at 23 ºC Rb is a solid (melting at 39 ºC) 

with a Rb vapor density of ~1010 cm3. This is insufficient to absorb a measurable amount 

of circularly polarized light, and yet, immediately after the laser was turned on the 

transmission spectrum showed that 8% of the light was already absorbed. This amount of 

light should not be absorbed until the vapor density reaches 6 × 1012 cm-3, at a 

temperature of 99 ºC. Yet, in this example, the on-board RTD measures the cell body 

temperature to remain below 40 ºC for several minutes following laser illumination. 

Thus, our observation of light absorption while the cell body remains cool, indicates the 
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possible presence of one of two mechanisms. Either, the high photon flux is ejecting 

atomic Rb according to the principles of LIAD, in which photons of any wavelength can 

impart energy into alkali metal atoms causing them to desorb from the surface. Or, 

alternatively, it can illustrate the presence of some other particle within the cell 

environment. This particle could be activated by laser light to generate atomic Rb vapor 

that absorbs resonant light, while residual particles scatter non-resonant light. 

 In order to further characterize the optical transmission profile of this cell, it was 

then actively heated until 80% of the light was attenuated. The laser is broad enough to 

enable off-resonance light attenuation to be observed. As expected, photons are absorbed 

close to the D1 resonance as shown in Fig. 22 (red line). Also shown on this plot in blue, 

is the expected transmission profile when 80% of the light is absorbed. Interestingly, the 

observed vs. expected transmission in the wings of the D1 resonance show a somewhat 

unexpected and uneven absorption. This could indicate the presence of an unexpected 

scattering cross-section, for example arising from due to a larger particles within the 

SEOP cell. 
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Figure 22: The spectral profile of our 1.923 nm FWHM laser (black) and its modeled transmission at 

80% photon absorption (blue), do not match up with the observed transmission profile at 80% 
attenuation. This is particularly evident in the wings of the laser emission, as shown in the panel on 

the right. 

 The slightly greater than expected extinction of light at 792 nm may indicate that 

a small fraction of the light is being scattered by particles. Hence, it is fruitful to 

investigate such scattering at shorter wavelengths. Thus, rather than using only the 2-nm 

spectral distribution from the SEOP laser, it would be more ideal to employ a broad, 

evenly distributed light source against which unexpected absorptions could be measured. 

In practice, however, no such perfect "white light" source exists. The closest 

approximation is the output of a 150-W xenon arc lamp, which emits photons by passing 

current through a high-density, ionized xenon gas. Use of such a white light source for 

cluster detection in an SEOP cell is shown in Fig. 23. 
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Figure 23: White light spectroscopy apparatus. The 150-W Xe arc light source replaces the pumping 

laser, and transmission of the sealed optical pumping cell is measured by spectrometer. 

Unfortunately such light sources are somewhat fragile and unstable, and it was discovered 

that this source could not operate near the 20-gauss magnetic field supplied by the 

Helmholtz coils on the polarizer. Hence, in order to illuminate the cell by the xenon arc 

lamp, it was necessary to turn off this magnetic field. Combined with the need to send 

the light in through the front face of the optical cell, this eliminated the ability to 

simultaneously conduct high-power 795-nm optical pumping while probing clusters. 

Thus, this experiment could only probe for the possible presence of small particles that 

had already been deposited in the optical cell and were propelled into the vapor phase by 

heating. Inspection of the white light transmission through both a cold and a hot optical 

cell (Fig. 24) shows what appears to be a significant attenuation of light at higher 

temperatures. The attenuation is particularly prominent in the range from 500-600 nm, 

consistent with expectations that small particles scatter shorter wavelength light more 

efficiently. However, note that there is a slight amount of hysteresis in the intensity of the 
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spectrum after the cell is cooled down. It returns nearly to its baseline value, but not 

completely. 

 
Figure 24: Transmission of a broad-spectrum light from a xenon arc lamp through a sealed SEOP 

cell when cold (blue), heated to 200 ºC (red), and after cooling down to 40 ºC (orange). The typical D1 
and D2 absorptions are seen when the cell is hot, at 795 and 780 nm. However, the observed decrease 

in transmission at lower wavelengths cannot be explained by atomic Rb transitions. 

 In order to characterize the broader absorption component, it is useful to calculate 

an extinction spectrum, as described by Mochizuki, et al. [71]. This is calculated from 

( )log c hT T , where cT  is the transmission through the cold cell, and hT  transmission 

through the hot cell. Such an extinction spectrum calculated from the data in Fig. 24, is 

shown in Fig. 25. 
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Figure 25: Extinction spectrum of a Rb-filled, SEOP cell sealed with 6 atm of 1% Xe, 10% N2, 89% 

He. This highlights the expected extinction at the D1 and D2 wavelengths of 795 and 780 nm. 
However, it also shows an unexpected extinction at progressively shorter wavelengths. 
 

Note that this extinction spectrum clearly shows the expected absorptions of the 

D1 and D2 lines at 795 and 780 nm. However, the most striking feature is the gradually 

increasing extinction towards the lower wavelength range. Note that the only transition 

from ground state atomic Rb that is in the visible wavelength range (400 - 700 nm) is the 

5 6s p→  transition at 421 nm, which is not within the range of our spectrometer. 

 Thus, it is to be generally expected that the extinction spectrum far from the D1 

and D2 resonances should be 0. Particularly, within the range of our spectrometer (500 - 
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700 nm), atomic Rb vapor is expected to be transparent. Similarly, the pyrex glass is not 

expected to exhibit any wavelength-selective absorption or scattering aside from simple  

reflections at interfaces. And finally, Xe, N2, He are also transparent in this wavelength 

range, and their number density remains constant throughout heating of the cell. 

Regardless, there is a rather noticeable loss of transmission at shorter wavelengths, 

reaching a maximum at the hardware limit of our spectrometer of 500 nm. This 

unexpected attenuation could be potentially explained by the presence of Rb clusters that 

have been liberated into the gas phase by heating of the optical cell. Particles on the order 

of the wavelength of the probe light will scatter light according to Mie theory. The 

extinction spectrum shown in Fig. 25 could result from the overlap of many Mie-

scattering profiles, in which the resonant scattering frequencies of many different particle 

sizes combine to form one large, broad scattering cross-section. 

 Although these results are encouraging, they could potentially be explained by 

systematic errors in the measurement. To that end, a series of spectra were also acquired 

without the Rb-filled SEOP cell in the path of the light. These spectra, shown in Fig. 26, 

were acquired through the empty oven, heated in the same fashion, and show that the 

light transmission was the same at high temperature as it was at low temperature. That 

would seem to indicate that the sensitivity of the apparatus is robust to temperature. 

However, comparing the spectra of Figs. 24 and 26 show that profiles of the "white" light 

are different particularly at the shorter wavelengths (500 - 550 nm). These data were 
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acquired one day apart, and the discrepancy could be indicative of wavelength-dependent 

output instability of the white light source. 

 
Figure 26: White light transmission through the empty oven. Transmission is constant in the visible 

wavelength range, ruling out temperature dependence of the light source or fiber optics. 
While the white light transmission measurements provide potential evidence of 

the presence of Rb clusters in situ, they are far from definitive. Moreover, this method 

does not allow us to truly investigate the SEOP environment. In order to be able to 

search for clusters during hyperpolarization, we replaced the sensitive, broad-spectrum 

white light source with a single-frequency, 5-mW probe laser. To avoid possible resonant 

absorption from atomic Rb at 421.6 nm, we chose a commercially available probe 
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wavelength of 450 nm (blue). This probe laser could be directed through a small pinhole 

in the side of the oven, through the optical cell, but transverse to its optical pumping axis. 

In this way, the conventional 795-nm SEOP laser could also be applied as it normally is 

during hyperpolarization. The setup is shown in Fig. 27. 

 
Figure 27: Blue-light cluster-detection probe shines in through the side of the SEOP cell (a) 

transverse to its long axis to allow for simultaneous illumination by the SEOP pump laser along the 
axis of the cell. Any scattering of the light by particles in the beam will decrease the voltage detected 
by a photodiode (b). Heating coils on the cell surface (c) around the path of the laser are intended to 

prevent plating of Rb on the side walls that would interfere with the probe beam measurement. 
  

Subsequently a significant effort was undertaken to eliminate a variety of 

systematic effects. Examples of the major systematics are illustrated in Fig. 28. 
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Figure 28: Early attempts to detect the 450-nm probe led to the discovery of many systematic effects 

that influenced the final apparatus. These include, a) Rb plating on the cell walls, b) mechanical 
shifting of oven insulation that steadily decreased baseline probe transmission, c) a dataset showing 
what might be interpreted as changing transmission caused by clusters, that was d) also present in a 

control dataset acquired without an optical cell. 

Early evidence of systematics (Fig. 28a) was that the probe beam transmission 

increased or decreased in a way that did not recover when SEOP was stopped and the cell 

cooled. This was thought to be caused by the plating out and ablation of a thin film of Rb 

on the interior surface of the cell, and was ultimately solved by the heating loops shown 

in Fig. 27. A second effect was found to be very subtle shifting of oven that partially 

blocked the probe beam and caused its transmission to subtly and steadily decrease from 

run to run, as shown in Fig. 28b. These initial effects were addressed by mechanically 

stabilizing the oven insulation, such that it no longer fell into the beam path. 
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Figure 28c shows a run that initially appeared to exhibit exactly the type of effects 

we might expect to see from the generation of clusters in the SEOP cell. Upon initially 

turning on the SEOP laser and heating the cell, a gradual decrease in probe intensity was 

observed. This would be the expected effect of probe beam attenuation by clusters in its 

path. Moreover, as soon as SEOP and heat were stopped, probe transmission again 

increased. The effect was repeatable. Unfortunately, these promising results were shown 

not to be the result of scattering by clusters. When the cell was removed, and the 450-nm 

transmission measured through the empty oven (Fig. 28d), with no alkali metal present 

whatsoever, the same effect was observed. Hence, this control experiment revealed that 

heating of the system was causing the response, even in an empty oven where, of course, 

clusters could not possibly be present. 

It was discovered that the photodiode, and most especially the probe laser, had a 

response that was sensitive to ambient temperature. As both were (initially) very close to 

the SEOP oven, it appeared that these results were simply caused by propagation of heat 

from the oven to the detection apparatus. In order to mitigate this effect, the photodiode 

was moved 15 cm away from the oven. The probe laser was removed from the polarizer 

and mounted to a wall, 45 cm away. 

These changes eliminated the most significant of the systematic effects. To ensure 

that the system is now robust to temperature, another control dataset was acquired 



  71 
 

through an empty oven. This control dataset is shown in Fig. 29, and now demonstrates 

that transmission over time is stable during heating and cooling. 

 
Figure 29: Transmission remained consistent through the empty oven as it was heated and cooled. 

With most major systematics eliminated, we were in position to search for cluster 

formation in situ. To this end, a dataset was acquired in which all conditions postulated 

to affect cluster formation were adjusted, to test for their effects on 450-nm probe 

attenuation. These included adjusting pressure from 3 to 6 atm and back, adjusting gas 

mixture flow from 0.2 to 3 SLM and back, turning the magnetic fields off and back on 

again, and switching the gas mixture flowing through the cell to UHP helium and 

repeating the whole experiment. The rationale for each of these interventions was as 

follows. As described previously, increased buffer gas pressure is thought to better confine 

individual Rb atoms and potentially enhance cluster formation. Similarly, increasing gas 
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flow is thought to both accelerate the introduction of impurities, and increase localized 

cooling, thereby promoting Rb supersaturation and cluster formation. Turning off the 

magnetic field, effectively removes the co-linearity of optical pumping laser and 

alignment direction, leading to so-called skew-light pumping [50]. This reduces the 

ground state alkali polarization and thereby increases excited state population. As 

indicated by the model presented in chapter 4, cluster formation is postulated to scale 

with excited-state Rb density, and hence would be increased in this scenario. For similar 

reasons, replacing the gas mixture with UHP helium removes the nitrogen quench gas, 

thus allowing for stimulated emission of randomly polarized 795-nm photons that 

propagate through the cell. This too should cause ground-state Rb polarization to 

decrease, and thereby cause excited state Rb density to increase. Each of these scenarios 

were tested for their effect on probe beam attenuation. The results are shown in Fig. 30. 

Each condition was allowed at least 5 minutes produce an effect on transmission. 

Unfortunately, no obvious effect was noted for any of these interventions. The only 

observed change, was a steady, constant, gradual decrease in transmission. Although we 

cannot be certain of its origins, it could be indicative of a continued systematic effect, 

albeit of much smaller magnitude than previous ones. 
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Figure 30: With the adjustment of flow rate, pressure, magnetic field and gas supply all varied, 
transmission appears unaffected. The only noticeable trend is a very small steady decrease in 

transmission that reverses when heating stops. 

Hypothesizing that this represented a slow approach to mechanical equilibrium, we thus 

sought to allow the system to settle for a longer period of time prior to testing the 

interventions. The results of this experiment are shown in Fig. 31 and depict the most 

stable configuration we were able to obtain. Note that turning on the heating loops causes 

a slight increase in probe beam transmission. Then, over the next 3-4 hours, the system is 

allowed to equilibrate in order to stabilize the transmission of the probe beam. At this 

point, the same series of interventions previously discussed were applied to the system. 

Once again, none of the interventions elicited an effect that was measurable within the 

sensitivity of the apparatus. However, the slow gradual decline in intensity was again 

apparent and quickly returned to baseline after turning off the cell heating. 
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Figure 31: For this dataset, the SEOP cell was allowed ~4 hours to reach an equilibrium state, and 

then flow rate and pressure were adjusted in attempt to generate more light attenuation, but with no 
effect. 

These data and lack of detectable changes in probe beam transmission are integral to 

further developing a theory of how Rb clusters are formed within the SEOP 

environment. The absence of a measurable effect on probe transmission provides a 

valuable means to place limits on the combination of particle density and their scattering 

cross-section. 

 Based on the sensitivity and stability of the apparatus, we can put a limit on the 

amount of attenuation to be ≤1%. The attenuation of light by a scattering medium should 

follow Beer's law according to 

 
0

z
nl RbI I e s + −  =  (5.1) 
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where I  is the attenuated intensity and 0I  the baseline intensity, s  is the scattering 

cross section of the particles, z
nRb +    the number density of particles, and l  is the length 

of the probe beam path across the cell. This path length is roughly 5 cm, which leaves 

only the scattering cross section and cluster density as unknowns. We can use our 

estimated photon scattering cross-section from our earlier models of 12 21 10cluster cms −≈ × , 

which combined without our measurement limit that transmission in the hot SEOP cell 

is no less than 99% of baseline to estimate that 9 32 10z
nRb cm+ −  ≤ ×  . Thus, there is still 

ample room for a very significant particle density to exist in the cell and yet not be 

detectable by our probe laser experiment. 

 There are therefore, two disparate observations that need to be reconciled, 1) 

white light transmission along the axis of a heated cell indicated broad attenuation in the 

visible spectrum, and 2) specific, 450-nm laser transmission transverse across the cell 

shows no appreciable absorption from the SEOP environment. This could suggest that 

there are relatively fewer clusters in the middle of the cell compared to near the front, and 

that the 450-nm probe laser was probing a different cluster density than the white light 

source. It could also be that the white light source was susceptible to an unidentified 

systematic error of its own. 

 A picture is already beginning to emerge that cluster density, z
nRb +   , is not a 

uniform or easily measured phenomenon. In fact, they may be quite localized toward the 

front of the SEOP cell. Thus, we employed a second strategy, which was to use scanning 
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electron microscopy to destructively, but more definitively, search for the presence of 

clusters in optical cells. In order to do so, we dismantled and examined an SEOP cell 

under electron microscopy. This was done with the help of Chris Flower, a hard-

charging physics undergraduate student who creatively established access to the Duke 

SMIF scanning electron microscope. These images, shown in Fig. 32, illustrate a stark 

difference in the appearance of the front surface of the cell compared to the sides and rear  

[74]. Most notably, the images showed two striking features. The first was the presence 

of micron scale craters on the front face of the cell, which were not present on the side 

and rear faces. The second was the detection of micron scale particles, which again 

predominated the front window of the cell. Indeed, when interrogated further via energy-

dispersive, X-ray fluorescence spectroscopy, these particles were found to exhibit the 

characteristic Kα  edge of Rb. 

 
Figure 32: Scanning electron microscopy of the side wall (left) and front face (right) of an optical 

pumping cell. Unique to electron microscopy images of the front face, are large, spherical particles, 
~5 nm in diameter, as well as numerous smaller craters. 
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These images appear to indicate that the front of the cell has been riddled with 

glass-melt indentations. As described by Atutov, et al. [51], ionized clusters, irradiated 

with resonant light, attain temperatures of ~1000 K, in the realm of the 1100 K melting 

point of borosilicate glass. It is possible that in our system where, Atutov's 500 mW laser 

is replaced with our 90 W laser, that clusters could attain even higher temperatures, 

capable of leaving their mark on the front of a cell. It is most striking to note that these 

indentations appear exclusively on the front face of the cell. This is also in line with 

Atutov's description of clouds of Rb clusters that propagate, hot and soliton-like, forward 

against the direction of the laser beam, before colliding with the front face of his heat-

pipe cell. It appears, based on these preliminary observations, that the same behavior may 

be present in our SEOP cells.  

The character of these indentations can also give us an idea of cluster size. The 

indentations appear to be 500 nm in diameter or less. Although we do not know their 

exact radius of curvature, it may be reasonable to estimate a diameter of 1 μm or less. 

Perhaps the most striking finding was the presence of large, spherical particles on 

the front window of the cell. In fact, their size is considerably greater than expected. One 

possible explanation for this is that they are, in fact, Rb clusters, but ones that have grown 

in size by reacting with atmospheric contaminants. Because Rb is highly reactive, it 

readily incorporates H2O and O2, and would likely have done so when exposed to air. 
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Therefore, additional images were acquired using transmission electron 

microscopy that were not contaminated by the atmosphere. This method involves 

preparing a grid, 3 mm in diameter, for imaging. The grid was placed inside an SEOP 

cell, on which optical pumping was performed at 200 °C for 1 hour. After this, the cell 

was cooled and dismantled under an inert UHP N2 atmosphere, in order to extract the 

microscopy grids without exposure to air. The advantages of this technique are two-fold, 

1) it was possible to perform imaging on uncontaminated Rb clusters, and 2), it was 

possible to examine their structure and presence after only an hour of SEOP. As the grid 

rested on the bottom of the cell, at some point during either SEOP, or as the cell was 

cooling, clusters of Rb settled onto the grid and survived the journey into the TEM. A 

close-up image of one of these clusters is shown in Fig. 33. The scale of this cluster 

appears to be roughly 600 nm in diameter, much smaller than those imaged earlier after 

exposure to air, and potentially more indicative of the true size of such particles during 

SEOP. 
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Figure 33: A close-up image of a Rb cluster, generated during 1 hour of SEOP, as images by 

transmission electron microscopy. 

  These images offer compelling proof of, at least, the existence of Rb-containing 

particles within the SEOP environment. The bigger challenge, is the pursuit of real-time, 

in situ characterization. The ability to probe their behavior during SEOP would bolster, 

or, reform the theoretical framework for their existence and formation mechanisms. 

Additionally, such a probe would also provide the ability to quantify the elimination of 

Rb clusters in real time. 

In summary, our search for the presence of clusters has proven to be challenging, 

but encouraging. The 450-nm probe beam studies suggest that SEOP has a <1% effect 

on transmission. This lets us put a limit on the vapor-phase number density of clusters of 

order 9 32 10 cm−× . However, destructive testing and interrogation by SEM and TEM 

appear to indicate that alkali clusters are more than just a hypothetical construct. 

However, more detailed empirical characterization has proven to be elusive. The work 
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presented in this chapter are just the first steps. In order to detect and characterize 

clusters in real time SEOP, more sophisticated approaches than simple Beer's law 

attenuation will be needed. Some proposed approaches are provided at the end of the 

next chapter. 
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6. Increasing 129Xe Polarization 

 The inability to date to detect clusters in SEOP cells in real-time has made it 

difficult to fully characterize their formation dynamics. However, based on our modeling 

we can speculate about several factors that likely contribute to their formation and/or 

activation. The most notable of these are the presence of bulk Rb and heat. One 

seemingly obvious approach, therefore, is to make greater efforts to remove excess heat 

and contain the bulk Rb to the greatest extent possible. Rb is necessary, however, in order 

to drive optical pumping and spin exchange, and heat is necessary, of course, to drive the 

Rb vapor pressure. To manage this paradox, we exploit the continuous flow nature of 

129Xe hyperpolarization to develop an approach that simultaneously reins in and tightly 

controls both. If these factors are indeed involved in cluster formation, minimizing them 

could be expected to yield increased SEOP performance and potentially break a long-

standing 129Xe polarization log jam. 

 In our standard SEOP cell, the cell body is filled with ~500 mg of Rb. This 

puddle of Rb provides vapor pressure when the cell body is heated to ~150 ºC. But 

providing such heat to the cell also increases the temperature at which spin-exchange 

collisions take place. We know from the work of Nelson and Walker [30] that spin 

destruction is temperature dependent. Given the interplay between increased spin 

destruction and excited-state Rb density, heating would therefore likely drive cluster 

formation harder. To minimize such heating, an alternative would be to leave the SEOP 
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cell body bare of Rb, while allowing the flowing gas mixture to enter the cell body already 

saturated with Rb. In this way, the cell body is able to operate at a cooler temperature and 

thereby better dissipate the heat energy deposited by the optical pumping laser. 

Moreover, the absence of bulk Rb metal pools in the optical cell may diminish the 

efficacy of the LIAD mechanism of liberating Rb atoms. 

 This was achieved by designing a new optical cell with a greatly enlarged Rb pre-

saturation chamber compared to the previous design, shown in Fig. 34. 

 

 
Figure 34: Two generations of SEOP cell. At left, the initial design, in which the tiny, spherical Rb 

pre-saturation bulb can be seen on the inlet stem, but the bulk of Rb was housed in the cell body. At 
right, the Vigreux design, with much enlarged pre-saturation region. 
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This new design was based on a Vigreux condenser. Typically, a Vigreux 

condenser is run such that a hot gas flows through the inside, while cooling is applied 

from the outside, to cause these volatiles and gases to condense on the interior surface. 

For our purposes we instead run the Vigreux in reverse, by applying heat to the outside in 

order to generate vapor pressure from the liquid Rb in the interior. When the incoming 

gas mixture flows through this Vigreux design, the incoming gas both warms up and 

becomes saturated with Rb vapor. This design is illustrated in more detail in Fig. 35. 

 

 
Figure 35: Cross-sectional view of the Vigreux cell design, at left, and the first Vigreux cell, at right. 

The pre-saturation region, with indentations to increase surface area, is filled with Rb and curls 
around the cell to conform to existing geometrical constraints. The pre-saturation region is then 

wrapped in heater tape, while gas flowing through it is saturated with Rb vapor, before entering the 
cell. 

 The first 129Xe polarization vs. flow dataset acquired with this cell is shown in Fig. 

35 (blue) and compared to a dataset from an old cell (red). Compared to a standard cell, 

which would operate at 150 - 170 ºC, the new Vigreux cell body would operate at 110 - 

120 ºC, with the pre-saturation region heated to ~190 ºC. In this configuration, the 

Vigreux cell absorbed the same amount of laser light while maintaining the spin exchange 
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region 40-50 degrees cooler. Since the volumes of the two cell bodies are identical, 

additional heating of the gases from absorbed laser power is roughly identical, and 

therefore spin exchange is expected to occur at a lower gas temperature. This should 

therefore result in lower spin destruction rates, which in turn should potentially diminish 

cluster formation. Indeed, this approach resulted in an immediate and unmistakable  

improvement in peak 129Xe polarization as shown in Fig. 36. 

 
Figure 36: Initial results from the pre-saturated Vigreux cell design (blue), compared to a standard 
cell (red). The SEOP dimensions are identical, but the Rb has been moved out of the cell into a pre-

heated, pre-saturation chamber in the Vigreux design, enabling an effective doubling of polarization. 

This design is not without its flaws, however. At higher flow rates, polarization drops off 

more precipitously, possibly owing to the limited ability of the pre-saturation region to 

saturate an incoming gas stream with Rb vapor as the flow rate increases. Future design 

iterations will utilize extended presaturation regions wherein the incoming gas has a 

longer time to equilibrate with the Rb vapor pressure. However, the key success, here, 

was identifying a single design change that was capable of unlocking a near doubling of 
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129Xe polarization. The idea of pre-saturation had been introduced by Ruset, at al [18], 

but it was done while introducing approximately 8 other major design changes. Our work 

now provides context and explanation for the polarization improvements first reported by 

Ruset, while paving the way for achieving high 129Xe polarization in a much more 

compact polarizer configuration. 

 Of course, an equally important aspect of the continuous flow SEOP process is to 

retain the 129Xe polarization once it leaves the cell. Our careful work on polarization vs. 

flow testing demonstrated that 129Xe relaxation downstream of the cell must also be 

carefully taken into account. These developments are described next. 

 

6.1 Avoiding Magnetic Field Zero-Crossings 

There is a large discrepancy in the amount of polarization leaving an SEOP cell, 

and the polarization of an accumulated batch of 129Xe. This is illustrated in Fig. 37, which 

calculates the expected 129Xe polarization after freezing and thawing for both a 300-mL 

and 1-liter collection vs. what is actually achieved. This figure shows that for a 

conventional, non-presaturated SEOP cell, 129Xe is polarized to 20% as it leaves the 

SEOP cell at a flow rate of 1.67 SLM. When solid 129Xe relaxation is taken into account, 

this leads to an expected polarization of 19% for a 300-mL batch and 17% for a 1-liter 

batch collected after freezing and thawing. Instead, the measured polarizations are 9% 
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and 6%, respectively. Thus batch polarization levels are roughly 50-70% below theoretical 

expectations. 

 
Figure 37: 129Xe Polarization is rapidly lost during accumulation. Based on actual polarization 
measurements, the polarization leaving the cell is shown by the dashed curve. The red and blue 

curves represent theoretical predictions for 129Xe recovery, which take the form that they do due to 
relaxation on ice. This highlights the trade-off between maximizing polarization leaving the cell, and 
losses on ice. The resulting 129Xe polarization in a delivered batch (red and blue circles) are much less 

than what they should be. 

Thus, it could be hypothesized that surface effects are relaxing 129Xe in transit, 

and this would not be unreasonable, as 129Xe relaxes rapidly in the presence of many 

paramagnetic and ferromagnetic species. These species include, especially, oxygen and 

iron, which can relax 129Xe with a time-constant of just seconds. Because of that, great 

care has been given to the materials that gas flows through, and the purity of their 



  87 
 

surfaces, within the polarizer. Particularly downstream of the polarizer, 129Xe passes 

through tubing, valves and o-rings made of pyrex, aluminum, silver and polymers that 

have all been previously determined to have a very limited effect on 3He and 129Xe 

relaxation [75].  

Despite this, evidence was still present that during the freeze/thaw process, 129Xe 

emerged with 50% less polarization than expected based on the known relaxation time of 

solid 129Xe and the duration of accumulation. Subsequent investigation pointed to a clue 

that it was not surface relaxation, but rather the effects of magnetic field in the 

freeze/thaw region. The specific problem is that solid 129Xe requires a field >500 G [76] 

to exhibit a long 1T  at 77 K, and >1500 G to exhibit long relaxation time as the solid Xe 

is warming up. Thus, the polarizer is equipped with a 2 kG permanent magnet fixture in 

which the cryogenic accumulation takes place. However, when flowing 129Xe through this 

region and detecting it in the flow-test apparatus, a significant loss of polarization was 

observed. When the magnet yoke was removed, the flow test once again returned to 

being lossless. This pointed to a gas-phase relaxation mechanism associated with the 

interactions of the two magnetic fields. 

The relaxation of gas-phase 129Xe and 3He is known to be sensitive to magnetic 

field gradients. This inhomogeneity relaxation is particularly sensitive in zero-field 

crossings [77]. It scales as the square of the magnetic field gradient over magnetic field 

strength. Beyond gradient relaxation, there is also the potential for non-adiabatic effects 
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to cause polarization loss. As long as at least some magnetic field is present, 129Xe 

magnetization will follow the local quantization axis, because perturbations will typically 

be slow compared to the Larmor precession frequency. For example, in Earth's field at 

~0.5 G, the 129Xe precession frequency is of order 600 Hz. However, at a zero magnetic 

field crossing, precession frequency becomes zero, and the potential for non-adiabatic 

losses increases. 

 By carefully mapping the region between the 20 gauss field provided by the 

polarizer Helmholtz coils and the 0.2 T field generated by the permanent magnets 

surrounding the coldfinger and freeze-out region, we found in fact, two magnetic-field 

zero-crossings. Moreover, by virtue of the way the freeze/thaw cycle works on the 

polarization, the 129Xe passed through these crossings twice, first, on its way into the 

coldfinger, and once more on its way out, during the thaw. 

 The original magnet yoke on the polarizer was found to have two design flaws. 

This yoke was deliberately designed with cold-rolled, 1018 steel, which has a high 

magnetic susceptibility, in order to contain the magnetic field lines. However, even with 

this high susceptibility the 3 8"  thick yoke material was not thick enough. Thus, instead 

of the magnetic flux returning in a fully contained manner through the yoke, it instead 

leaked out. This flux leakage created a field reversal above and below the yoke, relative to 

the field between the poles. The second flaw, was that this design also utilized a 1018 

steel top plate that contained a significant portion of the magnetic flux, with a small entry 
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through which the coldfinger passed. This small entry provided a gap in the magnetic 

flux, through which a portion of the magnetic field that should have been contained 

instead leaked out into free space, causing the 2nd reversal. Thus, a first solution was to 

increase the thickness of the yoke material, to ensure that all magnetic flux returned 

through the sides of the yoke. The second solution was to replace the top flux-

containment plate with a support material of low magnetic susceptibility (aluminum) to 

eliminate any flux return through that region and thereby eliminate the 2nd zero crossing. 

This new design is shown in Fig. 38. 

 

 
Figure 38: New magnetic flux-rerouting magnet yoke, as visualized (left) and as realized (right). 

High-strength, permanent magnets are placed against the braces highlighted in orange. Note the side 
walls are made of high-flux material, while the top brackets are made of aluminum. The front plate 

of the yoke is not shown in the drawing. 
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 Additionally, this design also accommodated a wider range of coldfinger designs 

through an enlarged opening at the top. This also relieves pressure on the operator, who 

previously was required to thaw quickly and at high pressure, or risk losing polarization. 

The system is now more robust to idiosyncrasies in operational technique, with decreased 

losses in polarization. Whereas previously, polarization losses of 30 - 50% were common, 

the revised design is consistent with 5-10% polarization loss. At 1.67 SLM, this change 

has increased polarization in a recent 300-mL batch of accumulated 129Xe from 11% to 

14%, and consistently shows an improvement factor of 25-30% at that production rate. 

Furthermore, at lower flow rates that effect is more apparent, as a batch acquired at 0.8 

SLM was shown to improve from 14% to 21%, representing an improvement of 50% in 

accumulated polarization. 

 

6.2 Cryogenic Accumulation: Capturing 129Xe and Minimizing 
Relaxation  

Once 129Xe has been accumulated into its ice form, it begins to relax. The work of 

Kuzma, et al. [78], thoroughly characterized the relaxation properties of Xe ice at varying 

magnetic fields and temperatures. At 77 K, the relaxation time constant, 1T , is 2.5 hours 

for a field stronger than 0.07 T. However, the assumption that 129Xe in the coldfinger is 

always at 77 K may not be valid. If solid 129Xe is warmer than 77 K, its 1T  becomes 

shorter. Moreover, above 120 K, the 129Xe 1T  becomes more heavily dependent on 
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magnetic field strength, and requires increasingly higher fields to stay long. At 160 K and 

0.2 T, the 1T  has shortened considerably to ~2 min [76, 78, 79]. 

There are several mechanisms by which some or all of the Xe ice in the coldfinger 

could be warmer than 77 K. First, Xe precipitates from the He and N2 mixture as snow 

due to its low elemental ratio (similar to H2O freezing out of our atmosphere). Such 

xenon snow likely has a much poorer thermal conductivity than dense ice. Thus, the most 

recently laid down layer of snow is most insulated, by old snow, from the cooling effects 

of the liquid N2. Moreover, this fresh snow layer feels the full, warming effect of 

incoming gas, which by definition must be flowing in at more than its 161 K 

solidification point to avoid clogging. Finally, although it has not been systematically 

investigated, it is likely that 129Xe snow exhibits a shorter 1T  than solid crystalline Xe. 

Norquay, et al., have reported evidence that the 1T  of their 129Xe snow is of order 87 min 

[27]. 

Further diminishing the polarization of a released batch of 129Xe is the effect of 

thawing the Xe snow. As the Xe is warmed, it obviously traverses the tricky regime where 

the solid Xe becomes very warm, approaching its melting point of 161 K, where it relaxes 

rapidly, and then goes through a change of state. Inexplicably, sometimes Xe snow will 

sublime, and other times it will remain as a boiling liquid for several seconds. It is 

generally believed that the longer it takes xenon to thaw and remain as a warm solid, the 
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more depolarization will occur. Given these challenges, we sought to also revisit the basic 

design and thermal properties of the coldfinger in which 129Xe is frozen and thawed. 

Beyond the important element of retaining 129Xe polarization, it was also 

important to consider retaining xenon volume. It had historically always been assumed 

that 100% of the xenon in the mixture was cryogenically extracted in the 77 K coldfinger. 

However it became evident to us that this was not completely true when operational 

pressures were lowered from 6 atm to 3 atm in order to fully exploit spectrally narrowed 

laser light. While we attained higher 129Xe polarizations while operating at lower 

pressure, we also found that the final dose bags were markedly less inflated than before. 

This indicated that less xenon was being extracted from the SEOP mixture. This is 

because when operating at half pressure, and a constant mass flow rate, the gas mixture 

velocity is doubled and residence time inside the coldfinger is cut in half. This, in turn, 

reduces the time xenon has available to cool and freeze. 

 The volume of STP Xe collected in a dose bag can be calculated by measured 

mass according to 

 
natXe Xe appV mζ= ⋅  (6.1) 

where appm  is the apparent mass of the xenon gas, defined as the measured mass 

difference between the full and evacuated baggie, and 1215.85
natXe mL gζ −= ⋅  is the sea-

level buoyancy-corrected volume-to-apparent-mass ratio specific to natural abundance 

xenon. 
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 In measuring the volume of our standard injection-nozzle coldfinger design, as 

described by Schrank, et al. [25], the acquired volume in what should have been a 300-

mL batch (18 min accumulation at 1.67 SLM), was, in fact, only 237 mL. The injection-

nozzle design, as illustrated in Fig. 39, utilized a dry-nitrogen pumped warming jacket 

that prevented the nozzle from clogging with frozen xenon. However, at lower 

operational pressures and increasing linear flow rate through the coldfinger, it was found 

that clogging no longer occurred, even when no warming was applied to the jacket. 

 
Figure 39: The original injection-nozzle coldfinger design. The warm, flowing gas mixture enters the 
cell (orange arrow), is chilled by the pyrex walls submerged in liquid N2, where xenon freezes out as 
snow, accumulating at the base, while the remaining gas mixture flows out. The walls of the nozzle 
are hollow, through which flows a dry, by keeping the incoming 129Xe above its 161 K solidification 

point. 
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This began to suggest that gas flowing through the coldfinger was much less cold 

than previously thought. It began to inform a new idea of how a coldfinger should be 

designed, by removing the need for a nozzle, and instead accumulating xenon 

continuously along a length of tubing such that xenon could remain as close to 77 K as 

possible. In increasing the flow path of Xe through the coldfinger, the gas mixture spends 

more time in transit, reaching lower temperatures, and allowing more Xe to freeze out. 

By increasing the I.D. of the tubing from ~4 mm to ~12 mm, the cross-sectional area of 

the tubing increases by a factor of 9, a change that slows the flowing gas by the same rate. 

We can exploit this fact, utilizing narrowed tubing until 129Xe reaches the uniform region 

of the magnetic field. This has been observed to mostly prevent freezing out of the xenon 

gas, due to the high flow velocity. Once within the homogeneous magnetic field region 

within the center of the magnet yoke, the tubing is widened, flow rate decreases, and 

xenon is efficiently extracted. Of course, geometric constraints of a practical polarizer 

required that the length of tubing be confined to the smallest possible space. This wider 

tubing diameter prevented the use of a spiral design while still fitting within the 

homogeneous region of the 0.2 T holding field. Thus, a more compact design, as shown 

in Fig. 40, one that easily fits in the uniform region of high field within the permanent 

magnets, was conceived. 
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Figure 40: The "puzzler" coldfinger, so-named because its tortuosity is reminiscent of a puzzle box, 
as conceptualized at left, and in use, at right, filled with a batch of frozen xenon. The frozen xenon 

appears to be very homogeneously distributed, thus improving thermal contact. Furthermore, there 
is very little xenon apparent at the exit (in the rear) of the coldfinger, indicating full extraction. 

 This new coldfinger design, the "puzzler," retained 281 mL of Xe from what 

should be a 300 mL accumulation, a 19% increase in accumulated volume, and very near 

100% Xe retention. Of course, given the interior volume of the coldfinger, some Xe will 

remain inside the coldfinger, undispensed, after thaw. Thus, a full 300 mL dispense 

cannot be attained unless the coldfinger is flushed with buffer gas, as is commonly 

practiced. This new coldfinger design, combined with the redesigned magnet yoke, serve 

to reliably increase the polarization of a batch of 129Xe by 50%. The bulk of the 

polarization retention is due to the magnet yoke, while the new coldfinger design serves 

primarily to improve HP 129Xe extraction. 
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6.3 Optical Improvements at the SEOP Cell Interface 

 Traditionally, our SEOP cell designs had curved interfaces at the front and rear of 

the cell. This is because curved surfaces are able to better hold pressure up to or exceeding 

6 atm. One would intuitively expect that such curved interfaces lead to poorer coupling of 

the SEOP pumping light into the optical cell. However, previous efforts to produce cells 

with optical quality windows, did not generate improved polarization [23]. Moreover, a 

flat window joined at a 90º angle to a cylinder does not hold pressure well, making such 

designs more difficult to produce reliably. This combination led flat-windowed cells to be 

largely abandoned. Our insights into cluster formation now suggest that lack of success 

using optical quality cells could be attributed to the idea that more efficient coupling of 

laser light was simply causing more efficient generation of clusters. Hence, there was a 

negative feedback mechanism that appeared to make developing optical quality cells less 

valuable. Now, however, using pre-saturation seems to mitigate the effects of clusters, 

and returns scalability to the hyperpolarization process. Moreover, with spectrally 

narrowed lasers, we are able to operate at a lower pressure of 3 atm, reducing the 

demands on our optical interfaces. We have employed a glass shop that now has the 

ability to design cell faces with fretted glass joints that are capable of better withstanding 

pressure. This has enabled a transition to flat cell faces in our optical cells to revisit their 

potential advantages. 
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 This is important, because light entering the cell can experience a bit of deflection 

due to the index of refraction of pyrex (n = 1.47) and the angle of incidence on the cell 

face, as shown in Fig. 41. 

 
Figure 41: The effects of curved optical interfaces on incident photons, as illustrated by 532-nm light 

through an empty, never-used 100-cc optical cell. Light incident at the center of the cell face (a) 
travels along a straight path, light at the edge (b) is very strongly diffracted, and light incident at a 

point in between can be deflected at an angle (c). 

Light incident at the center of the cell face experiences essentially a 0° deflection, but that 

is not necessarily the case at other places on the cell face, where the light encounters 

varying incidence angles based on the curvature and thickness of glass at that point. If the 

glass window is of uniform thickness, the light is expected to be undeflected. However, in 

practice that is probably not always the case, because the curved windows are hand-

blown. 

 We can solve the problem of highly deflected photons with a newly-designed flat-

faced cell, shown in Fig. 42. This cell design has recently been installed in one of our 

clinical polarizers, is being pumped using a 75-W laser, and is now in routine operation. 
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Figure 42: A cell design with optically flat windows allows for higher beam quality entering the 

SEOP environment. This cell is also wrapped with 10 feet of nichrome heater tape for pre-saturation. 
Shown as conceptualized, at left, and as realized, at right. 

 

6.4 Results 

 The design improvements discussed in the first half of this chapter have now all 

been synthesized and installed in our clinical polarizers to improve the SEOP process to 

both accelerate throughput and increase 129Xe polarization. Each of these now play into 

our ability to achieve higher image quality with smaller volumes of xenon. 

Before this work, the performance of our polarizers were such that a 300-mL 

batch could be reliably produced with ~9% polarization, with occasional batches of 12% 
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after installing a new SEOP cell. Through the improvements outlined above, we have 

improved that number to 34%, as illustrated by Fig. 43. 

 
Figure 43: Polarization increases due to the design changes outlined within this document. The 

inherited polarizer (blue bars) produced, on average, 9% (300 mL) and 6% (1000 mL) polarized 
batches of 129Xe during the initial GE trial. With a pre-saturated, flat-faced cell, flux-containment 

yoke, puzzler coldfinger, and 100-W single-beam narrowed laser (red bars), polarization attains 34% 
(300 mL) and 23% (1000 mL). 

This 3-fold increase in polarization results directly in a 3-fold increase in SNR for 129Xe 

MRI, which has been instrumental in our pre-clinical imaging program as well. Imaging 

the mouse with HP gas has been particularly challenging and was historically only 

possible with 3He. However, our improvements in 129Xe polarization, combined with 

refined radial image reconstruction has enabled high-resolution imaging of 129Xe in the 
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mouse, as well as enabled detection of the red blood cell 129Xe resonance in the mouse 

[80]. The following image (Fig. 44), adapted from work to be published  by Robertson, 

et al. [81], utilizes a finely-tuned, HP-gas-specific reconstruction suite to allow us to 

push the resolution of our imaging to 156 μm isotropically in 3D. 

 
Figure 44: Isotropic, 3D, 129Xe ventilation image of the mouse lung. Resolution is 156 μm in all three 

dimensions. 

 

 Additionally, this gain in polarization allows for images to be acquired with 

smaller doses of 129Xe. Image quality now meets or exceeds, the ventilation 

characterization ability once provided for us by 3He, as shown in Fig. 45. Furthermore, 
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these standard ventilation 129Xe images are now made using 300 mL of HP 129Xe, rather 

than a full liter, enabling faster clinical turn-around. 

 
Figure 45: Recently acquired 129Xe ventilation image of a healthy volunteer. Such image quality is 

now routine at our center. 
 

 Moreover, this enhanced polarization has helped to enable more useful 

information from a single scan. Perhaps most importantly, it has increased the sensitivity 

of imaging the small magnetization pools of 129Xe in the red blood cells, enabling fully-

isotropic, high-resolution, 3-D, multi-phase imaging of the human lung and its function 

[82], as shown in Fig. 46. 
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Figure 46: Fully isotropic, 3D gas-phase imaging, enabled, in part, by higher 129Xe polarization. 

Separate gas phase (grayscale), barrier tissue (green) and red blood cell (red) images allow imaging 
of lung function.  

  

 

6.5 Future Considerations 

 The work described in this thesis has provided a new framework through which 

129Xe polarizer performance can be better understood and optimized. Specifically, this is 

the framework of alkali cluster formation. In fact, this framework and the tools we 

developed have already permitted empirical progress to be made and realized in our 

everyday operations. These insights have led to an improved magnet yoke and coldfinger, 

a pre-saturated optical cell design and better incorporation of spectrally narrowed lasers. 

These improvements have had a tangible benefit on our program. However, to reach the 

next step will require a redoubling of efforts to detect clusters in situ. 
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 To date our efforts to definitively detect and monitor cluster formation during 

SEOP have fallen short. This is likely the result of insufficient sensitivity and residual 

systematic errors that undermine the repeatability of the 450-nm probe beam detection 

method. These results point to a need for a more sensitive, robust and reproducible 

means of quantifying the presence of light-scattering particles. Although the apparatus 

now must become more complicated, and expensive, the means to such an end has 

already been described in the literature by Duthler, et al [64]. 

 Specifically, we now understand that cluster density is perhaps lower than 

originally thought, or their size, and thus optical scattering cross-section is lower. Given 

this, our previous approach is somewhat flawed in that it attempts to measure a very small 

attenuation, with a large number of photons. In short, the background signal completely 

overwhelms the effect. The alternative, is to instead measure only the scattered photons. 

This can be done by placing the detector perpendicular to the SEOP cell. In this way, the 

baseline signal is 0, and any 450-nm photons detected can be certain to have arisen from 

scattering. Furthermore, by adjusting the angle of the detector, it will be feasible to 

establish the angular dependence of the scatter, thus characterizing the scatter as 

predominantly Rayleigh or Mie scattering. This, in turn, might help provide an order-of-

magnitude range of particle size. 

 Once an in situ method of detecting clusters is reliably verified, it would provide a 

feedback mechanism that informs future design changes. With the ability to measure the 
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number density of Rb clusters within the SEOP environment, we would be able to 

correlate that density with real-time polarization measurements. This would provide an 

understanding of their relaxation and scattering cross-sections. Furthermore, it would 

enable the ability to better understand the drivers of cluster formation, and how they 

could be mitigated. 

 If clusters could be removed from the SEOP environment, the production of 

129Xe could again scale as described by the standard model, and allow for the productive 

scaling up of the apparatus, with a constant photon efficiency [29]. With a calculated 

photon efficiency of 4.6% [27], 1 kW of narrowed light could be productively employed 

to produce a liter of HP 129Xe in less than three minutes. Essentially, this would represent 

on-demand production. 

 Once it becomes possible to polarize 129Xe that quickly, it will become necessary 

to consider more efficient methods of 129Xe extraction. Real-time 129Xe extraction would 

enable comprehensive pulmonary functional imaging that could meet the real-world 

demands of a clinical MRI scanner. Cryogenic extraction techniques undermine the 

continuity of 129Xe hyperpolarization. To overcome this limitation, it is feasible to employ 

hollow-core, porous membranes, as previously utilized for 129Xe infusion [83, 84]. Such a 

method seeks to first selectively dissolve HP 129Xe into solution through a micro-porous 

membrane, leaving behind the buffer gases. Then, passing through a second membrane, 

the 129Xe is extracted from the solution, returning to the gas phase at a higher 
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concentration. This isn't the only method by which real-time extraction could be realized, 

but once that ability is there, on-demand HP 129Xe MRI would be ready for the demands 

of any clinic. 

 In short, it appears we are on the verge of cracking the code for large-scale 129Xe 

polarization. Once this is done, we are poised to finally scale the production process in 

the way first envisioned by Bhaskar and Happer [29] when they first introduced the 

notion of photon efficiency. Combined with methods for real-time extraction, this 

technology should not only be possible to utilize more practically for current clinical uses, 

but pave the way for new applications beyond the lung. 
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Appendix A: Physical Constants Relevant to Modeling SEOP 

• kB: 1.38 × 10-23 J / K 

• NA: 6.022 × 1023 

• h: 6.626 × 10-34 J s 

• c: 2.999 × 108 m / s 

• re: 2.82 × 10-15 m 

• η0: 2.69 × 1019 cm-3 (Loschmidt constant) 

The amagat [amg] is defined as 1 Loschmidt constant, the number of gaseous atoms in a 

cc at STP, 2.69 × 1019 cm-3.  
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