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ABSTRACT OF DISSERTATION 

DEVELOPMENTING HYPERPOLARIZED KRYPTON-83 FOR NUCLEAR 

MAGNETIC RESONANCE SPECTROSCOPY AND MAGNETIC RESONANCE 

IMAGING 

This dissertation discusses the production of highly nonequilibrium nuclear spin 

polarization, referred to as hyperpolarization or hp, in the nuclear spin I = 9/2 noble gas 

isotope krypton-83 using spin exchange optical pumping (SEOP). This nonequilibrium 

polarization yields nuclear magnetic resonance (NMR) signals that are enhanced three or 

more orders of magnitude above those of thermally polarized krypton and enables 

experiments that would otherwise be impossible. Krypton-83 possesses a nuclear electric 

quadrupole moment that dominates the longitudinal (Ti) relaxation due to coupling of the 

quadrupole moment to fluctuating electric field gradients generated by distortions to the 

spherical symmetry of the electronic environment. Relaxation slows polarization buildup 

and limits the maximum signal intensity but makes krypton-83 a sensitive probe of its 

environment. 

The gas-phase krypton-83 longitudinal relaxation rate increases linearly with total 

gas density due to binary collisions. Density independent relaxation, caused by the 

formation of krypton-krypton van der Waals molecules and surface adsorption, also 

contributes to the observed rate. Buffer gases suppress van der Waals molecule mediated 

relaxation by breaking apart the weakly bound krypton dimers. Surface relaxation is gas 

composition independent and therefore more difficult to suppress. However, this 
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relaxation mechanism makes hp krypton-83 sensitive to important surface properties 

including surface-to-volume ratio, surface chemistry, and surface temperature. The 

presence of surfaces with high krypton adsorption affinities (i.e. hydrophobic surfaces) 

accelerates the relaxation times and can produce Ti contrast in hp krypton-83 magnetic 

resonance imaging (MRI). Tobacco smoke deposited on surfaces generates strong Ti 

contrast allowing the observation of smoke deposition with spatial resolution. Conversely, 

water adsorption on surfaces significantly lengths the Ti times due competitive surface 

adsorption. 

Finally, this work demonstrates that hp krypton-83 MRI of intact, excised lungs is 

feasible. No attempts have been made to observe pathology specific contrast, but this 

work represents the first steps in developing hp krypton into a useful biomedical tool. 

Although the signal must be improved for biomedical applications, additional 

enhancements of up to 180 times greater than the currently obtained signal are possible 

through improved SEOP, and another order of magnitude increase can be obtained 

through isotopic enrichment. 

Zackary Ian Cleveland 
Department of Chemistry 
Colorado State University 
Fort Collins, Colorado 80523 
Summer 2008 
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Bad enough! The same old story! When one has finished building one's house, one 

suddenly realizes that in the process one has learned something that one really needed to 

know in the worst way—before one began. The eternal distasteful "Too late!" 

The melancholy of everything finished! 

- Friedrich Nietzsche, 

from Beyond Good and Evil 
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CHAPTER 1 

AN INTRODUCTION TO NMR, MRI, AND SPIN EXCHANGE OPTICAL 

PUMPING WITH EMPHASIS ON KRYPTON-83 



1.1 Background and Motivation 

Nuclear magnetic resonance (NMR) was first observed in 1945 by the research 

groups of Edward M. Purcell at Harvard University and Felix Bloch at Stanford 

University. During the six decades since its discovery, NMR and the related technique 

magnetic resonance imaging (MRI) have been applied to almost every area of laboratory 

science. Chemical structure determination by NMR spectroscopy is now indispensable in 

modern synthetic chemistry, and NMR is used increasingly for the determination of the 

tertiary and quaternary structure of biological macromolecules \ Pulsed field gradient 

(PFG) NMR methods yield detailed information about the diffusion, dispersion, and flow 

in fluids 2. MRI has become a dominant clinical technique for non-invasively examining 

soft tissues in both the clinical and biomedical applications2. 

Despite the rapid development and broad usefulness of MR based techniques, they 

are often severely limited by their insensitivity compared to other analytical methods (See 

Section 1.2.1.) and typically require on the order of 1014 nuclei to yield a detectable signal. 

However, the past decade several novel technologies have been developed that create 

highly nonequilibrium nuclear spin polarization, commonly called hyperpolarization (hp), 

which can partially overcome the low sensitivity associated with conventional MR 

methods. For instance, in solids it is possible to irradiate a coupled electron-nuclear spin 

system with microwave radiation having a frequency near that of the electron Larmor 

frequency. Through this method, called dynamic nuclear polarization (DNP), polarization 

can be transferred from the irradiated electron to the nucleus of the atom of interest. Under 

optimal conditions, DNP can enhance sensitivity by several orders of magnitude over 

those obtained from thermally polarized samples. In lH NMR, it is possible to make use of 
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the high spin order of parahydrogen to obtain signal intensities that are about three orders 

of magnitude greater than are achieved using conventional *H NMR 4 '5. Hp 129Xe can be 

generated by "brute force" techniques in which high equilibrium polarization is produced 

using strong magnetic fields and millikelvin temperatures. Following polarization, the 

xenon is heated to room temperature quickly enough to avoid relaxation thus producing 

high, nonequilibrium polarization . Additionally, non-equilibrium polarization in He can 

be produced by electronic excitation of a metastable helium atom using circularly 

polarized light7. This technique increases the observed MR signal by up to five orders of 

magnitude. 

Another method of producing highly polarized noble gases is alkali metal vapor 

spin exchange optical pumping (SEOP) 8, but this method, unlike optical pumping with 

metastable atoms, is applicable to any of the NMR active noble gas isotopes. By removing 

the highly reactive alkali metal vapor of the SEOP process 9 n many intriguing 

experiments as well as practical MR applications become possible. In SEOP, angular 

momentum is transferred from circularly polarized photons, to the valence electron of an 

alkali metal vapor, and then to noble gas nuclei through alkali metal-noble gas 

interactions. SEOP of the noble gases has been studied extensively with a variety of 

experimental methods using a wide range of gas mixtures and pressures, temperatures, 

magnetic field strengths, and light illumination powers 8'12'13. The details of the SEOP 

process change considerably under these differing conditions, but the fundamental 

processes are similar. A more complete discussion of these processes is presented in 

Section 1.3. 
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Although 3He has no appreciable chemical shift, it has received a great deal of 

attention due to its large range of potential applications, which range from the production 

of high efficiency neutron spin filters 14 to biomedical imaging 15. This widespread use is 

largely due to the high gyromagnetic ratio and long Ti times of this isotope, which can 

reach hundreds of hours in the absence of paramagnetic species 16'17. Together these 3He 

characteristics yield extremely high nonequilibrium nuclear spin polarizations. Hp He 

MRI allows direct, spatially resolved observation of ventilation distribution and dynamics 

in both healthy and diseased lungs 18. Apparent diffusion constant (ADC) measurements 

and ACD weighted MRI are sensitive to hp 3He confinement within pores and thus 

provide information about changes in alveolar size resulting from normal aging 19'20 and 

chronic obstructive pulmonary disease progression (COPD) 21"23. Finally, the high 

gyromagnetic ratio of 3He makes the longitudinal (Ti) relaxation of this isotope extremely 

sensitive to the presence of paramagnetic species such as molecular oxygen 2 . Although 

the Ti of hp 3He is typically reduced to 10 to 20 s in the presence of a breathable oxygen 

mixture 25, this sensitivity makes hp 3He a useful probe of regional O2 partial pressure in 

lungs26"29. 

Hp 129Xe provides lower signal intensities than does hp 3He, but this isotope is of 

interest because of its large 129Xe chemical shift range of ~300 ppm 30'31. The potential 

utility of 129Xe NMR was first pointed out in studies of nanoporous media 32 and 

clathrates 33 conducted in the early 80's, and 129Xe NMR has subsequently found wide­

spread used in materials science (See refs.34"40 for reviews.). Further, 129Xe chemical shift 

anisotropy (CSA) can be used to probe void space geometries, pore dimensions, guest 

molecule loading, and gas dynamics within nanoporous materials 41"45. Information about 
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the permeability, porosity, and tortuosity of porous materials 46"51 can be obtained through 

hp Xe diffusion measurements, and information about the surface-to-volume ratios of 

soft porous materials can be obtained through xenon exchange experiments . There has 

also been interest in transferring the high, nonequilibrium spin polarization of hp 129Xe to 

other atoms of interest40'53. 

Biomedical interest in hp 129Xe began when pulmonary, gas-phase MRI was first 

reported 54 . The Oswald solubility of xenon in tissues is -10% 55, and has a Ti time of 

tens of seconds in biological fluids 31. The large 129Xe chemical shift range provides 

information about structure and gas dynamics in both healthy and injured lungs 56~59, and 

hp 9Xe ADC measurements can detect pathological changes in lung morphology 60. In 

vivo hp 129Xe NMR studies have also been extended beyond the lungs to other tissues and 

organ systems including the blood 61, kidneys 62, and brain 62"64, where tissue specific 

chemical shifts can be observed 65. Additionally, hp 129Xe in conjunction with 

functionalized cryptophane biosensors may be useful as a molecular imaging contrast 

agent66'67. 

Table 1.1: NMR Parameters for Nuclear Spin I > 0 Noble Gas Isotopes 
Noble Gas Isotope 
Nuclear Spin (K) 

Gyromagnetic Ratio 
(y ) /10 7 radT 1 s 1 

Frequency Factor 
y/y,H|-ioo% 

Natural Abundance 
Nuclear Quadrupole Moment 

(Q) /1028 m2 

— J ^ — 
lA 

-20.38 

76.18% 

1.37xl0"4b 

__. 

T_ 
3/2 

-2.113 

7.89% 

0.27% 
10.16 

_ ^ _ ^ 

9/2 
-1.033 

3.85% 

11.49% 
25.9 

—m^-
1/2 

-7.452 

27.81% 

26.44% 
._. 

^ _ . 
3/2 

2.209 

8.24% 

21.18% 
-11.4 

68 a All values were obtained from ref. 
He can be obtained from the radioactive decay of H. 
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The majority of the following dissertation is concerned with the development of a 

third hp noble gas isotope, 83Kr, for NMR and MRI applications. The 83Kr isotope 

possesses a nuclear spin of 7 = 9/2 and thus a nuclear electric quadrupole that is not 

available with either 129Xe or 3He and that is a far more sensitive 'sensor' of the 

surrounding environment than the 129Xe chemical shift. (See Table 1.1 for a more 

complete comparison of the relevant parameters for NMR active noble gas isotopes.) In 

the presence of an anisotropic environment, the spherical electronic symmetry of the 

krypton atom becomes distorted, and an electric field gradient (EFG) is produced that 

interacts with the nuclear electric quadruple moment. These 'quadrupolar interactions' can 

lead to rapid longitudinal relaxation, homogeneous broadening of the 83Kr lineshape (i.e. 

T2 relaxation), and inhomogeneous broadening (i.e. a quadrupolar powder pattern)69. 

1.2 Principles of NMR Spectroscopy and MR Imaging 

1.2.1 Polarization and Signal Intensity in Nuclear Magnetic Resonance 

Any nucleus having a non-zero nuclear spin possess a nuclear magnetic moment, 

\i, which is given by pi = yl. In this expression, y and / represent the gyromagnetic ratio 

of the nucleus and the nuclear spin respectively. In the presence of an external magnetic 

field, the nuclear magnetic moments of the individual molecules align along the z-axis, 

which is, by convention, defined as being in the direction of the applied magnetic field. 

Thus, a collection of spins within a magnetic field will produce a net nuclear 

magnetization Mz. In the simplest case of a spin 7 = 1/2 isotope, the observed nuclear 
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magnetic resonance signal is proportional to Mz, and thus depends on the spin states of 

the observed nuclei. The more complicated case of spin I > 1/2 is discussed in Chapter 7. 

NMR spectroscopy, like most other forms of spectroscopy, involves detecting 

transitions between the energy levels of the system, and is therefore best thought of in 

quantum mechanical terms. For NMR, the relevant Hamiltonian operator, which allows 

the nuclear energy levels to be calculated, is 

H = -yhB-i = -yfiB0iz, (1.2.1) 

where, B is the applied magnetic field, B0 is the strength of that field, and Iz, which can 

take on the eigenvalues m = - / , - / +1,.. J -1,1, is the projection of I along the z-axis. Note 

that the quantity yB0 has special significance in NMR, because it describes the frequency 

at which the nuclear magnetization vector precesses about the axis of the external 

magnetic field. This frequency, typically referred to as the Larmor frequency, is denoted 

co0 = yB0. 

From the Hamiltonian in Eq. 1.2.1, it is possible express the population, pm, 

having a given value of m as 

myhB0lkgT 

Pm=~ • (1-2-2) 

e-ymhBalkBT 

m—I 

Because the signal intensity depends on the ability to excite transitions in the system by a 

Am = 1 selection rule, it is necessary to discuss the difference in populations of adjacent 

energy levels. This is done most conveniently by defining a positive quantity called the 

spin polarization, P. For the general case of spin I > 1/2 nuclei with a Boltzmann 

population distribution, the polarization can be written as 

7 
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m-ll-1) 

P = ^ . ^ 1 j , (1.2.3) 
e-ymhB0lkBT 

m=-l 

V (e-(m+l)yhB0 lkBT _ ^myhB, lkBT \ 

I 

2 
m=-i 

where y/\y\ has been included to account for the sign of y. For spin 7 = 1/2 nuclei, Eq. 

1.2.3 simplifies to 

yhB0/2kBT _ -ymal2kaT 

p = -L- _ r i 2 4^ 
\y\eYtB0!2kBT+e-yhBBl2kBT- V^-"V 

If the system is at thermal equilibrium and at high temperature (i.e. kBT »\y\hB0), 

Eq. 1.2.4 can be approximated by the well-known expression 

P-i*5t. (1.2.5) 
2k,T 

In the high temperature limit, the total equilibrium magnetization M0 is related to P by 

M0=-NsyhP, (1.2.6) 

and the observed signal intensity is proportional to the spin polarization. Because yhBQ, 

and thus the spacing between energy levels, is exceedingly small at any reasonable field 

strength, the thermal polarization is a small number except at temperatures well below 1 

K. For instance, a collection of protons at 300 K in a 9.4 T magnetic field, has a 

polarization of P ~ 3.3xlO"5. This low polarization at the temperatures required for most 

practical experimental situations is the origin of the insensitivity commonly associated 

with MR based techniques. 
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1.2.2 Relaxation in Magnetic Resonance 

The nuclear magnetization can be conceptually divided into two components. The 

component of the total magnetization aligned along the applied magnetic field (i.e. in the 

z direction), is referred to as the longitudinal magnetization or Mz. Magnetization that 

lies in the x,y plane is referred to be transverse magnetization (denoted Mxy). While the 

value of Mz determines the magnitude of the observed signal, transverse magnetization is 

actually detected in NMR. Applying an RF pulse with a frequency on or nearly on 

resonance with the Larmor frequency rotates magnetization away from the z-axis 

producing transverse magnetization along the x-axis were it can be detected. Following 

an RF pulse, the transverse magnetization relaxes with a characteristic rate constant T2 

and is described by the differential equation (i.e. one of the Bloch Equations). 

dMr(t) -Mx(t) 
!2±-L S21-1 (1.2.7) 

dt T2 

Because no transverse magnetization exists at equilibrium, the solution to the differential 

equation shown in Eq. 1.2.7 is simply 

Mxy{t) = Mxy(0)exp(-t/T2), (1.2.8) 
where Mxy(0) is the transverse magnetization produced by the RF pulse at time t - 0. 

In the work described in the subsequent chapters, the time dependent longitudinal 

magnetization Mz{t) is of primary importance. The time needed for the system to reach 

equilibrium longitudinal magnetization is described by the Bloch equation 

dMz(t) ~(Mz(t)-M0) 

dt T{ 
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where Ti is the relevant rate constant for longitudinal relaxation. The most general 

solution to Eq. 1.2.9 is 

Mz(t) = (Mz(0)-M0)e-"T> +M0 . (1.2.10) 

where Mz(0) is the initial value of the longitudinal magnetization. Commonly, the 

magnetization at time t = 0 can be taken to be zero, and Eq. 1.2.10 reduces to 

Mz(0 = M0( l-expH/7;)) . (1.2.11) 

However, for most of the situations discussed throughout this work, the initial 

magnetization is highly nonequilibrium (i.e. M z ( 0 ) » M0), and Eq. 1.2.10 simplifies to 

Mz(0»M2(0)expH/7;) (1.2.12) 

On the quantum mechanical level, relaxation is caused by transitions between the 

energy states of the system due to fluctuations in the local magnetic environment. Because 

the differences between nuclear energy levels are small compared to the kBT, fluctuations 

in the transverse local magnetization Bx(i) caused by molecular motion provide sufficient 

energy to induce transitions between the energy levels and thus cause relaxation. For most 

situations in NMR, especially where liquids and gases are concerned, the fluctuations are 

both rapid and random. Therefore, even at relatively short times, the average value of 

these fluctuations is (Bx(t)) = 0. 

Although the fluctuations average to zero, it is the average of the squared 

fluctuations that is responsible for relaxation, and \B2
x{ty) *0. To discuss how rapidly the 

field fluctuates in time, it is necessary to introduce an autocorrelation function for the 

fluctuations, which is assumed to be independent of the origin in time. The autocorrelation 

function is defined as 
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G(x) = (Bx(t)Bx(t + x)), (1.2.13) 

where x is a time increment, and for x = 0, G(0) = (B2
x{ty). 

The value of G(T) tends to be large if x is short and small if r is large. Thus, it is 

typically assumed that the correlation decays exponentially and can be written as 

G(T) = (#)exp(-|T|/Tc), (1.2.14) 

where xc is the correlation time of the fluctuations. The observed relaxation rate depends 

on the Fourier transform of the autocorrelation function, and the resulting function, known 

as the spectral density function J(co), is given by 

/((B)- fG(x)exp(-imT)dx = 2(B2
x)—^—=-. (1.2.15) 

i x '\+o)xc 

Rather than discussing the complete expression for the /(to), it is common to discuss only 

the normalized spectral density function J {a), which is given by 

1 + OJ2X2
C 

The actual functional dependence of the longitudinal relaxation rate on / ( « ) , depends on 

the nature of the interaction responsible for the magnetic field fluctuations. For instance, 

in the case of chemical shift anisotropy (CSA), which is discussed in the following 

section, the longitudinal relaxation is related to the spectral density by 

r^vw-^ufe- (1-217) 
Thus, the magnitude of the longitudinal relaxation is strongly influenced by the value of 

xc. In most situations, the local magnetic field fluctuations are extremely rapid making xc 
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Figure 1.1: Longitudinal relaxation time of 83Kr as a function of correlation time. The Ti curve was 

calculated assuming that the sample relaxes within a homogeneous, 9.4 T magnetic field where the 83Kr 

Larmor frequency is CU0 = 15.4 MHz. The Ti time is presented in arbitrary units so that it is not necessary to 

evoke as specific relaxation mechanism. Due the functional dependence of the relaxation time on the 

correlations time shown in Eq. 1.2.17, Tj decreases with increasing values of Xc until reaching the 

minimum value at Xc = l/(D0 = 6.49 x 10"8 s. At longer correlation times, the value of Tj increases. 
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small (i.e. \»o)2r2
c), and the relationship \ITi^xc is a good usually a good 

approximation. 

1.2.3 Relaxation Mechanisms in the Gas-Phase 

One relaxation mechanism that is extremely important for gases and, to a lesser 

extent for small molecules in inviscid fluids, results from molecular rotations. When 

molecules rotate, the motion of the molecule's electrons produces a magnetic field. This 

magnetic field is proportional to the rotational angular momentum of the molecule and 

couples rotational angular momentum to the nuclear spin. The spin-rotation interaction 

can be described in terms of the spin-rotation Hamiltonian 

HSR=tiICJ, (1.2.18) 

where J is the angular momentum operator for the molecular rotation. C is the spin 

rotation tensor and takes the form 

C = 
XX 

c*y 

Cxz 

cyx 

Cyy 

Cyz 

Czx 

Czy 

Czz 

(1.2.19) 

The elements of C are empirically determined constants that are most conveniently 

described in terms of the principle axis coordinates appropriate for the given molecular 

geometry. 

In general, the relationship between spin-rotation coupling and longitudinal 

relaxation is complex and depends on parameters such as the sample temperature, the 

molecular geometry, and fluid viscosity in the case of liquids. However, in gases this 

situation is simplified because the molecules are isolated, and the fluctuations are rapid. 
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For instance in linear molecules, the relaxation rate due to spin rotation interaction in the 

limit of rapid fluctuations is given by 

1 1 4kBTI0C
2

±rc 

Tx T2 3h 2 (1.2.20) 

where /0 is the moment of inertia about a line through the center and perpendicular the 

molecule. For linear molecules, C1=Cxx=Cyy. In the case of molecular gases, the 

correlation time is the time between binary collisions that randomize the magnitude or the 

direction of the rotational angular momentum vector. 

As mentioned in Section 1.2.2, chemical shift anisotropy is also a powerful 

relaxation mechanism. The Hamiltonian describing the chemical shift is given by 

ffcs—jl-I-B, (1.2.21) 

where 2 is a second rank tensor describing the spatial dependence of the chemical shift 

and has elements cr , with i and j taking on the values x, y, or z. Note that the isotropic 

shielding commonly discussed in the context of solution NMR is given by 

°iso = (°xx + 0
yy

+0v)^- As w a s m e c a s e f° r spin-rotation interaction, the relaxation due 

to CSA is, in general, complex. However in the limit of rapid fluctuations, the longitudinal 

relaxation due to CSA for a linear molecule can be expressed rather simply as 

1 ^ o W V i i - g i ) 
Tx 45kBT 

2 

tc, (1.2.22) 

where (on -oL) describes the anisotropy of the shielding. 

When two nuclear spins interact, there can be a coupling between their magnetic 

dipole moments. The Hamiltonian operator for intermolecular dipole coupling between 

two unlike nuclei is 
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HDP=MMLII.I).12, (1.2.23) 

where fx0 is the Bohr magneton, and D is the dipolar tensor having elements dtj. The two 

interacting nuclei, denoted by the subscripts 1 and 2, have spin operators Ij and I2 and 

gyromagnetic ratios y1 and y2 respectively. In the limit of rapid fluctuations, the 

relaxation rate is given by 

Y = ̂ rhl^hih + i K ^ / r 6 , (1-2-24) 

where the ri values are distances between the nucleus of interest and the neighboring spins 

that contribute to relaxation. Provided that intramolecular interactions do not contribute, 

relaxation due to interactions with paramagnetic species can be viewed as a special case of 

intermolecular dipolar relaxation in which the second spin is an unpaired electron or a 

collection of unpaired electrons. 

For the purposes of this work, relaxation due to quadrupolar interactions will be of 

primary concern. These interactions arise because spin / > 1/2 nuclei possesses 

nonspherical charge distributions and therefore a nonzero nuclear quadrupole moment. 

This quadrupole moment will couple strongly to the electric field gradients produced by 

deviations from spherical symmetry in the electronic environment experienced by the 

nucleus. The quadrupolar Hamiltonian can be expressed as 

H 0 - I - Q - I , (1.2-25) 

where the magnitude of the quadrupolar interaction is described by the tensor Q, which is 

given by 
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Q = ^ V. (1.2.26) 

21(21-l)h 

In the above expression, Q is the nuclear electric quadrapole moment. The spatial 

dependence of the electric field gradient responsible for quadrupolar relaxation is 

described by the second rank tensor V with elements Vi}. 

Within the fast fluctuation limit, the longitudinal relaxation due to quadrupolar 

interactions can be expressed as 

±,±(1+„;/3)J^(£22)2
Tt, ai27) 

7J 40V " ; / 2 ( 2 / - l H h ) 

where q is the electric field gradient at the location of the nucleus. The term eQq/h is 

collectively referred to as the quadrupole coupling constant. In Eq. 1.2.27, r\a is the 

asymmetry parameter defined by 
V -V 

Va-^y^, 0-2.28) 
zz 

where the axes have been chosen such that |Vj s jv j s V I. The Vtj terms in Eq. 1.2.28 

represent the second derivatives of the electric potential (i.e. Vxx = d2V Idx2). Note that for 

an isotropic sample, r\a vanishes. 

1.2.4 Magnetic Resonance Imaging 

In most conventional spectroscopic applications of nuclear magnetic resonance, 

especially high-resolution solution NMR, obtaining the narrowest spectral linewidths 

possible is of great importance. Thus, great emphasis is placed on producing highly 

homogeneous magnetic fields. However, if a magnetic field gradient is intentionally 
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applied across the sample region, the Larmor frequency becomes a function of the 

location of the nucleus within in the field gradient. The spatial dependence of the Larmor 

frequency in a magnetic field gradient can be expressed as 

w(r) = yB0 + YG-r, (1.2.29) 

where yB0 = co0 is the Larmor frequency of the nuclei in the presence of a homogeneous 

magnetic field, G is the magnetic field gradient applied along the z-axis, and r is the 

vector describing the spatial coordinates of the nuclear spin. 

Typically a linear field gradient is applied, and a simple 1-D spectrum in the 

presence of such a gradient becomes a 1-D image of the spin density of the sample. 

Acquiring many 1-D images with different orientations and then employing one of a 

variety of reconstruction algorithms can provide 2-D and 3-D information about the 

sample. Rather than using somewhat laborious projection reconstruction methods to 

produced MR images, a method known as phase encoding is more commonly employed. 

In this technique, an additional incremented gradient (or gradients) imparts a phase 

modulation on the MR signal. This phase modulation is, like the Larmor frequency, is 

function of location within the gradient. Thus phase modulation provides a second 

approach by which spatial information about a sample may be obtained. 

1.3 Alkali Metal Vapor Spin Exchange Optical Pumping 

1.3.1 Polarization of the Alkali Metal 

SEOP is typically performed in a glass cell containing a low density, alkali metal 

vapor and at noble gas a pressures of a few kPa (See Fig. 1.2.). Spin orbit coupling (fine 
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splitting) causes the electron P level to split into 2Pl,2 and 2P3,2 terms with total angular 

momentum 5 = 1/2, having corresponding z components ms = -1/2 and +1/2, and 

J = 312, having z components my = -3/2, -1/2, +1/2, and +3/2. For an isolated alkali 

metal atom (i.e. in the time interval during which the metal is not interacting with other 

atoms, molecules, or photons), the evolution of the of spin wave function, \xp), can be 

described by the time dependent Schrodinger equation 

ihj-t\n>)=H\ip). (1.3.1) 

For the 2Sl/2 electronic ground state, the relevant Hamiltonian operator is7 0 

H = AgI-S + gsiiBS-B + gltiBI-B, (1.3.2) 

where AgI • S describes the hyperfine coupling between the alkali metal nuclear spin I and 

the valence electron spin S with Ag being the isotropic magnetic dipole coupling 

coefficient. The other terms in Eq. 1.3.2 describe the Zeeman interactions of the electronic 

and the nuclear spins with the applied magnetic field B having strength of B0. In the 

Zeeman terms gs = 2.00232 is the electron g factor, jUB = 9.274 x 10"24 FT"1 is the Bohr 

magneton, and g, is the g factor of the alkali metal nucleus. Note that the value of Ag 

changes as a result of interactions with a noble gas atom and produces pressure dependent 

shifts in the alkali metal EPR spectrum71. 

If left-handed circularly polarized (a + ) light is adsorbed, the conservation of 

angular momentum dictates the selection rule Am = 1, whereas o~ light yields Am = -1 

(See Fig. 1.2.). Thus the adsorption of a+ light resonant with the alkali metal Di transition 

excites the alkali metal valence electron from the spin-down sublevel of the 2Sl/2 ground 
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Figure 1.2: Diagram of a spin exchange optical pumping cell. Linearly polarized laser light parallel to the 

applied magnetic field, B0, and having a wavelength resonant with the Rb Dj transition passes through a 

quarter-wave plate becoming left-hand ( 0 + ) circularly polarized. Within the region of illumination, the 

circularly polarized light creates nonequilibrium polarization in the rubidium valence electrons and orients 

the spin angular momentum along the Z-axis of the cell. Subsequent interactions with the noble gas atoms 

transfer polarization to the noble gas nuclear spins. The arrows on the atoms indicate the orientation of 

either the alkali metal electron or the noble gas nuclear spin angular momentum with respect to the applied 

magnetic field. The diatomic molecule N2 is present to nonradiatively quench the electronic excited state of 

rubidium preventing radiation trapping. In an optically thick or poorly 'aligned cell, some areas will be 

unilluminated. In these regions of 'dark rubidium', the alkali metal is effectively unpolarized with the 

angular moment being aligned either parallel or antiparallel to the z-axis. Interactions between the polarized 

noble gas and unpolarized rubidium atoms in these regions can produce substantial noble gas depolarization. 
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state (ms = -1/2) to the spin-up sublevel of the 2Pl/2 excited-state (m7 = +1/2). In 2PU2 

state, the analogous excited-state spin Hamiltonian 

He=Ael-J+giiiBJ-B + g^BI-B (1.3.3) 

applies, where J denotes the spin of the excited electron and Ae is the relevant excited-

state coupling coefficient. 

For a discussion of practical SEOP, He can be neglected because of the 

exceedingly short lifetime of the excited-state. At the densities common in SEOP, gas-

phase collisions rapidly mix the populations of the 2P1/2 sublevels eliminating excited-

state spin polarization. Subsequently, either radiative or non-radiative transitions from the 

excited-state to the ground state repopulate both sublevels with equal probability. Because 

only the electrons in the ms = -1/2 sublevel are excited during SEOP with a+ light, an 

alkali metal atom can be said to have -1/2 units of spin angular momentum prior to photon 

absorption. Because both of the ms sublevels are repopulated with equal probability, there 

will be, on average, 0 units of electron-spin angular momentum associated with the alkali 

metal after it is returned to the ground state. Thus, each absorbed photon provides 1/2 unit 

of spin angular momentum with the remainder of the momentum being converted into 

translational motion. 

SEOP achieves nonequilibrium alkali metal polarization because any electron 

returned to the 25_, /2 sublevel can be re-excited resulting in a depletion of the ms = -1/2 

population. In contrast, the population of the ms = 111 sublevel increases because the 

2SV2 sublevel cannot be excited by a+ light. Additionally, collisional mixing of the ms = 

111 and -1/2 sublevels is slow compared to other relaxation processes because of the zero 
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orbital angular momentum of the 5-term. Under optimal conditions, the alkali metal 

polarization in the pump cell and approaches 100% 72. A diagram of the alkali metal 

electronic transitions involved in SEOP is presented in Fig. 1.3. 

1.3.2 Alkali Metal-Noble Gas Interactions 

When the alkali metal interacts with noble gas atom, the relevant wave function 

for the alkali metal vapor electron at the noble gas nucleus can be written as 73 

\ij>(R))-4<KR)), (1-3-4) 

where R is the internuclear separation of the alkali metal-noble gas pair and \(j>(R)) is the 

alkali metal valence electron wave function in the absence of the noble gas. The constant 

r\ accounts for the enhancement produced by the kinetic energy gained when the alkali 

metal electron scatters in the core-potential of the noble gas. In general the relationship 

r\»\ holds for all alkali metal noble gas interactions. 

Additional terms must be included in the spin Hamiltonian to properly account for 

the evolution of the system when the alkali metal valence electron interacts with a noble 

gas. The relevant Hamiltonian is7 0 

H-A,I-S+y(/?)N-S + a(/9K-S + ..., (1.3.5) 

where y(i?)N-S describes the spin-rotation interaction between electron spin and the 

rotational angular momentum of metal-noble gas pair N and a(R)K • S accounts for 

Fermi contact between the alkali metal electron and the noble gas nuclear spin K. The 

value of the spin rotation coupling constant is given by74 
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m,-Jif4tlf, ( 1 . 3 . 6 ) 

LiR dR 

where me is the mass of the electron, pL is the reduced mass of the alkali metal-noble gas 

pair, and G is a noble gas specific constant that depends on the spin-orbit coupling for that 
•7-1 

isotope. The magnetic dipole coupling constant is given by 

5 K 

where nB is the Bohr magneton and piK is the magnetic moment of the noble gas nucleus. 

The function \p{R)\ can be approximated by the Kronecker delta function, 5{R), which 

equals 1 if the electron is at the location of the nucleus and equals 0 otherwise. 

Although yN- S is responsible for the majority of the spin relaxation in the metal 

74, aK • S is of primary interest for this discussion because Fermi contact transfers angular 

momentum to the noble gas producing non-equilibrium nuclear spin polarization. The 

Fermi contact interaction term can be rewritten using the raising and lowering operators as 

K-S = KzSz + -(K+S-+KS+)j, (1.3.8) 

where the 'flip-flop' operators K+S~ and K'S+ transfer angular momentum between the 

electron spin and the noble gas nucleus. It should be noted that not every collision leads to 

spin exchange for instance when a 'polarized' alkali metal atom collides with a polarized 

noble gas atom. While such collisions can cause electron depolarization through spin 

rotation interaction, these events do not lead to significant noble gas depolarization since 

the Fermi contact operator does not contain the double quantum terms K+S+ or K~S~. 
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Figure 1.3: Schematic diagram of the alkali metal electronic transitions. Hyperfine splitting has been 

neglected, and, in any case, is unresolved under practical SEOP conditions due to pressure broadening. The 

Zeeman splitting of electronic sublevels has been exaggerated in this diagram. Circularly polarized (cr+) 

light excites the alkali metal valence electron from the spin-down sublevel of the Sl/2 ground-state ( m s = 

-1/2) to the spin-up sublevel of the Pl/2 excited-state (m y = +1/2) following a Am = 1 selection rule. 

Collisional mixing rapidly equalizes the populations of the 2P1/2 sublevels, and subsequently radiative or 

non-radiative transitions repopulate both ground-state sublevels with equal probability. Collisions of the 

excited rubidium atoms with diatomic molecule N2 nonradiatively quench die electronic excited state of 

preventing radiation trapping. Ultimately high nonequilibrium alkali metal polarization is achieved because 

electrons returned to the S_l/2 sublevel can be re-excited resulting in a depleted ms = -1/2 population but 

a highly populated ms = 1/2 sublevel. 
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However, interactions between unpolarized alkali metal atoms and polarized noble 

gas atoms can lead to angular momentum transfer from the noble gas to the alkali metal. 

This mechanism of noble gas relaxation can be especially problematic if some regions of 

the pump cell are not illuminated by circularly polarized light. In these regions of 'dark' 

alkali metal, the only source of nonequilibrium alkali metal spin polarization is diffusion 

from illuminated regions of the cell. Thus, the relatively high densities of unpolarized 

alkali metals in these regions can be a substantial source of polarization loss for the noble 

gases. Two types of alkali metal-noble gas interactions are of interest for SEOP (See Fig. 

1.4.). The first of these is binary collision, which are sudden with respect to the nuclear 

polarization. Thus, the hyperfine coupling to the alkali metal nucleus, which is 

comparatively slow, can be ignored during the collision, and the Fermi contact interaction 

with the noble gas nucleus dominates. The rate relaxation of the alkali metal for this 

interaction is given by75 

l W a r ; 
2TK\ h 

where 1/TK, is the binary collision rate per noble gas atom, T' is the duration of the 

collision, [AM] is the number density of the alkali metal, and (va) is the velocity 

averaged spin exchange cross-section for alkali metal-noble gas binary collisions. 

In addition to two-body collisions, spin exchange can occur as a result of the 

formation of comparatively long-lived van der Waals molecules. For a gas-phase van der 

Waals complex to form, a three-body collision between an alkali metal, a noble gas atom, 

and a third body must occur. This third body, which can be either another noble gas atom 

of interest or a buffer gas component of the gas (typically He or N2), transfers translational 
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Figure 1.3: Spin exchange mechanisms. (A) Binary collisions: Binary collisions are interactions 

between the alkali metal and the noble gas, which are sudden with respect to the nuclear polarization of the 

alkali metal. Therefore hyperfine coupling to the alkali metal nucleus is negligible, and the interaction is 

dominated Fermi contact between the alkali metal valence electron and noble gas nucleus. Fermi contact can 

produce a spin flip transition in which the alkali metal is depolarized and the noble gas nucleus is polarized. 

(B) Van der Waals molecules. Van der Waals complexes result from three-body collisions between an alkali 

metal, a noble gas atom, and a third body, which transfers translational energy away from the alkali metal-

noble gas pair producing a sticking collision. This third body, though depicted as N2, can any component of 

the gas mixture. The van der Waals pair remains bound for some lifetime X, during which polarization can 

be transferred between the alkali metal valence electron to the noble gas nucleus by Fermi contact, until 

broken apart by a subsequent collision. 
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energy away from the alkali metal-noble gas atom pair allowing a sticking collision to 

occur. The pair remains bound as a van der Waals molecule until the complex is broken 

apart by a subsequent collision. Because neither the nuclear nor the electron spin 

polarization are expected to influence the thermodynamics gas-phase processes, molecular 

formation is at equilibrium. The chemical equilibrium constant for molecular formation, 

K, is given by 

K = [AM-NG) 3 

[AM][NG] 

where [AM - NG] is the number density of the van der Waals complex and [NG] is the 

number density of the noble gas. At equilibrium, the molecular formation rate equals the 

molecular breakup rate. Thus it is possible for a gas mixture consisting only of the alkali 

metal and the noble gas to write the equality70 

[AM-NG] [NG] [AM] 

TK TF 

(1.3.11) 

where \ITF is the rate of van der Waals molecule formation per alkali metal atom, \ITK is 

therate of molecular breakup, and x is the molecular lifetime. From Eqs. 1.3.10 and 

1.3.11, it follows that 

1 [NG]K 

TF x 
(1.3.12) 

Inspection of Eq. 1.3.12 indicates that x must depend on the number density of the noble 

gas (i.e. the pressure present during SEOP). 

In gas mixtures, collisions with gases other than the noble gas of interest also 

break up van der Waals molecules. Thus the molecular breakup rate in the presence of 

buffer gases can be written as 
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i- i. + 2(±) • c-3-13> 

where (\lr)NG is the breakup rate due to collisions with the noble gas of interest and 

(1/T)BG. is the breakup rate due to collisions with the jth buffer gas in the mixture. It 

should be noted that different buffer gases differ in their ability to breakup van der Waals 

molecules. Thus both gas pressure and the composition during SEOP will strongly 

influence the lifetime of the van der Waals molecule and thus influence the spin exchange 

rate. 

The differing effects of buffer gases on the molecular lifetime are typically 

accounted for by defining the so-called characteristic pressure P0 at which the molecular 

breakup rate is equal to the spin-rotation frequency yN/h. (Note that yNlh originally 

appeared in Eq. 1.3.5.) The lifetime of the van der Waals molecule at a given pressure, P, 

is related to the characteristic pressure by the equation70 

h P 
T = — X (1.3.14) 

yN P 

In gas mixtures, it is necessary to consider the characteristic pressure for noble gas, 

P0(NG), and the jth buffer gas, P0(BGj), which are defined in the limit that only the 

noble gas or the jth buffer gas is responsible for molecule breakup. 

It is now possible to define the parameter bj = P0(NG)/P0(BGj), which accounts 

for the ability of the jth buffer gas to break up a van der Waals molecule relative to the 

noble gas of interest. Additionally, the pressures of the noble gas and the buffer gases can 

be accounted for by defining the parameter r. = P(BGj)IP(NG), where P(BGj) is the 

pressure of the jth buffer gas and P(NG) is the pressure of the noble gas. Using the 

27 



above definitions, if follows from Eq. 1.3.14 that the molecular breakup rate in a 

multicomponent mixture is given by70 

P(NG) | y P(BGj) \ _ YN P(NG) L yb * 

[P0(NG) + f P0(BGj)J h P0(NG){ + f * 
(1.3.15) 

Multiplying both sides of Eq. 1.3.12 by {axl%)2 and substituting the definition of 

1/r fromEq. 1.3.15 yields 

TF\%) yN P(NG) 
V i I 

V 1 / ^2 a 
(1.3.16) 

1 ar\ 

Defining the parameter 

j 

and assuming ideal gas behavior (i.e. P(NG) = [NG]kBT) yields 

KhNP0(NG)i 

(1.3.17) 

YM = • 
yNkBT %]• (1.3.18) 

which is a pressure independent constant for a given noble gas-alkali metal pair. As will 

be seen in the following section of this chapter, the spin exchange rate due to alkali metal-

noble gas van der Waals molecules is proportional to yM. Thus under many practical 

SEOP conditions, the noble gas polarization as a function of SEOP time depends strongly 

on the value of yM. 

1.3.3 Spin Exchange Rates and Noble Gas Polarization 

At the relatively low B0 commonly used in optical pumping, the magnitude of the 

Zeeman interactions is much less than that of the hyperfine interaction. Thus the total 

28 



angular momentum of the alkali metal, F = I + S , is a good quantum number, i.e. the 

eigenstates of the ground-state spin Hamiltonian are also eigenstates of F as well as its 

projection along the direction of the applied magnetic field Fz. For NMR applications of 

SEOP, the observable of interest is the average value of the z component of the noble gas 

spin angular momentum, (A"z). The instantaneous rate at which (Kz} changes during 

SEOP has been shown be70 

K ' v ' ; (1.3.19) 

where /,. is the spin of the ith alkali metal isotope, f. is the fraction of the ith alkali metal 

isotope, F 2 = F • F, K2 =K-K, and T is the longitudinal relaxation rate of the noble gas 

in the absence of the alkali metal. The longitudinal relaxation rate of hp noble gases 

results from a combination of interactions with surfaces 76"78, binary collisions with other 

gas-phase species79"81, gas diffusion through magnetic field gradients that are transverse 

to B 82'83, and the formation of noble gas-noble gas van der Waals molecules 84'85. Eq. 

1.3.19 is rather complex, but the discussion can be greatly simplified by defining a 

number of composite parameters. The first of these will be the alkali metal specific 

parameter 

(F2-F2) 

*»m¥'W^' (L120) 

which was obtained from algebraic rearrangement of Eq. 1.3.19. 
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The remainder of this discussion will focus on rubidium because it is the most 

commonly used alkali metal in SEOP, and it is the only alkali metal used in the 

experimental work described in the subsequent chapters. Rubidium is favored because it 

has a substantial vapor pressure at reasonably low temperatures 86' 87 providing high 

rubidium number densities. Additionally, the rubidium Di line absorbs at 794.7 nm, which 

is a wavelength readily produced at high powers using light sources such as Ti-sapphire, 

dye, and diode array lasers. The two rubidium isotopes 85Rb (I = 5/2) and 87Rb (I = 5/2) 

have isotopic fractions fi = 0.7215 and / . = 0.2785 respectively. Because t,M depends on 

the total rubidium spin angular momentum, it is a function of the rubidium polarization. 

While £M necessarily depends upon the SEOP conditions, it is possible to discuss several 

limiting values. Under optimal SEOP conditions rubidium polarization approaches 100%, 

and (F,2-F,2 \ = 7,.+ 1/2. Thus, for rubidium at very high levels of polarizations, £M = 

0.095. Under conditions such as low laser power or high noble gas densities, the rubidium 

polarization approaches zero, and (Ty-7^.2) = (2/3)7,(7,.+ 1) +1/2 leading to t,M = 

0.1791. 

Polarization transfer is largely determined by the spin exchange rate, ySE, which is 

given by75 '88 

YSE=[Rb] 

I \ 

[NG] + ^bi[BG]l 
• + <av) (1.3.21) 

/ 

where number density of rubidium [Rb] is now used rather than the more general [AM]. 

For NMR and MRI applications, the objective is to use spin exchange optical pumping to 
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improve the observed noble gas signal intensity, which is proportional to the nuclear spin 

polarization for K= 1/2 isotopes under all conditions and also proportional to the 

polarization of the K > 1/2 isotopes at low polarization levels. (For additional details see 

the discussion in Chapter 7.) In addition to the terms stated in Eq. 1.3.19, the polarization 

of the noble gas, which will be denoted PNG, is affected the destruction of the rubidium 

spin polarization by binary collisions with components of the gas mixture. The rate of 

spin destruction, ysd, can be expressed as89 

Y«-2JK*[MJ1' (L3-22) 

where KJ
sd is the spin destruction rate constant for the jthcomponent of the gas and [Mj] 

is the number density of that component. Assuming uniform illumination, the polarization 

90 of the rubidium, PRh(z), as a function of position along the pump cell z-axis of the is 

PRb(z) T 3 ^ — , (1-3.23) 

where yop(z) is the optical pumping rate per rubidium atom. The value of yop{z) depends 

on position in the pump cell, z, due to reduced laser intensity along the optically thick 

beam path 91. In addition to the magnitude of the achievable polarization, the time needed 

to achieve this polarization is of concern. The polarization of the noble gas as a function 

of polarization time, t , is given by 89 

r. + Fl r„,,(z)+2<<[M<]v ' 
i 

where ySE > 0 during optical pumping and T < 0. 
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Under a number of conditions important for many practical applications of SEOP, 

Eq. 1.3.24 can be simplified considerably. For most NMR applications, hyperpolarized 

gas is separated from the pump cell, and considerable effort is often exerted to ensure that 

the observed signal intensity is constant. Under these steady-state conditions, the 

positional dependence of the optical pumping rate can be ignored, and Yop(z) can be 

replaced with the mean pumping rate y 92. In the case of 129Xe spin exchange optical 

pumping, the spin destruction rate due to collisions with xenon atoms, K*%, is 

approximately 5.2xl0"15 cm3 s"189 while the spin destruction due to collisions with N2, KNJ 

and He, K"J 72 have much smaller values of 9xl0"18 cm3 s"1 and 2xl0"18 cm3 s"1 

respectively. These orders of magnitude smaller terms can, therefore, also be disregarded. 

Finally, in the case of 129Xe or 3He, the self-relaxation is extremely small compared to the 

spin exchange rate 89, so Y can also be omitted. Thus for 129Xe optical pumping, Eq. 

1.4.24 reduces to 

Yo 
i 2 , * ( ' , ) - - L r y i ( l - ^ ) - (1-3-25) 

* y* + 0 * 

Note that the first simplification discussed above may not be possible for noble 

gases lighter than xenon, because they will produce smaller Ksd values. Additionally, the 

second simplification is probably not possible for the spin K > 1/2 isotopes where 

longitudinal relaxation is much faster than that of 129Xe. It is instructive to examine the 

dependence of Eqs. 1.3.21, 1.3.24, and 1.3.25 on the number density of the noble gas. Eq. 

1.3.21 shows that the spin exchange rate must decrease as [NG] increases. The magnitude 

of the noble gas polarization in Eqs. 1.3.24, and 1.3.25 also suffer from higher numbers of 
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spin destroying collisions at higher noble gas densities. Finally, as mentioned before, high 

noble gas densities will lead to increased values of T. 

1.3.4 Practical Spin Exchange Optical Pumping Considerations 

Alkali atoms in the excited-state will can undergo radiative relaxation with no net 

preference between Amy = +1 or Amy = -1 transitions, thus leading to the emission of o* 

and a' photons. This process represents a significant source of spin-depolarization 

through radiation trapping caused by elastic scattering of photons emitted having an 

opposite polarization to that of the circularly polarized pumping light. A diatomic 

molecule (usually N2) is often added to the SEOP gas mixture at concentrations of a few 

percent to non-radiatively quench the fluorescence of alkali metal by transferring the 

energy of the excitation to rotational and vibrational excited modes of the diatomic 12. 

For most NMR and MRI applications of SEOP, including those described in this 

work, solid-state diode array lasers are chosen as a light source for their high power output 

and relatively lost cost. However, these lasers are not an optimal light source due to their 

broad line widths (typically around 2 nm) that cannot be fully absorbed by the rubidium 

vapor. A substantial concentration of 4He (nuclear spin K = 0), which yields very little 

rubidium depolarization, is often added to the optical pumping gas mixture to pressure 

broaden the rubidium absorption line allowing for more efficient use of the optical 

pumping beam 89. Alternatively, external cavity laser line narrowing devices can be used 

to allow improved light absorption and thus allow more efficient use of the laser power . 

The high polarization produced by 129Xe SEOP is most effectively exploited by 

slowly flowing a low density xenon mixture through the spin exchange cell, which 
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maximizes the 129Xe polarization. Upon exiting the SEOP cell, the gas mixture is cooled to 

near-room temperature to freeze out the rubidium vapor. The hp 129Xe is then separated 

from the optical pumping gas mixture by freezing the xenon in a liquid nitrogen cold 

finger within a strong (greater than 500 G) magnetic field89'94. Under these conditions the 

solid-state longitudinal relaxation time of 129Xe is on the order of 2 h 95. This process 

removes the buffer gases and concentrates the hp 129Xe while destroying little of the non-

equilibrium polarization. The hp 129Xe can then be returned to the gas-phase having both 

high concentration and high spin polarization. However, this approach will likely not be 

possible with hp 83Kr, which has longitudinal relaxation times of less than 10 s at liquid 

nitrogen temperatures%. 

1.4 Previous NMR and SEOP Work with Krypton-83 

1.4.1 Thermally Polarized 83Kr 

Historically 83Kr has been more difficult to work with than 129Xe, because its 

lower natural abundance and lower gyromagnetic ratio (See Table 1.1.) yield a sensitivity 

that is only 3.8% that of 129Xe. The problem of lower sensitivity may be compounded in 

solution NMR because of lower krypton solubility in some liquids 97. Additionally, the 

smaller and less polarizable krypton electron cloud produces a smaller 83Kr chemical shift 

1 9 0 OS 8^ 

range than is observed from Xe . Despite these difficulties, a body of Kr NMR work 

exists that dates back to the 1960s. Initial investigations dealt theoretically " with solid-

state 83Kr chemical shifts and then experimentally with 83Kr chemical shifts in solid, 

liquid, and high-pressure gas samples . Additionally, Kr NMR was used in the 

determination of the 83Kr magnetic moment101. 
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More detailed studies in the 1970s examined the Kr solid-state chemical shift and 

longitudinal relaxation at temperatures between 40 K and the triple point of krypton 

(115.78 K) and the liquid-state chemical shifts between the triple point and the critical 

point (209.4 K) 102. Relaxation times in the solid-state were found to be short due to the 

quadrupolar nature of the 83Kr isotope. The relaxation rates in the solid state were 

observed to increase by a maximum of 20% in samples deliberately contaminated by 

molecular oxygen providing early evidence of the insensitivity of Kr relaxation to 

paramagnetic species. Later Brinkmann and Kuhn 103 studied the density dependence of 

gas-phase Kr longitudinal relaxation at room temperature. Using densities that were 

assumed to be high enough to exclude wall contributions, they found that the relaxation 

rate was empirically well described by 

- = [/fr](2.13±0.05)xl0-3 amagaf1 s"1, (1.4.1) 

A 

where an amagat is the number density of an ideal gas at 1 atm and 273.15 K. 1 amagat = 

2.69xl025 m"3. The limitations of this assumption will be discussed in Chapter 4. 

Using pulsed field gradient NMR techniques, Cowgill and Norberg studied 

krypton self-diffusion in liquid and solid-phase, 96 and found the diffusion behavior to be 

well described by Arrhenius type behavior. Also discussed in this work where the spin-

spin relaxation processes and line shapes. The decay of transverse magnetization was 

found be multiexponential with one rate constant describing dipolar interactions and 

another describing quadrupolar interactions. Further, solid-state investigations by Madaras 

and Norberg explored a number of features including relaxation processes, defect 
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structures, and spectral diffusion using both natural abundance and isotopically enriched 

krypton m>m. 

The first NMR investigations of 83Kr in more complex systems were of krypton 

dissolved in a variety of polar and non-polar solvents 98. This work examined the chemical 

shift and longitudinal relaxation of 83Kr in a variety of different solvents as well as the 

temperature dependence of these variables. Since then, through both experiment and 

computation, researchers have explored the longitudinal relaxation of Kr dissolved in 

isotropic liquids that differ greatly in their electrostatic properties 106, the temperature 

dependence of longitudinal relaxation and diffusion in non-aqueous solvents 107, and 

quadrupolar relaxation in acetonitrile using molecular dynamics simulations 108. Perhaps 

more interesting are studies of krypton dissolved in various nematic liquid crystals 97'109' 

110 where, because of the net alignment of the liquid crystal anisotropy, quadrupolar 

effects can be directly observed through splitting of the 83Kr NMR spectrum. NMR 

studies of 83Kr and other noble gases in solution have been previously reviewed in detail 

i n ' 1 1 2 and therefore will not be discussed further here. 

Though krypton in zeolites has been studied indirectly in xenon/krypton mixtures 

through 129Xe NMR 113, only one study has used 83Kr NMR spectroscopy to probe 

nanoporous materials 114. Despite the low sensitivity of natural abundance Kr, 

meaningful 83Kr NMR measurements in zeolites were accomplished in this work within a 

few hours at both 9.4 T and 14.1 T. Due to quadrupolar interactions, the 83Kr lineshape 

and chemical shift were found to differ significantly in different zeolite structures. The 

lineshape depended strongly on cage structure and cation charge inside the zeolite 

framework. In some Ca2+ exchanged zeolites, a field dependence of the 83Kr lineshape 
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was observed that was attributed to long-range disorder. Interestingly, the Kr chemical 

shift did not reflect in all cases the behavior of the 129Xe chemical shift in the same 

materials, a phenomenon that remains unexplained thus far and warrants further study. 

1.4.2 Spin Exchange Optical Pumping of 83Kr 

Although the ability to use the quadrupolar nature of thermally polarized krypton 

gas to probe porous materials shows promise, it will likely be limited to high surface area, 

nanoporous materials like zeolites where fast 83Kr longitudinal relaxation times of ~1 ms 

114 will allow rapid signal averaging and high gas densities will provide reasonably high 

signal intensities. Meaningful studies of materials with void spaces on the order of 100 

jum will require much higher signal intensities. Fortunately, like Xe, the nuclear 

polarization of 83Kr can be dramatically enhanced by spin exchange with optically 

pumped alkali metal vapor. To date, much less work has been done to examine the spin 

exchange physics of 83Kr optical pumping compared to 129Xe or 3He. This may be due 

partially to rapid krypton relaxation on pump cell walls that can complicate experiments 

115. Also, the small Kr-Rb spin exchange cross-section requires the use higher 

temperatures leading to high rubidium vapor concentrations that hindered the use of 

optical detection methods 70 prior to the existence of high power diode array lasers. 

In early work, the spin relaxation of rubidium in the presence of krypton gas was 

studies both experimentally n 6 and theoretically 117. It was concluded that the dominant 

alkali metal relaxation mechanisms were 'sudden' binary collisions and formation of 

relatively long-lived Rb-Kr van der Waals molecules. To simplify the theoretical 

treatment, it was assumed that the rubidium was interacting with a nuclear spin K = 0 
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• 8 3 T isotope, so no mention was made of Kr nuclear polarization. Some of the results of these 

works and the works described in the remainder of this section, which are relevant to the 

spin exchange rate, are presented in Table 1.2. 

Table 1.2: Spin^Exchange Parameters for 83Kr and with ' 29Xe Rubidium 
•rar Parameter JKr Ref. Xe Ref. 

{"") 

YM 

P0(NG) 
nw 
alh 

yN/h 

K 

r\ 

(2.1±0.5)xlO-I im3s4 

63±12 s"1 

1280±53 Pa 
680±40 Pa 

2.77±0.27 MHz 
1.8 MHz 

26.85±0.78 MHz 
21 MHz 

170 
110±9A3 

35 

75 

70 

116 

70 

70 

120 

116 

120 

120 

116 

121 

lOxlCPmV 
(3.7±0.15±0.55)"22m3s"la 

2.8xl0"21 m3 s"1 b 

7.4xl0"21 m3 s"1 c 

e x l O ^ m V 
(1.02±0.08)xl05s"1 

(2.92±0.18±0.41)xl04s"la 

(3.80±0.60)xl03 Pa 
1.37xl03Pac 

33 MHz 
38±6 MHz d 

65 MHz 
121±14MHz 

310 
244±44 A3 

-50 

75 

118 

118 

119 

87 

75 

75 

75 

120 

120 

120 

74 

120 

120 

121 

The data presented for Kr represent, to the best of our knowledge, all the available 
literature data. Spin exchange with 129Xe, however, has been much more extensively 
studied, and only representative subset of the available literature data is presented. 
a The first quoted error was due to scatter in the data and the second was systematic error 
due to temperature variations across the pump cell. 
b Conducted at a xenon pressure of 60 kPa. 
c Conducted at a xenon pressure of 200 kPa. 
c Calculated using the experimental data of and 122 

d Calculated using the experimental data of refs. 74 and 122 

Non-equilibrium 83Kr nuclear polarization was first observed by Grover 123 using 

isotopically enriched samples (72% 83Kr) at low krypton pressures (~1 Torr). This work 

studied the noble gas polarization by means of a rubidium magnetometer, where the 

rubidium was mixed the noble gas, and the 83Kr polarization was estimated to be less than 

1%. Estimates 83Kr-Rb spin exchange parameters, obtained both from theory and 
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extrapolated from literature data, were first provided by Walker 12°. Subsequently, Happer 

and coworkers 70 performed a systematic study of 83Kr spin exchange by measuring the 

EPR shift of Rb vapor in an optical pumping cells. (See Table 1.2.) In this work, it was 

also demonstrated that at high pressures, the spin exchange process is dominated by 

binary collisions. 

Additional work by Grover and coworkers 115 investigated the transverse 

relaxation of spin-polarized 83Kr within cylindrical optical pumping cells. It was found 

that the relaxation rate and precession frequency depended strongly on the orientation of 

the cells with respect to the applied magnetic field. In these experiments the rubidium did 

not completely coat the surface of the cell, and it was found the location of the Rb 

reservoir influenced the relaxation behavior at a given cell angle. The influence of the Rb 

location was attributed to different surface krypton adsorption characteristic for the metal 

and the glass. Also noted was the fact that the cell volume contributed strongly to the 

relaxation behavior. Together, these results were taken to indicate that the transverse 

relaxational processes were dominated by quadrupolar interactions resulting from krypton 

surface adsorption. Using optically detected magnetic resonance in the presence of 

rubidium vapor, Mehring and coworkers studies the frequency shifts and transverse 

relaxation of hp 83Kr as a function of pump cell temperature and geometry 124. Using these 

data, they were able to measure the absolute value of quadrupolar coupling constant of 

83Kr on borosilicate gas, which was found to be 5.61±0.70 MHz. It was also determined 

that the activation energy EA for desorption of krypton bound to the borosilicate glass 

pump cell walls EA = 0.095±0.005 eV. 
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CHAPTER 2 

THE PRODUCTION OF HYPERPOLARIZED KRYPTON-83 AND ITS 
BEHAVIOR AT VARIOUS MAGNETIC FIELD STRENGHTS 

The majority of the results presented in this dissertation chapter were previously 

published as the journal article: Zackary I. Cleveland, Galina E. Pavlovskaya, Karl F. 

Stupic, Catherine F. LeNoir, and Thomas Meersmann, "Exploring Hyperpolarized 

Krypton-83 by Remotely Detected NMR Relaxometry", Journal of Chemical Physics. 

2006, 124 (4): 044312. 

Thomas Meersmann and Zackary I. Cleveland wrote the paper mentioned above. 

Zackary I. Cleveland collected, or along with other individuals was involved in collecting, 

all of the data discussed in this chapter. Galina E. Pavlovskaya designed and built the 83Kr 

NMR probe and the probe shuttling system used in the work and provided editorial 

assistance in writing the manuscript. Karl F. Stupic assisted in conducting the temperature 

dependent remote detection, magnetic field strength dependent, and the polarization 

buildup experiments. Catherine F. LeNoir also assisted with the field dependent relaxation 

measurements. 



2.1 Introduction 

For more than a decade, hyperpolarized (hp) 3He and hp 129Xe, both having 

nuclear spin / = 1/2, have been used in an increasing number of applications for nuclear 

magnetic resonance (NMR) and magnetic resonance imaging (MRI) '' 2. The high spin 

polarization obtained through spin exchange optical pumping (SEOP) 3 leads to signal 

enhancements of many orders of magnitude over that obtained from thermally polarization 

and allows for experiments that are otherwise not feasible 4_1'\ Another NMR active noble 

gas isotope, 83Kr (/ = 9/2), possesses a nuclear electric quadrupole moment that typically 

dominates the longitudinal (spin-lattice) relaxation 16"18. This relaxation is caused by 

coupling of the quadrupole moment to fluctuating electric field gradients (EFGs) 

generated during gas-phase and surface interactions. Quadrupolar interactions in Kr and 

other quadrupolar noble gases 21Ne and 131Xe (both I = 3/2) cause spin relaxation and 

coherent spin evolution that can probe the shape, size, and symmetry of void spaces as 

well as the chemical composition of surfaces in porous media 19"28. Thus the information 

provided is highly complementary to that obtained from 3He and 129Xe. 

This chapter describes the production of hp 83Kr and its subsequent separation 

from the rubidium vapor used in the SEOP process. Rubidium free hp Kr combined with 

remote NMR detection 10 proved to be a useful method for investigating quadrupolar 

relaxation over a large range of magnetic field strengths. Also discussed here are the first 

investigations of the spin exchange optical pumping process of 83Kr at high (> 100 kPa) 

krypton gas pressures. Using remotely detected hp 83Kr NMR relaxometry, it was 

demonstrated that krypton-wall interactions at low magnetic field strengths are a 
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significant source of signal loss and constrain hp Kr NMR signal enhancement to about 

3 orders of magnitude below the theoretical limit under these conditions. 

2.2 Materials and Methods 

Experiments were performed on a Chemagnetics CMX II 400 MHz NMR 

spectrometer in a 9.4 T wide-bore (89 mm) superconducting magnet using a custom-built 

flow probe tuned to the 83Kr frequency of 15.4 MHz at 9.4 T. SEOP (See Fig. 2.1 A.) of 

research grade krypton (99.995%, natural abundance; Airgas, Radnor, PA) was performed 

in cylindrical Pyrex cells (length = 125 mm, ID = 24 mm). The pump cell containing 2.5 

to 5.0 g of Rb (99.6%; Sigma-Aldrich, Milwaukee, WI) was housed in a quartz and 

aluminum oven to maintain a constant temperature, typically -433 K. Light (794.7 nm) 

from a 60 W Coherent FAP diode-array laser system (line width 2 nm) was directed 

through a circular polarizer onto the pump cell. The magnetic field needed for SEOP was 

provided either by two Helmholtz coils (2.0 x 10"3 T) or the fringe field of the 

superconducting magnet (0.05 T). 

In continuous-flow experiments, the gas mixture was recirculated using a Watson-

Marlow Bredel peristaltic pump. Gas flow was monitored with a Gilmont direct-reading 

flow meter and converted for the gas mixture used. In stopped-flow experiments, Kr 

polarization was allowed to build for several minutes in the pump cell. During this time 

the detection cell was evacuated to less than 0.1 kPa. Following polarization buildup, the 

hp gas was rapidly transferred from the pump cell to the detection cell by pressure 

equalization. In all experiments, the pressure in the pump cell was kept above ambient 

pressure (100-200 kPa) to avoid contamination by atmospheric oxygen and water vapor. 
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Figure 2.1: Apparatus and procedures used for production and detection of hp Kr. (A) Experimental setup 

used for continuous-flow experiments (Valves A & D were permanently open, valves B & C were 

permanently closed, and the peristaltic pump was operating.); stopped-flow experiments (Valve D was 

permanently closed. Valve B was open during evacuation but closed during gas transfer and RF pulses.); 

and remotely detected relaxometry. (B) Diagram of stopped-flow experimental procedure used for remotely 

detected relaxometry with movable probe head. Indicated are the position of 83Kr within the magnetic field, 

gas valve status, and RF pulse sequence used to obtain field depended T] times. (C) Diagram of stopped-

flow experimental procedure alternately used for remotely detected relaxometry with the gas storage cell at 

0.05 T (gas entered and exited through valve C). Indicated are the position of the 83Kr within the magnetic 

field, gas valve status, and RF pulse sequence. 
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2.3 Results and Discussion 

2.3.1 Hp 83Kr Production under Continuous-flow Conditions 

Although SEOP of noble gas isotopes with quadrupolar nuclei had been explored 

prior to this work ' ' , separation of the hp gas from the paramagnetic and highly 

reactive alkali metal vapor of optical pumping had never been described for any / > 1/2 

isotope. The separation process ' ' was pivotal for the success of lz*Xe and JHe SEOP 

and is a necessity for any medical and most materials applications. The major obstacle for 

the production of rubidium free, hp noble gases with / > 1/2 is caused by the nuclear 

electric quadrupole moment, which significantly shortens the longitudinal relaxation (Tj) 

times of Kr. The problem is illustrated by comparing the longitudinal relaxation times of 

the two NMR active isotopes of the noble gas xenon. 129Xe (/ = 1/2) has a gas-phase Ti 

time on the order of 2 h at near ambient pressures and temperatures 32, but a Ti relaxation 

time of only 25 s has been reported for pure gas-phase 131Xe (I = 3/2) at 100 kPa 33'34. 

This relaxation time is further reduced to Ti = 1-3 s for I31Xe in 8-12 mm diameter glass 

containers at the same pressure, ambient temperature, and 9.4 T field strength 24, 35. 

Relaxation times of only a few seconds are problematic for the pumping process and 

subsequent transfer into the detection region. 

Although the quadrupole moment of 83Kr is about twice that of 131Xe (See Table 

1.1.), quadrupole interactions are usually smaller for krypton compared to xenon due to 

krypton's larger nuclear spin, smaller and less polarizable electron cloud, and smaller 

Sternheimer antishielding factor. The reduced quadrupolar interactions for krypton are 

reflected in the long Ti of 470 s expected in the absence of container walls at 300 K, 100 

kPa, and 2.1 T based on the work of Brinkmann and Kuhn 18. Even in 10-12.5 mm 
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diameter and 4-5 cm long glass cylinders used in the currently discussed work, the Ti 

times were found to be 90-150 s at 297 K, 100-200 kPa, and 9.4 T. 

The setup used for Kr optical pumping was similar to those used previsously for 

hp Xe ' ' ' . In 'typical' xenon optical pumping, a low concentration of xenon ( 1 -

5%) in helium at 500-800 kPa is used to obtain spin polarizations up to 70% 31 '38 '39. 

Because the hp 129Xe signal intensity is a product of both concentration and spin 

polarization, a subsequent separation from helium via xenon freezing and sublimation is 

usually applied. The duration of this process ranges from minutes to tens of minutes and is 

possible because the long solid-state Ti relaxation time of 129Xe (~2 h) preserves spin 

polarization 40. This separation is probably not possible for hp 83Kr due to its short solid-

state relaxation time of Ti < 10 s 17 at liquid nitrogen temperatures. The problem was 

bypassed in this work by performing high density optical pumping 41. Fig. 2.1 depicts the 

experimental setup and operational modes described in this chapter. Optical pumping 

takes place in a Pyrex cell at approximately 433 K under illumination by 30 or 60 W of 

circularly polarized 794.7 nm light. The gas mixture used for all experiments consisted of 

95% natural abundance krypton (11.5% 83Kr) and 5% N2 (added for radiation quenching 

4 2)-

Fig. 2.2A shows the first successful production of continuous-flow, hp 83Kr where 

a 27-fold signal enhancement compared to thermally polarized Kr at ambient pressure, 

room temperature, and 9.4 T was obtained. Laser intensity, pump cell temperature, and 

gas flow were held constant while the magnetic field generated by a Helmholtz coil pair 

was varied. As expected, nonequilibrium 83Kr spin polarization was generated only in the 

presence of a magnetic field and inverted when the field was inverted. Note that the NMR 
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Figure 2.2: Enhancement of the 83Kr NMR signal by spin exchange optical pumping. (A) Hp 83Kr 

NMR spectrum recorded every 10 s under continuous-flow optical pumping conditions. The magnetic (B) 

field at the SEOP cell was switched on, twice inverted in direction, and finally switched off at the times 

indicated. The small signal at the beginning of the experiments arose from optical pumping in the arbitrarily 

aligned stray field from the superconducting NMR magnet. The effect on the NMR spectrum was time 

delayed, because the krypton flowed at a rate of 2.5 cm3/s through approximately 3.5 m of PFA tubing into 

the high field detection region. The maximum enhancement factor was 27 times the thermal equilibrium 

signal at 9.4 T (B) Hp 83Kr NMR signal obtained from a stopped-flow experiment with an enhancement 

factor of 1200 times the thermal signal at 9.4 T. The inset shows the spectrum from the continuous-flow 

experiment of Fig. 2.2 A set to scale. 
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detection of these processes was delayed by the duration of gas transport into the detection 

cell. 

Fig. 2.3 shows that, at a given pressure, the hp 83Kr signal intensity was low at 

relatively low flow rates. As the flow rate was increased, the signal intensity increased to a 

maximum value before declining. This suggests that the signal observed under continuous 

flow conditions was influenced by two competing factors. Signal intensity was increased 

by longer residence times in the pump cell because greater initial polarization was 

achieved. Unfortunately, the low flow conditions that allowed for the longest residence 

times in the SEOP cell also increased the time needed for hp 83Kr to reach the detection 

region. During this time, significant relaxation occurred as a result of interactions with the 

transfer tubing surface and lower the observed signal intensity. 

Fig. 2.3 also displays a dependence of the observed signal intensity on the 

pressure. As the pressure was increased, the maximum signal intensity also increased. 

This is unsurprising because increasing the pressure increased the number density of the 

observed 83Kr atoms. The influence of increased spin density was to some extent offset 

by lower non-equilibrium polarization that can be achieved at higher noble gas densities 

due to both reduced rubidium polarization and increased longitudinal relaxation. The data 

presented in Fig. 2.3 also seem to indicate that the maximum signal intensities are reached 

using higher flow rates at the higher gas pressures. This behavior likely results from 

increased relaxation experienced by Kr at higher pressures (i.e. higher densities). The 

role of gas density on the longitudinal relaxation rate will be discussed in detail in Chapter 

4. 
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Figure 2.3: Hp Kr signal intensity, in arbitrary units, produced under continuous-flow conditions as a 

function of gas flow rate. The experiments were performed at the three gas pressures indicated in the legend. 

The signal was obtained by averaging 16 individual scans to produce a single data point. Throughout the 

data collection, pump cell temperature was maintained at a nearly constant temperature of ~430 K. 
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A Kr signal enhancement of less than 30 times that of thermal polarization at 9.4 

T obtained under continuous-flow stands in stark contrast to enhancements of about 3 

orders of magnitude reported for 129Xe optical pumping under similar conditions 41. 

Significant differences in the optimal optical pumping of the two noble gases are the need 

for a faster krypton gas flow of about 1.5-2.8 cm3/s at a temperature of 433 K, while a gas 

flow of 1.0-1.5 cm3/s at 395 K leads to optimization with 129Xe. Higher flow rates appear 

to partially offset 83Kr relaxation in the PFA transfer tubing. This idea is supported by 

signal enhancements up to 1200 times the thermal equilibrium value at 9.4 T obtained in 

the krypton shuttling experiments described in the Section 2.3.3. 

2.3.2 Polarization Buildup of Hp 83Kr in Batch-mode 

The second optical pumping procedure (stopped-flow) led to signal enhancements 

that were 1200 times greater than the thermal signal at 9.4 T and 297 K (Fig. 2.2B). 

Following a SEOP period of many minutes, the hp 83Kr was rapidly shuttled into the pre-

evacuated detection cell by pressure equalization. This procedure is reminiscent of He 

batch mode optical pumping where prolonged pumping times are needed, because the 

small rubidium-helium spin exchange cross-sections result in small spin exchange rates . 

Long SEOP times are also required for 83Kr optical pumping, because the relevant cross-

sections for the rubidium-krypton system are about two order of magnitude smaller 3 '29 

than those in the rubidium-xenon system 43 (See Table 1.2.). This is a particular problem 

for krypton in continuous-flow spin exchange experiments, which require high flow rates 

to reduce hp 83Kr relaxation in the gas transfer tubing. However, high flow also prohibits 

prolonged pumping times and limits the polarization enhancement that can be achieved. 
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The 40-fold improvement in stopped-flow experiments over that observed in continuous-

flow experiments thus resulted from both increased pumping times and reduced 

polarization losses during transfer between the optical pumping and detection cells. 

The pumping time dependence of the hp 83Kr signal enhancement in batch-mode 

experiments is shown in Fig. 2.4 for two different laser powers (30 and 60 W). In these 

experiments, the pump cell was maintained at 433 K under constant laser illumination 

with no magnetic field present (other than the stray field from the superconducting 

magnet) to obtain consistent initial thermal conditions with little or no spin polarization 

present (See Fig. 2.2A.). The magnetic field was then turned on for an optical pumping 

period, t , after which the hp 83Kr was shuttled into the detection cell. 

The dependence of the 83Kr polarization P{Kr) upon t is described by 36 

i 

The Kr self-relaxation rate, T, is caused primarily by quadrupolar interactions during 

interactions with pump cell walls, krypton atoms, or other gas-phase atoms and cannot be 

treated as negligible as is the case for 129Xe optical pumping 36. The Rb-Kr spin exchange 

rate, yse, in these high krypton density experiments was probably caused primarily by 

binary collision under these experimental conditions . Note that yse is positive during 

optical pumping while T is negative. The Kr quadrupolar self-relaxation thus limited the 

overall polarization produced during optical pumping and slowed the buildup rate. In Eq. 

2.3.1, the destruction of Rb spin polarization by collisions with buffer gas atoms is 
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Figure 2.4: Enhancement over thermal signal of hp Kr NMR as a function of polarization time. Data were 

collected using two different laser powers (60 W - open squares and 30 W - open circles). The curves were 

produced by fitting the data to a simplified form of Eq. 2.3.1, which used one pre-exponential fitting 

parameter (the maximum enhancement factor) and the exponential fitting parameter (yse + T). The highest 

signal enhancement was about half that shown in Fig. 2.2B, because a slightly different experimental setup 

with a longer transfer tubing was used. 
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described by the sum of the products of the rate constants, Kl
sd, with their corresponding 

gas atom number densities [M,]. 

The optical pumping rate per Rb atom, Yop(z), depends on position in the pump 

cell, z , due to reduced laser intensity along the optically thick beam path 44. Because 

these measurements were performed in a cell with fixed dimensions, identical gas 

mixture, and constant temperature, all terms except Jop{z), which also depends on applied 

laser power, can be taken as constants. Thus, yop(z) can be replaced by the mean optical 

pumping rate, yop. The obtained signal enhancements as a function of t were fit to a 

simplified form of Eq. 2.3.1 using a single pre-exponentiai (i.e. the maximum hp OJKr 

intensity that would be obtained at infinitely long pumping times) and an single 

exponential fitting parameter. The pre-exponential factors for the two curves differed by 

about 40% for the two laser powers reflecting differences in optical pumping efficiencies. 

However, virtually identical exponential terms (y +r ) = (2.2 ± 0.1) xlO"3 s"1 and (2.3 ± 

0.2) xlO"3 s"1 were obtained for the 30 W and 60 W data respectively. 

2.3.3 Field Dependence of 83Kr Longitudinal Relaxation 

Though the PFA transfer tubing's high internal surface-to-volume ratio (ID = 1.65 

mm) favors quadrupolar relaxation, measurements at 9.4 T in materials with similar 

surface compositions and larger surface to volume ratios suggest that Ti times of tens of 

seconds should be expected in the tubing 45 (See Chapter 3.). This relaxation is too slow 

to cause the depolarization observed during the 10 s or less needed for gas transfer under 
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continuous-flow conditions. However, little is known about Kr quadrupolar Ti 

relaxation on surfaces in low magnetic fields, and a significant portion of the transfer 

tubing, as well as the pump cell itself, was located in low field regions. Fig. 2. IB displays 

the experimental procedure for remotely detected NMR experiments that enabled 83Kr 

relaxation measurements at a variety of field strengths. After optical pumping, hp 83Kr 

was shuttled into the 12.5 mm ID Pyrex detection cell at 9.4 T. Signal from a small flip 

angle reference pulse, which destroyed a negligible amount of the nonequilibrium spin 

polarization, was acquired to correct for fluctuations in optical pumping efficiency. The 

detection cell was then physically moved into a position at known field strength for a 

period, T re to, before returning it to the 9.4 T region where signal was acquired from a 

final 90° pulse. 

Fig. 2.5A displays the hp 83Kr signal intensity as a function of Trelax at various 

field strengths. The corresponding Ti times obtained from mono-exponential fitting of 

these decay curves are summarized in Fig. 2.5B. The longitudinal relaxation times 

decrease by a factor of 2.3 if the field was lowered from 9.4 T to 0.15 T, which was the 

lowest field strength that could be studied using the setup shown in Fig. 2.1. As discussed 

in Chapter 1, the standard expressions for quadrupolar relaxation 45 are expected to 

become magnetic field independent at lower field strengths because the rapid narrowing 

condition is likely to be fulfilled, i.e. r2
ccol « 1 , where xc is approximately the mean 83Kr 

surface adsorption time. If rapid narrowing condition were violated (TC
2O>O ~ 1)> higher 

rank tensor elements or non-Bolzmann population distributions could have been created, 

and the mono-exponential relaxation would no longer be expected 17 '25 '46. No evidence 
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for multi-exponential Kr Ti relaxation in glass containers at 297 K and high field 

strengths was found that would explain the observed field dependence in Fig. 2.5. 

However, field dependent surface relaxation has been observed at low fields in the case of 

hp 129Xe47, where the effect was attributed to dipole coupling to paramagnetic sites on the 

surface. 

Another relaxation mechanism know to be strongly field dependent is caused 

by diffusion through inhomogeneous magnetic fields 48 '49. However, this source can 

safely be excluded for hp 83Kr relaxation reported in this work. The relaxation rate of 

hp gases in the presence of field inhomogeneities is given by 

V« Vfl, 

Tx B\ Ucolx] 
1 (2.3.2) 

Vfi where D is the gas diffusion constant, Bz is the static magnetic field strength, 

and VBy are the gradients of the x and y components of the magnetic field 

respectively. In Eq. 2.3.2, xc is approximately the time between gas-phase collisions. 

The expression {\ + colx2
c)~

x can be neglected, because (OIT2
C«\. Although the field 

gradient VBZ in the stray field of a superconducting magnet is known to be large, the 

maximum Vfl. and my gradients examined in this study were found at the lowest 

magnetic field strength (Bz = 0.15 T) and were determined to be far less than 0.01 T/cm. 

Therefore the 83Kr diffusion in the magnetic field gradient would have produced spin-

lattice relaxation times of hundreds of seconds or more and should not have competed 

with quadrupolar relaxation. 
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Figure 2.5: Field dependent longitudinal relaxation of hp Kr. (A) Longitudinal relaxation decay curves. 

Data were collected a six different magnetic field strengths (3.0 T - closed squares, 1.5 T - closed triangles, 

1.0 T - closed circles, 0.5 T - open circles, 0.25 T - open triangles, and 0.15 T - open squares). The 

reported intensities were obtained using the RF pulse sequence shown in Fig. 2.IB, and the curves are 

mono-exponential fittings of these data. The reported field strengths were at the center of the 40 mm sample 

region. (B) Ti as a function of field strength in gas-phase (closed circles) and desiccated canine lung tissue 

(closed squares). All values, except the highest field strength (9.4 T) values, were calculated from mono-

exponential fitting of longitudinal relaxation decay curves. The 9.4 T values were calculated by nonlinear 

least squares fitting of the 83Kr signal as a function of time and number of applied medium flip angle (~12°) 

RF pulses. The horizontal bars represent the lower and upper limits of the field strength along B2 within the 

sample region (See Fig. 2.1 A.). The lines in Fig. 2.5B are intended to guide the eye only. 
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A final source of the observed behavior could be that the standard expressions for 

relaxation no longer apply. An underlying assumption of relevant Redfield relaxation 

theory 50'51 is that the interactions responsible for relaxation are small perturbations to the 

Zeeman Hamiltonian. The absolute value of the quadrupolar coupling for 83Kr on Duran 

glass surfaces was previously found to be 5.6 MHz , while the Kr Larmor frequency is 

1.64 MHz/T. Clearly more theoretical and experimental work using more well defined 

magnetic fields is needed to quantitatively describe these observations. 

The setup described here was also used to probe the feasibility of hp Kr for 

pulmonary studies. Promising hp 83Kr MRI studies of desiccated canine lung tissue at 9.4 

T were reported elsewhere 52 (See Chapter 3.), and the relaxation time of krypton in this 

tissue at 9.4 T was found to be Ti = 10.5 s. Using the setup described in Fig. 2.IB, 

relaxation times of Ti = 7 s at 3 T and Ti = 5 s at 1.5 T were found. These results are 

useful to assess the limitations of low field hp 83Kr MRI. The increase in longitudinal 

relaxation rates with decreasing field strengths in lung tissue is similar to the trend found 

in the empty Pyrex cell despite the very different timescales of the relaxation. This further 

affirms that the spin-lattice relaxation is dominated by surface interactions rather than 

diffusion though magnetic field inhomogeneities, because the porous structure of the 

tissue would have restricted diffusive motion. 

2.3.4 Temperature Dependent Relaxation Measured by Remote Detection 

The experimental setup described Fig. 2.1C is reminiscent of remotely detected hp 

129Xe MRI reported by Pines and coworkers 10. The hp 83Kr was vacuum shuttled into a 

storage cell through valve C (Fig. 2.1 A) and simultaneously into the detection cell where a 
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90° reference pulse was applied. After relaxation in a 24 mm ID and 53 mm long Pyrex 

storage cell during Trelax and a second evacuation of the detection cell, the hp Kr was 

again shuttled into the detection region, and signal was acquired from a second 90° pulse. 

Data collected using this technique are presented in Fig. 2.6. The longitudinal relaxation 

of Ti = 85 s measured at 0.05 T and 297 K is relatively long given the general trend of 

Fig. 2.5B. However, the surface-to-volume ratio was about 2 times lower for the 

experiment shown in Fig. 2.6 compared to the one in Fig. 2.5B, and surface induced 

relaxation was thus decreased. 

Except for the length and presence of rubidium, the storage and pump cells were 

identical, and at 433 K and 0.05 T (the SEOP cell operating conditions), a relaxation time 

ofTi = 2 2 0 s ( r = - 4 . 5 5 x l O - V ) was found. From this rate and the value of (yse + r ) , the 

spin exchange rate y ~ 6.8xl0"3 s"1 was calculated. This high value was possible only 

from the high rubidium number densities found at elevated temperatures 29' 41. High 

temperatures are therefore required for krypton SEOP to reduce the quadrupolar relaxation 

on surfaces and increase the Rb-Kr spin exchange rate allowing for yse > |r|. The relaxation 

rate r will be reduced in pump cells with larger spatial dimensions and should allow for 

optical pumping at lower spin exchange rates and provide the improved optical pumping 

conditions generally found at lower temperatures. This temperature dependence further 

argues that field inhomogeneities are not the source of the Ti field dependence, because 

Eq. 2.3.2 predicts a shorter Ti at higher temperatures due to an increased diffusion 

constant. 
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Figure 2.6: Remotely detected longitudinal relaxation decay curves at 0.05 T. The data were produced by 

the procedure described in Fig. 2.1C and were collected at two storage cell temperatures. The curves were 

produced by mono-exponential fitting of these data. Ti times determined for each cell temperature are 

indicated in the legend. 

74 



2.4 Conclusions 

A hyperpolarized noble gas with quadrupolar nuclei (hp 83Kr) free from 

paramagnetic and highly reactive rubidium vapor was produced for the first time. Signal 

enhancements up to 1200 times that of thermally polarized 83Kr were obtained using high 

density Kr optical pumping that led to Kr NMR signals strong enough for MRI 

applications. Further improvements may come from the use of laser line width narrowing 

external cavity devices 53, increased laser power 38, and isotopic enrichment. Improved 

Kr optical pumping is also expected in light of the relaxation studies presented in this 

chapter, which may lead to improved SEOP and gas transfer system designs. For instance, 

an obvious improvement for Kr SEOP would be the use of gas transport tubing with 

larger internal diameters. A strongly field dependent Ti relaxation caused by surface 

interactions was observed by remotely detected NMR relaxometry with hp 83Kr. 

Additionally, the Ti of hp 83Kr was shown to increase with increasing surface temperature 

due to reduced surface adsorption times. These results cannot be explained by relaxation 

caused by diffusion through inhomogeneous magnetic fields. 

The results presented in this chapter are encouraging for further increasing the hp 

Kr signal intensity and suggest that in vivo hp 83Kr MRI at 1.5 T may be feasible. The 

experimental protocols are highly reproducible and will be useful for future quadrupolar 

relaxation studies of noble gases at a variety of magnetic field strengths. A potential future 

application of remotely detected hp 83Kr relaxometry is surface investigation of 

electrically conducting materials that cannot be directly studied by conventional NMR. 
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CHAPTER 3 

HYPERPOLARIZED KRYPTON-83 AS A SURFACE SENSITIVE 
CONSTRAST AGENT 

Most of the results presented in this chapter appear in the journal article: Galina E. 

Pavlovskaya, Zackary I. Cleveland, Karl F. Stupic, Randal J. Basaraba, and Thomas 

Meersmann, "Hyperpolarized Krypton-83 as a New Contrast Agent for Magnetic 

Resonance Imaging", Proceedings of the National Academy of Sciences USA. 2005, 102 

(51): 18275-18279. Data concerning hp 83Kr relaxation in borosilicate beads were 

published in the article: Karl F. Stupic, Zackary I. Cleveland, Galina E. Pavlovskaya, and 
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3.1 Introduction 

High nuclear spin polarization in noble gases can be generated through spin 

exchange optical pumping (SEOP) ' and provides nuclear magnetic resonance (NMR) 

signal enhancements that are many orders of magnitude over the signal obtained at 

thermal equilibrium 2. Hyperpolarized (hp) 3He and hp 129Xe (both / = 1/2) have both 

been used in a wide range of NMR and magnetic resonance imaging (MRI) experiments 

that would otherwise be impossible 3"15. In particular hp 3He has been applied for medical 

MRI diagnosis of pulmonary diseases 16"19. One of the fundamental parameters with high 

diagnostic value for hp 3He MRI is the spin density that results from the helium 

concentration in a particular volume. Spin density mapping of hp 3He can be applied to 

visualize ventilation in lungs. Other useful parameters are 3He diffusion that provides 

information about alveolar size distributions in lung tissue and hp 3He relaxation that 

depends on oxygen partial pressure in lungs. 

In vivo MRI of airways with hp 129Xe as a contrast agent19"21 suffers from a lower 

sensitivity compared to hp 3He. However, 129Xe adds an additional parameter not 

available from 3He, namely the chemical shift that provides insights into the local 

environment of the xenon atoms " . The Xe chemical shift has been used extensively 

for research in materials science and for xenon dissolved in a variety of liquids including 

human blood 3 ' 5 ' 6 ' 8 ' 9 ' 1 2 , 2 8 . The chemical shift obtained from hp 129Xe can be used to 

generate an in vivo MRI contrast that is a probe for gas perfusion in lungs (i.e. exchange 

of the gaseous xenon with the lung parenchyma)29'30. 

3He and 129Xe are the only spin / = 1/2, stable noble gas isotopes, but there are 

three more NMR active isotopes in this group with a higher spin and nuclear electric 
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quadrupole moment. The three quadrupolar noble gas isotopes are Ne (/= 3/2, natural 

abundance 0.27%), 83Kr (/ = 9/2, natural abundance 11.5%) and 131Xe (/ = 3/2, natural 

abundance 21%). Quadrupolar interactions in these noble gas atoms cause spin relaxation 

and coherent spin evolution that are probes for the shape, size, and symmetry of void 

spaces as well as the chemical composition of surfaces in porous media 31"36. Thus the 

information provided is highly complementary to that obtained from He and Xe. For 

i -i 1 >yn 

instance, thermally polarized liquid Xe was used previously to generate transverse 

relaxation weighted MRI contrast in aerogels that depended on the adsorption of water 

onto the surface. 

Unfortunately, low thermal signals make conventional gas-phase MRI of the 

quadrupolar noble gases impractical. Although 83Kr optical pumping has been explored in 

the past , the wealth of information provided by quadrupolar noble gas isotopes can only 

be used for in vivo MRI if SEOP, followed by the subsequent removal of the alkali metal 

vapor, is successful. As was shown in Chapter 2, this can be achieved for 83Kr with 

enhancement factors of up to 1200 times that of the thermal equilibrium signal at 9.4 T. 

This chapter described the first report of alkali metal free hp 83Kr used for void space 

imaging in porous materials and in vitro biological tissues. 

3.2 Materials and Methods 

3.2.1 NMR and MRI Instrumentation and Spin Exchange Optical Pumping 

Experiments were performed on a Chemagnetics CMX II 400 MHz NMR 

spectrometer in a 9.4 T wide-bore (89 mm) superconducting magnet equipped with a 

Resonance Research imaging system consisting of triple axis gradient coils (100 G/cm 
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x, y -axes and 720 G/cm z-axis) and low noise linear gradient amplifiers. All NMR 

spectra and MRI images were obtained using a custom-built gas flow probe tuned to the 

83Kr frequency of 15.4 MHz. All images were acquired with a standard gradient-echo 

sequence. Continuous flow images were acquired in ~2 h using 32 phase encoding 

gradients. Stop flow images were acquired with 16 phase encoding gradients with 10-15 

min polarization time between consecutive acquisitions. The subsequent image 

reconstruction was performed in MATLAB (version 14.2). The Ti values were calculated 

by nonlinear least-squares fitting of the hp 83Kr signal as a function of time and number of 

applied medium flip angle (-12°) RF pulses. 

The production of rubidium free hp 83Kr through SEOP of research grade krypton 

(99.995%, natural abundance; Airgas, Radnor, PA) was performed in a cylindrical Pyrex 

cell (length =125 mm, ID = 24 mm). The gas mixture used in all experiments consisted of 

95% krypton and 5% molecular nitrogen (N2 was added for radiation quenching purposes 

39). The pump cell containing 2.5 to 5.0 g of rubidium (99.6%; Sigma-Aldrich, 

Milwaukee, WI) was housed in a quartz and aluminum oven to maintain even heating at 

-433 K. Light (794.7 nm) from the 60 W Coherent FAP diode-array laser system (line 

width 2 nm) was directed through a circular polarizer onto the pump cell. 

In continuous flow experiments, the pressure in the pump cell was kept above 

ambient (175 kPa) to avoid contamination by atmospheric oxygen and water vapor. The 

gas mixture was recirculated using a Watson-Marlow Bredel peristaltic pump, and the 

flow rate was monitored with a Gilmont direct-reading flow meter and converted for the 

applied gas mixture. As was discussed in Chapter 2, a 27-fold NMR signal enhancement 
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compared to thermally polarized Kr at ambient temperature and 9.4 T was obtained 

under these conditions. Alternatively, a batch mode (i.e. stopped-flow) type of experiment 

was employed, which required a 10-15 min a SEOP period. Following SEOP, hp 83Kr was 

released into a detection cell that had been evacuated to less than 0.1 kPa. During transfer 

the gas mixture passed through a glass wool filter to trap rubidium vapor. The technique 

produced signal enhancement of about 1200 times greater than the thermal signal. The 40 

fold improvement of polarization in the batch mode experiment over the continuous flow 

experiment was a combined effect of prolonged SEOP and reduced relaxation during the 

transfer between the pump cell and the detection cell. 

3.2.2 Sample Preparation 

The 0.1 to 2.5 mm diameter borosilicate glass beads used in this work (Biospec 

Products, Inc., Bartlesville, OK) were degassed overnight at a pressure below 0.1 Pa and 

stored under dry nitrogen until use. Beads used as obtained from the supplier are referred 

to in this text as 'untreated'. Some untreated beads were washed for 15 min with a 1:1:5 

solution of 30% v/v NH4OH, 30% v/v H2O2, and distilled water while stirring vigorously. 

Following NH4OH/H2O2 treatment, the beads were washed for 15 min at 358 K with a 

1:1:5 solution of 30% v/v HC1, 30% v/v H202, and distilled water while stirring 

vigorously. The beads were then washed five times with distilled water and dried in a 

vacuum desiccator at 523 K for 1 h. These beads are referred to as 'basic peroxide/acidic 

peroxide' washed. 'Siliconized' beads were first subjected to the treatment described 

above and then reacted with a 1:10 mixture of SurfaSil (Pierce Biotechnology Inc., 

Rockford, IL) in acetone and washed with distilled water in accordance with the 
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manufacturer's instructions. 'Fluorosilane treated' beads were produced by reacting the 

washed beads with a 1:100 mixture of (3,3,3-Trifluoropropyl) tri-methoxyl silane (Gelest 

Inc., Morrisville, PA) in toluene with occasional stirring for 3 hours and then washing 

them with toluene 4 times followed by drying in a vacuum desiccator at 398 K overnight. 

The 70-250 jum porous polyethylene samples (Small Parts, Inc., Miami Lakes, FL) were 

degassed overnight at pressure of less than 0.1 Pa and stored under dry nitrogen until use. 

The desiccated canine lung tissue was obtained after humane euthanization of the 

animal. The lung, heart, and mediastinal connective tissue were then removed en bloc, and 

the lungs were then separated, rinsed with tap water for 24 h via tracheal infusion and 

dried by tracheal insufflations with compressed air for 24 h. The tissue samples were then 

cut into cylinders, degassed overnight at less than 0.1 Pa, and stored under dry nitrogen 

until use. For the micrograph in Fig. 3.2A, desiccated lung tissue was routinely processed 

for histopathology. Briefly, the sample was rehydrated in 10% neutral buffered formalin, 

processed through a series of alcohol and xylene solutions, embedded in paraffin, serially 

sectioned at 4-6 |itm, and stained with hematoxylin and eosin for histological examination. 

3.3 Results and Discussion 

3.3.1 Hp 83Kr MR Imaging in Continuous Flow 

Fig. 3.1 A shows a continuous flow hp 83Kr MR image of a glass phantom using krypton in 

bulk gas-phase located between glass structures. The hp 83Kr was generated in continuous 

flow with polarization enhancement factors less than 30 times that of thermally polarized 

krypton (See Chapter 2 for additional details.). The obtained resolution was 270 x 270 
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Figure 3.1. Hp Kr MRI under continuous flow conditions (A) Hyperpolarized Kr MRI of gas flowing 

around glass structures. The inset figure (lower right hand corner of Fig. 3.1A) is a photograph of the 

phantom used to produce the MRI. Gas flow was held constant at 125 cm3/min. All figures are displayed 

after zero filling. (B) Hyperpolarized 83Kr MRI of a porous polyethylene sample with 70 (Am average pore 

size obtained under continuous flow at a rate of 100 cm3/min. The inset sketch (lower right hand portion of 

Fig. 3.IB) is of the phantom used for the MRI. The center of the sample (i) is a 1.65 mm void space 

surrounded by a 0.76 mm PFA wall and an 11 mm wide area of a porous polymer (if). The measurement at 

9.4 T took about 2.1 h and led to a resolution of 650 x 650 jUm (raw data). 

89 



mm after zero filling the data to 64 points in both dimensions. The overall duration of the 

MRI experiment was 1.7 h. The continuous flow type of experiment and the long 

experimental times are clearly prohibitive for medical applications but might be of use in 

materials science applications. The batch mode type of experiment will be required for 

medical MRI, but some of the findings of this section are also relevant for in vivo MRI. 

Although the feasibility of void space imaging of bulk gas-phase was 

demonstrated in Fig. 3.1 A, porous materials may have caused significant problems due to 

accelerated quadrupolar relaxation. For instance, the longitudinal relaxation time was 

found to be between 2.5 and 5.9 s in various porous polyethylene samples with average 

pore sizes ranging from 70 to 250 jum 40. Even with relaxation times on the order of a few 

seconds, hp 83Kr MRI is still possible. Fig. 3.IB shows a MR image of a phantom 

containing a porous polymer with a 70 ,um average pore size that demonstrates the 

feasibility of hp 83Kr MRI in materials with pore dimension below the alveolar size range. 

3.3.2 Longitudinal Relaxation in Desiccated Canine Lung Tissue 

For in vivo MRI studies of airways, the 83Kr relaxation times in the lung tissue 

cannot be significantly shorter than the timescale of the gas transport into the lungs. To 

obtain a first estimate of pulmonary Ti times, a desiccated canine lung tissue sample was 

prepared (See Section 3.2.2.) that should have been structurally similar to in vivo samples 

(See Fig. 3.2A.). The spin-lattice relaxation time of hp 83Kr at 9.4 T and 289 K in this 

tissue was determined to be Ti = 10.5 s. However, molecular oxygen will also be present 

in the hp 83Kr mixtures for in vivo MRI applications. Because quadrupolar interactions 
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dominate the relaxation mechanism and also because of the low gyromagnetic ratio of 

krypton (See Chapter 5.), the Ti relaxation time in the lung tissue was only mildly affected 

(Ti = 8.6 s) by the presence of 20% oxygen. This is in clear contrast to 3He and 129Xe 

where the longitudinal relaxation times are entirely regulated by the oxygen partial 

pressure and can be lowered by orders of magnitude to Ti = 10-20 s in lungs19. 

Although the 83Kr relaxation times at 9.4 T are potentially long enough for 

practical MRI applications, the magnetic field strength dependence of the longitudinal 

relaxation rates discussed in Chapter 2 may be a concern. While the longitudinal 

relaxation times were reduced to 5 s at 1.5 T and Tj = 7 s a 3 T, the relaxation times found 

in future in vivo work may be longer under physiological conditions due to increased 

temperature and the presence of surface water, which decreases Kr relaxation rates. The 

effect of adsorbed surface water is the subject of Chapter 5. Of course only future studies 

in live animals will provide certainty about the relaxation behavior of 83Kr in vivo, but the 

in vitro measurements in discussed here work provide a first insight into the general trends 

that are to be expected. 

3.3.3 Hp 83Kr MR Imaging of Desiccated Lung Tissue 

The desiccated canine lung specimen examined in the work was also selected as a 

proof-of-concept sample for hp 83Kr MRI. Although the surface chemistry of the 

desiccated tissue will be substantially different than will be found in a live lung, the pore 

structure was relatively unchanged (Fig. 3.2A.). Fig. 3.2C shows and MR image of hp 

Kr m a 10 mm diameter, 2 cm long cylindrical sample of desiccated canine lung tissue 

obtained using small flip angle excitation FLASH sequence applied to a single bolus of hp 
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Figure 3.2: Hp 8JKr MRI of canine lung tissue. (A) Lung tissue micrograph displaying intact alveolar 

septum walls (long arrows) and alveolar epithelium (short arrows). (B) Hp 83Kr MRI obtained using 

repeated stopped-flow delivery. A 10 min SEOP period was required to produce the 16 boluses of hp 83Kr, 

~3 seconds were required for gas transfer, and 103 ms were needed for RF pulses, gradient pulses, and 

signal acquisition. The image resolution is 480 x 655 jUm (raw data) with no slice selection applied. (C) 

FLASH MRI using one bolus of hp 83Kr and sixteen 12° flip angle RF pulses. The measurement required 15 

minutes for SEOP, 3 seconds for the gas transfer, and 0.46 s for the RF pulses, gradient pulses, and signal 

acquisition. The resolution is 1080 x 655 jUm (raw data) with no slice selection. 
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Kr. The image was acquired in 46 ms after a 10 min of SEOP period. FLASH 

experiments were possible because of the large enhancement obtained from the stopped-

flow experiment and because of the favorable porosity of lung tissue compared to the 

polymer sample. Note that only about 31% of the non-equilibrium spin polarization was 

used in this basic FLASH imaging experiment. Fig. 3.2B shows the hp 83Kr MRI of a 

canine lung specimen obtained using multiple stopped-flow optical pumping cycles. The 

image was reconstructed from 16 individual stopped-flow experiments corresponding to 

16 phase encoding field gradients. Comparing Fig. 3.2B and 3.2C clearly shows the 

improved signal-to-noise obtained using 90° flip angle pulses and one bolus of hp gas for 

each phase encoding gradient. 

The MR images in Fig. 3.2 were obtained at 9.4 T, which was significantly higher 

than the 1.5 T commonly used for medical MRI, and the signal intensity is known to 

decrease linearly with decreasing magnetic field. This dependence is in contrast to 

thermally polarized samples in conventional MRI that approximately display an inverse 

square dependence on the external magnetic field 41 '42 and is a consequence of the non-

equilibrium spin polarization generated by SEOP. The maximum spatial resolution in 

MRI is affected by the signal intensity that will be reduced by a factor of about 6 at 1.5 T 

compared to the MRI at 9.4 T. A more significant loss will occur because of the much 

larger detection coil dimensions in medical MRI. However, improved polarization of 

approximately 3 orders of magnitude is in principle possible. (See Chapter 7 for a more 

complete discussion of polarization and signal intensity.) 

Nevertheless the sub-millimeter resolution obtained in this work will probably not 

be available using larger samples that require larger coil diameters. Clearly, hp 83Kr MR 
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will be unable to compete in terms of resolution with hp He MRI or even with u 'Xe 

MRI. However, the idea here is to introduce a novel contrast agent for MRI that is 

complementary to hp 3He and hp 129Xe. Thus reduction of spatial resolution may be 

acceptable provided that the technique provides meaningful biomedical data. 

3.3.4 Surface Sensitive Relaxation in Hp 83Kr 

So far in this discussion, the relatively fast longitudinal relaxation of 83Kr has been 

presented principally as an obstacle. However, useful information can also be obtained 

from the relaxation of hp 83Kr, which is strongly influenced by surface interactions. To 

more fully assess the role of surface-to-volume ratio and surface chemistry in determining 

the observed 83Kr Ti, a series of borosilicate glass bead samples with differing bead 

diameters and surface chemistry modifications were prepared (See Section 3.2.) These 

beads were approximately spherical and ranged from 0.1 to 2.5 mm in mean diameter. The 

total pore volume of a collection of equally sized spheres is approximately 26% that of the 

entire sample with the pores being the tetrahedral and octahedral holes expected from 

closest packing of spheres. 

Fig. 3.3 depicts the 83Kr relaxation rate as a function of inverse bead radii. The 

83Kr relaxation rates were found to increase with decreasing bead radius (i.e. pore size) for 

all surfaces studied. Because the bead diameter was not expected to influence the 

geometry of the pores (assuming perfectly spherical beads and closest packing), the effect 

must have been caused primarily by differences in the surface-to-volume ratio. The 

general dependence of relaxation on inverse radius is expected if the observed 

longitudinal relaxation rates are dominated by surface interactions. 
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Figure 3.3: Hp 83Kr longitudinal relaxation rates as a function of inverse borosilicate glass bead radii. The 

various bead surface chemistries are indicated in the legend. The error bars represent standard deviations 

resulting from at least four replicate measurements. The curves are intended only as a guide to the eye. 
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If quadrupolar interactions on the surface were the only source for the observed 

relaxation, a linear dependence of relaxation rates on the inverse radii would be expected. 

A clear deviation from linear behavior was observed but can probably be attributed to 

non-ideal bead packing and a range of bead surface topologies. Further, it is unlikely that 

the actual surface area can be calculated by simple geometric considerations alone as the 

surface areas of similarly sized E-glass (a commercially available, low alkali borosilicate 

glass) beads were found to deviate by more than a factor of two from the geometric value 

as measured by krypton BET adsorption isotherms 43. 

The other important trend displayed in Fig. 3.3 is the effect of the surface 

chemistry on the observed relaxation rate. As the hydrophobicity of the surface increased, 

the relaxation rate also increased. The nonpolar, but highly polarizable, krypton electron 

cloud leads to higher surface adsorption energies for nonpolar, hydrophobic surfaces than 

for polar, hydrophilic surfaces. Quadrupolar interactions during longer krypton adsorption 

times on hydrophobic surfaces therefore induced faster longitudinal relaxation. 

Additionally, the strength of the quadrupolar interactions, and thus the longitudinal 

relaxation rate, may be affected by changes in surface chemistry. 

In the highest surface-to-volume ratio samples (i.e. 0.1 mm mean diameter beads) 

the observed Ti in the untreated sample is approximately six times that of the siliconized 

sample. Even in the 1.0 mm diameter bead samples, which had a substantially lower 

surface-to-volume ratio, the Ti was decreased from 35.3 s to 9.0 s by siliconizing the 

untreated glass surface. The approximately four-fold difference in 83Kr Ti observed in the 

1.0 mm beads was used to generate the strong Ti contrast in MRI based on the surface 

chemistry that is discussed in Section 3.3.5. Of potential biomedical interest is the fact that 
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even stronger MRI contrast in hp Kr MRI has been observed when tobacco smoke 

condensate, which contains a variety of hydrophobic substances, was deposited on glass 

surfaces44. The effect of tobacco smoke deposition on surfaces is the topic of Chapter 6. 

A similar effect to that observed from hp 83Kr interacting with surfaces has also 

been observed for hp 131Xe (/ = 3/2) on surface treated optical pumping cell walls 45. The 

opposite effect on a much longer timescale has been observed with I29Xe and 3He NMR 46' 

47', because the surface coating insulates the noble gas atoms from paramagnetic sites in 

the glass surface 48. In the case of 83Kr, the separation from paramagnetic sites in the glass 

surface is outweighed by quadrupolar relaxation on the high affinity, siliconized surface. 

3.3.5 Surface Sensitive MRI Contrast through Quadrupolar Relaxation 

The quadrupolar relaxation experienced by hp 83Kr is a source of contrast that is 

not available with either hp 3He or hp 129Xe. In the following proof-of-concept 

demonstration, hp 83Kr was generated via stopped-flow optical pumping and introduced 

into a sample that had been prepared from 1.0 mm diameter borosilicate glass beads. One 

sample region of the sample consisted of untreated hydrophilic glass beads, and the 

second region consisted of siliconized, hydrophilic beads. The sample was chosen for its 

simplicity and because void space dimensions, pore symmetry, pore shape, pore 

connectivity, and porosity should have been similar for the two regions. Furthermore, the 

void spaces in 1.0 mm beads, assuming closest packing, should have had sizes similar to 

human alveoli (i.e. the octahedral and tetrahedral holes can accommodate spheres with 

radii up to 414 (im and 223 ^m respectively). 
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Figure 3.4 T, weighted MRI with hp 83Kr. (A) Photograph of the MRI phantom. Siliconized 1.0 mm 

borosilicate glass beads (hydrophobic) were located within the center ring (i). The outer region (it) contained 

untreated 1.0 mm beads (hydrophilic), and was separated from region i by an untreated glass tube (Seen as a 

white ring in the photograph due to illumination from below). The glass wall is not resolved because of the 

424 x 864 |Um image resolution. (B) 83Kr MRI of the glass bead sample reconstructed from 16 boluses of hp 

83Kr. The MRI sequence was applied ~3 s after filling the sample leading to little MRI contrast between the 

two regions (C) Same as Fig. 3.4B except a 9 s delay was added. Clear contrast between region / (Ti = 9 s) 

and region ii (Ti = 35 s) can be seen. Increasing the delay would increase contrast but reduce the overall 

signal intensity. 
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Surface sensitive hp Kr MR images are shown in Fig. 3.4B and 3.4C produced using the 

phantom shown in Fig. 3.4A, which contained the hydrophobic glass beads in the center 

(/) and hydrophilic glass beads in the outer region (//'). The sample was evacuated prior to 

the experiment, and the image was acquired ~3 s after the hp 83Kr was transferred to the 

sample to allow the gas pressure to equilibrate. The image in Fig. 3.4B shows a weak 

contrast because the krypton in the sample center had already experienced moderate 

relaxation. The MR image in Fig. 3.4C was recorded under identical conditions except 

that a delay period of 9 s between gas transfer and signal acquisition was used. The 

contrast in Fig. 3.4C is clearly visible and demonstrates that hp 83Kr MRI can be used to 

obtain information about the surface chemistry of porous media. 

3.4. Conclusions 

This chapter has described the first demonstration of MRI using a hyperpolarized 

noble gas with a nuclear spin I > 1/2 that had been separated from the rubidium vapor of 

the SEOP process. Hp 83Kr MR images were obtained with sub-millimeter resolution at 

9.4 T in porous media with pore sizes similar to alveolar dimensions and in desiccated 

canine lung tissue at ambient pressure. The 83Kr spin-lattice relaxation times in the lung 

tissue were reasonably long and should allow for in vivo MRI even in the presence of 20% 

oxygen. It is shown that hp Kr provides a source of contrast that can distinguish between 

different chemical compositions of surfaces in a simple test system. These results are of 

potential value for the development of novel in vivo MRI techniques for diagnosing of 

lung diseases where the surface chemistry is altered. An additional practical advantage of 

krypton is that, unlike xenon, it lacks significant anesthetic properties at near atmospheric 
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pressures and should allows for prolonged exposure times and thus increased signal 

averaging. Further, hp Kr NMR and MRI may be important in materials science for the 

studying of porous materials. 
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CHAPTER 4 

MECHANISMS OF GAS-PHASE LONGITUDINAL RELAXATION IN 

KRYPTON-83 

The results presented in this chapter have been submitted for publication as two 

journal articles. The materials related to density dependent relaxation have been submitted 

as Zackary I. Cleveland and Thomas Meersmann, "Binary Collision Induced Longitudinal 

Relaxation in Gas-Phase 83Kr", to the Journal of Chemical Physics (submitted 2008). The 

materials related to density independent relaxation due to both surface interactions and the 

formation of van der Waals molecules has been submitted as Zackary I. Cleveland and 

Thomas Meersmann, "Density Independent Contributions to Longitudinal Relaxation in 

83Kr" to ChemPhysChem (in press 2008). 

For both works, Zackary I. Cleveland wrote the manuscripts, and Thomas 

Meersmann edited the manuscripts. Zackary I. Cleveland produced the hp 83Kr, designed 

the experiments, built the experimental apparatus, and prepared the studied samples. 



4.1 Introduction 

The longitudinal relaxation rates of molecular gases have long been of interest 

because they are strongly influenced by intermolecular collisions l'2. If the time between 

gas-phase collisions is significantly greater than the duration of the collisions, the 

molecules can be said to be in the binary collision limit. Within this limit, there exist well-

defined relationships between gas density p and the average relative speed 

v =(8kBT/ji[X)U2 of the collision pair having reduced mass fx. In many cases, the 

relaxation rate can be attributed to a single mechanism such as spin rotation for nuclear 

spin 7=1 /2 isotopes or quadrupolar interaction for spin I > 1/2 isotopes 3 '4. Typically, 

molecules in the binary collision limit display an inverse dependence of the relaxation rate 

on the gas density, and the interactions can be characterized by a single effective 

collisional cross-section. 

In principle, complementary information to that obtained from molecules should 

be available through studies of noble gas longitudinal relaxation. Although there are five 

stable, NMR active noble gas isotopes: 3He, 129Xe (both I = 1/2), 21Ne, 131Xe (both I = 

3/2), and 83Kr ( / = 9/2), little work was been done concerning purely gas-phase relaxation 

of these atomic species. To date, the only rigorous studies of binary collision induced 

relaxation have been for 3He 5, 129Xe 6 '7 and 131Xe 8 in pure xenon, 83Kr in pure krypton 9, 

1"50 "X 10 17 1 'X 

and Xe and He interacting with O2 " and NO both of which are paramagnetic. 

Presumably the lack of literature is due to the experimental difficulties associated with 

noble gas NMR studies, which include low intrinsic sensitivities for 21Ne, 83Kr, and 131Xe, 

in addition to low natural abundance for 21Ne. 
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Although the nuclear spin of the isotopes He and Xe can readily be 

hyperpolarized (hp) resulting in very high signal intensities 14, the extremely long Ti times 

of hours for 129Xe 15 and days for 3He 16, which are beneficial for the generation of 

hyperpolarized spin systems, lead to prohibitively long experimental times. Similarly, the 

nuclear spin / = 9/2 noble gas isotope 83Kr can also be hyperpolarized by spin exchange 

optical pumping (SEOP) 17,18. The longitudinal relaxation time is on the order of many 

minutes in the gas-phase and thus is long enough to allow separation of the rubidium 

vapor from the hp 83Kr and transfer into a superconducting NMR magnet. Hp 83Kr NMR 

signal intensities are three or more orders of magnitude greater than those obtained from 

thermally polarized krypton 19' 20 and provide sufficient signal intensities for relaxation 

measurements within a manageable experimental timeframe. This combination of 

relatively high signal intensities and favorable relaxation times makes 83Kr possibly the 

best isotope for study gas-phase collisional processes in the noble gases. 

In addition to being of value for the refinement of theory, the longitudinal 

relaxation of 83Kr may be of practical importance as it has been shown to be a sensitive 

probe of surface-to-volume ratio , surface chemistry , surface hydration , and surface 

temperature I9 in porous materials and can yield strong surface sensitive contrast in Ti 

weighted MR images 22'23. However, the maximum achievable polarization and the time 

needed to achieve this polarization are determined largely by relaxation during the SEOP 

process and subsequent gas transfer. Thus, a more detailed understanding of the factors 

that contribute to the longitudinal relaxation of 83Kr could potentially lead to higher signal 

intensities and novel techniques for characterizing a number of important surface 

properties. 
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The Ti times observed in this work ranged from 40 s to more than 400 s enabling 

relatively large numbers of measurements to be performed within a manageable 

experimental timeframe. In total, the work presented in this chapter comprises more than 

700 individual relaxation measurements and represents the first systematic study of the 

longitudinal relaxation of Kr in two-component gas mixtures and at low krypton 

densities of 0.1 to 10 amagat. (Note: An amagat is defined as the number of ideal gas 

molecules or atoms per unit volume at 101.325 kPa and 273.15 K and is equal to 

2.6868x1025 m"3). Additionally, 83Kr longitudinal relaxation was studied in twelve 

different gas mixtures containing varying percentages of a buffer gas (either N2 and He). 

By varying the composition of the gas mixtures, the contribution of each gas to the 

observed density dependent Kr relaxation rate was determined. Finally, a relaxational 

efficiency is defined that depends on the details of binary krypton-collisions and that may 

be useful in refining intermolecular potentials. 

The total 83Kr relaxation rate was also found to be due to a density independent 

contribution. By varying the surface chemistry of the detection cell, it is shown that a 

portion of this density independent relaxation was due to surface interactions. However, 

the density independent relaxation was also influenced by the composition of the gas 

mixture indicating that another, surface independent contribution exists. By varying the 

composition of the gas mixture, in binary helium-krypton and nitrogen-krypton gas 

mixtures, it was determined that this second density dependent contribution resulted from 

the formation of relatively long-lived van der Waals molecules. 
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4.2 Materials and Methods 

4.2.1 NMR Instrumentation and Methods 

Experiments were performed on a Chemagnetics CMX II 400 NMR spectrometer 

in a 9.4 T wide-bore (89 mm) superconducting magnet using a custom-built probe tuned 

to the 15.4 MHz resonance frequency of Kr. Relaxation was observed by acquiring 

spectra from sixteen, evenly spaced, constant flip angle (-12°) RF pulses applied to single 

boluses of hp gas. The relaxation rate was determined by normalizing the signal intensities 

to that of the spectrum resulting from the first RF pulse and fitting the data to 

Sn(t) = cos" 6-e-"T' =cos"rd-e-"T\ (4.2.1) 

where Sn(t) is the normalized signal intensity, n is the number of pulses, t is the 

experimental time, x is the delay between pulses, and 6 is the flip angle. The second 

equality in Eq. 4.2.1 results from the even spacing between pulses and the pulse duration 

being negligible compared to T. The flip angle was determined by varying the length of 

the RF pulse in a standard delay-pulse-acquire sequence with a 40-step array between 0° 

and 360° using hp 83Kr (95% Kr, 5% N2) produced under continuous flow conditions 

(-125 ml/min at 200 kPa) to allow signal averaging. Each increment in the array 

comprised 32 acquisitions and was acquired with phase cycling, and the delay between 

pulses was sufficient to replenish the hp 83Kr within the detection region 19. 

4.2.2 SEOP and Gas Delivery 

Gas mixtures were produced from research grade krypton (99.995% purity, natural 

abundance), nitrogen (99.9997%) purity), and helium (99.9999% purity) (Airgas, Radnor, 
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PA). Optical pumping was performed in cylindrical Pyrex cells (length =125 mm, ID = 

24 mm) containing ~1 g of rubidium (99.75%; Alfa Aesar, Ward Hill, MA), housed in a 

quartz and aluminum oven to maintain even heating (438 ± 5 K), and placed in the fringe 

field of the superconducting magnet (-0.05 T). The light (794.7 nm) from two, 30 W 

Coherent FAP diode-array laser systems (line width 2 nm) was directed via fiber optic 

coupling cables through a circular polarizer onto the pump cell. After the light passed 

through the fiber optics and the polarizer, the power was reduced to ~40 W. 

Relaxation measurements were made in a single Pyrex detection cell (ID =1.5 mm 

length = 65 mm: See Fig. 4.1) attached to a Pyrex transfer tube (ID = 3 mm, length = 0.6 

m). Polarization was allowed to build for several minutes while evacuating the detection 

cell to less than 10 Pa. The hp gas was then transferred by pressure equalization from the 

SEOP cell to the detection cell through ~1 m of PFA tubing (ID =1.7 mm: Swagelock, 

Solon, OH). Following gas transfer, a 90-150 s waiting period was applied before 

performing experiments to reduce temperature and pressure fluctuations. The pressure 

was monitored by a DTG-6000 digital pressure gauge (3D Instruments LLC, Anaheim, 

California), and gas densities were calculated assuming ideal gas behavior. 

4.2.3 Detection Cell Preparation 

Relaxation measurements were made for krypton mixtures in contact with two different of 

surface treatments. The initial measurements (i.e. approximately half of the total number 

of measurements) were performed in an untreated Pyrex detection cell, and the remaining 

measurements were made in the same detection cell after it had been siliconized. In both 

cases, the detection cell was evacuated overnight at a pressure of less 
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Figure 4.1: Hp 83Kr Pyrex detection cell with an ID of 15 mm and a length of 66 mm located in the high 

field (9.4 T) region of the superconducting magnet. Attached to the cylinder was a Pyrex transfer tube with 

an ID of 3 mm and a length of 0.6 m. Prior to experiments, the cell was evacuated to a pressure of less than 

10 Pa. The hp 83Kr mixture was then transferred from the pump cell by pressure equalization, and a 90-150 s 

waiting period was applied to allow temperature and pressure fluctuations to subside. The gas flow was 

controlled by two pneumatically actuated values located in the fringe field of the superconducting magnet. 
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than 10 Pa to remove adsorbed atmospheric water vapor. Following evacuation, the cell 

was either kept under vacuum (during experiments only) or overpressure with a dry inert 

gas. Prior to siliconizing the detection cell, it was washed for 15 min with a 1:1:5 solution 

of 30% v/v NH4OH, 30% v/v H202, and distilled water followed by a 15 min wash at 358 

K with a 1:1:5 solution of 30% v/v HC1, 30% v/v H202, and distilled water. The cell was 

then washed five times with distilled water and dried by flowing N2 gas over the surface 

for 45 min and then evacuating the cell at 4 Pa and 475 K for 1 h. The cell was then 

siliconized using a 1:15 mixture of SurfaSil (Pierce Biotechnology Inc., Rockford, IL) in 

toluene according to the manufacturer's instructions. 

4.3 Density Dependent Longitudinal Relaxation 

4.3.1 Relaxation Resulting from Binary Collisions 

For molecular gases at moderate densities, the interactions responsible for 

longitudinal relaxation are always present. Binary collisions modulate these interactions, 

thus the collision rates cause the characteristic correlation times. As a result, the 

longitudinal relaxation rates typically decrease with increasing gas density due to 

decreasing correlation times. This often leads to a 1/p dependence of the relaxation rate 

for NMR transitions in gas-phase molecules '. In noble gas atoms, however, collisions are 

responsible for generating the interactions that cause relaxation, and the correlation times 

are dictated by the duration of these collision. Because the number of collisions increases 

linearly with density, the longitudinal relaxation rate for atomic species also increases 

linearly with the density. In an early theoretical treatment of gas-phase 129Xe relaxation24, 
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this linear dependence was attributed to the spin-rotation interaction during binary Xe-

Xe collisions. More recently, it was shown that these binary collisions also influence the 

relaxation through modulation of the chemical shift tensor 7 resulting in a dependence of 

the rate upon the square of the applied magnetic field strength. 

The longitudinal relaxation rates of Xe and Kr also display a linear 

dependence on total gas density. Thus the 83Kr relaxation rate can be expressed as 

- - [ — I pKr. (4.3.1) 

In principle, the relaxation rates of I > 1/2 noble gases are affected by spin rotation, 

chemical shift anisotropy, and quadrupolar interactions, but quadrupolar contributions are 

expected to be dominant. A detailed theory of quadrupolar relaxation in Xe was 

developed by Adrian 25 and extended to 83Kr by Brinkmann and Kuhn 9. (See Section 

4.3.2.) The theory presented in these works provided better than order of magnitude 

agreement with the experimental data (See Table 4.1.) suggesting it captures the essential 

details of the underlying physical processes contributing to relaxation. 

Rather than refining the assumptions or potential used in these earlier works, we 

will attempt to interpret our current experimental results in a manner that will be generally 

applicable for the spin / > 1/2 noble gas isotopes and that should be useful as a starting 

point for future theoretical development. This approach will be similar that that used by 

Jameson and co-workers to discuss the longitudinal relaxation of 129Xe caused by dipolar 

coupling to gas-phase O2 10 and that was subsequently extended to 3He interacting with O2 

and NO . For a noble gas relaxing due to intermolecular collisions, the relaxation rate 

is given by 
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where \H(1)\ is the magnitude of the interaction responsible for relaxation. In Eq. 4.3.2, 

ZeS = pvoeff is the effective collision frequency with an effective collisional cross-section 

oeff, and r = d/v is the duration of the collision with d being the characteristic length of 

the interaction. Eq. 4.3.2 can be related to the geometric cross-section for hard sphere 

collisions by defining the collision efficiency 

F{V,T) = oefflogeom, (4.3.3) 

where V is the interaction potential, T is the temperature, and oeff~d2F{V,T). 

The magnitude of the quadrupole interaction squared can be taken to be 

/(1),2_ 3 27+3 (eQq) 
H(l> = • (4.3.4) 

Ap 160/Z(2/-1)V h I, 

where eQqlh is the nuclear electric quadrupole coupling constant. Using spectroscopic 

data of ref. 26, Brinkmann and Kuhn calculated the quadrupole coupling to a krypton 4p 

electron and determined that (eQq/K)2
4p = 5.682 x 109 Hz . (Note that in the analogous 

expressions for 21Ne and 131Xe, the relevant quadrupole coupling terms would be 

(eQq/h)lp and {eQql%)\p respectively.) Combining Eqs. 4.3.2 - 4.3.4 and the definition 

of T yields 

1 3 21+ 3 (eQq\2 d4 

Binary 83Kr-buffer gas collisions are also expected to produce a relaxation rate that 

depends linearly buffer gas density. (Throughout this work, the subscript bg will be used 
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designate buffer gas specific quantities.) Thus, in a two-component gas mixture, Eq. 4.3.1 

becomes 

1 I O 
Tx \TxP) 

PKr + 
Kr iXp- (4.3.6) 

where (l/7Jp)fcg is specific to a given buffer gas and depends on the efficiency F(V,T)bg. 

If the total gas density is varied in mixtures with fixed compositions, a ratio rbg = pbg I pKr 

can be defined, and Eq. 4.3.6 becomes 

Tx p & = 
.W* 

PKr, (4.3.7) 

where (l/7Jp)fcc will be the slope observed when plotting the relaxation rate versus 

krypton density. (Throughout the text, the subscript be denotes that the parameter is 

determined by all types of binary collisions.) 

4.3.2 Theoretical Treatments of Density Dependent Relaxation in the 

Nuclear Spin / > 1/2 Noble Gases 

In its most general form, the theoretical expression for the binary collision induced 

relaxation rate of / > 1/2 noble gases given by Adrian 25 can be written as 

1 3 2 ' + 3 ; ( % ) / / ^ ) * 

l2\ (4-3.8) 
T, 80r(2/-l) h 0 0 

/ A/ 

4 ^ 12 
dt dEdB 

where eQqd Ih is the quadrupolar coupling constant at the collision diameter d, AJ is the 

change in rotational angular momentum of the collision pair, at is the angular frequency 
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associated with the A/ = 0,±2 transitions, and R is the interatomic separation with the 

distance of closest approach being denoted R0. (Note that F(R) in Eq. 4.3.8 should not be 

confused with F(V,T) defined in Eq. 4.3.3.) The probability that an atom will undergo a 

collision characterized by an initial relative kinetic energy in the interval E to E + dE 

and an impact factor in the interval B to B + dB within the time interval At is given by 

Pc(E,B)dEdBAt. The total quadrupole coupling constant is related to eQqd Ih by the 

equation eQqlh = (eQqd /h)F(R). 

Brinkman and Kuhn9 extended Eq. 4.3.8 to treat the longitudinal relaxation rate of 

Kr, which was shown to take the form 

1 3(27+3) 

Tx 80/ z(2/- l) 
8.887x10 -3| eQq 

h Ap 

2 . . j / 2 Ay 

' ^ npt 2 ( | ) 2 W , r ) . (4.3.9) 

83T 

8e 

where (eQq/h)4p is the quadrupole couple constant for a 4p electron in Kr, e is the well 

depth of the modified Buckingham potential assumed in the derivation, T is a reduced 

variable T = kBT/e, and I(AJ,T) is the integral 

' EB2 •* OC 0 0 0 0 

I(AJ,f) = — - r / / f[Fex(R) -Fvdw(/?)]exp 
2 J T T 2 ° ° -00 

Eexp(-E/T)dEdB 

4R: 
AJt dt 

(4.3.10) 

In Eq. 4.3.10, R=R/d, E = E/E, B=Bld, and t = f(8e/\xd2f2 are reduced variables 

and Fex(R) and FvdW(R) are functions that describe the exchange interactions and van der 

Waals contributions to F(R) respectively. 
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Collecting the terms that are not related to the impact factor or the interaction 

potential from Eq. 4.3.9 and factors of 1/2 and (kBT)-m (from 1/f3/2) from Eq. 4.3.10, 

yields the proportionality 

L«±^±^(?M (^!Y/2
p,3_L_ (4.3.11) 

T, 80I2(2I-l){ h ),X 8H J 2(kBT)112-

With slight rearrangement, Eq. 4.3.11 becomes 

1 3 2 / + 3 
• a -

eM *- (4.3.12) 
TlP 160I2(2I-l)[ h )4pvrm 

which contains all of the terms in Eq. 4.3.5 text except F(V,T). Thus, the elements of 

Eqs. 4.3.9 and 4.3.10 that are not listed in Eq. 4.3.12 can be equated with F(V,T), and the 

earlier theoretical treatments of relaxation in the spin / > 1/2 noble gases can essentially 

be viewed as a special case of Eq. 4.3.5 where a specific intermolecular potential was 

chosen. 

4.3.3 Experimental Results in the Binary Collision Regime 

In this work, the observed signal decay was in all cases well described by Eq. 4.2.1 

as can be seen in Fig. 4.2, where Fig. 4.2A displays representative relaxation data from a 

50% krypton, 50% N2 gas mixture at total gas densities of approximately 2 and 10 amagat 

in contact with both detection cell surface chemistries. The relaxation rate was faster at 

higher total gas densities, as is expected from Eqs. 4.3.6 and 4.3.7, and also when in 

contact with the higher affinity, siliconized surface. This surface chemistry effect has been 

observed previously 21 (See Chapter 3.) and results from higher krypton affinity for the 

siliconized surface. 
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Figure 4.2: Representative signal intensity decay data from hp Kr as a function of time. The y-axes 

represent the natural logarithm of the signal intensities measured from evenly spaced, medium angle (~12°) 

RF pulses applied to single boluses of hp gas. The intensities in each curve have been normalized to the 

intensity resulting from the first RF pulse. Lines are linear fits of the data. (A) Signal intensity decay in a 

50% krypton, 50% N2 gas mixture as function of time. The total gas density and the surface chemistry of the 

detection cell walls are indicated in the legend. Note that relaxation is influenced both by the surface 

chemistry and the total gas density. (B) Signal intensity decay data in pure krypton and in a 50% krypton, 

50% N2 mixture. Both sets of data were collected in the untreated detection cell at a krypton density of 3.8 

amagat. The gas composition is indicated in the legend. The signal from the N2 containing mixture decayed 

42% more rapidly (1/7J = 0.0182 s"1) than did the signal from pure krypton (1/7J = 0.0128 s"1) partially due 

to binary, 83Kr-N2 collisions. 
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Fig. 4.3 displays representative 83Kr relaxation rate data from the untreated 

detection cell as a function of density for 25% krypton mixtures containing either 75% N2 

or 75% helium. The resulting best-fit lines display pronounced non-zero y-intercepts. This 

density independent contribution is due to a combination of 83Kr-surface interactions and 

the formation of 83Kr-Kr van der Waals dimers, which also strongly influence 129Xe 

relaxation 15,27. Thus, all density dependent relaxation data in this work were fit to 

Ti 

( 1 \ 1 
PKr^~, (4-3.13) 

I be T l i 

where 1/TU is the density independent, non-zero y-intercept. A more detailed treatment of 

l/Tu is given in Sections 4.4 to 4.6. 

Fig. 4.4 shows the (l/7Jp)te values obtained from the slopes of relaxation rate 

versus krypton density plots for the twelve different gas mixtures and both detection cell 

surface chemistries used in this work. For both the N2 containing mixtures (squares) and 

the helium containing mixtures (circles), (l/7Jp)ftc increases linearly with increasing rbg, 

but the best-fit lines of these data have different slopes reflecting differences in the details 

of the Kr-He and KJ-N2 collisions. However, both lines share a common y-intercept 

that is equal to (l/7Jp)& (i.e. the slope of relaxation rate versus krypton density plots 

generated from relaxation measurements with pure krypton gas). Within the scatter of the 

data, the (l/7Jp)A<. data obtained from the untreated Pyrex detection cell and the 

siliconized Pyrex detection cell fall on the same line indicating that the surface 

contribution to 83Kr longitudinal relaxation is indeed density independent. Table 4.1 lists 

the value of (l/TJp)^ obtained from the y-intercepts in Fig. 4.4 (See d and e in Table 4.1) 
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0.0 0.5 1.0 pKr/amagat 

Figure 4.3: Longitudinal relaxation rates as a function of pKr. The data are from gas mixtures consisting of 

25% Kr and either 75% N2 or 75% He in the untreated detection cell. The gas mixture is indicated in the 

legend. The lines are fits of the data to Eq. 4.3.13. The error bars are the standard deviations in the residuals 

resulting from the fits of the signal decay to Eq. 4.2.1. 
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along with the values obtained from pure krypton relaxation data (b and c). The two 

different measures of (1/^p)^ are in good agreement. Also listed in Table 4.1 are the 

values of (l/7Jp)^ calculated for both helium and N2. 

4.3.4 Comparison of Density Dependent Relaxation with Earlier Work 

The value of (l/Txp)Kr in this work differs from that of Brinkman and Kuhn 9 by about 

35%. Our work was conducted at 9.4 T, while the earlier work was conducted at 2.1 T, but 

field strength is not expected to influence gas-phase quadrupolar relaxation25'28. Although 

previous work showed that the relaxation hp 83Kr rate increased with decreasing field 

strength 19, this dependence is likely due to surface interactions as has been observed for 

hp 129Xe 29. 

Therefore the source of the discrepancy likely lies with the data interpretation by 

Brinkman and Kuhn, who worked krypton densities between 25 and 156 amagat in sealed 

Pyrex bulbs. These densities were assumed to be high enough for surface contributions to 

be negligible, and the relaxation data were fit to a straight line through the origin. 

However, the density independent contribution (i.e. from relaxation due to surface 

interactions and van der Waals complex formation) to the rate observed in the current 

work from pure krypton in the untreated detection cell was 6.6 x 10"3 s"1. Extrapolating 

our results to 25 and 156 amagat suggests that density independent processes would be 

responsible for at least 15% and 3% of the total relaxation rate at each of these densities 

respectively. Further, the samples used by Brinkman and Kuhn had volumes ranging from 

0.4 to 2.8 cm3 resulting in larger surface-to-volume ratios and thus larger values of surface 
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Figure 4.4: The slopes of the various density dependent curves, (l/7Jp)fcc, plotted against rb • pb IpKr 

The buffer gas and the surface chemistry of the detection cell walls are indicated in the legend. The lines are 

fits of the data with slopes of (\ITxp)bg and the intercepts of (\ITxp)Kr (see Table 4.2.). The error bars are 

the standard deviations in the residuals resulting from fitting density dependent data to Eq. 4.3.13. 
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relaxation than was present in our work. Therefore, Brinkman and Kuhn may have 

overestimated the contribution of the gas-phase relaxation. 

Table 4.1: Binary collision data for 83Kr longitudinal relaxation. 
Collision 

Pair 

83Kr-Kr 

83Kr-N2 

83Kr-He 

83Kr-Kr 

131Xe-Xe 

amagat"1 s"1 

1.58±0.03 x ld^ 6 

1.67±0.05xl0"3c 

1.8±0.1xl0"3d 

1.7±0.1 xl0"3e 

2.31±0.03xl0"3 

4.5±0.3 xlO-4 

2.13±0.05xl0"3g 

5.87xl0"3h 

3.92xl0~2i 

4.61xl0"2j 

V 

ms' 1 

382 

540 

1270 

— 

311 

A 

3.581 

3.639 

3.288 

— 

3.917 

O a 
geom 

A2 

40.29 

41.60 

33.96 

— 

48.20 

F(V,T) 

3.1xl0-5f 

5.9 xlO"5 

4.1 xlO"5 

— 

7.7xl0"5k 

30 Geometric cross-sections (ogeom =jtd) and d from ref. (Table A3.2). 
b (\ITxp)Kr from the untreated detection cell. 
c (1/jfJp)^ from the siliconized detection cell. 
d Y-intercept from N2-Kr mixtures (see Fig. 4.4 squares). 
e Y-intercept from He-Kr mixtures (see Fig. 4.4 circles). 
f Calculated using the average (1/T^p)^ from both the siliconized and untreated cell. 
8 Experimental value from ref9. 
h Theoretical value from ref.9. 
| Experimental value from ref.8. 
j Theoretical value from ref25. 
k Calculated using (eQq/h)5p= 3.173 x 109 Hz (ref.25). 

4.3.5 General Trends in Relaxation Parameters 

Using the data presented in Table 4.1, the (l/7^p) values determined in this work 

can be ranked with respect to the collision partner in the order 
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(l/TlP)N2>(l/Typ)Kr>(VTlP)He. 

The relationship (\IT{p)Kr >(\ITlp)He results largely from the smaller collision diameter 

and greater relative speed of a krypton-helium compared to a krypton-krypton pair. While 

a krypton-nitrogen pair also has greater relative velocity than a krypton-krypton pair, the 

relationship {\ITxp)N 2 >(l/Tlp)Kr is observed, and the relationship must result from a 

higher efficiency for 83Kr-N2 collisions. 

Using Eqs. 4.3.5 and 4.3.7, the F(V,T) values were calculated from (l/7jp) data 

of all collision pairs studied in this work (See Table 4.1) and can be ranked in the order 

F(V,T)N2>F(V,T)He>F(V,T)Kr. 

In general, the collision efficiencies shown in Table 4.1 are quite small, but this is to be 

expected for an isotope that has Ti times on the order of tens of seconds at densities of a 

few amagat. The nature of the trend in F(V,T) is not intuitively obvious, but the data in 

Table 4.1 suggest a complex interplay of attractive van der Waals and repulsive exchange 

interactions. 

4.3.6 Implications for Hp 83Kr Production and Storage 

Although F(V,T) may be of interest for refining intermolecular potentials, (l/7Jp) 

ultimately determines the observed relaxation rate. Relaxation rates are the limiting factor 

in achieving high non-equilibrium 83Kr polarization and limit the lifetime of the hp state. 

Therefore the (l/7Jp) values reported in this work are of practical interest. Neglecting the 

contribution of van der Waals molecules and surface interactions, the relaxation time 

expected for pure krypton at ambient pressures (~1 amagat) is Ti = 615 s. The Ti times 
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observed in this work ranged from about 40 s at the highest total gas densities to slightly 

over 400 s in the 90% helium mixture at gas densities of less than 2 amagat suggesting 

that Ti times in excess of ten minutes should be achievable using dilute gas mixtures in 

containers with smaller surface-to-volume ratios. These longer Ti times should be 

achievable without sacrificing signal intensity because the decreased 83Kr spin density in 

low percentage krypton mixtures should be offset by improved polarization efficiency and 

reduced relaxational losses 20. Although no attempt was made to rigorously compare the 

hp Kr signal intensities from the various gas mixtures, little qualitative difference was 

observed for a give buffer throughout the total range of compositions and densities. 

The observation (1/TJp)^ >(l/Tlp)Kr suggests that removing N2 from the optical 

pumping gas mixture entirely might be beneficial. However, N2 serves to non-radiatively 

quench the excited state of the rubidium vapor during SEOP 14, and, as a result of 

improved SEOP efficiency, a 95% krypton and 5% N2 mixture yields about twice the 

signal intensity as does pure krypton at the same total gas density. By measuring the 

density dependent relaxation of 83Kr in the presence of other gases such as H2, it may be 

possible it identify alternate quenching gases that have lower (l/7Jp)^ values and thus 

lead to improved signal intensities. In the absence of such data, the N2 concentration 

should be kept as low as possible without compromising radiation quenching. By using IR 

measurements during 129Xe SEOP, a concentration of 10-30 kPa was previously found to 

be sufficient for this purpose 31. 

128 



4.3.7 Additional Comments on the Experimental Approach 

The methods used in this work should be fairly robust and provide information 

about interactions between 83Kr and most non-reactive buffer gases (e.g. H2, alkanes, 

fluorinated molecules, and other noble gases). In addition to having more convenient Ti 

times, B3Kr has two further fundamental advantages for studying noble gas-molecule 

interactions compared to 129Xe. The density dependence of the 83Kr relaxation rate is 

linear with density even at krypton densities of less than one amagat. In sharp contrast to 

this simple behavior, the relaxation rate Xe goes through a minimum at ~3 amagat ' , 

which may complicate the identification of the contribution from binary collisions. 

Finally, 129Xe relaxes by two mechanisms (i.e. spin rotation and chemical shift 

anisotropy), which are of comparable magnitudes at the magnetic field strengths in 

common use 7. Therefore, a single effective collisional cross-section, and thus relaxation 

efficiency, cannot be defined. Although a similar approach to that used in this work may 

be possible for 131Xe, which will relax even more quickly than 83Kr, its low-density 

relaxation behavior is currently unknown. 

A limitation of the technique used in this work is that the hp 83Kr residing in the 

transfer tube was not subject to the small flip angle RF pulse (See Fig. 4.1.) but was 

subject to more pronounced surface relaxation. Diffusion from this region could have 

caused the relaxation rate to be either underestimated or overestimated slightly. A more 

serious concern is the uncertainty in the temperature of the gas mixtures. The ambient 

bore temperature of the magnet was ~290 K, but the temperature inside the detection cell 

could not be measured. However, the 90-150 s (~1 Ti) waiting period between the gas 

transfer and the experiments should have allowed substantial thermal equalization. More 
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importantly, the value of F(V,T) is expected increase with increasing temperature , but 

1/v decreases with increasing temperature. Thus the two effects should be offsetting, and 

it is unlikely that the uncertainties in temperature caused substantial artifacts. 

4.4 Surface Induced Density Independent Relaxation 

4.4.1 Influence of Surface Chemistry 

Fig. 4.5 displays the relaxation rate as a function of pKr in pure krypton and in a 

50% krypton, 50% N2 mixture. Linear fits of these data display pronounced non-zero y-

intercepts indicating that a density independent component, l/Tu, strongly influences the 

relaxation rate. Density independent relaxation was observed for all krypton mixtures 

examined in this work suggesting Eq. 4.3.13 is valid for all gas mixtures studied. Also 

presented in Fig. 4.5 are data from krypton mixtures in contact with two different surface 

chemistries. The intercept 1/7J, in pure krypton was found to be increased by 13% to 

7.49xl0"3 s"1 in the cell with the siliconized surface compared to the untreated Pyrex cell. 

This surface effect was even more apparent in 10% krypton mixtures where 390% and 

320% increases for the siliconized surface were observed for N2 and He containing 

mixtures respectively. Because these measurements were performed in a single detections 

cell with a constant surface-to-volume ratio, the differences must have been caused by the 

altered surface chemistry. 
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4.4.2 Phenomenological Description of Surface Induced Relaxation 

While the details of noble gas surface relaxation are thoroughly understood only 

for He , a qualitative description can be developed for hp Kr. The surface 

dominated Ti relaxation is consider to be 'surface limited' when the overall relaxation rate 

is substantially slower than the time scale of the gas diffusion through the sample (i.e. 

when surface relaxation is the rate limiting step). Under these conditions, diffusion is 

rapid enough to eliminate any spatial dependence in the relaxation (i.e. there is no distance 

dependence in the gas-phase relaxation rate in relation to the surfaces), and the observed 

rate is expected to be monoexponential37'38 assuming that the relaxation of the adsorbed 

species while on the surface is itself monoexponential. Although multiexponential surface 

relaxation is in principle possible for I > 1/2 nuclei 39' 40, the relaxation behavior was 

observed in this work appeared to be clearly monoexponential (See Fig. 4.2.). Thus, the 

surface induced contribution to the overall relaxation, 1/TU, depends only on the 

relaxation rate experienced while adsorbed on the surface, 1/Tla, and the fraction of 

adsorbed atoms. Under these conditions, 1/7^ can be expressed as 41 

1 1 n„ 
T\, Tla + * a n a + n

g 

(4.4.1) 

where na is the number of adsorbed atoms, ng is the number of bulk gas-phase atoms, and 

xa = T0 exp(£ lkBT) is the average adsorption time with r0 being the inverse of the 

desorption attempt rate andii being the desorption activation energy. Taking E to be 

0.095 eV for krypton adsorbed on borosilicate glass 18 and assuming r0=10"12 s, at 300 K 

xa is approximately 4xl0"n s suggesting that Tla » ra. 
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Figure 4.5: Longitudinal relaxation rate as a function of krypton density in the untreated Pyrex detection 

cell. The data were obtained from pure krypton and a 50% krypton, 50% N2 mixture. The gas composition 

of the mixture is indicated in the legend. The lines are linear fits of the relaxation data as a function of 

density. The errors are the standard deviations in the residuals resulting from nonlinear least squares fitting 

of relaxation decay data. At higher total gas densities, the N2 containing mixture relaxes more quickly than 

does pure krypton. At lower densities, the pure krypton mixture relaxes faster indicating that a mechanism 

exists which, to some extent, compensates for relaxation due to binary, 83Kr-N2 collisions. Note that the 

presence of N2 alters the value of the y-intercept of the fits (i.e. l/Tu). 
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At moderate temperatures and pressures it is expected that ng » na, and Eq. 4.4.1 

simplifies to 

1 n„ 

TU TXa • n . 

(4.4.2) 

The value of na is determined by the surface coverage, 6, and is given by na = A-6, 

where A is the surface area. Using the relationship ng = V • pKr, the surface induced 

relaxation rate becomes 

- ! ~ ^ 2 - . (4.4.3) 

T„ T,aVpKr 

where 6 is expected to be linearly dependent on gas density at moderate pressures and 

temperatures 42. In the simplest case, the coverage is the product of the surface collision 

rate and ra. Thus, 6 = (pKrv/4)ra, where v = (8kBT/mn)U2 is the average speed with mass 

m, and Eq. 4.4.3 becomes 
1 A T„ v 
Tls VTla4 

(4.4.4) 

Thus at the temperatures and densities used in this work (i.e. under conditions of low 

surface coverage), l/Tu is expected to be density independent. 

For 83Kr, quadrupolar interactions will dominate the relaxation on the surface 

28 

suggesting 

1 2 /+3 (eQq)2 

— a— \-*£L\x (4.4.5) 

Tla I2(2l-l){ h ) c 

where eQqlh is the quadrupole coupling constant and rc « r a is the correlation time. 

Together Eqs. 4.4.4 and 4.4.5 lead to the relationship 1/7^ « r2
a, thus explaining the strong 
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influence of surface chemistry and surface temperature observed in Chapters 2 and 3, both 

of which affect xa, on the observed relaxation rate. The actual relaxation time of surface-

adsorbed Kr is currently unknown, but work in zeolites suggests that Tla is on the order 

of a millisecond 43. Taking Tia to be 1 ms, AIV to be the geometric surface-to-volume 

ratio of the detection cell (-360 m"1), v to be 275 m/s, and ra to be 4xl0"n s, the surface 

contribution to the overall rate is expected to be l/7Js~lxl0"3 s"1, which is of the correct 

order of magnitude to contribute to UTU. However, Eq. 4.4.4 is not a function of gas 

composition, and therefore surface relaxation cannot explain the dependence on rbg 

observed in Figs. 4.5 and 4.6 indicating that another mechanism must also contribute to 

l/Tu. 

4.5 Relaxation due to van der Waals Molecule Formation 

The 1/7J. intercepts from experiments with various gas compositions and two 

different container surfaces are presented in Figure 4.6 as a function of the ratio of buffer 

gas density, pbg, to krypton density, rbg = pbglpKr- In both N2 and helium containing 

mixtures, \ITU decreased with increasing rbg. For pure krypton {rbg = 0) in the untreated 

Pyrex cell, the intercept is \ITU = 6.63xl0~3 s"1, but in a 10% krypton mixtures (rbg = 9), 

l/Tu was reduced by more than an order of magnitude to 5.85xl0"4 s"1 and 6.27xl0"4 s"1 in 

the N2 and helium containing mixtures respectively. 

For 129Xe, in addition to surface interactions 29 and binary 129Xe-Xe collisions 6 '7, 

relatively long-lived 129Xe-Xe van der Waals dimers also contribute to relaxation 27. This 

van der Waals mediated mechanism is density dependent at high magnetic field strengths 
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1S 7 7 

, but density independent at low fields (i.e. at low resonance frequencies) and is 

strongly influenced by gas composition suggesting dimer formation may contribute to 

\ITxi in Kr. The fraction of krypton atoms in van der Waals dimers should to be small 

compared to the number of free krypton atoms and is therefore given by 

~ ^ £ m 2KpKr, (4.5.1) 
(PKr + ^PKr,) 

where K = pKr I p2
Kr is the chemical equilibrium constant for Kr2 formation. For 129Xe, 

chemical shift anisotropy and spin rotation interactions contribute to the 129Xe molecular 

relaxation 15, but for 83Kr quadrupolar interactions will also contribute. The longitudinal 

relaxation rate can therefore be written as 

i =2KpKr{Msr
 + M-a

 + M")[--E*—), (4.5.2) 
Tlvdw

 V \ l + (O0Tc) 

where co0 is the 83Kr Larmor frequency, xc is the correlation time, and Msr, Mcsa, Mq 

describe the relaxation due to spin-rotation, chemical shift anisotropy, and quadrupole 

interactions respectively. In the absence of paramagnetic species, quadrupole interactions 

typically dominate relaxation for spin I > 1/2 nuclei28 suggesting 

Msr + Mcm + Mq ~Mq, (4.5.3) 

where the quadrupolar term in a linear molecule is given by 3 

3(27+3) (eQq 

160/2 (2/-1H ft 

2 

Mq-^T;Z^ S~-\- (4-5.4) 

Krypton dimers are weakly bound with elkB = 201.2 K 44, where e is the well 

depth of the interaction potential. At 300 K, gas-phase collisions should be energetic 
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enough to break up the van der Waals molecules making rc approximately equal to the 

lifetime of the Kr2 dimer. The inverse correlation time is thus 

1/TC =dvpKr = kKrpKr, (4.5.5) 

where kKr is the rate constant for dimer breakup, a is the effective collisional cross-

section, and v = (8^r/jtju)1/2 is the average relative speed of the collision complex having 

reduced mass pi. The collisional cross-section can be approximated as the geometric 

cross-section ogeom=2jtR2
e, where Re= 4.008 A is the krypton-krypton equilibrium 

internuclear separation in a van der Waals dimer 44. At 1 amagat, the correlation time is 

expected to be xc = l.lxlO"10 s, and at field strength of 9.4 T, wlx] = 3 x 10"6 « 1 . 

Thus, relaxation due to Kr2 dimers is expected to be density independent even at 

the high magnetic field strength of 9.4 T for all gas densities used in this work. In gas 

mixtures, van der Waals dimers can also be broken apart by collisions with the buffer gas, 

and for a two-component gas mixture 

1 lxc = kKrpKr + kbgPbg = (kKr + rbgkbg )pKr, (4.5.6) 

where kb is the rate constant for 83Kr-Kr dimer break 

up due to collisions with the buffer gas. Because (olr2
c «1, the longitudinal relaxation 

rate due to the formation of van der Waals molecules becomes 

1 3(27+3) (eQq)2 K 
- = 1 1 -. r. (4.5.7) 
Tlvdw S0I2(2I-l){ h ) (kKr + rbgkbg) 

The functional form of Eq. 4.5.7 predicts decreasing values of l/Tlvdw, and thus l/Tu, with 

increasing rbg, which is in agreement with the behavior observed in this work. 
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Figure 4.6: Density independent longitudinal relaxation. The data are plotted as a function of the ratio of 

buffer gas to krypton density, rb s p I pKr. The nature of the buffer gas and detection cell surface 

chemistry are indicated in the legend. The cures are fits of the data to Eq. 4.6.2. The error bars are statistical 

errors resulting from fitting density dependent relaxation rate data to Eq. 4.3.13. (A) Nitrogen containing 

mixtures in contact with both surface chemistries. (B) Helium containing mixtures in contact with both 

surface chemistries. (C) Nitrogen and helium containing mixtures in contact with the siliconized surface 

only. 
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To our knowledge, the value of the quadrupole coupling constant, eQqlh, for a 

83Kr-Kr dimer has never been reported. However, the quadrupole coupling constant can be 

determined from the rotational spectra of van der Waals molecules that posses a 

permanent dipole moments. The quadrupole coupling for Kr in numerous krypton van 

der Waals dimers has been studied by microwave spectroscopy45"47. The eQqlh values for 

83Kr and 131Xe (spin / = 3/2) bound to various partners that lack a permanent dipole 

moment are presented in Table 4.2. Together, these data strongly suggest that \eQqlh\ for 

83Kr in a Ki2 dimer is on the order of a MHz. 

Table 4.2: Quadrupole coupling constants in noble gas dimers 
Isotope Dimer eQq/h Ref. 

" " ^ K T ^ ^ N e ^ K r -0.5205(23) m""""~ 
40Ar-83Kr -0.8529(14) 47 

15N2-
83Kr 0.5b 46 

131Xe 20Ne-131Xe 0.3878(9) 45 

40Ar-131Xe 0.7228(36) 45 

84Kr-131Xe 0.7079(86) 45 

a Parenthesis indicated the reported experimental error. 
b The sign was not determined in the original work. 

To estimate \ITUdw, the chemical equilibrium constant for K12 formation must also 

be known. From the theory due to Bernardes and Primakoff48, K can be expressed as 

6£ \ + (&lkBTf 
K - ss i = '- *>"•-** > £»*#, (4.5.8) 

where e is the well depth of the interaction potential, s is the range of the interatomic 

force, and 
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3 ( »* ^ 
l - i — n ? - 1 ^ • (4-5-9) 

Taking s to be equilibrium internuclear separation Re= 4.008 A 44, the equilibrium 

constant at 300 K becomes K = 60 A"3. For pure krypton at a density of 1 amagat, this 

corresponds to -0.3% of krypton atoms residing in van der Waals dimers. Using Eq. 

4.5.6 and assuming \eQqlh\ = 1 MHz, K= 60 A"3, and the collisional cross-section to be 

°geom> m e 83KJ relaxation rate due to Kr2 van der Waals dimers is calculated to be l/TlvdW~ 

S X I O V . As can be seen in Figure 4.7, the above discussion underestimates of 1/7J. 
IvdW 

However, the large uncertainties in the quadrupole coupling constant, which is squared in 

Eq. 4.5.4, the collisional cross-section, and the equilibrium constant, 1/Tlvdw likely 

contributed to the lack of agreement. 

4.6 Total Density Independent Relaxation in Krypton -83 

Assuming that relaxation mechanisms other than quadrupolar interactions are 

negligible, the total pressure independent relaxation rate for 83Kr is expected to be 

1 AXa V | 3 < 2 / + 3 > {eQ^\ K (4 6 1) 
Tu VTXaA 80/ 2 (2/ - lA h ) (kKr + rbgkbg)' 

Additionally, as was done in work with 129Xe-Xe van der Waals molecules 15' 27, the 

possible contribution from bound 83Kr-buffer gas dimers has been neglected. If these 

dimers form, they would also contribute to l/Tu. Unfortunately, Eq. 4.6.1 contains too 

many parameters to adequately fit the data in Figure 4.6, so the expression 

1/7;,. -1/7;, +17(1+iyc), (4.6.2) 
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with fitting parameters T = MqY^lkKr, K = kb lkKr, and l/Tu was used allowing qualitative 

conclusions to be drawn. Fig. 4.6C displays l/Tu data from both helium and N2 containing 

mixtures in the siliconized detection cell. At a given krypton density, the N2 containing 

mixtures display lower 1/TU values than do the helium containing mixtures suggesting that 

N2 is more efficient at breaking up K12 than is helium (i.e. kN2 > kHe). This trend was also 

seen in the untreated detection cell and is consistent with results for Xe2 dimers, where 

kN2 was about four times larger than kHe
 21. 

17Q 1^ 7*7 

In previous work w i t h ' ^ X e 1 ^ ' , the van der Waals contribution to the relaxation 

was isolated by preparing detection cells that produced extremely slow surface relaxation. 

The analogous approach is not possible for 83Kr, because is it unlikely that surface 

induced quadrupolar relaxation can be suppressed. However, the functional form of Eq. 

4.6.1 suggests a method by which surface and van der Waals relaxation can be 

disentangled. Increasing rbg will reduce l/TlvdW, and l/Tu should therefore asymptotically 

approach l/Tu at high values of rb . By obtaining these asymptotic values in a series of 

detection cells with varying AIV it should be possible to obtain xa ITla and thus calculate 

1/TU. This approach will require detection cells with well-defined surface-to-volume 

ratios and uniform surface chemistries. Also, it may be necessary to use more dilute 

krypton mixtures to completely suppress l/TlvdW. Very dilute mixtures may be 

problematic because of the currently limited hp Kr polarization. However, signal 

intensity improvements of an order of magnitude or more are expected through a isotopic 

enrichment and improved SEOP 49,50 allowing experiments at low pKr. 
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4.7 Conclusions 

This work demonstrates that the longitudinal relaxation of 83Kr, unlike that of 

129Xe, is a linear function of density even at low noble gas densities. By studying the 

relaxation in a single sample cell with two different surface treatments, the density 

dependent relaxation was shown to be independent of surface contributions. The previous 

study of gas-phase 83Kr relaxation published in 1980 9 may have overestimated the density 

dependence of the longitudinal relaxation by ignoring these density independent 

contributions. Additionally, the first investigation of 83Kr relaxation in the presence of 

buffer gases has been reported in this work. The density dependent relaxation of Kr 

represents a novel and possibly unique probe of noble gas-molecular interactions. The 

technique promises to be quite robust and should allow studies with a multitude of 

different buffer gases. With relatively minor modifications, the experimental procedure 

used in this work should be suitable for obtaining temperature dependent relaxation data. 

This temperature dependent data, coupled with the definition of collision efficiency 

discussed in this work will be useful in evaluating intermolecular potentials from the 

perspective for the noble gas atom, and provide complementary data to that obtained from 

the gas-phase longitudinal relaxation in molecules. 

Additionally the relaxation rate displays a pronounced density independent 

component. Varying the surface chemistry of the detection cell demonstrated that part of 

this relaxation originated from surface interactions. By varying the gas composition it was 

shown that \ITXi was reduced in dilute krypton mixtures. This compositional dependence 

cannot be attributed to surface interactions but is consistent with relaxation caused by the 
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formation of van der Waals dimers. Relaxation due to gas-phase van der Waals molecules 

was previously observed only in 129Xe suggesting that dimer mediated longitudinal 

relaxation is a general feature of the heavy nobles gas isotopes. At the 9.4 T field strength 

used in this work, the relaxation of 129Xe due to van der Waals dimer formation is 

expected to be density dependent. The density independence of van der Waals mediated 

relaxation observed in this work is due to the much lower gyromagnetic ratio, and thus 

resonance frequency, of 83Kr. 

0-5 

For OJKr, the values of \ITU and l/Tlvdw are similar making them difficult to 

quantitatively separate. However, in future work, it should be possible to decouple the 

two contributions by varying the surface-to-volume ratio of the detection cell. Finally, the 

Ti times observed in this work ranged tens to hundreds of seconds, which are substantially 

shorter than those of 129Xe or 3He. Thus 83Kr may be a superior choice for studying 

fundamental longitudinal relaxation mechanisms than are the spin 7 = 1/2 noble gases, 

because large Kr data sets can be collected in a comparatively short amounts of time. 

Lastly, the presented relaxation data will help to modify the SEOP conditions and may 

allow for improved 83Kr hyperpolarization. 
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CHAPTER 5 

LONGITUDINAL RELAXATION OF HYPERPOLARIZED KRYPTON-83 AS A 

PROBE FOR HYDRATED SURFACES 

The results presented in this dissertation chapter appear in the journal article: 

Zackary I. Cleveland, Karl F. Stupic, Galina E. Pavlovskaya, John E. Repine, Jan B. 

Wooten, and Thomas Meersmann, "Hyperpolarized 83Kr and 129Xe NMR Relaxation 

Measurements of Hydrated Surfaces: Implications for Materials Science and Pulmonary 

Diagnostics", Journal of the American Chemical Society. 2007, 129(6): 1784-1792. 

Zackary I. Cleveland and Thomas Meersmann wrote the paper mentioned above. 

Karl F. Stupic performed some of the 129Xe relaxation measurements. John E. Repine and 

Jan B. Wooten edited the manuscripts and provided expertise concerning the aspects of 

the work that were of potential biomedical interest. John E. Repine also provided the lung 

surfactant extract used in this work. Zackary I. Cleveland produced the hp Kr, 

participated in the design of the experiments, built the experimental apparatus, and 

prepared the studied samples. Galina E. Pavlovskaya built the 129Xe and 83Kr NMR 

probes. 



5.1 Introduction 

In situ and in vivo measurements of surface properties under ambient conditions 

impose serious experimental challenges, particularly when porous materials and surfaces 

within opaque media are of interest. Nuclear magnetic resonance (NMR) spectroscopy 

and magnetic resonance imaging (MRI) require transparence only within the radio 

frequency regime and can therefore probe surfaces that are obstructed from direct optical 

or other types of examination. This chapter describes the use of hyperpolarized (hp) 83Kr 

and hp l29Xe longitudinal relaxation time (Ti) measurements to probe hydrated surfaces 

under near atmospheric conditions. 

In the past, several NMR studies of thermally polarized krypton in materials have 

made use of the high nuclear spin ( / = 9/2) and the nuclear quadrupole moment (See 

Table 1.1.) of the 83Kr isotope. The 83Kr NMR spectrum shows distinct splitting in liquid 

crystalline phase caused by anisotropy in the environment of the dissolved krypton atoms 

1'2. The NMR line shape of 83Kr obtained in zeolites is sensitive to pore dimensions, pore 

geometry, counter-cation charge, and, potentially, to long range disorder in the 

nanoporous materials . The coherent evolution and relaxation behavior of Kr (15.4 

MHz resonance frequency at 9.4 T) in these materials are dominated by quadrupolar 

interactions and can therefore provide valuable information that is complementary to that 

obtained from the chemical shift observed in NMR spectroscopy with 129Xe (110.6 MHz 

resonance frequency at 9.4 T and / = 1/2)4"6. 

The nuclear spin polarization of 129Xe can be increased (i.e. hyperpolarized) 

through rubidium vapor spin exchange optical pumping (SEOP) 7 by many orders of 

magnitude over the Boltzmann equilibrium value of thermally polarized 129Xe at ambient 
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temperature and high magnetic field strengths. Since its introduction , hp Xe NMR has 

proved to be a powerful spectroscopic tool and is increasingly used to study porous 

materials, gas-surface interactions, surface chemistry, biomolecules, chemical reactors, 

and gas dynamics. Hp Xe and hp He have also led to exciting advances in the MR 

imaging of airways and materials (See 9"u for reviews.). 

The hyperpolarization of the 83Kr nuclear spin is also possible through SEOP 12"14, 

but the separation of hp 83Kr from paramagnetic and highly reactive rubidium vapor was 

not reported until the recent introduction of hp Kr NMR spectroscopy and MRI, which 

was described in the earlier chapters. The Ti time of hp 83Kr is sensitive to the surfaces of 

materials in contact with the hp gas and yields information about the surface-to-volume 

ratio 15, chemical composition 15, and temperature 16 of the material-gas interface. The 

potential of hp 83Kr to serve as a surface chemistry sensitive MRI contrast agent has also 

been demonstrated using siliconized (hydrophobic) and untreated (hydrophilic) glass 

surfaces17. 

This chapter demonstrates that water adsorption on surfaces dramatically alters 

83Kr relaxation times. This effect is reversible with water desorption and is observed even 

for hydrophobic surfaces suggesting that hp 83Kr longitudinal relaxation is potentially a 

powerful probe of surface hydration over a wide range of surface chemistries. To test the 

feasibility of in vivo applications, the commercially available pulmonary surfactant extract 

Survanta was applied to some of the hydrated surfaces, and its influence on the Kr Ti 

time as investigated. Additionally, information about the presence of paramagnetic surface 

sites was obtained by comparing hp 83Kr and hp 129Xe NMR relaxation times. 
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5.2 Materials and Methods 

5.2.1 NMR Measurements and Instrumentation 

Experiments were performed on a Chemagnetics CMX II 400 MHz NMR 

spectrometer in a 9.4 T wide-bore (89 mm) superconducting magnet. All NMR data were 

obtained using custom-built, gas-flow probes tuned to the frequency of either 83Kr (15.4 

MHz) or 129Xe (110.6 MHz). Ti values from hp gases were calculated by nonlinear least 

squares fitting of the NMR signal as a function of time as described in Chapter 4. The 90° 

pulses for 83Kr (63ps) and 129Xe (47jus) were determined under continuous-flow optical 

pumping conditions similar to those used in earlier work 16'18. All Ti values reported are 

the averages of four to eight replicate measurements and, unless otherwise indicated, are 

conducted at 85.0 ± 0.5 kPa (i.e. ambient pressure at the laboratory elevation of 1500 m). 

The errors reported are the standard deviations resulting from those replicate 

measurements. The stated signal enhancements reported for hp Kr are relative to the 

thermal signal obtained from a sample containing 500 kPa natural abundance krypton and 

100 kPa 02 . 

5.2.2 Optical Pumping of 83Kr and 129Xe 

All gas mixtures in this work were produced from research grade krypton 

(99.995%, natural abundance), xenon (99.995%, natural abundance), nitrogen 

(99.9997%), and helium (99.9999%) (Airgas, Radnor, PA). SEOP was performed in a 

cylindrical Pyrex cell (length = 125 mm, ID = 24 mm). The gas mixtures consisted of 95% 

Kr and 5% N2 (mixture-I); 25% Kr, 5% N2, and 70% He (mixture-II); or 20% Xe, 5% N2, 
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and 75% He. N2 was added to the mixtures for radiation quenching purposes . The pump 

cell, containing approximately 1 g of rubidium (99.75%; Alfa Aesar, Ward Hill, MA), was 

housed in a quartz and aluminum oven to maintain even heating (438 ± 5 K for 83Kr and 

393 ± 5 K for 129Xe). The pump cell was maintained above ambient pressure (150-200 

kPa) to avoid pump cell contamination. Light (794.7 nm) from a 30 W Coherent FAP 

diode-array laser system (line width 2 nm) was directed via fiber optic coupling cables 

through a circular polarizer onto the pump cell. After the light passed through the fiber 

optics and the polarizer, the power was reduced to approximately 20 W. The magnetic 

field needed for SEOP was provided by the fringe field of the superconducting magnet 

(0.05 T). Rb vapor was separated from the hp gas mixtures by an air-cooled trap at the 

outlet to the pump cell and a glass wool filter placed directly before the sample region. 

5.2.3 Delivery of Optically Pumped Gases 

In the stopped-flow experiments used to measure Ti values in the dehydrated 

samples, polarization was allowed to build several minutes in the pump cell while the 

detection cell (length = 50 mm, ID 12 = mm) was evacuated to a pressure of less than 0.1 

kPa. Following SEOP, the hp gas was rapidly transferred from the pump cell to the 

detection cell by pressure equalization. In the injection delivery method (See Fig. 5.1.), 

polarization was also allowed to build for several minutes and then the hp gas mixture was 

transferred by pressure equalization into an evacuated Pyrex storage cell (length = 80mm, 

ID = 24 mm). From the storage cell, the hp gas mixture was transferred to a Pyrex 

injection cell (length = 150mm, ID = 24 mm) containing distilled water and a thermally 

153 



Figure 5.1: Apparatus for injection delivery of hp gases. Following SEOP, hp gas was transferred by 

pressure equalization to the storage cell (Valve 1 was open; valves 2, 7, and 8 were closed). Next, hp gas 

was transferred to the injection cell by displacing distilled water into the syringe (Valves 2, 3, and 4 were 

open; valves 1, 5, 6, 7, and 8 were closed.). Finally, the hp gas was injected into the detection region by 

forcing the distilled water into the injection cell (Valves 3, 4, and 5 were open; valves 2 and 6 were closed.). 

During signal acquisition, valves 2, 3, 5, and 6 were closed to ensure constant pressure in the detection 

region and prevent contamination by atmospheric oxygen. 
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polarized gas mixture having the same composition as the hp gas. During transfer from the 

storage cell, approximately 50 mL of distilled water was displaced into the attached 

syringe. The syringe then forced the distilled water back into the injection cell and, thus, 

the hp gas mixture into the sample region for detection. 

To limit the exposure of hp gases to oxygen, helium was bubbled through the 

water in the injection cell for several minutes prior to conducting injection delivery 

experiments. The apparatus was then thoroughly flushed with nitrogen gas prior to filling 

the injection and detection cells with the thermally polarized noble gas mixture. Between 

experiments, the storage cell was repeatedly filled with dry nitrogen and evacuated to 

reduce pump cell contamination by water vapor. 

5.2.4 Preparation of Borosilicate Glass Beads 

Untreated, 1.0 mm diameter, borosilicate glass beads (Biospec Products, Inc., 

Bartlesville, OK) were degassed overnight at a temperature of 473 K and a pressure of 

below 0.1 Pa and then stored under dry nitrogen until use (for stopped-flow delivery) or 

stored overnight in a saturated water vapor (for injection delivery). Siliconized beads were 

prepared as described in Chapter 3. Following surface treatment, the siliconized beads 

were hydrated or dehydrated using the same procedure as was used for the untreated 

beads. 

5.2.5 Storage and Application of Lung Surfactant 

A 4 mL vial of Survanta (Ross Products Division, Abbott Laboratories, Columbus, 

OH), a suspension of bovine pulmonary surfactant extract, was stored under refrigerated 
155 



conditions in accordance with the manufactures instructions prior to use. The chemical 

composition of Survanta (as stated by the manufacturer) was primarily that of natural 

bovine lung extract and comprised phospholipids (25 mg/mL), triglycerides (0.5-1.75 

mg/mL), free fatty acids (1.4-3.5mg/mL), and surfactant associated proteins (> 1 mg/mL) 

suspended in a 0.9% aqueous NaCl solution. Before applying the suspension to the 

various bead samples, Survanta was removed from refrigeration and warmed to room 

temperature. A sterile syringe was then used to remove a portion of the suspension 

through a rubber septum. The beads were coated with approximately 0.3 mL Survanta by 

gently rolling the beads in a few droplets of surfactant mixture until the glass surface was 

visibly covered. For one sample, the surfactant extract was diluted 1:2 with distilled water 

but, otherwise, treated identically. For the dehydrated lung surfactant sample, untreated 

beads were coated as described above, transferred to the detection cell, and dried 

overnight at room temperature under a 0.1 Pa vacuum. 

5.3 Results 

5.3.1 Probing Surfaces under Near Atmospheric Conditions 

As described previously, the 83Kr signal can be enhanced by more than three 

orders of magnitude at 9.4 T field strength using SEOP. To obtain this level of 

enhancement, vacuum shuttling rather than the relatively slow flow often used to deliver 

hp 129Xe is necessary due to fast quadrupolar relaxation during gas transfer 16. However, 

an evacuation of the sample region may alter surface hydration and is ill suited for in situ 

or in vivo biomedical applications. Additionally, surface hydration changes may be 
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introduced by the hp noble gas mixtures themselves, which are devoid of water vapor due 

to reaction with rubidium during the optical pumping process. 

Fig. 5.1 shows the experimental apparatus used to simultaneously solve both of 

these problems. The hp gas was vacuum shuttled through pneumatic valves from the 

pump cell to a storage cell. Subsequently, the gas at 150-200 kPa was released into a 

water-filled glass container where it displaced water into an attached syringe. The gas, 

which became least partially saturated with water vapor, lost trace amounts of rubidium 

vapor carried over from SEOP. Finally, the hp gas was injected into the sample cell 

through operation of the syringe (See Section 5.2.3.). Using this procedure, the sample 

region was only gently ventilated by the gas flow with minimal influence on surface 

hydration. Further, this procedure produced an acceptable hp 83Kr polarization loss of at 

most 50% compared to one-step vacuum shuttling. 

Of great importance for practical MR studies using hp Kr is the magnitude of the 

signal intensity resulting from SEOP. For gas mixture-I (95% Kr and 5% N2), the 83Kr 

polarization was typically enhanced by a factor of-1000 times that of thermal equilibrium 

at 9.4 T field strength, a value consistent with prior work using this gas composition ' . 

Optical pumping of mixture-II (25% Kr, 70% He, and 5% N2) produced polarization 

enhancements up to 4500 times that of thermal equilibrium, which is the highest Kr 

polarization enhancement reported. The higher polarization achieved using mixture-II was 

probably due to reduced rubidium electron spin relaxation and slower 83Kr self-relaxation 

during the SEOP process. This is demonstrated in Fig. 5.2 where the hp 83Kr NMR spectra 

obtained from gas mixture-I and II at constant overall gas pressure yielded similar 

integrated signal intensities. 
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Figure 5.2: Hp 83Kr spectra at ambient pressure. The upper two spectra were obtained from hp 83Kr in 

contact with the detection cell wall only (without beads), and the lower spectra were obtained from hp 83Kr 

in the cell filled with 1 mm diameter, dehydrated borosilicate glass beads. The two spectra on the left hand 

side of the figure are of hp 83Kr from gas mixture-I (95% Kr), and the two on the right are from gas mixture-

II (25% Kr). All four spectra are plotted on the same arbitrary scale (a.u.) of peak height. The peak position 

of mixture-I in the absence of borosilicate beads was used as the zero ppm reference. 
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The integrated signal intensity changed with the sample porosity and was reduced 

in a glass bead sample by approximately 70% compared to the detection cell without glass 

beads. This value corresponds well to the 74% filling factor expected for closest packed 

solid spheres. Bulk magnetic susceptibility of the material was responsible for the -1.1 

ppm peak shift observed for the materials-phase (borosilicate beads) peaks compared to 

the peaks observed from hp Kr in contact with the detection cell walls only. The line 

width was broadened from 4.5 Hz for the bulk gas-phase in the cell lacking any bead 

sample to 24 Hz (gas mixture-I) or 16 Hz (gas mixture-II) in the void spaces of the glass 

bead sample. The mixture dependent line width can be caused by transverse relaxational 

processes or coherent quadrupolar interactions on the surface 12'14'20~26, and the magnetic 

susceptibility of the material may lead to additional line broadening. 

5.3.2 Studies of Hydrated and Dehydrated Surfaces 

In hp 83Kr magnetic resonance, the detected signal originates from gas-phase 

krypton but not from the adsorbed phase. However, a significant and often dominating 

contribution to the longitudinal relaxation of 83Kr is caused by quadrupolar interactions 

during brief periods of surface adsorption. The more negative the krypton surface 

adsorption enthalpy, the more rapid will be the resulting surface induced relaxation. As a 

test system where gas-phase relaxation due to binary collisions plays an insignificant role 

due to high surface-to-volume ratio, sample tubes were filled with 1 mm diameter 

borosilicate glass beads that allowed for the study of both surface treatment and hydration 

levels. 
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The data shown in Table 5.1 show how strongly the water adsorption on glass 

surfaces influenced krypton relaxation times. At ambient pressure (85.0 kPa) and 289 K, 

the Kr relaxation from gas mixture-I in untreated borosilicate glass beads was prolonged 

by 184% from Ti = 22.1 s for the dehydrated surface to Ti = 62.8 s when the glass was 

hydrated by overnight exposure to a saturated water vapor. Similarly, a Ti increase of 

173% was observed upon hydration is with mixture-II. An increase in the longitudinal 

relaxation time also occurred upon hydration of a highly hydrophobic siliconized glass 

surface. After overnight hydration of the siliconized beads, the krypton longitudinal 

relaxation times experienced 102% or 114% increases for mixture-I and II respectively. 

Table 5.1:Ti values for hp 83Kr; mcontact with hydrated and dehydrated surfaces. 
Gas Dehydrated Hydrated Dehydrated Hydrated Dehydrated Hydrated 

Mixture Detection Detection Untreated Untreated Siliconized Siliconized 
Cellab Cellac Beadsb Beads' Beads" Beads0 

I 
9 5 % Kr 

I 
9 5 % Kr 
(P = 0) d 

II 
2 5 % Kr 

II 
2 5 % Kr 
(P = 0) d 

104.3 ± 
3.3 s 

124.0 ± 
3.6 s 

165.5 ± 
3.7 s 

223.4 ± 
5.0 s 

129.3 ± 
2.8 s 

161.1 ± 
3.2 s 

202.3 ± 
9.0 s 

296.1 ± 
13.5 s 

22.1 ± 
1.3 s 

22.9 ± 
1.3 s 

36.0 ± 
5.5 s 

38.2 ± 
5.8 s 

62.8 ± 
3.3 s 

69.5 ± 
3.4 s 

98.4 ± 
9.3 s 

116.3 ± 
10.1 s 

6.1 ± 
0.4 s 

6.2 ± 
0.4 s 

8.3 ± 
0.8 s 

8.4 ± 
0.8 s 

12.3 ± 
0.5 s 

12.5 ± 
0.5 s 

17.8 ± 
0.3 s 

18.3 ± 
0.3 s 

a) No bead sample present. 
b) Stopped-flow delivery. 
c) Injection delivery. 
d) Ti extrapolated to zero pressure. 
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The hp Kr relaxation times in both the untreated and siliconized beads showed 

little variation between identically treated replicate samples. In fact, bead samples (both 

untreated and siliconized) could be thoroughly dehydrated (See Section 5.2.3.), 

subsequently placed overnight in a saturated water vapor, and then dehydrated a second 

time. At each stage, the resulting Ti values were identical within experimental error to 

those reported Table 5.1. 

However, the data shown in Table 5.1 display only qualitative agreement with 

earlier work involving similarly treated dehydrated samples 15, and the values reported in 

this chapter are systematically lower by about 30%. The source of this variation was not 

investigated, but a probable explanation is differences in average bead surface areas in the 

two studies. The glass beads used in both studied were selected for their ability to undergo 

various surface modifying reactions not bead-to-bead uniformity in size and shape. 

Although the beads are described as 1 mm diameter spheres, a distribution in the size, 

shape, and in surface features such as corrugation and cracks were observed. 

Table 5.2: Ti values for hp Kr in contact with bovine lung surfactant. 
Gas Hydrated Hydrated 1:2 Dilution Dehydrated Hydrated 

Mixture (Trial 1)a (Trail 2) a (Surfactant: (Siliconized 
Waterj j^ Support) a 

I 15.7 ± 0.5 s 16.2 ± 1.1s 20.8 ± 2.1s 19.3 ± 0.2 s ' 12.9 ± 0.9 s 
95% Kr 

I 
95% Kr 16.1 ± 0.5 s 16.4 ± 1.1s 21.7 ± 2.1s 19.9 ± 0.3 s 13.2 ± 0.9 s 
(P = 0) c 

a) Injection delivery. 
b) Stopped-flow delivery. 
c) Ti extrapolated to zero pressure. 
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5.3.3 Bovine Lung Surfactant Experiments 

The 83Kr longitudinal relaxation times shown in Table 5.2 range between approximately 

Ti = 13 s and Ti = 22 s depending on two parameters: the type of support surface used for 

the Survanta and the amount of water present. The label 'hydrated surfactant' describes 

glass beads coated that were with undiluted Survanta without subsequent dehydration. To 

examine the reproducibility of the data, two trials comprising four replicate Ti 

measurements were performed and yield essentially identical results of Ti ~ 16 s. Diluting 

the Survanta 1:2 with distilled water prolonged the Ti to 21 s. Dehydration of the Survanta 

coated beads under vacuum conditions also prolonged the Ti to 19 s compared to the 

hydrated surfactant. Accelerated relaxation times, insignificantly different from hp 83Kr in 

contact with the siliconized support surface without surfactant, occurred when using a 

siliconized support surface. 

5.3.4 Hyperpolarized 129Xe Relaxation Measurements 

When xenon was exposed to a glass surface, the 129Xe longitudinal relaxation rate 

can be accelerated due to the presence of paramagnetic surface impurities. This is seen in 

Table 5.3 for dehydrated glass beads with Ti = 43 s, a relaxation time that is quite short 

for gas-phase 129Xe, which in macroscopic glass containers, at near ambient pressures, and 

1.5 T can be as long as 13,200 s in pure xenon 27. Hydrating the beads either obstructed 

xenon contact with paramagnetic sites or reduced the xenon surface coverage, prolonging 

the relaxation time to Ti = 103 s. Siliconizing the surface 28"30 dramatically increased the 

Xe Ti in sharp contrast to the effect seen with Kr . A similar effect was seen with 
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lung surfactant coated beads, indicating that this treatment too obstructed a contact with 

paramagnetic surface sites. 

Table 5.3: Hp 129Xe a Ti in contact with borosilicate glass beads. 
Dehydrated Hydrated Surfactant Dehydrated 

Untreated Beads b Untreated Beads Coated Beads c Siliconized Beads 

43 ±3 s 103 ±8 s 420 ± 27 s 773 ±9 s 
a) 20% xenon, 5% N2, and 70% He. 
b) Stopped-flow delivery. 
c) Injection delivery. 

In addition to the observed Ti times, Tables 5.1 and 5.2 list the expected relaxation 

times for krypton gas mixtures extrapolated to zero pressure. At densities low enough for 

the Ideal Gas Law to apply, a linear dependence of relaxation rate upon gas pressure is 

expected. However, surface interactions and the formation of van der Waals molecules 

also contribute the overall relaxation (See Chapter 4.). Thus the relaxation rate for 83Kr 

can be written as 

1 1 1 1 ,„n 
— = — +— +— , (5.3.1) 
•M y i vdW L\ s II be 

where l/Tlvdw is the pressure independent van der Waals molecule induced relaxation rate, 

1/TU is the pressure independent surface induced relaxation rate, and 1/Tlbc is the pressure 

dependent gas-phase relaxation rate caused by binary collisions. 

Figure 5.3 shows the pressure dependence of the 83Kr longitudinal relaxation rate when in 

contact with detection cell walls only. Both mixtures display the expected linear pressure 

dependence and non-zero y-intercepts corresponding to the sum of l/Tlvdw and 1/Tls. Eqs. 

5.3.2 and 5.3.3 represent linear least square fits of the relaxation rates as a 
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Figure 5.3: Pressure dependence of hp 83Kr longitudinal relaxation rates. X-axis error bars represent the 

total pressure range contributing to each data point. The linear fits of the data and the accompanying fitting 

errors are presented as Eq. 5.3.2 (mixture-I) and Eq. 5.3.3 (mixture-II) in the text. 
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function of pressure, P, (in kPa) for gas mixture-I (95% Kr) and mixture-II (25% Kr) 

respectively. 

— = [(1.79 ± 0.02) x 10"5 s-lkPa'] xP + (4.5 ± 0.1) x 10" V (5.3.2) 
A 

— - [(1.84 ±0.01) x l O ' V ^ a - 1 ] x P + (4.17 ±0.08) xHTV1 (5.3.3) 
A 

The slopes of the lines depend only on the gas composition and are therefore 

expected to be sample independent. Thus, the value of l/Tlbc can be calculated and then 

subtracted from the observed relaxation rate. The pressure independent (P = 0) Ti values 

in Tables 5.1 and 5.2 were calculated using the slopes from Eqs. 5.3.2 and 5.3.3 and 

exclude contributions originating from binary gas-phase collisions. In the hydrated 

samples a small amount of water vapor was also present in the gas mixture, but its 

influence on the pressure dependent relaxation can be assumed to be negligible. 

Because the surface coverage of noble gases at room temperature and near 

atmospheric pressure is low, the ratio of surface adsorbed to gas-phase krypton atoms 

stays constant as the pressure is moderately altered. The contribution to the relaxation 

arising from the surface is therefore also constant. For the surface-to-volume ratios in the 

studied borosilicate bead samples, surfaces processes largely dominated the 83Kr 

relaxation, and the data do not deviate significantly from the extrapolated zero pressure 

values. 

Of course, the pressure independent relaxation contains contributions due to 

krypton van der Waals molecules as can be seen by comparing the P = 0 Ti values in 

Table 5.1 for the dehydrated, untreated beads. Due to the presence of helium the buffer 
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gas in the 25% krypton mixture (mixture-II), the pressure independent Ti time was 

prolonged by about 60% compared to the mixture-I. In principle, the existence of this 

second density independent relaxation mechanism could obscure the effect of surface 

relaxation in these materials. In the strongly relaxing siliconized beads where Ti times of 

less than 10 s are observed, the relaxation is clearly dominated by surface interactions. 

However, the P = 0 data shown in Table 5.1 for the dehydrated bead samples seems 

displays a dependence upon gas composition. The origin of this behavior is has not been 

investigated and requires additional study. 

5.4 Discussion 

5.4.1 Paramagnetic Relaxation of 83Kr: Comparison with Hp 129Xe 

Fig. 5.4 provides a comparison of the experimental Ti data for hp 83Kr (Tables 5.1 

and 5.2) and hp 129Xe (Table 5.3). The 83Kr relaxation times from the 25% krypton gas 

mixture in contact with untreated bead samples are identical, within experimental error, to 

those obtained from hp 129Xe for both the dehydrated and hydrated glass surfaces. The 

similarity of these values is coincidental and resulted from a combined effect of the 

surface chemistry, void-space geometry, and gas composition. In the presence of 

paramagnetic surface sites, the 129Xe relaxation is dominated by paramagnetic relaxation, 

and shielding the 129Xe from these sites by siliconizing the surface increases the Ti. In 

contrast, the 83Kr relaxation is dominated by quadrupolar contributions that increase in the 

presence of the nonpolar siliconized surface. 
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Further, the Kr relaxation is much less affected by paramagnetic sites than the 

129Xe relaxation due to the 7.2 times smaller gyro-magnetic ratio, y, of the 83Kr nucleus, 

because paramagnetic relaxation follows a T{ <*y~2 dependence 31. The 1.9 A van der 

Waals radius of krypton is only slightly smaller than the 2.2 A radius of xenon and cannot 

offset the effect caused by the small y despite the Tx oc r6 dependence on distance, r, for 

paramagnetic driven relaxation. In addition, the smaller krypton electron cloud will lead to 

decreased surface affinity and, therefore, to reduced contact time with the paramagnetic 

sites. Similar arguments explain why the presence of 20% paramagnetic gas-phase oxygen 

reduced the 83Kr Ti time in a desiccated canine lung specimen by only 20% n . The low 

83Kr gyromagnetic ratio, because of its inherent insensitivity to paramagnetic relaxation, 

can actually be advantageous for some applications of this gas, provided sufficiently high 

signal intensity is generated through the SEOP process. 

5.4.2 Effects of Krypton Concentration on Ti Relaxation 

An important point for practical MR studies with hp 83Kr is that the relaxation time 

in porous structures can be adjusted by changing the composition of the krypton gas 

mixture. Even though the binary collision induced relaxation is negligible in these 

materials, diluting the krypton prolongs relaxation times by suppressing contributions 

from van der Waals molecules. The 83Kr relaxation in porous materials is, however, 

relatively insensitive to changes in the total gas pressure if the surface-to-volume ratio is 

large enough to be the dominant source of relaxation. In addition to the influence of the 

krypton concentration on relaxation reported here, it was previously shown that lower 
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magnetic field strengths lead to increased 83Kr relaxation rates 16. The capability to adjust 

the relaxation rate by manipulating various physical interactions provides experimental 

adaptability for practical requirements such as future in vivo hp 83Kr MRI for pulmonary 

diagnostics. Relaxation times substantially below 3 s would be problematic because of the 

duration of the inhalation process. Relaxation times in excess of 30 s would probably not 

allow for sufficient contrast because of limitations in breath holding by patients and 

because of competing relaxation caused by paramagnetic oxygen at prolonged timescales. 

5.4.3 Effects of Surface Hydration 

The effect of surface hydration on the 83Kr longitudinal relaxation time is 

reminiscent of previous work with liquefied, thermally polarized 131Xe (spin / = 3/2) in 

aerogels where the observed relaxation times were Ti = 11.2 ms (hydrated) and 3.6 ms 

(dehydrated)26'32. Due to the fractal geometry of the aerogels in the 10 to 50 nm regime 

and the large water uptake (up to 30% of the aerogel dry weight) a substantial change in 

the surface morphology was the likely cause for the observed changes that also included 

alterations in the NMR line width and multiple quantum filtered 131Xe NMR spectra. 

The effect reported in this chapter was observed with gas-phase hp 83Kr on glass 

bead surfaces with surface-to-volume ratios that were orders of magnitude smaller than 

that of aerogels. The Kr relaxation time was even sensitive to water uptake on the 

surface of detection cell wall (13.5 mm ID) in the absence of a glass beads sample (See 

Table 5.1), which has a surface-to-volume ratio approximately two orders of magnitude 

lower than the bead sample. Owing to this much smaller surface-to-volume ratio, binary 

collision induced gas-phase relaxation noticeably contributed to the overall relaxation 
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Figure 5.4: Ti values of hp 83Kr and 129Xe in contact with 1 mm diameter borosilicate glass bead samples. 

The error bars are omitted from data for hp 129Xe in contact with siliconized and surfactant coated surfaces 

but are reported in Table 5.3. 
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time. A Kr Ti of 165.5 s was observed for gas mixture-II at ambient pressure when 

located within the dehydrated detection cell and was prolonged by 22% to 202.3 s within 

hydrated detection cell. Interpolated to zero pressure, the relaxation times are Ti = 223.4 s 

and Ti = 269.1 s for the dehydrated and hydrated container walls respectively. A similar 

trend was also observed for gas mixture-I. 

The sensitivity of hp 83Kr relaxation to adsorbed surface water allowed for 

measurements of surface hydration in dilute gas-phase at various concentrations. It also 

allowed for measurements in systems with a wide range of low surface-to-volume ratios 

and small overall surface areas. A crucial result is the strong effect of water vapor on Kr 

relaxation caused by siliconized (hydrophobic) surfaces. It is possible that the siliconizing 

of the surface was incomplete and that some untreated glass was still exposed to the gas-

phase. However, the long Xe Ti in the siliconized beads indicated that the overall glass 

surface exposed to the noble gases was small and that the adsorption affinity of the surface 

upon hydration plays an important role in extending the 83Kr relaxation time. 

In principle, gas-phase water molecules could serve to beak up krypton van der 

Waals molecules and thus reduce the observed relaxation rate. However, even at 

saturation, water molecules are expected to contribute only a few percent to the total gas 

number density. In the experiments discussed in Chapter 4, the density independent 

relaxation was reduced by only 33% in going from the pure krypton to the 95% krypton 

5% N2 gas mixture. Thus it is unlikely that the small partial pressure of water present in 

these experiments could produce the dramatic effects seen in Table 5.1. Additionally, the 

influence of van der Waals mediated relaxation should be significantly suppressed in the 

25% krypton mixture, but the effect of water vapor was observed to be quite strong even 
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in this gas mixture. Finally, van der Waals molecule formation in Xe leads to Ti times 

of many hours 33 and cannot contribute significantly to the 43 s Ti observed in the 

dehydrated, untreated beads (See Table 5.2.). However, upon surface hydration, the 129Xe 

Ti time more than doubled. Thus competitive adsorption must play a dominant role in 

extending the relaxation times of hp noble gases in these porous materials. 

5.4.4 Lung Surfactant Studies 

In vivo NMR spectroscopy and MR imaging for pulmonary diagnostics are 

potential applications for hp Kr because of the sensitivity of Kr relaxation to surface 

chemistry in porous materials. As a model in vitro system that should be chemically 

similar to the interior of the mammalian pulmonary system, the commercially available 

bovine pulmonary extract Survanta was selected. Survanta is used to treat premature 

infants with Respiratory Distress Syndrome (RDS) by lowering the surface tension on 

alveolar surfaces and, thus, stabilizing the alveoli against collapse. A parameter of 

potential importance for in vivo and in situ lung studies is the relative humidity of the gas 

mixture introduced. Under normal circumstances, the relative humidity inside the 

mammalian lung approaches 100% 34. Even for in vitro experiments, the relative humidity 

is potentially important as it has been shown to influence lung surfactant adsorption 

kinetics at the air-water interface 35. To minimize perturbations caused by the addition of 

the hp gas mixtures, the injection delivery method was used for all relaxation 

measurements involving hydrated lung surfactant. 

As a support for the bovine lung extract, 1 mm untreated and siliconized 

borosilicate glass beads were again selected because the void spaces formed by tightly 
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packing the beads are similar in size to mammalian alveoli (i.e. around 200 microns in 

human lungs ). Hydrated surfactant (i.e. Survanta used as supplied by the manufacturer) 

appeared to completely coat the glass beads and therefore strongly prolongs Xe 

relaxation times (See Figure 5.4 and Table 5.3.). The 83Kr longitudinal relaxation time of 

Ti = 16 s observed for krypton in the surfactant coated beads was significantly shorter 

than the Ti = 62.8 s (mixture-I) observed in untreated, hydrated glass beads. The 

observation of relaxation times on the order of 15 s is an important result because it 

suggests that similar relaxation times may be observed in vivo. Diluting the surfactant 

with distilled water (1:2) produced prolonged relaxation times of around Ti = 20 s, 

perhaps due to a decreased concentration of the non-polar surfactant components. (Note 

that dehydration produces a similar effect as is shown in Table 5.2.). 

The 83Kr relaxation in in vivo pulmonary studies will also depend on changes in 

the surface-to-volume ratios because the surfactant concentration also determines the 

alveolar dimensions. This sensitivity to surface chemistry could be valuable for 

understanding certain pulmonary diseases, particularly if used in conjunction with 

techniques such as apparent diffusion constant weighted (ADC) hp 3He MRI that can 

provide independent information about alveolar size 37. 

5.5 Conclusions 

The work discussed in this chapter provided the first direct comparisons of 129Xe 

and 83Kr longitudinal relaxation in porous materials. In stark contrast to 129Xe, the 

relaxation of 83Kr was largely unaffected by small amounts of paramagnetic impurities. 

The longitudinal relaxation of hp 83Kr was presented as a sensor for water adsorption on 
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untreated, hydrophilic and siliconized, strongly hydrophobic glass surfaces. The method 

does not require vacuum conditions or optical transparency and allows for measurements 

under near atmospheric conditions in systems with low surface-to-volume ratios. 

Surfaces coated with bovine pulmonary extract produced 83Kr Ti times that were 

of reasonable lengths for medical applications and sensitive to changes in the chemical 

composition of the surfactant. The results are promising for future in vivo hp 83Kr MRI 

diagnosis of various forms of Acute Lung Injury (ALI), including the most severe form, 

Acute Respiratory Distress Syndrome (ARDS)38, which are characterized by alteration in 

the lipid and protein composition of the pulmonary surfactant system 39,40, alveolar fluid 

levels 41, and alveolar size 42. The longitudinal relaxation of hp 83Kr is, in principle, 

sensitive to all of these changes and, in concert with biochemical and biophysical markers 

43, could provide a powerful tool for early diagnosis of ALI in at risk individuals, 

monitoring the effectiveness of ALI therapies, and developing improved surfactant 

therapies 44. 

Future work will need to focus on the quantifying water uptake on various 

materials, comparing krypton relaxation data with more traditional measures of 

macroscopic surface wettability 45' 46 such as contact angle measurements with sessile 

water droplets, and examining the influence of alternate adsorbate molecules (e.g. short 

chain alcohols) on relaxation. Potential applications of this technique are water content 

analysis of solid chemicals, pharmaceutical products, and food materials that otherwise 

rely on Karl Fischer water titrations that can be complicated by side reactions and reagent 

instability 47. In situ hp 83Kr MR imaging could potentially monitor the water distribution 
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in porous fuel cell cathodes that require careful engineering of composite hydrophobic and 

hydrophilic surface sites to allow optimized water transport without flooding . 

As a final point, it is also demonstrated that the hp 83Kr relaxation in porous 

materials is dependent on the krypton concentration in the gas mixtures used. This may 

allow for optimizing the range of the relaxation times for particular applications. For a 

reasonably broad range of gas compositions, this ability to tune the relaxational properties 

of the gas mixture can be achieved without sacrificing signal intensity. 

174 



References: 

1. Ingman, P.; Jokisaari, J.; Diehl, P., Kr-83 and Xe-131-Nmr of the Noble-Gases 

Dissolved in Nematic Liquid-Crystals - Determination of Quadrupole Couplings and 

Electric-Field Gradients. Journal of Magnetic Resonance 1991, 92, (1), 163-169. 

2. Jokisaari, J.; Ingman, P.; Lounila, J.; Pukkinen, O.; Diehl, P.; Muenster, O., 

Electric-Field Gradients Experienced by the Noble-Gas Isotopes Ne-21, Kr-83 and Xe-

131 in Thermotropic Liquid-Crystals. Molecular Physics 1993, 78, (1), 41-54. 

3. Horton-Garcia, C. F.; Pavlovskaya, G. E.; Meersmann, T., Introducing krypton 

NMR spectroscopy as a probe of void space in solids. Journal of the American Chemical 

Society 2005, 127, (6), 1958-1962. 

4. Ito, T.; Fraissard, J., Xe-129 NMR-Study of Xenon Adsorbed on Y Zeolites. 

Journal of Chemical Physics 1982, 76, (11), 5225-5229. 

5. Ratcliffe, C. I., Xenon NMR. Annual Reports on NMR Spectroscopy 1998, 36, 

123-221. 

6. Springuel-Huet, M. A.; Bonardet, J. L.; Gedeon, A; Fraissard, J., Xe-129 NMR 

overview of xenon physisorbed in porous solids. Magnetic Resonance in Chemistry 1999, 

37, S1-S13. 

7. Walker, T. G.; Happer, W., Spin-exchange optical pumping of noble-gas nuclei. 

Review of Modern Physics 1997, 69, (2), 629-642. 

8. Raftery, D.; Long, H.; Meersmann, T.; Grandinetti, P. J.; Reven, L.; Pines, A., 

High-Field NMR of Adsorbed Xenon Polarized by Laser Pumping. Physical Review 

Letters 1991, 66, (5), 584-587. 

175 



9. Goodson, B. M., Nuclear magnetic resonance of laser-polarized noble gases in 

molecules, materials, and organisms. Journal of Magnetic Resonance 2002, 155, (2), 157-

216. 

10. Stapf, S.; Han, S. I., Nuclear Magnetic Resonance Imaging in Chemical 

Engineering. Wiley-VCH: Weinheim, Germany, 2005. 

11. Raftery, D., Xenon NMR Spectroscopy. Annual Reports on NMR Spectroscopy 

2006, 57, 205-271. 

12. Volk, C. H.; Mark, J. G.; Grover, B. C, Spin Dephasing of Kr-83. Physical 

Review A 1979,20, (6), 2381-2388. 

13. Schaefer, S. R.; Cates, G. D.; Happer, W., Determination of Spin-Exchange 

Parameters between Optically Pumped Rubidium and Kr-83. Physical Review A 1990, 41, 

(11), 6063-6070. 

14. Butscher, R.; Wackerle, G.; Mehring, M., Nuclear quadrupole surface interaction 

of gas phase 83Kr: comparison with 131 Xe. Chemical Physics Letters 1996, 249, 444-

450. 

15. Stupic, K. F.; Cleveland, Z. I.; Pavlovskaya, G. E.; Meersmann, T., Quadrupolar 

Relaxation of Hyperpolarized Krypton-83 as a Probe for Surfaces. Solid State Nuclear 

Magnetic Resonance 2006, 29, 79-84. 

16. Cleveland, Z. I.; Pavlovskaya, G. E.; Stupic, K. F.; LeNoir, C. F.; Meersmann, T., 

Exploring hyperpolarized 83Kr by remotely detected NMR relaxometry. Journal of 

Chemical Physics 2006, 124, 044312. 

17. Pavlovskaya, G. E.; Cleveland, Z. I.; Stupic, K. F.; Meersmann, T., 

Hyperpolarized Krypton-83 as a New Contrast Agent for Magnetic Resonance Imaging. 
176 



Proceedings of the National Academy of Sciences of the United States of America 2005, 

102, 18275-18279. 

18. Mortuza, M. G.; Anala, S.; Pavlovskaya, G. E.; Dieken, T. J.; Meersmann, T., 

Spin-exchange optical pumping of high-density xenon-129. Journal of Chemical Physics 

2003, 118, (4), 1581-1584. 

19. Happer, W., Optical-Pumping. Reviews of Modern Physics 1972, 44, (2), 169-&. 

20. Kwon, T. M.; Mark, J. G.; Volk, C. H., Quadrupole Nuclear-Spin Relaxation of 

Xe-131 in the Presence of Rubidium Vapor. Physical Review A 1981,24, (4), 1894-1903. 

21. Raftery, D.; Long, H. W.; Shykind, D.; Grandinetti, P. J.; Pines, A., Multiple-Pulse 

Nuclear-Magnetic-Resonance of Optically Pumped Xenon in a Low Magnetic-Field. 

Physical Review A 1994, 50, (1), 567-574. 

22. Meersmann, T.; Smith, S. A.; Bodenhausen, G., Multiple-quantum filtered xenon-

131 NMR as a surface probe. Physical Review Letters 1998, 80, (7), 1398-1401. 

23. Deschamps, M.; Burghardt, I.; Derouet, C; Bodenhausen, G.; Belkic, D., Nuclear 

magnetic resonance study of xenon-131 interacting with surfaces: Effective Liouvillian 

and spectral analysis. Journal of Chemical Physics 2000, 113, (4), 1630-1640. 

24. Moudrakovski, I. L.; Ratcliffe, C. I.; Ripmeester, J. A., Xe-131, a new NMR probe 

of void space in solids. Journal of the American Chemical Society 2001, 123, (9), 2066-

2067. 

25. Millot, Y.; Man, P. P.; Springuel-Huet, M. A.; Fraissard, J., Quantification of 

electric-field gradient in the supercage of Y zeolites by comparing the chemicl shifts of 

Xe-131 (1=3/2) NMR. Studies in Surface Sciences and Catalysis 2001, 135. 

177 



26. Meersmann, T.; Deschamps, M.; Bodenhausen, G., Probing aerogels by multiple 

quantum filtered Xe-131 NMR spectroscopy. Journal of the American Chemical Society 

2001, 123, (5), 941-945. 

27. Pfeffer, M.; Lutz, O., Xe-129 Gas Nmr-Spectroscopy and Imaging with a Whole-

Body Imager. Journal of Magnetic Resonance Series A 1994, 108, (1), 106-109. 

28. Driehuys, B.; Cates, G. D.; Happer, W., Surface Relaxation Mechanisms of Laser-

Polarized Xe-129. Physical Review Letters 1995, 74, (24), 4943-4946. 

29. Breeze, S. R.; Lang, S.; Moudrakovski, I.; Ratcliffe, C. I.; Ripmeester, J. A.; 

Santyr, G.; Simard, B.; Zuger, I., Coatings for optical pumping cells and short-term 

storage of hyperpolarized xenon. Journal of Applied Physics 2000, 87, (11), 8013-8017. 

30. Jacob, R. E.; Driehuys, B.; Saam, B., Fundamental mechanisms of He-3 relaxation 

on glass. Chemical Physics Letters 2003, 370, (1-2), 261-267. 

31. Abragam, A., The Principles of Nuclear Magnetism. Oxford University Press: 

Oxford, UK, 1961. 

32. Pavlovskaya, G.; Blue, A. K.; Gibbs, S. J.; Haake, M.; Cros, F.; Malier, L.; 

Meersmann, T., Xenon-131 surface sensitive imaging of aerogels in liquid xenon near the 

critical point. Journal of Magnetic Resonance 1999, 137, (1), 258-264. 

33. Berry-Pusey, B. N.; Anger, B. C.; Laicher, G.; Saam, B., Nuclear spin relaxation 

of Xe-129 due to persistent xenon dimers. Physical Review A 2006, 74, (6), 063408. 

34. Schmidt-Nielsen, K., Animal Physiology: Adaptation and Environment. 5th ed.; 

Cambridge University Press: Cambridge, UK, 1997. 

178 



35. Zuo, Y. Y.; Gitiafroz, R.; Acosta, E.; Policova, Z.; Cox, P. N.; Hair, M. L.; 

Neumann, A. W., Effect of humidity on the adsorption kinetics of lung surfactant at air-

water interfaces. Langmuir 2005, 21, (23), 10593-10601. 

36. Ochs, M.; Nyengaard, L. R.; Jung, A.; Knudsen, L.; Voigt, M.; Wahlers, T.; 

Richter, J.; Gundersen, H. J. G., The number of alveoli in the human lung. American 

Journal of Respiratory and Critical Care Medicine 2004, 169, (1), 120-124. 

37. Yablonskiy, D. A.; Sukstanskii, A. L.; Leawoods, J. C ; Gierada, D. S.; Bretthorst, 

G. L.; Lefrak, S. S.; Cooper, J. D.; Conradi, M. S., Quantitative in vivo assessment of lung 

microstructure at the alveolar level with hyperpolarized He-3 diffusion MRI. Proceedings 

of the National Academy of Sciences of the United States of America 2002, 99, (5), 3111-

3116. 

38. Repine, J. E., Scientific Perspectives on Adult Respiratory-Distress Syndrome. 

Lancet 1992, 339, (8791), 466-469. 

39. Schmidt, R.; Meier, U.; Yabut-Perez, M.; Walmrath, D.; Grimminger, F.; Seeger, 

W.; Gunther, A., Alteration of fatty acid profiles in different pulmonary surfactant 

phospholipids in acute respiratory distress syndrome and severe pneumonia. American 

Journal of Respiratory and Critical Care Medicine 2001,163, (1), 95-100. 

40. Cochrane, C. G., Pulmonary surfactant in allergic inflammation: new insights into 

the molecular mechanisms of surfactant function. American Journal of Physiology-Lung 

Cellular and Molecular Physiology 2005, 288, (4), L608-L609. 

41. Guidot, D. M.; Folkesson, H. G.; Jain, L.; Sznajder, J. I.; Pittet, J.-F.; Matthay, M. 

A., Integrating acute lung injury and regulation of alveolar fluid clearance. American 

Journal of Physiology-Lung Cellular and Molecular Physiology 2006, 291, L301-L306. 
179 



42. Schiller, H. J.; McCann, U. G.; Carney, D. E.; Gatto, L. A.; Steinberg, J. M.; 

Nieman, G. F., Altered alveolar mechanics in the acutely injured lung. Critical Care 

Medicine 2001, 29, (5), 1049-1055. 

43. Connelly, K. G.; Repine, J. E., Markers for predicting the development of acute 

respiratory distress syndrome. Annual Review of Medicine 1997,48, 429-445. 

44. Cochrane, C. G.; Revak, S. D., Surfactant lavage treatment in a model of 

respiratory distress syndrome. Chest 1999, 116, (1), 85S-86S. 

45. Adamson, A. W.; Gast, A. P., Physical Chemistry of Surfaces. John Wiley & Sons, 

Inc.: New York, 1997. 

46. Fuji, M.; Fujimori, H.; Takei, T.; Watanabe, T.; Chikazawa, M., Wettability of 

glass-bead surface modified by trimethylchlorosilane. Journal of Physical Chemistry B 

1998, 102, (51), 10498-10504. 

47. Grunke, S., Main and side reactions in the Karl Fischer solution. Food Control 

2001, 12, (7), 419-426. 

48. Zhang, F. Y.; Yang, X. G.; Wang, C. Y., Liquid water removal from a polymer 

electrolyte fuel cell. Journal of the Electrochemical Society 2006,153, (2), A225-A232. 

180 



CHAPTER 6 

DETECTING TOBACCO SMOKE DEPOSITION WITH HYPERPOLARIZED 

KRYPTON-83 MRI 

The results presented in this dissertation chapter appear in the journal article: 

Zackary I. Cleveland, Galina E. Pavlovskaya, Karl F. Stupic, Jan B. Wooten, John E. 

Repine, and Thomas Meersmann, "Detecting Tobacco Smoke Deposition by 

Hyperpolarized 83Kr MRI", Magnetic Resonance Imaging 2008, 26 (2): 270-278. 

Zackary I. Cleveland and Thomas Meersmann wrote the paper mentioned above. 

Karl F. Stupic performed some of the 129Xe relaxation measurements. John E. Repine 

provided the lung surfactant extract and edited the manuscript, and provided expertise 

concerning the aspects of the work that were of biomedical interest. Jan B. Wooten edited 

the manuscript and provided the reference cigarettes used in this work. Zackary I. 

Cleveland produced the hp 83Kr, participated in the design of the experiments, built the 

experimental apparatus, and prepared the studied samples. Galina E. Pavlovskaya built the 

Kr imaging probe used in this work, performed the MR imaging, and processed the 

image data. 



6.1 Introduction 

Exposure to tobacco smoke is known to cause emphysema J, lung cancer, 2 and 

cardiovascular disease 3 in cigarette smokers. A growing body of work suggests that both 

the location and type of smoking related cancers are influenced by the manner in which 

cigarettes are smoked 4 '5. This dependence presumably results from differences in smoke 

particulate deposition within the respiratory tract. Because of the deleterious impacts on 

human health, the deposition of tobacco smoke constituents in the human respiratory tract 

has been the subject of a great deal of biomedical research 6 '7. Unfortunately, mapping the 

regions of cigarette smoke particulate deposition within the lung remains problematic. 

Extrapolating particulate deposition based on computational fluid dynamic (CFD) 

simulations is hindered by the precision with which airway geometry and dimensions can 

be measured 8. Further, neither in-vitro models nor animal models, which often inhale 

differently than do humans, can fully reflect particle deposition in humans. Direct 

measurement of the differences between inhaled and exhaled smoke particulate matter6 '9 

can provide information about the amount of material deposited in the respiratory tract but 

does not address medically important issues such the location of deposited materials or the 

rate at which the body removes these materials from the lungs. Studies using radioactively 

labeled tracer compounds have attempted to evaluate regional smoke particulate 

deposition and clearance, but have led to conflicting results 7. Mathematical models of 

particulate deposition 10' n in the respiratory tract have attempted to resolve these issues 

but currently lack experimental validation. In general, the current understanding of the 
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diseases caused by smoking could be improved by developing techniques to visualize the 

deposition and clearance of tobacco smoke condensate from the respiratory tract. 

As discussed in Chapter 3, hyperpolarized (hp) Kr can serve as a surface 

sensitive MRI contrast agent that allows investigations of surfaces under near-ambient 

pressure and temperature conditions . The longitudinal (Ti) relaxation observed in 

magnetic resonance experiments with the stable krypton isotope 83Kr (nuclear spin / = 

9/2) was shown to be highly dependent upon the nature of the surfaces in contact with the 

krypton gas. The Kr Ti relaxation yields information about the surface-to-volume ratio 

in porous host materials and the chemistry 13, temperature 14, and degree of hydration 15 at 

the gas-surface interface. In hp krypton MR, the Kr isotope is both the contrast agent and 

the NMR active spin that can yield high signal intensities despite its low resonance 

frequency of 15.4 MHz at 9.4 T field strength. Through rubidium vapor spin exchange 

optical pumping 16 (SEOP), signal enhancements of more than three orders of magnitude 

greater than thermally polarized 83Kr at 9.4 T field strength and ambient temperature were 

produced and were found to be sufficient allow hp 83Kr MRI applications including 

images with surface chemistry sensitive Ti 12. 

The signal intensity obtained from hp 83Kr is currently less than that of the more 

widely used spin / = 1/2 hp noble gas isotopes 129Xe and 3He (See 17"21 for recent 

reviews.). Additionally, Kr lacks the tissue solubility and the relatively long dissolved-

phase Ti times of hp 129Xe that allow MRI studies of pulmonary gas exchange and lung 

physiology " . Although the Xe chemical shift interactions are sensitive probes of the 

local environment when xenon is dissolved in solution or contained in nanoporous 

materials such as zeolites, surface dependent chemical shifts cannot be observed when 
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xenon is contained in macroscopic pores where the Xe spectrum is indistinguishable 

from the bulk gas-phase signal. The Kr nuclear quadrupolar interactions, however, are 

sensitive to surface temperature and surface chemistry even when surface-to-volume 

ratios are as small as 0.1 cm"1. Therefore, hp 83Kr has the ability to probe the surface 

molecular layers exposed to the gas-phase even in media with relatively large pore 

dimensions such as lungs. Hence, hp 83Kr is of interest because of its potential ability to 

serve as a surface sensitive contrast agent. 

In this work, we demonstrate that the longitudinal relaxation of hp 83Kr is strongly 

accelerated by the presence of tobacco smoke deposited on model glass surfaces. The 

resulting Ti variations have been exploited to produce contrast in MR images that not only 

indicate the presence or absence of tobacco smoke deposited on surfaces but also, to some 

extent, the level of smoke deposition. Of potential biomedical interest is the observation 

that decreased hp 83Kr Ti times are also produced after tobacco smoke is deposited on 

pulmonary surfactant extract coated surfaces. 

6.2 Materials and Methods 

6.2.1 MR Instrumentation 

All MR experiments were performed on a Chemagnetics CMX II 400 MHz NMR 

spectrometer in a 9.4 T wide-bore (89 mm) superconducting magnet equipped with an 

imaging system (Resonance Research, Billerica, MA) consisting of triple axis gradient 

coils (100 G/cm x,y axes and 720 G/cm z axis) and low-noise linear gradient amplifiers. 

All MR data were obtained using custom-built, gas-flow probes tuned to either the 83Kr 

frequency of 15.4 MHz or the Xe frequency of 110.6 MHz. The non-selective, 90° 
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pulse widths were 220 ^s for 83Kr and 47jus for 129Xe. The receiver gain was adjusted 

such that no signal clipping was observed and was kept constant for all experiments. 

6.2.2 Spin Exchange Optical Pumping of 83Kr and 129Xe 

SEOP was performed in cylindrical Pyrex cells (length =125 mm, ID = 24 mm) 

housed in a quartz and aluminum oven to maintain even heating (438 ± 5 K for 83Kr and 

393 ± 5 K for 129Xe) and containing ~1 g of rubidium (99.75%; Alfa Aesar, Ward Hill, 

MA). The pump cell was maintained above ambient pressure (150 - 200 kPa) to decrease 

contamination by atmospheric oxygen and water vapor. Light (794.7 nm) from two 30 W 

Coherent FAP diode-array lasers (Coherent Inc., Santa Clara, CA) with a line width of 

approximately 2 nm was directed via fiber optic coupling cables through a circular 

polarizer onto the pump cell. After passing through the fiber optics and polarizer, the laser 

power was reduced to approximately 40 W. SEOP occurred in the fringe field of the 

superconducting magnet at a field strength of approximately 0.05 T. Rubidium vapor was 

separated from the hp gas mixtures by means of an air-cooled trap at the outlet to the 

pump cell and a glass wool filter placed directly before the sample region. All gas 

mixtures were produced from natural abundance, research grade krypton (99.995% pure), 

xenon (99.995% pure), nitrogen (99.9997% pure), and helium (99.9999% pure) (Airgas, 

Radnor, PA). Gas mixtures consisted of 95% Kr and 5% N2; 25% Kr, 5% N2, and 70% 

He; or 20% Xe, 5% N2, and 75% He. In both gas mixtures, the N2 gas was added to the 

mixtures for radiation quenching purposes25. 
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6.2.3 Hp Gas Delivery 

An experimental apparatus was described in Chapter 5 that exposed samples to hp 

gases with minimal disturbance to surface hydration while maintaining reasonably high 

nonequilibrium spin polarization 15. After a SEOP period of several minutes, the hp gas 

was vacuum shuttled from the pump cell to an intermediate storage cell. Subsequently, the 

gas at 150 - 200 kPa was released into a water-filled glass container displacing water into 

an attached syringe. The hp gas was then injected into the sample cell. In the current work, 

the same setup was used to deliver hp 83Kr and hp 129Xe to a series of 1 mm diameter 

borosilicate glass beads samples (See section 6.2.4.) for longitudinal relaxation 

measurements. These Ti measurements were performed only on the borosilicate gas beads 

samples at an ambient pressure of approximately 85 kPa. 

MR imaging experiments were conducted at 150 kPa to provide higher hp 83Kr 

density to the sample region thus increasing the observed signal intensity. The hp gas was 

delivered by a stopped-flow 12"14 method, in which polarization was allowed to build for 

10 minutes while evacuating the sample region to less than 10 Pa. Following SEOP, the 

hp gas was transferred from the pump cell to the sample by pressure equalization over the 

course of approximately 3 s. 

6.2.4 Sample Preparation 

Tobacco smoke was produced by combusting 2R4F cigarettes, which are standard 

reference cigarettes with tobacco blend composition, cigarette design, and smoke 

chemistry that are representative of domestic cigarettes manufactured by major US 

cigarette companies 26. In experiments involving the combustion of one or more full 
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cigarettes, smoke was drawn from the cigarette through an intact cigarette filter at 

approximately 250 mL/min using a peristaltic pump (Watson-Marlow Bredel Inc., 

Wilmington, MA). Samples were located in line between the cigarette filter and the pump. 

For experiments in which less than one full cigarette was combusted, smoke was 

deposited by pulling 60 mL of air through a lit cigarette in 4 s with a 10 s waiting period 

between pulls. In the text, one such deposition is referred to as one "puff. Note that 

neither of these smoking conditions conform to the Federal Trade Commission (FTC) 

smoking standard and were chosen simply to generate varying amounts of cigarette smoke 

for smoke deposition experiments. 

As a model system to study the influence of tobacco smoke deposition on the 

observed Kr Ti, untreated, 1.0 mm diameter, borosilicate glass beads (Biospec Products, 

Inc., Bartlesville, OK) were selected. Because water vapor from the combustion of 

organic materials may adsorb onto the glass surfaces, and surface hydration alters the Ti 

of 83Kr 15, the beads were stored overnight in a saturated water vapor to hydrate the 

surface and provide consistent initial conditions for deposition experiments. For the 

experiments involving bovine pulmonary surfactant extract (Survanta, Ross Products 

Division, Abbott Laboratories, Columbus, OH), a 4 mL vial of surfactant was applied to 

the beads as described in Chapter 5. Following application of the surfactant, the beads 

were exposed to cigarette smoke with the same technique as was used for the non-

surfactant coated beads. 

Although the borosilicate glass beads provided simple and fairly reproducible 

samples for Ti measurements, they were not suitable for FLASH imaging. Assuming hard 

sphere packing, the sample void-space would comprise only 26% of the sample volume. 
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Consequently, an alternate model system (i.e. soda lime glass capillaries) that provided a 

higher gas filling factor, and thus higher Kr density, was selected. The phantom used to 

produce the images (See Fig. 5.3A.) comprised three Pyrex tubes (length = 60 mm, OD = 

10.0 mm, and ID = 7.8 mm). These tubes were formed from three individual pieces: the 

top cap (length = 5 mm), the main body (length = 50 mm), and the top portion of the gas 

delivery tubing (length = 5 mm). Contained within each tube were 16 soda lime glass 

capillaries (length = 59 mm, OD =1.5 mm, and ID = 1.1 mm). The hp Kr mixture was 

supplied to each tube from a common source through 1 mm wide holes at the bottom of 

each tube. This ensured that equal gas pressure was reached in each tube while limiting 

gas exchange between the tubes during the experiments. One tube was not exposed to 

cigarette smoke, one was exposed to the smoke of one cigarette, and one was exposed to 

the smoke of three cigarettes. Following smoke application, the three portions of the Pyrex 

sample tubes were sealed together using LOCITE 409 Superbond Instant Adhesive 

(Locite Corp., Kartford, CT). The adhesive was allowed to set for 30 minutes prior to the 

first experiment to allow a gas-tight seal to form. 

To assess the amount of tobacco smoke condensate deposited on the phantom 

surface, six 10 mm ID Pyrex tubes containing soda lime capillaries identical to those used 

in the imaging experiments were constructed. The mass of each tube was determined prior 

to smoke exposure. Three tubes were then exposed to the smoke of one cigarette, and 

three tubes were exposed to the smoke of three cigarettes. For the tubes exposed to the 

smoke of one cigarette, the mass was found to increase in each case by only 0.1 mg (the 

sensitivity limit of the analytical balance used). For the heavily smoked tubes (three 

cigarettes) the mass increased by 0.2, 0.3, or 0.6 mg. From these results, it was concluded 
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that no substantial changes in the gas volume of the samples occurred upon smoke 

deposition. 

6.2.5 MR Data Analysis 

All Ti values reported in this work were obtained by nonlinear least squares fitting 

of the signal intensities resulting from sixteen, 12° pulses applied to single boluses of hp 

gas as was described in Chapter 4. The delays between pulses were varied between sample 

types and were selected so that no more that 10% of the initial signal intensity that 

resulted from the first RF pulse was acquired from the final pulse. The reported values are 

the averages of four to eight replicate measurements conducted at ambient pressure (~85 

kPa) and 290 K. The errors reported are the standard deviations resulting from those 

replicate measurements. 

Compared to MRI of thermally polarized systems, the application of FLASH 

imaging sequences 27 is less straightforward for hyperpolarized nuclei, in particular when 

the signal intensity is a limiting factor. A variation on FLASH 28 replaces the small but 

constant flip angle of typical sequences with progressively increasing flip angles 

according to the relation 

"•-"""tab) (621) 

where n is the acquisition increment, N is the total number of RF pulses applied, and 8n 

is the flip angle of the n RF pulse. Note that the final RF pulse (n = N) corresponds to 

90°. Incrementing the pulse lengths in this manner produces identical signal intensities 

from each excitation, assuming negligible Ti relaxation during image acquisition, and will 
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Figure 6.1: Timing diagram including the pulse sequence, SEOP, and hp 83Kr shuttling scheme used in 

imaging experiments. The vertical dashed lines separate events (labeled /, //, and III) occurring on different 

time scales. Event / represents the optical pumping period of approximately 10 min. Event II represents the 

3 s period during which the hp 83Kr was transferred from the pump cell (0.05 T) to the detection cell (9.4 T). 

The thick line follows the location of hp 83Kr in the magnetic field. Event / / / represents the timing diagram 

of the imaging sequence. The brackets indicate that the 32 phase-encoding steps of the variable flip angle 

matrix were recorded from a single delivery of hp 83Kr. Each acquisition was obtained using an RF pulse, 

dn, with a 0.1 s spacing added after each individual data increment was stored. The value of dn was varied 

according to Eq. 6.2.1 with values of n ranging from 1 to 32. Note that for n = 32, 6n = 90° (220 jUs). 

Thus, the final pulse destroyed all of the remaining nonequilibrium magnetization. The horizontal arrow 

indicates increasing values of Qn, and the vertical arrow indicates increasing values of the phase encoding 

gradient. 
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utilize all of the non-equilibrium spin polarization. Although this technique was originally 

designed with hp Xe and hp He in mind, it is particularly valuable for hp Kr MRI 

because of the limited krypton spin polarization. A diagram showing the pulse sequence 

used to obtain the images and the timing of the relevant SEOP and gas shuttling 

procedures is shown in Fig. 6.1. 

This sequence, applied to individual stopped-flow deliveries of hp 83Kr, was used 

to obtain the hp 83Kr MR images depicted in Figs. 6.3 and 6.4. The image in Fig. 3B was 

produced by averaging three variable flip angle FLASH sequences, each comprising 32 

phase-encoding steps, with no slice selection. The above acquisition scheme resulted in 

980]itm x 980jUm image resolution. The acquisition matrix was processed with zero filling 

to 64 points in each dimension and using no apodization. Each of the images displayed in 

Fig. 6.4A-C resulted from a single variable flip angle FLASH sequence, each with 32 

phase-encoding steps, with no slice selection applied. Acquisition matrices were zero 

filled to 64 points in both dimensions and apodized once using sine bell squared function. 

Image processing was performed in MATLAB R2006a (Version 14.2; Mathworks, 

Natick, MA). 

6.3 Results and Discussion 

6.3.1 Longitudinal Relaxation Measurements 

The results of the hp 83Kr and hp 129Xe Ti measurements are summarized in Table 

6.1 and Fig. 6.2. In prior work with untreated glass bead samples under similar surface 

hydration conditions 15, the Ti of 83Kr (95% Kr and 5% N2 gas mixture) was found to be 

62.8 s and was shown to be dominated by surface induced quadrupolar relaxation. For the 
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two hydrated bead samples treated with the smoke of one full cigarette, the Ti values were 

reduced by a factor of approximately 20 to 3.35 ± 0.26 s and 2.81 ± 0.42 s. Even when the 

beads were exposed to only five puffs of smoke, the hp 83Kr experienced a 60% Ti 

reduction compared to the untreated beads. 

Like all isotopes with nuclear spin / > 1/2, the Kr nucleus possesses a nonzero 

nuclear electric quadrupole moment making it extremely sensitive to anisotropy in its 

surrounding electronic environment . In the presence of surfaces the krypton atoms 

experience brief periods of adsorption that distort the noble gas electron cloud. The 

resulting electronic anisotropy produces electric field gradients (EFGs) at timescales (i.e. 

adsorption times) that result in fast quadrupolar driven relaxation. 

Table 6.1: Hp Kr and Xe Ti times in contact with 1 mm dia. borosilicate glass 
beads 

Kr Krfull Krfull Kr5 Kr + lung Krfull 
untreated cigarette cigarette cigarette surfactantc cigarette + lung 
surfacec trial 1 trial 2 puffs surfactant 

62.8 ± 3.3 s 3.3 ± 0.3 s 2.8 ±"6.4 s 24.4 ±0.8"s 16.1 ± 0.5 s 10.6 ± 1.2 s 

Xe untreated Xe Xe + lung Xe full cigarette 
surfacec full cigarette surfactantc + lung surfactant 

103.0 ± 8.2 s 1 2 0 . 1 ± :J9s 420.1 ± 27.4 s 346.4 ±11.1 s 
All Ti values are the averages resulting from 4-8 replicate measurements, and the reported 
errors are the standard deviations resulting from those measurements. 
a ) 9 5 % K r + 5 % N 2 

b) 20% Xe + 5% N2 +75% He 
c) previously reported in ref.15 

Although the relaxation times of surface-adsorbed Kr are currently unknown, 

work in zeolites suggest that the Ti times are in the millisecond regime or faster 30. The 

relaxation measured in NMR experiments is the average between surface induced 
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relaxation and the relaxation occurring during the long bulk gas-phase residence time ' . 

The resulting Ti times typically range between a few seconds and a few tens of seconds 

when the gas is contained in desiccated lung tissue or materials with similar surface-to-

volume ratios. Under these conditions, moderate fluctuations in gas-phase temperature 

and pressure have little influence on 83Kr relaxation. However, changes in the surface-to-

volume ratio, surface temperature, and surface composition, or the co-adsorption of 

molecules on the surface can dramatically alter the 83Kr relaxation rates. 

Hydrophobic surfaces lead to a higher krypton surface adsorption affinity and 

therefore cause faster relaxation rates relative to hydrophilic surfaces for which krypton 

has lower affinity. For instance, a 95% Kr and 5% N2 mixture in contact with 1 mm 

borosilicate glass beads treated with the siliconizing agent SurfaSil experienced a 75 - 80 

% Ti reduction 13'15 compared to untreated beads. Many of the components comprising 

deposited tobacco smoke are highly nonpolar, and thus hydrophobic, in nature 33. It is 

therefore reasonable to assume that these substances were responsible for the rapid Ti 

relaxation of hp 83Kr in the samples exposed to tobacco smoke. 

6.3.2 Effects of Paramagnetic Species in Smoke Deposits 

An alternative explanation for the observed 83Kr Ti decrease could potentially be 

relaxation caused by trace levels of paramagnetic metal ions or long-lived radicals 34 in 

the tobacco smoke. However, the 129Xe data presented in Table 6.1 and Fig. 6.2B suggest 

that this not the case. The Ti relaxation of 129Xe is much more sensitive to the presence of 

paramagnetic compounds than that of 83Kr due to the smaller gyromagnetic ratio of the 

83Kr nucleus {y^xeh^Kr *° 50) 12'15- Given the same surface residence time and proximity 
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Figure 6.2: l^ values of hp 83Kr and 129Xe in contact with surface treated, 1 mm diameter borosilicate glass 

beads (See Table 6.1 .)• The data for surfaces without deposited tobacco smoke were previously reported in 

Chapter 5. (A) T, values for a 95% Kr and 5% N2 gas mixture. (B) Ti values for a 20% Xe, 75 % He, and 

5% N2 gas mixture. 
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to the paramagnetic surface sites, this smaller gyromagnetic ratio leads to a -50 fold lower 

sensitivity of the 83Kr longitudinal relaxation to paramagnetic species compared to that of 

I29Xe. Additionally, the smaller and thus less polarizable krypton electron cloud leads to a 

decreased surface affinity for krypton compared to xenon and, therefore, to reduced 

contact time with the paramagnetic surface sites. Thus, the 129Xe longitudinal relaxation is 

a much more sensitive probe for the presence of paramagnetic species than is the Kr Ti 

relaxation 15. 

The data in Table 6.1 and Fig. 6.2 show that, other than a perhaps a slightly 

1 OQ 

prolonged Ti value, the Xe longitudinal relaxation was little affected by the presence of 

tobacco smoke deposits. The 103 ± 8 s Ti time of 129Xe in a 20% xenon mixture exposed 

to hydrated, 1 mm borosilicate glass beads was somewhat less than the 120.1 ± 4.9 s 

observed for the same gas mixture in a similar bead sample that had been exposed the 

smoke of one full cigarette. This finding suggests that the paramagnetic species present in 

cigarette smoke condensate, such as trace levels of transition metal ions and persistent 

semiquinone radicals 35, contribute no more to the 129Xe Ti times than do the 

paramagnetic impurities in the borosilicate glass surface. 

The opposite effect, a shortening of the 129Xe Ti times upon smoke deposition, did 

occur when the glass beads were pre-coated with lung surfactant. The 129Xe relaxation 

time of Ti = 420 s for lung surfactant coated glass beads was decreased to Ti = 346 s after 

smoke deposition on the lung surfactant. It is possible that, at this longer time scale, 

paramagnetic species in the smoke condensate might cause accelerated longitudinal 

relaxation. However, it is unlikely that this acceleration could be observed by in vivo 

Xe MRI of lungs where the presence of molecular oxygen typically leads to Xe 
195 



10mm 

Figure 6.3: Hp Kr FLASH image of glass capillaries exposed to cigarette smoke. (A) Sketch of the 

phantom used to produce the image. The large circles represent the 10 mm OD and 7.8 mm ID Pyrex tubes, 

and the smaller circles represent the 1.5 mm OD and 1.1 mm ID glass capillaries. The tube contents were 

exposed smoke from 0 (upper right), 1 (upper left), or 3 (bottom) cigarettes. The thickness of the smaller 

circles is intended to indicate the level of smoke deposition not changes in surface-to-volume ratio. (B) 

Variable flip angle FLASH image acquired immediately after stopped-flow transfer of the hp 83Kr to the 

phantom. Three FLASH images were superimposed to provide an improved signal-to-noise ratio. 
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relaxation times of Ti = 10 - 20 s . Because of the low sensitivity of the Kr nucleus to 

paramagnetic relaxation it can be concluded that the 38% reduction in the 83Kr Ti time 

after smoke deposition on surfactant coated surfaces was not caused by paramagnetic 

surface sites, in particular if one considers the short 83Kr Ti time scales (i.e. the Ti was 

reduced from 16 s to 10 s). The Xe relaxation data therefore strongly argue that 

relaxation caused by paramagnetic species within the deposited tobacco smoke plays an 

insignificant role in the hp 83Kr longitudinal relaxation processes. 

6.3.3 Tx Weighted FLASH MR Imaging 

Fig. 6.3B displays a variable flip angle FLASH image acquired immediately after 

stopped-flow transfer of the hp 83Kr to the phantom, which displays several noteworthy 

features. Within the images from each of the three Pyrex tubes are alternating regions of 

higher and lower signal intensity. The approximately 1 mm diameter of these higher 

intensity regions corresponds well with the 1.1 mm ID of the glass capillaries in the 

samples suggesting that the image resolution is sufficient to partially resolve the interior 

structure of the phantom. Three FLASH images have been superimposed to provide an 

improved signal-to-noise ratio. 

It should also be noted that, while all three Pyrex tabes are clearly visible in Fig. 

6.3B, there are differences in the observed signal-to-noise ratio observed from each tube. 

The signal-to-noise ratio was similar for the tube exposed to no cigarette smoke (S/N = 

21) and the tube exposed to the smoke of one cigarette (S/N =17) but was significantly 

lower (S/N = 9) for the tube with the greatest smoke exposure (3 cigarettes). The smoke of 

three cigarettes leads to a smoke condensate deposition on the exposed surfaces of less 
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than 1 mg (See Section 6.2.4.). This level of surface deposition will not significantly alter 

the surface-to-volume ratio of the sample and thus cannot account for the observed 

decreased in hp 83Kr signal intensity (and thus S/N). Additionally, the sample was 

constructed to provide equal gas pressure and thus equal krypton number densities to each 

tube. Therefore, the lower intensity observed from the tube with the greatest exposure to 

cigarette smoke must result from the loss of nonequilibrium 83Kr spin polarization to Ti 

relaxation during time needed to obtain complete pressure equalization and the time 

needed for image acquisition. 

At longer waiting times, the effect of the cigarette smoke becomes even more 

pronounced as can be seen in Fig. 6.4. The internal structure of each tube phantom is 

unresolved because apodization was applied in both dimensions to achieve a satisfactory 

signal-to-noise ratio after data processing. The effect of the cigarette smoke deposition, 

however, is readily observed. When a 5 s period elapsed between the end of the stopped-

flow transfer and the beginning of the image acquisition (See Fig. 6.4B.), the intensity of 

the hp 83Kr in the tube containing untreated capillaries experienced only minor signal 

decay. At the same time the signal intensity from the tube exposed to the smoke of one 

cigarette visually decreased, and the intensity from the tube exposed to three cigarettes 

experienced an even more dramatic reduction. After a 10 s waiting period (See Fig. 

6.4C), moderate signal intensity loss was observed from the unexposed tube as is 

expected from the slower Ti relaxation experienced by the hp Kr in contact with 

untreated glass surfaces. The signal intensity from the two other tubes, however, has either 

decayed substantially (1 cigarette) or is not observed in the image at all above the level of 

the noise (3 cigarettes). The rapid decay in 83Kr polarization seen in the tube exposed to 
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the smoke of three cigarettes displays the strong sensitivity of hp Kr longitudinal 

relaxation to the more heavily "smoked" surfaces. 

Because of the limited nonequilibrium 83Kr nuclear spin polarization that can 

currently be generated, reasonable signal-to-noise ratios can be achieved only if the 

imaging sequence comprises a limited number of RF excitations. However, substantial 

signal intensity gains are expected in the near future using a combination of isotopic 

enrichment, better gas deliver systems 14, improved pump cell designs 37, higher laser 

power 14'38, and line-narrowed laser sources 39'40. Together these improvements will lead 

to additional signal enhancements of an order of magnitude or more and allow for FLASH 

sequences with a higher number of excitations. 

Unfortunately, increasing the number of phase-encoding steps may introduce an 

additional complication in Ti weighted hp 83Kr FLASH imaging. In the time required to 

apply one hundred or more pulses with pulse delays of milliseconds or tens of 

milliseconds, Ti relaxation could occur during the image acquisition. Such polarization 

losses during image acquisition are known to introduce experimental artifacts . If the 

sample being imaged possesses Ti homogeneity, these losses can be accounted for by 

appropriately altering the pulse lengths in a variable flip angle pulse sequence. This trivial 

correction cannot be made if the sample possesses Ti inhomogeneity or if the Ti time is 

unknown. In this work, we have attempted to approximate an upper limit of these future 

difficulties by intentionally selecting a 0.1 s time delay between RF pulses resulting in 

total image acquisition times of 3.5 s. 
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Figure 6.4: Tj weighted hp Kr MR FLASH images. Each image was produced from a single, variable 

angle FLASH sequence. In these images, internal structure is not observed due to the lower signal-to-noise 

ratio compared to that of Fig. 6.3B. The scale at the bottom of the figure indicates the signal intensity in 

arbitrary units. (A) Image acquired immediately after stopped-flow transfer of the hp 83Kr. The inset in the 

top right is a sketch of the phantom used to produce the images. The labels 1-3 indicate the number of 

cigarettes combusted to supply smoke to a given tube. The image scale is indicated in the lower right. (B) 

Image acquired 5 s after hp 83Kr transfer. (C) Image acquired 10 s after hp 83Kr transfer. 
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6.4 Conclusions 

The Ti relaxation of hyperpolarized 83Kr was found to accelerate by at least a 

factor of twenty in the presence of tobacco smoke deposits on glass surfaces. The Ti 

differences were sufficient to produce meaningful Ti contrast in hp Kr MR images of 

model samples with different levels of smoke deposition. The experimental evidence 

presented in this work strongly supports the hypothesis that the contrast was caused by 

quadrupolar relaxation during brief surface adsorption periods of the krypton atoms and 

can therefore not be observed in MRI using the spin 7=1/2 noble gas isotopes 129Xe or 

3He. An accelerated 83Kr Ti relaxation was also found when surfaces coated with a 

pulmonary lung surfactant extract were exposed to tobacco smoke suggesting that the 83Kr 

specific contrast may potentially be obtained in vivo and enhance the current 

understanding of the pathology of smoking related respiratory diseases. Of course other 

factors such as the bronchopulmonary inflammation that commonly occurs in smokers 

may also play a role in future in vivo work. Comparisons with 129Xe Ti data indicate that 

the observed acceleration was not due to the presence of paramagnetic species in the 

deposited cigarette smoke. It is also concluded that cigarette smoke is unlikely to directly 

produce useful longitudinal relaxation contrast in in vivo hp 129Xe MRI of airways. 
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CHAPTER 7 

HYPERPOLARIZED KRYPTON-83 MAGNETIC RESONANCE IMAGING OF 

LUNGS 

The results presented in this chapter have been submitted for publication as the 

journal article: Zackary I. Cleveland, Galina E. Pavlovskaya, Nancy D. Elkins, Karl F. 

Stupic, John E. Repine, and Thomas Meersmann, "Hyperpolarized 83Kr MRI of Lungs" to 

Journal of Magnetic Resonance (accepted 2008). 

Zackary I. Cleveland and Thomas Meersmann wrote the paper mentioned above. 

Karl F. Stupic assisted in conducting the imaging experiments and the relaxation 

measurements. John E. Repine provided the lungs using the work and edited the 

manuscript. Nancy D. Elkins performed the lung excision and prepared the lungs for 

experiments. Zackary I. Cleveland produced the hp 83Kr, participated in the design of the 

experiments and built the experimental setup. Galina E. Pavlovskaya performed the MR 

imaging and processed the image data. 



7.1 Introduction 

Hyperpolarized (hp) noble gases '' 2 display dramatically increased signal 

intensities in nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance 

imaging (MRI) enabling a wide range of novel applications 3"5. Biomedical interest in hp 

gases began in the mid-1990's with proof-of-principle reports of hp Xe and hp He 

lung MRI. Hp 3He has proven particularly valuable for studying lung ventilation 

distribution 8, alveolar size 9'10, and O2 partial pressure n . Recently, pulmonary 3He MRI 

was also demonstrated in very weak magnetic fields that produced 3He resonance 

frequencies of around 200 kHz . Hp Xe yields lower signal intensities than hp He, but 

through its high tissue solubility and 300 ppm chemical shift range 3 provides additional 

information about structure and gas dynamics in lungs " , displays tissue specific 

chemical shifts 16 and, in conjunction with functionalized xenon biosensors, can be used 

for molecular imaging 17'18. 

However, neither hp 3He, hp 129Xe, nor alternative techniques using thermally 

polarized fluorinated gas species 19, 20 can deliver information about lung surface 

chemistry, which is intimately linked to certain lung diseases. For instance, acute lung 

injury (ALI), including its most severe form acute respiratory distress syndrome (ARDS) 

21, is characterized by changes in the lipid and protein composition of the pulmonary 

surfactant system. Additionally, disease inducing aerosols such as tobacco smoke and 

mineral dusts can both transiently and chronically alter the lung surface chemistry 22'23. 

Thus, there is a pressing need to develop non-invasive, spatially resolved techniques that 

provide information about pulmonary surface chemistry. 
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Recently, the development of hp 83Kr NMR and MRI was reported 24 '25. Like 

Xe and He (both nuclear spin / =1/2), Kr ( / = 9/2) can be hyperpolarized by spin 

exchange optical pumping (SEOP) ' , and its relatively long gas-phase Ti allows the 

gas to be separated from the reactive alkali metal vapor without extensive depolarization 

24. Unlike hp 129Xe or hp 3He, hp 83Kr provides MRI contrast that is highly sensitive to a 

number of surface properties including surface-to-volume ratio 29, surface chemistry 29'30, 

surface hydration 31, and surface temperature 24 even in relatively low surface-to-volume 

ratio environments. This sensitivity is caused by quadrupolar interactions that strongly 

influence the longitudinal relaxation rate when krypton is in contact with surfaces. 

For instance, the Ti of hp Kr was shown to increase by up to a factor of twenty if 

tobacco smoke condensate, which contains numerous hydrophobic constituents 22, was 

deposited on model surfaces 30. These large relaxational differences enabled Ti contrast 

weighted FLASH MR imaging that provided spatially resolved information about both the 

location and amount of tobacco smoke deposited on surfaces. The sensitivity hp 83Kr 

displays to surface-to-volume ratio within porous materials may also be of diagnostic 

value. Increased alveolar size due to both natural aging 10 and chronic obstructive 

pulmonary disease (COPD) progression 20 has been observed using hp 3He apparent 

diffusion coefficient (ADC) measurements, while other disorders, such as ALI, are 

associated with alveolar collapse and thus increased surface-to-volume ratios. 

Although hp 83Kr has been explored as a surface sensitive contrast agent in model 

systems (See Chapters 3 and 6.), the feasibility of hp 83Kr lung MRI must still be 

demonstrated. Fast Ti relaxation during inhalation and when inside the alveolar regions 

could potentially depolarize hp 83Kr to unobservable levels. Previous studies with 
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desiccated canine lung tissue showed promising Ti times of about 10 s , but the surface 

chemistry and microscopic surface morphology found in vivo will be substantially 

different than those of desiccated tissue. Also, these earlier experiments were performed 

by rapidly shuttling hp 83Kr into a pre-evacuated sample to reduce Ti relaxation during 

transfer, but this technique is obviously unsuitable for in vivo work or ex vivo studies of 

intact lungs. In this chapter, we report the first hp 83Kr NMR spectra, Ti data, and hp 83Kr 

MRI from freshly excised, but otherwise intact, rat lungs obtained with natural abundance 

krypton gas (11.5% Kr) using a novel device for ventilating excised lungs. Additionally, 

a discussion of the maximum future improvements to the hp 83Kr signal intensity is 

presented. 

7.2 Materials and Methods 

7.2.1 NMR Spectroscopy and MR Imaging 

Experiments were performed on a Chemagnetics CMX II 400 MHz NMR 

spectrometer in a 9.4 T, wide-bore (89 mm) superconducting magnet equipped with an 

imaging system (Resonance Research, Billerica, MA) consisting of triple axis gradient 

coils (100 G/cm x,y axes and 720 G/cm z axis) and low-noise linear gradient amplifiers. 

Spectra and images were obtained using a custom-built probe tuned to the 15.4 MHz 83Kr 

frequency. A 10-15 min SEOP period was applied between consecutive hp gas deliveries 

to replenish the nonequilibrium 83Kr polarization. Ti values were calculated by nonlinear 

least squares fitting of the hp 83Kr signal as a function of time and number 24° RF pulses 

(See Chapter 4.). The image was produced from a series of 16 traces acquired using a 

nonselective, gradient-echo sequence with phase encoding gradients incremented in each 
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hp gas delivery. To reconstruct the image, acquisition matrices were zero filled to 32 

points in both dimensions and apodized using a sine bell squared function before Fourier 

transformation in each dimension. Image processing was performed in MATLAB R2006a 

(Version 14.2; Math-works, Natick, MA). 

7.2.2 Spin Exchange Optical Pumping 

83Kr SEOP was performed in untreated, cylindrical Pyrex cells (length =125 mm, 

ID = 24 mm). The krypton mixture was produced from research grade gases (Airgas, 

Radnor, PA) and contained 25% krypton (natural abundance, 99.995% pure), 5% N2 

(99.9997% pure), and 70% helium (99.9999% pure). Pump cells containing ~1 g of 

rubidium (99.75%; Alfa Aesar, Ward Hill, MA) were housed in a quartz and aluminum 

oven to maintain even heating (438 ± 5 K) and maintained above ambient pressure (~120 

kPa) to avoid atmospheric contamination. Light (794.7 nm) from two 30 W Coherent FAP 

diode-array lasers (line width ~2 nm) was directed via fiber optic coupling cables through 

a circular polarizer onto the pump cell. SEOP occurred in the fringe field of the 

superconducting magnet at approximately 0.05 T. Rubidium vapor was separated from the 

hp gas mixtures by an air-cooled trap at the outlet of the pump cell. 

7.2.3 Animal Care and Usage 

The Institutional Animal Care and Use Committee of the University of Colorado at 

Denver and Health Sciences Center approved the protocol used in this work. Seven 

healthy, male Sprague-Dawley rats (Charles River Laboratories, Inc., Wilmington, MA) 

were acclimated to altitude (-1600 m) for at least 14 days while being fed a normal diet 
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and weighed 193-266 g at the time of lung excision. The rats were anesthetized with 

ketamine (80 mg/kg) and xylazine (16mg/kg) (MWT Veterinary Supply) delivered 

intraperitoneally. The trachea was clamped at time of inhalation to avoid collapsing the 

airways while removing the heart and lungs from chest cavity. The right ventricle was 

injected with 100 USP units heparin (American Pharmaceutical Partners, Inc., 

Schaumburg, IL) and allowed to circulate for 10-15 s before the heart and lungs were 

excised. The trachea was then cannulated with an indwelling 16-gauge stub adapter tube 

positioned 5 mm above the bifurcation of the lungs. 

7.2.4 Lung Ventilation 

Following excision, the lungs were placed in a Pyrex ventilation chamber (ID = 24 

mm and height = 100 mm; See Fig. 7.1 A) and immersed in isotonic saline solution (0.9% 

NaCl, pH 5.5; Baxter Heathcare Corporation, Deerfield, IL). The lungs were then inflated 

with 4-5 ml of air and transported at 277 K to the imaging facility. To prevent flooding of 

the airways and hp 83Kr from escaping before entering the lung, the trachea was tightly 

sutured to the stub adapter tube affixed to the bottom of the inflation chamber. Upon 

inflation, experiments were performed only if no gas bubbling was observed either at the 

location of the sutures or from the lungs themselves indicating that the gas entered and 

remained within the lungs. Consequently, three of the seven sets of lungs were not used 

for experiments. 

Hp 83Kr needed to reach the lungs quickly enough to avoid substantial Ti 

relaxation during transfer while maintaining at most a slight overpressure to prevent lung 

damage. Therefore, the hp 83Kr was transferred (See Fig. 7. IB.) by pressure equalization 
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Figure 7.1: Apparatus for delivering hp 83Kr to lungs. The thick, solid arrows indicate the direction of hp 

83Kr flow. (A) Ex vivo lung ventilation chamber. The lungs were inverted (trachea pointing down) and 

completely immersed in a physiological saline solution. The lungs were then inflated with 6 ml of hp gas 

mixture by applying a slight suction and deflated by applying slight overpressure. Hp Kr flowed past the 

entrance to the lungs and was pulled into the lungs during inflation. (B) Hp 83Kr transfer system. The storage 

cell was evacuated to less than 10 Pa, and hp 83Kr was transferred from the SEOP cell by pressure 

equalization (final pressure -110 kPa). The valve was then opened, and gas flowed from the storage cell, 

through the inner tube, and past the entrance to the lung. Hp 83Kr was either pulled into the lung during 

inflation or flowed through the outer tube to the ambient air. 
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from the SEOP cell to a pre-evacuated (pressure <10 Pa) Pyrex storage cell (length = 80 

mm, ID = 24 mm). After the pressure equalized, the valve separating the storage cell from 

the Pyrex transfer tubing was opened, and the hp gas flowed from the storage cell through 

the inner tube (ID = 2 mm) and past the entrance of the lung. The lungs were inflated by 

applying a slight suction above the saline solution and deflated by applying a slight 

overpressure. In doing so, the lungs were ventilated with 6 ml of hp gas, as monitored by 

saline solution displacement. Prior to experiments, the lungs were repeatedly ventilated 

with nitrogen gas to remove residual air. 

7.3 Results and Discussion 

7.3.1 NMR Spectroscopy and MR Imaging of Lungs 

Fig. 7.2A displays a representative hp 83Kr NMR spectrum from excised rat lungs 

following a 90° RF pulse. The hp 83Kr signal previously obtained from the 25% krypton 

mixture used in this work was enhanced 4500 times over that of thermally polarized 

krypton at 9.4 T corresponding to a spin polarization of about 1% . However, this 

intensity was only observed by vacuum shuttling hp Kr into the detection region. The 

signal enhancement from lungs in the current work was probably reduced about 50% by 

relaxation during the relatively slow hp gas transfer from the pump cell 31 and further 

reduced during the brief (~1 s) residence time in the lung prior to the application of RF 

pulses. Despite polarization losses, the spectra displayed acceptable signal-to-noise ratios 

of 50 to 60 depending on SEOP efficiency and possibly individual-to-individual 

differences in the lungs. 
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Figure 7.2: Hp 83Kr NMR spectroscopy. (A) Typical hp 83Kr spectrum from excised rat lungs at 9.4 T. (B) 

Tf decay curve of hp 83K in rat lungs. Data points are signal intensities of the hp 83Kr spectra obtained from 

a series of 24° RF pulses normalized to the signal intensity resulting from the first pulse. The error bars are 

the standard deviations in the baseline noise. 
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To qualitatively assess if hp Kr reached beyond the finer airways and into the 

alveoli without depolarization, the signal from the lungs was compared to that arising 

from 6 ml of hp krypton mixture in a balloon with no internal structure that had been 

inflated using the same ventilation system. The 83Kr Ti inside the balloon exceeded 40 s 

when fully inflated, so the signal intensity was not substantially affected by relaxation. 

The signals from the lungs were found to be around 30-50% of that observed from the 

inflated balloon. These intensities are substantially greater than would be expected from 

Kr confined to the anatomical dead space (i.e. the volume of the conducting airways) 

alone, which typically constitutes less than 5% of the total lung volume32'33. Therefore, a 

substantial fraction of Kr lung signal intensity must have originated from the alveolar 

region. 

Fig. 7.3 shows an MR image (x,y projection with no slice selection) of hp 83Kr in 

an excised rat lung with 2.3 x 2.3 mm image resolution (raw data) that was obtained from 

16 single acquisitions with incremented gradients. The dashed, white line surrounding the 

image indicates the location of the inner wall of the ventilation chamber. Several 

morphological features are readily observed in the image. The separation between the 

right and left lung is easily seen, as is a dark area between these two high signal intensity 

regions. This dark region corresponds to the location of the heart, which contained no hp 

83Kr. When the lungs were inflated to 6 ml outside the superconducting magnet, the sides 

of the lung were observed to touch the inner inflation chamber wall. From the image, it is 

clear that substantial signal intensity extends to the chamber wall and was not merely 

confined to the major airways. 
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7.3.2 Longitudinal Relaxation in Lungs 

Fig. 7.2B shows a typical hp Kr Ti decay curve in an excised rat lung. The data 

points are hp 83Kr signal intensities obtained from a series of 24° RF pulses. These 

relatively long pulses were necessitated by the modest hp 83Kr signal intensity and were 

found to be a reasonable compromise between obtaining acceptable signal-to-noise ratios 

and maintaining nonequilibrium polarization long enough to adequately observe Ti decay. 

The Ti values were typically several seconds and were reproducible for a given lung for 

several hours after excision, but a Ti range 0.7 to 3.7 s was observed in various lungs (See 

Table 7.1.). Ti times of this length are promising and should allow in vivo hp 83Kr MRI in 

rats, which breath 1-5 times per second. 

Table 7.1: Ti data from individual ratsa. 

M a ^ T o f l R a ^ ^ g y ^ H i p ^ K r T T c ^ 
245 ~ 3.74 ±0.41 

3.66 ±0.39 
210 2.43 ±0.13 

2.33 ± 0.20 
210 1.55 ±0.11 
193 0.67 ± 0.04 

0.64 ± 0.01 
0.65 ±0.01 

a Three lungs were not used for experiments because of damage during transport. 
b Mass of rat prior to lung excision. 
c Errors are ± one standard deviation in the residuals resulting from the fit. 

Due to of the small gyro-magnetic ratio of 83Kr (4% of !H) compared to 3He (76% 

of lK) and 129Xe (28% of !H), the presence of 20% 0 2 was previously found to reduce the 

83Kr Tj time in desiccated canine lung tissue by only 18% from 10.5 s to 8.6 s 25. In 
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comparison, the 3He Ti time is reduced from hundreds of hours in the absence of 

paramagnetic species 34'35 to 10-20 s in lungs containing a breathable oxygen mixture 36. 

The Ti of 83Kr was also shown to be much less affected by paramagnetic surface 

impurities than that of Xe ' . Thus paramagnetic species in the lung will be unlikely 

to prevent surface sensitive Ti contrast in hp Kr MRI. Additionally, the Ti time of hp 

83Kr has been shown to increase with increasing surface temperatures 24 suggesting that 

physiologically relevant temperatures will result in slower relaxation. Longer Ti times are 

also to be expected in larger animals due to larger alveoli that presumably lead to 

decreased surface-to-volume ratios. For instance, the average alveolar diameter is about 

225 um in adult human lungs but only 94 urn and 58 urn in rats and mice respectively . 

7.3.3 Signal-to-Noise in Lungs 

Like early hp 129Xe lung MRI 6, hp 83Kr MRI will require significant 

improvements in signal intensity to be biomedically useful. However, isotopically 

enriched krypton mixtures have yet to be exploited and would immediately improve the 

observed signal-to-noise ratio by nearly an order of magnitude. Even larger enhancements 

may be gained from improved 83Kr SEOP that currently generates only about 0.3% spin 

polarization in a mixture of 95% krypton and 5% nitrogen. Although a higher spin 

polarization was obtained with more dilute krypton mixtures (i.e. ~ 1 % polarization with 

25% krypton mixtures), improved signal intensity was not achieved because no method 

currently exists to concentrate hp krypton without depolarization. 
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Figure 7.3: Ex vivo hp Kr MR image of a rat lung. The image was reconstructed from 16 individual 

SEOP/gas delivery cycles. Each phase encoding step in the x,y lung image was acquired from a single hp 

83Kr delivery using no slice selection and resulted in 2.3 x 2.3 mm resolution (raw data). The image scale is 

displayed in the upper right hand corner, and the white, dashed ring indicates the location of the inner wall 

of the ventilation chamber. 
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However, improvement in gas delivery methods iS, better pump cell designs 39, 

higher laser powers40, and line-narrowed laser sources41 have vastly increased the hp 3He 

and 129Xe NMR signal intensities and production rates. Similar improvements should also 

advance work with hp 83Kr, and, together with isotopic enrichment, lead to signal 

enhancements high enough for in vivo applications, at least for small animal studies. 

Assuming SEOP sufficiently overcomes the poor sensitivity arising from the small 83Kr 

gyromagnetic ratio, the associated low resonance frequency (i.e. 15.4 MHz at 9.4 T) will 

be advantageous due to reduced inductive losses 42. 

7.3.4 Hyperpolarization in Spin / > 1/2 Nuclei 

Fully assessing the feasibility of hp Kr lung MR requires a discussion of the 

fundamental limits to hyperpolarization. For the general case of spin / > 1/2 nuclei with a 

Boltzmann population distribution, it is possible to define a spin polarization, P, as 

m-(/-l) 
V /e-(m+l)yhB0 lkBT _ e-myhBa lkgT \ 

P = ±-*=i 7 , (7.3.1) 
-ymhB0 lk„T 

7 

m=-l 

where m = -1,-1 + 1,...,1-1,1 is the z-quantization number of spin 7, B0 is magnetic field 

strength, y is the gyromagnetic ratio of the nucleus, and y/\y\ accommodates the sign of 

y. All of the population terms other than those of the highest and lowest energy states 

cancel, and Eq. 7.3.1 simplifies to 

myHB0lkBT _ -ymhB0lkBT 

P-h~ 7 ' • (7-3-2) 
1

 e-ymhB0lkBT 

m=-I 
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For the thermal equilibrium at high temperatures (i.e. T»\y\hB0/kB), Eq. 7.3.2 further 

simplifies to 

P-JMj&k (7.3.3) 
2/+1 kBT 

in general, which leads to the familiar 

P-tte. (7.3.4) 
2kBT 

for spin / = 1/2 systems. For spin / > 1/2 systems, non-Boltzmann population 

distributions are in principle possible, but the thermal equilibrium (Boltzmann) 

polarization, P , can be calculated through Eq. 7.3.2 at any temperature or Eq. 7.3.3 at 

high T. The hyperpolarization, Php, can be related to Ptp by defining an enhancement 

factor, 

fi°*-SS/S?J, (7.3.5) 

where Sfy is the hp signal measured at the magnetic field B0 and Sfp° is the thermally 

polarized signal obtained at the same magnetic field and at a temperature T. Defining 

nP = C x - A ? J ' (7-3-6) 
the previously observed hp 83Kr enhancement of 1200 over the thermal signal obtained for 

95% krypton mixtures at 9.4 T and 300 K corresponds to p™T'™K= 0.28%. Thus a further 

polarization improvement of more than 350 times is theoretically possible. 

However, the concept of polarization is problematic for hp spin I > 1/2 systems, 

which may not possess Boltzmann-like population distributions. For spin / > 1 systems, 

the use of P may also be misleading when discussing the maximum hp signal intensity 
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even if a nonequilibrium, but Boltzmann-like, population distribution is generated. For a 

general spin I system at any temperature, the signal intensity can be expressed as 

V Q2 I -(m+l))*B0 lkBT _ e-myt>B0 lkBT \ 

S = A^BQ-^ j . (7.3.7) 
-ymhB0lkBT 

m=-l 

where A is a constant containing all contributions to the signal intensity other than y, B0, 

and the populations of the various quantum states. In Eq. 7.3.7, the transition matrix 

element C]m is obtained from the expression 

Clm=\(l,m + l\i+\l,m)\2 (7.3.8) 

using the angular momentum raising 

I+\l,m) = fi^l(l+l)-m(m + l)\l,m). (7.3.9) 

In the high temperature limit to Eq. 7.3.3 simplifies 

2 AY3 

s = 
hB0

2 

3 kBT 
/(/+1), (7.3.10) 

Using Eq. 7.3.3 for the polarization at high temperatures, Eiq. 7.3.7 can be rewritten as 

S = W
2/+f+V (7.3.11) 

However, the relation S oc p of Eq. 7.3.11 fails at high P (i.e. low spin temperature). Thus, 

feasibility of hp 83Kr lung MRI is better discussed in relation to the maximum possible 

thermal signal S^ '^^ tha t would be observed at a given field strength and at 0 K. This 

signal maximum is given by 

S?;J-°K = Ay'Cl^, = Ay227, (7.3.12) 
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and the maximum enhancement factor becomes 

f^-S^'/S?*. (7.3.13) 

At high temperatures (i.e. T »\y\hB0/kB), the maximum possible enhancement factor is 

fBoj 3 ^ T — 
./max I \+n I j i \ ' yi.->.i-rj 

\y\hB0(I+l) 

and specifically for 83Kr at 300 K and 9.4 T, the enhancement limit is 

/maf , 3 0 0*=2-2 x l°5- T h u s t h e 1 2 0 0 f o l d 8 3 K r s i g n a l enhancement obtained for 95% 

krypton mixtures can be further improved by -180 times before the absolute maximum is 

reached. Unlike spin 7 = 1 / 2 systems, the signal enhancement factors for 83Kr is not 

directly proportional to the maximum polarization. However, there is still significant room 

for improving the currently obtained hp 83Kr signal used in this study. Note that for the 

simplest case of an I = 111 system, Eq. 7.3.13 reduced to f ^ =P~l at all temperatures 

and field strengths. 

7.4 Conclusions 

This work demonstrates that hp 83Kr MRI of intact, excised lungs is possible with 

natural abundance krypton gas. An improvement of up to 180 times the currently obtained 

signal is theoretically possible, leaving significant room for improvements through the 

advancement of SEOP technology. An additional increase in the signal-to-noise ratio of 

almost an order of magnitude is possible using isotopically enriched krypton. The 83Kr Ti 

time found in lungs was up to several seconds and should be long enough for in vivo work 

with small animals. The 83Kr Ti relaxation is expected to be insensitive to the presence of 

paramagnetic species such as oxygen and therefore capable of providing surface sensitive 
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MRI contrast. Although no attempts have been made to observe a pathology specific 

contrast in lungs, the experiments presented here are a necessary step in developing hp 

83Kr NMR and MRI into useful biomedical tools. Although earlier work focused on the Ti 

of hp 83Kr, MRI contrast could also be obtained by exploiting T2 as was done in work with 

thermally polarized 131Xe (I = 3/2) in aerogels 43. Additional sources of contrast with hp 

83Kr may be Tip, quadrupolar evolution under spin-lock conditions ^ ' 45, and multiple 

quantum filtering46"48. 
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