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The nuclear spin polarisation of 129Xe can be increased by four to five orders 

of magnitude using the technique spin-exchange optical pumping (SEOP). 

The resulting enhancement in polarisation can be utilised to dramatically 

enhance the sensitivity of 129Xe in nuclear magnetic resonance (NMR) 

applications. This thesis is concerned with the physics of SEOP and NMR 

spectroscopy of hyperpolarised 129Xe. Its general aims are to optimise the 

production of hyperpolarised 129Xe and to evaluate mechanisms that  underpin 

NMR phenomena of 129Xe in blood. These goals are pursued in the following 

four distinct  projects: 

1. Optimisation a nd characterisation of a continuous-flow 129Xe-Rb SEOP 

polariser operating at a mid -range cell pressure of 2 bars with xenon 

(Xe) concentrations of 3 %. It was found that the achievable 

polarisation during gas flow using an external cavity diode laser 

(ECDL)  with 25 W incident on the SEOP cell  (500 cm3 volume) is ~15 

% (flow rate of 100 sccm). The minimum number of photons required 

to induce a single 129Xe nuclear spin flip was experimentally measured 

to be 30, which approaches the theoretical limit of 20 p hotons per spin 

flip.  

2. Further optimisation of  the SEOP polariser using a laser diode array 

(LDA) , frequency-narrowed with an internal volume holographic 

grating (VHG) , and collimated using a custom-built optical train  (OT)  

telescope system. In this project, improved optical collimation over the 

25 cm length of the SEOP cell was achieved with the optical train and 

the incident laser power was increased to 50 W. The 129Xe polarisation 
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during gas flow was measured to be 45 % (100 sccm), a factor of three 

higher than that achieved with the ECDL. In addition, good 

agreement between experimental and the theoretical 129Xe polarisations 

was observed using the LDA -VHG OT as an optical input.  

3. Evaluation of the relaxation and exchange dynamics of hyperpolarised 

129Xe in human blood at 1.5 T . It was found  that the 129Xe relaxation 

rate decreases non-linearly with increasing blood oxygenation. A two -

site exchange model was used to evaluate the 129Xe magnetisation 

dynamics in whole blood samples, enabling the determination of 

constants underpinning 129Xe NMR relaxation and exchange in whole 

blood samples. 

4. Using hyperpolarised 129Xe NMR to probe pulmonary blood 

oxygenation. A non-linear relationship between the chemical shift of 

129Xe in red blood cells and blood oxygenation was determined in vitro  

on human blood samples at 1.5 T and 3 T. This rel ationship was used 

for dynamic monitoring of pulmonary blood oxygenation in healthy 

volunteers during breath-hold apnoea on a 3 T clinical scanner.  
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The exploration of the physical phenomenon of nuclear magnetic resonance 

(NMR)  arose from measurements of nuclear spin in the early 1930s [1, 2] and 

the fir st observation of NMR in  1937 [3] (work for which Rabi  was awarded 

the Nobel prize in Physics in 1944). The first observations of NMR in bulk 

materials were made independently in 1946 by Bloch, Hansen and Packard 

(proton resonance from water samples) [4] and Purcell, Torrey and Pound 

(proton resonance from a block of paraffin) [5]. Since those early experiments, 

NMR has developed into a broad field, and has widespread applications in 

many disciplines; from structural studies of chemical compounds, following 

the discovery of the NMR chemical shift [6], to medical diagnosis following 

the invention of magnetic resonance imaging (MRI) [7]. Conventional MRI  

relies on the high density of protons present in soft biological tissues, and is 

therefore not suitable for probing areas of the body with low tissue density, 

such as the lung airspaces, where the proton density is very low.  

The use of hyperpolarised noble gas MRI f or biomedical applications was 

first demonstrated in 1994 with hyperpolarised 129Xe images of the airspaces 

of excised mouse lungs [8]. Following this, the first in vivo  images of 

hyperpolarised 3He and 129Xe in human lungs were reported [9, 10]. Since 
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then, new techniques using hyperpolarised 3He and 129Xe MR have been 

developed, enabling numerous novel studies of lung structure and function  

[11-15]. Xe has the added benefit of being soluble in biological tissues, and 

will  thus readily dissolve into blood and tissues within the lungs. To date, 

this solubility has been utilised in MR experiments to quantify  Xe gas 

exchange [16-19] in the lungs and to monitor  uptake in dista l tissues such as 

the brain [20, 21]. Crucial  qlăqebăpr``bppălcăqebpbă©afpplisba-me^pbªă129Xe 

NMR experiments is sufficiently high levels of 129Xe polarisation (to enable 

signal detection of the 129Xe dissolved in biological tissues and blood) and 

good knowledge of the 129Xe NMR parameters underpinning the 129Xe signal 

dynamics in human blood.  

This thesis is concerned with the physics of spin-exchange optical pumping 

(SEOP) ¬ a technique used to enhance nuclear polarisation ¬ and NMR 

spectroscopy of hyperpolarised 129Xe. Its main  aims are to optimise the 

production of hyperpolarised 129Xe and to evaluate the mechanisms that 

underpin NMR phenomena of 129Xe in blood. After introducing the theory of 

NMR and in Chapter 2, Chapters 3 and 4 detail experiments and theoretical 

modelling used to optimise the production of hyperpolarised 129Xe on a 

continuous-flow 129Xe SEOP polariser. Chapters 5 and 6 are concerned with 

understanding the fundamental NMR properties of 129Xe in human blood. 

Chapter 5 describes a series of systematic in vitro  experiments ¬ combined 

with a two -site (red blood cells and plasma) Xe exchange model ¬ to 

determine the oxygenation dependence of the spin-lattice relaxation rate of 

129Xe dissolved in human blood. Chapter 6 investigates the feasibility of using 

129Xe NMR as a probe for pulmonary blood oxygenation in vivo  by utilising 

the observation (from in vitro  experiments) of a non-linear relationship 

between the 129Xe red blood cell chemical shift and blood oxygenation.  
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This chapter covers the theory of  NMR and SEOP relevant to the 

experimental work and results in this thesis. First, the phenomenon of NMR 

is explained from the point of view of a single spin ma gnetic moment, where 

the fundamental interactions with external and internal magnetic fields are 

described. The next section covers aspects of macroscopic magnetisation 

necessary to understand and interpret basic NMR experiments, where the 

equations of motion of the net magnetisation vector in the laboratory and 

rotating reference frames are introduced, and the Bloch equations describing 

the time evolution of interacting spins are derived. The solutions to the Bloch 

equations are then used to explain the concept of pulsed Fourier transform 

NMR spectroscopy. Next, the theory of spin-lattice relaxation applied to 

homonuclear and heteronuclear spin systems is covered, where the spectral 

density function is introduced to enabl e a quantitative description of the  spin 

relaxation process. The chapter concludes with an introduction to the 

theoretical aspects of SEOP, the process used to enhance (hyperpolarise) the 

polarisation of the 129Xe nuclei samples experimented upon in this thesis.
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NMR stems from a quantum mechanical property of t he nucleus: spin, a form 

of angular momentum. Unlike conventional forms of angular momentum, spin 

does not arise from particle rotations, but rather, like charge and mass, it is 

an intrinsic property of the particle  itself. Atomic nuclei that exhibit a non -

zero spin angular momentum, I , in their ground state have an associated 

dipolar magnetic moment [22] 

 I   (2.1) 

collinear with it, where e is the gyromagnetic ratio, which takes a unique 

value for each nuclear species, and  fpă qebă obar`baă Mi^k`h¨pă `lkpq^kqă

(h/2n). A sp in system, ( )t , can be described quantum mechanically by the 

time-dependent Schrödinger equation   

 ( ) ( ) ( )i t t t
t

. (2.2) 

The time evolution of ( )t  is determined by the Hamiltonian operator , 

( )t , which describes the total energy of the spin system. For a nucleus 

located within a static magnetic field, the spin interactions can be described 

phenomenologically by the NMR spin Hamiltonian [23] 

 
RF

external inter

N Z D Q

nal

CS J
, (2.3) 

where 
Z
 and 

RF
 describe the static field (Zeeman effect) and the radio 

frequency (RF)  interaction, which both act externally on the spin system. 
D

 

represents the direct (or through-space) dipole-dipole coupling between spins 

(technically, spin-bearing nuclei); 
CS

 represents the chemical shift 

interaction due to nuclear shielding effects; 
J

 represents J-couplings, 

indirect spin -spin interactions mediated by electron spins; and 
Q

, which 

represents quadrupole electric interactions of I  >  1/2 nuclei with the 
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surrounding electric fields. 
D

 to 
Q

are Hamiltonians that represent internal 

spin interactions (interactions originating  from within the NMR-sensitive 

sample itself). Although the latt er two interactions are important in the 

study of a variety of systems, they are not relevant to the experiments 

performed in this thesis, and are therefore not discussed in any further  in this 

chapter.  

In the presence of a static magnetic field, 
0

B , an interaction energy of the 

amount 
0

B  exists, so that the dipole moment can be described by a 

simple Hamiltonian of the form   

 
Z 0 0

B I B . (2.4) 

If the magnetic field is directed along the z-axis (
0 0

£B zB ), then  

 
Z z 0 z 0

B I B ,  (2.5) 

where 
z

I  denotes the z-component of angular momentum. The energies of the 

dipole moments will take discrete values according to the eigenvalues of this 

Hamiltonian, which are given by multiples (
0

B ) of the eigenvalues of 
z

I . 

The allowed energies are therefore  

 
0m

E m B . (2.6) 

m is the referred to as the nuclear spin projection quantum nu mber and may 

be any one of the 2 1I  values , 1,...,I I I , where I represents the nuclear 

spin quantum number, which can take half-integer or int eger values. This 

discretisation of nuclear dipole energy in the presence of an external static 

magnetic field is referred to as the nuclear Zeeman interaction, and for any 

value of I, the energy separation between adjacent levels is given by 
0

B . 

Fig. 2.1 below depicts degenerate Zeeman energy levels for I = 1/2 in the 
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absence of a static external magnetic field (
0

0B ) and also the resulting 

energy level splitting in the presence of a finite external magnetic field 

(
0

0B ) for a nucleus with a positive gyromagnetic ratio.   

  

Figure 2.1: Zeeman energy levels for a spin-1/2 system with  a positive 

gyromagnetic ratio.  

The two allowed energies for m = ­ 1/2, according to Eq. 2.6, differ in value 

by  

 
1/2 1/2 0 0 0

1 1

2 2m m
E E E B B , (2.7) 

where 
0
 is known as the Larmor frequency, the frequency associated with 

spin transitions between the nuclear energy levels. The sense of 
0
 depends 

on the sign of the gyromagnetic ratio of the nuclear species: 

 
0 0

B , for 0  (2.8a) 

and 

  
0 0

B , for 0. (2.8b) 

Fqăfpătloqeăklqfkdăqe^qăMi^k`h¨pă`lnstant does not appear in the resonance 

equation, suggesting that this result is closely related to a classical picture. 

 

0
0B 0

0B 0
E

1/2m
E

1/2m
E

0
B

1 / 2m

1 / 2m
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Indeed, a classical treatment (as we shall see later in Section 2.2.3) also gives 

Eqs. 2.8a and 2.8b, where 
0
 is understood as the precession frequency of a 

macroscopic ensemble of nuclear magnetic moments around a static magnetic 

field, 
0

B . 

In an NMR experiment, nuclei are exposed to a transient oscillati ng magnetic 

field applied perpendicular to the static field. The effect of a linearly 

polarised oscillatory field, cos( )
x x

B tB , is most readily analysed by 

splitting it into two counter -rotating circularly polarised components, each 

with am plitude 
1

/ 2
x

B B  (see Fig. 2.2), denoted  

 
+ 1

£ £cos( ) sin( )B x t y tB   (2.9) 

  
1
£ £cos( ) sin( )B x t y tB , (2.10) 

where B  and 
+

B  differ simply by a substitution of u with +u. One 

component will rotate in the same sense as the precession spin moments and 

is called the resonant component, while the other component rotates in the 

opposite sense and is called the non-resonant component. It can be shown 

that for 
1 0

B B , under normal conditions, the non-resonant component has 

no influence on the spins and may therefore be neglected. For generality, it is 

convenient to introduce the symbol 
z
, which represents the component of u 

along the z-axis, and may therefore be positive or negative. It is then possible 

to consider a single circular field component 

 
1 1

£ £cos( ) sin( )
z z

B x t y tB , (2.11)  

which will give either sense of rotation, depending on the sign of 
z
. The 

spin Hamiltonian due to spin interact ions with the transient RF  field may 

therefore be written as [24]  

 
RF 1

( ) sc ino ( )s
x z y z

B I t I t
1 1

B I B , (2.12) 
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where £ £ £
x y z

I x I y I zI  ( 0
z

I  for spin interactions with an RF field 

applied orthogonal to the z-direction).  

 

 

Figure 2.2: Decomposition of a linear oscillating field into two counter -

rotating circularly polarised fields.  

 

Within an assembly of nuclear spins, if each spin has an associated magnetic 

moment, magnetic fields are generated that loop around in the surrounding 

space corresponding to the direction of the spin magnetic moment. If 

neighbouring nuclei are a distance r  apart and have magnetic moment k, the 

fields they produce are of the order 

 0
loc 34

B
r

. (2.13) 

The classical interaction energy between two magnetic dipole moments is [25] 

 0 1 2 1 12 2 12
3 5

3( )( )

4
E

r r

r r
, (2.14) 

 

y 

x 

  

B

0
B

B

1
2 cos( )

x
B tB

+u 

+u 
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where 
12

r  is the radius vector from 
1
 to 

2
 (r  could equally be taken from 

2
 to 

1
). Replacing the classical dipoles, , with their quantum 

equivalents, I  (Eq. 2.1), and summing over all spin pairs within a nuclear 

spin system, yields the dipolar Hamiltonian:  

 
3D

1
0

2

3( )( )

4

k
j k j jk k jk

j k
k j jk jk

r r

r r
. (2.15) 

Alternatively, the summat ion over pairs can be written  

 0
D 3

£ £3( )( )
4

j k

j k j jk k jk
j k jk

r
e e    

                                £ £3( )( )
jk j k j jk k jk

j k

b e e ,  (2.16) 

where £ /
jk jk jk

re r  denotes a unit vector pointing in the direction of 
jk

r  and 

 0
34

j k

jk

jk

b
r

  (2.17) 

is the dipolar coupling constant. Considering a single homonuclear (same e) 

spin pair ( j,k) separated by a distance 
jk

r , the dipolar interaction represented 

by Eqs. 2.15 and 2.16 can also be written  

 
D jk

xx xy xz kx

j k jx jy jz yx yy yz ky

zx zy zz kz

D D D I

I I I D D D I

D D D I

I D I , (2.18) 

where the matrix D is a rank-two tensor whose elements can be determined 

by inspection of Eq. 2.16. It is more useful, especially where it is necessary to 

consider rotational effects of spin dipoles, to represent the dipole vectors in 

spherical polar coordinates ( , ,
jk jk jk

r ). The dipolar interaction represented 

for a single pair of spins can be re-written in the spherical tensor formalism 

[26]:  

 
D 2 2

( 1) ( , )
jk

m m m
jk jk

m

F T , (2.19) 

 where  
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1/2

2 2
24 / 5m m

jk
F b Y   (2.20) 

and 
2

mY  are the spherical harmonics of order 2 and component m, while the 

2

mT terms are products of spin operators [27]. In the limit of high magnetic 

field, where the dipolar interaction between spins is weak when compared to 

the Zeeman interaction, only the so-`^iibaă §pb`ri^o¨ă %af^dlk^iă j^qofuă

components), for which m = 0, are considered, and the §klk-pb`ri^o¨ă%lcc-

diagonal terms) can be discarded. The 0

2
Y  and 0

2
T  terms are given by 

 

Figure: 2.3: Relationship between rectangular coordinates x, y, z (describing 

the position of spin j relative to spin k) and the polar coordinates , ,
jk jk jk

r . 

jk
 is used in the calculation of secular dipole-dipole coupling.  

 0 1/2 2

2

1
(5 / 4 ) (3cos ( ) 1)

2 jk
Y  (2.21)  

and 

 0
2

1
(3 )

6
jz kz j k

T I I I I .  (2.22) 

Inserting Eqs. 2.20, 2.21 and 2.22 into Eq. 2.19, the secular Hamiltonian term 

for a collection of homonuclear spin pairs is therefore  

 

£
jk

e

jk
r

0
B

jk

jk

j

k
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0

2
D

1
( ) [(1 3cos ( ))(3 )]

2jk jk jk jz kz j k
j k

b I I I I , (2.23) 

and it can be shown that for heteronuclear spin pairs, the secular 

Hamiltonian is given by [23] 

 
0

2
D

1
( ) (1 3cos ( ))(2 )

2jk jk jk jz kz
j k

b I I .  (2.24) 

The dipole-dipole Hamiltonian is of great significance in describing nuclear 

spin systems. It is responsible for the anisotropic dipolar line -broadening 

observed in rigid solids, where linewidths of the order of kHz can render 

solid-state NMR signals unobservable under normal conditions. In liquids and 

gases, the situation is very different, as molecular motion causes 
jk

 and 
jk

 

(and hence 
0D
) to rapidly fluctuate, which results in the dipolar 

Hamiltonian being averaged to approximately zero. Static dipolar broadening 

therefore makes no contribution to the NMR linewidth in liquids and gases. 

The rapidly fluctuating non -secular (off-diagonal) terms in 
D

, however, can 

induce transitions between nuclear energy levels and thus contribute 

significantly to the transverse and longitudinal relaxation mechanisms, as we 

shall see later, in liquids and gases, as well as in solids. 

Atomic or molecular electrons can cause the local magnetic field surrounding 

a nucleus to vary. The change in field experienced by the nucleus alters the 

Larmor frequency in a way which is characteristic of the chemical 

environment. This effect is called the chemical shift. The physical process 

giving rise to chemical shifts can be described in two steps: 1) the externally 

applied field (
0

B ) induces electric currents in atomic/molecular electron 

clouds and 2) the currents in turn generate a magnetic field, 
induced

B . The 
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magnetic field experienced at the nucleus is then a summation of the applied 

field and induced field 

 
loc 0 induced

B B B . (2.25) 

The induced field is approximately linearly dependent on the applied field 

and may be written  

 
induced 0

B B ,  (2.26) 

so that the local field is given by  

 
loc 0

(1 )B B ,  (2.27) 

where q is the chemical shift tensor, which describes the extent to how 

©pefbiabaªăqebăkr`ibrpăfpăcoljăqebă^mmifbaăcfbia8ăfcăqebă`roobkqpă^obăpbq-up 

such that direction of 
induced

B  opposes the applied field (positive q), the field 

experienced at the nucleus is reduced in comparison to that which would be 

bumbofbk`baă_văqebă§_^ob¨ăkr`ibrp+ăQebăE^jfiqlkf^kăcloăqebă`ebjf`^iăpefcqă

interaction is given by   

 
CS induced 0

B I B . (2.28) 

In solids, the chemical shift may be anisotropic, and thus the te nsor 

formalism is required to describe the effect. In liquids and gases, however, the 

nuclei tumble rapidly through every possible molecular orientation (NB: Xe, 

being a monatomic gas, has no preferred orientation) and thus any 

anisotropy effects are averaged out, rendering q as a scalar. 

So far the phenomenon of nuclear magnetism has been described by 

considering individual magnetic dipole interactions. This approach proves 

cumbersome when attempting to evaluate the net magnetisation of large 

numbers of spins within a given volume. In the semi-classical picture 
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described in this section, the dynamics of the sum of all magnetic dipole 

moments ¬ the magnetisation vector, M  ¬ in a sample are described. Using 

this picture of magnetisation make basic experiments in NMR easier to 

understand, visualise and interpret. 

According to the Boltzmann law of statistical mechanics, the populations, Pm, 

of the energy levels, Em, are governed by 
0

exp( / ) exp( / )
m

E kT m B kT , 

and the net equilibrium magnetisation of a sample containing N spins is [28] 

 
0

0

0

exp( / )

exp( / )

I

m I
I

m I

m m B kT
M N

m B kT

, (2.29) 

where k fpă?liqwj^kk¨pă`lkpq^kqă^kaăT is the sample temperature. In the 

case of nuclear magnetism, the ratio 
0

/B kT  is almost always a very small 

number and it is possible to perform a linear expansion of Eq. 2.29 to 

approximate 
0

M  as 

 
2 2

0 0

( 1)

3

N I I
M B

kT
.  (2.30) 

For nuclei with spin I = 1/2 (e.g. for 1H, 129Xe and 3He) the net (or 

equilibrium) magnetisation  is equal to 

 
2 2

0
0 b

1
| |

4 2

N B
M N P

kT
, (2.31) 

where 
b

P  is the Boltzmann polarisation, which defines the fractional 

population excess in one energy level relative to the other. Let the 

populations of the two m states, +1/2 and +1/2, be specified by 

exp( / )N E kT  and exp( / )N E kT , respectively, then 
b

P  can be 

expressed as  
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 0
b

| |
tanh  

2 2

N N BN E
P

N N N kT kT
,  (2.32)  

for / 1E kT . Typical field strengths used in NMR applications are of 

the order of one to several teslas, leading to small excesses of nuclear spins 

aligned with 
0

B  at room temperature. For example, at a field of 1.5 T,  the 

Boltzmann polarisations of 129Xe, 31P and 1H nuclei are 1.4 1̄0+6, 2 1̄0+6, 

5.1̄ 10+6. The polarisation of a given spin system is related to the sensitivity 

in NMR, wh ich will be further discussed in  Section 2.2.5.  

 

Figure 2.4: Spin populations, N  and N , for spin-1/2 nuclear species in the 

presence of an applied field. The orientation of the spin angular momentum 

and the net equilibrium magnetisation, 
0

M , with respect to the z-component 

of the applied magnetic field is dependent upon the sign of the gyromagnetic 

ratio of the nucleus. 

In the classical description of magnetism, while a spin is subject to an 

external field, B, (which may vary with time ) a torque of the amount 

B  acts on the spin magnetic moment. The equation of motion of the 

spin is given by equating r with the rate of change of angular momentum J 

0
+ £M z

0
£M z

 z  y 

x    

N

N

> 0

  

     

N

N

0
£B z

< 0

1

2
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2
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2
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d

dt

J
, (2.33)  

and, since k = eJ, it is possible to write  

 
d

dt
B .  (2.34) 

By writing the net magnetisation of N spins in a volume V  

 
1 N

j
jV

M ,  (2.35) 

combination of Eqs. 2.34 and 2.35 then gives 

 
d

dt

M
M B ,  (2.36) 

which is the equation of motion of M  cloă§cobb¨ă%f+b+ăklk-interacting) spin 

ensembles in the laboratory frame. In order to solve Eq. 2.36, it is useful to 

introduce a rotating coordinate system, a technique that greatly assists in the 

description of the dynamics of M in NMR experiments.  

Given a time-dependent vector, A(t), the time derivative, dA /d t, 

computed in the laboratory frame, and  / tA , the time derivative 

computed in a coordinate system that is rotating with a constant arbitrary 

angular frequency, U, are related through 

 
d

dt t

A A
A . (2.37) 

Combination of Eqs. 2.36 and 2.37 gives the equation of motion of M  in the 

rotating coordinate system,   

 
t

M
M B . (2.38) 

According to Eq. 2.38, the motion of M in the rotating coordinate system 

obeys the same equation as in the laboratory system, so long as the applied 

field, B, is replaced by an effective field 
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e

B B , (2.39) 

the sum of the laboratory field and a fictitious field 
f

/B . It is possible 

to solve the equation of motion of M  for a static field 
0

B B  by choosing a 

rotating frame with 
0

B  such that the effective field disappears. For 

e
B , / 0tM , and the magnetisation is a fixed vector in the rotating 

frame. This means that, with respect to the laboratory frame, M  rotates with 

an angular velocity 
0
£B z , where 

0
B  is the Larmor precession 

frequency, which is identical in magnitude to the resonance frequency derived 

for Zeeman energy transitions in Section 2.2.1 (Eqs. 2.8a and b).  

The Bloch equations describe, phenomenologically, the time evolution of M  

under the influence of transient magnetic f ields for interacting spins. The 

heuristic argument leading to these equations is as follows.  

1) The equation of motion of the nuclear magnetisation for an ensemble of 

spins was shown in Section 2.2.3 to be d / d tM M B  (Eq. 2.36).  

2) In a static field , 
0z

B B , the magnetisation, 
z

M , approaches 

equilibrium, 
0

M , according to the equation 
0 1

d / d ( ) /
z z

M t M M T . 
1

T  

is called the spin-lattice or longitudinal relaxation time const ant, which 

characterises the time taken for 
z

M  to establish Boltzmann equilibrium.  

3) Through interactions with a transient RF field, 
1

B  (Eq. 2.11), applied 

orthogonal to the static field, the nuclear magnetisation may gain transve rse 

components 
x

M  and 
y

M +ăQefpă§qo^kpsbopbăj^dkbqfp^qflk¨)ăltfkdăj^fkivăqlă

mutual spin -spin interactions, decays at a rate represented by the equations 

2
d / d /

x x
M t M T , 

2
d / d /

y y
M t M T , where 

2
T  is called the transverse 

or spin-spin relaxation time.  
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4) In the presence of an applied field, B, the sum of a static field and a 

much smaller RF field (
0 1

B B ), the motion of M  due to relaxation can be 

superposed on the motion of free spins (Eq. 2.36), which leads to the 

equation of motion in the laboratory frame  

 0

2 1

£ £d
£

d
x y z

M x M y M M
z

t T T

M
M B       (Lab. f rame).   (2.40) 

Consider a static field with amplitude 
0 0

/
z

B B  and a RF fiel d of 

amplitude 
1 1

/B  that is rotating about z-direction at a frequency 
z
 

(whose sign may be positive or negative depending on the gyromagnetic ratio 

of the nucleus) in the vicinity of the value of 
0
 (i.e. a slightly off -resonance 

version of the circularly rotating field represented by Eq. 2.11). In the frame 

rotating around 
0

B  at a frequency 
0z
, the effective field is no longer 

zero and is given by 

 0 1 1
e 0 1

£ £ £ £( )
£ £z z

z x z x
B z B xB , (2.41) 

where £ £ £ £, ,x y z z are unit vectors in the rotating frame. In the rotating 

frame, the equation of motion is  

 

 0
e

2 1

£ £d
£

d
x y z

M x M y M M
z

t T T

M
M B       (Rot. f rame), (2.42) 

where 
x

M  and 
y

M  are the transverse components of M  in the rotating frame. 

(NB: from now on, the primes shall be removed and the following treatments 

in this chapter, unless otherwise stated, will correspond to M in the rotating 

frame.) Making the substitution £ £ £
x y z

M x M y M zM , Eq. 2.42 can be re-

written as  
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2

1 2

1 0 1

d
/

d
d

/
d

d
( ) /

d

x
y x

y

x z y

z
y z

M
M M T

t
M

M M M T
t

M
M M M T

t

 (2.43) 

which represents the Bloch equations in the rotating reference frame. 

 

 

Figure 2.5: (a) Time evolution of the nuclear spin magnetisation, M , in the 

laboratory frame, in the presence of a static field, 
0

B , and a transverse 

rotating field, 
1

B . When 
0
, M  simultaneously precesses about 

0
B  at 

0
 

and about 
1

B  at 
1
. (b) Same as (a) but in the rotating frame where 

1
B  is 

fixed in position. (c) Precession (at frequency 
e
) of M  in the rotating frame 

when the RF field is o ff-resonant (
0
) around an effective field 

e
B . 

Shown is the case in for a nucleus with positive gyromagnetic ratio where 

z
 in Eq. 2.41.  

  

M

z

y

x

1
t

1
B

(b)

M

z

y

x

e
t

1
B

0
/B

 
 

 

   
  

 
 

 

0
B

1
Bt

M

x

y

z
(a)

 

e
B

0
B

(c)



28   CHAPTER 2. NMR AND SEOP FU NDAMENTALS  

 

 

In the follo wing, we consider the evolution of M  after the application of a 
1

B  

field applied for a given duration, 
RF

t . In the rotating frame, M  fpă§qfmmba¨ă

away from its equilibrium position, subtending an angle (with respect to the 

z-axis) 

 
1 RF

B t .  (2.44) 

ArofkdăKJOăbumbofjbkqp)ăOCă§mripbp¨ (of given power and duration) are 

transmitted into a coil that is set up to generate a 
1

B  orthogonal to 
0

B  so 

that  M  is brought into th e transverse plane according to Eq. 2.44. After 
1

B  is 

turned off, the transverse components of M  induce small currents in the coil 

that was used to transmit the pulse . M  will then relax back to its equilibrium 

value, 
0

M , in a time characterised by the constant  
1

T .  

In basic pulsed NMR experiments, where 
1 RF

T t  (
RF

t  represents the 

duration over which the RF field is applied), the Bloch equations (Eq. 2.43) 

describe the time evolution of the nuclear magnetisation in t he intervals 

separating RF pulses, where only 
0

B  acts on M , so that Eq. 2.43 becomes  

 
2

d
( / )

d
x

y x

M
M M T

t
  

 
2

d
( / )

d
y

x y

M
M M T

t
  

 
0 1

d
( ) /

d
z

z

M
M M T

t
. (2.45) 

These three differential equations can be readily solved by introducing the 

complex transverse magnetisation, 
t x y

M M iM , which reduces Eq. 2.45 

to [29] 

 
2

d
(1 / 2 )

d
t

t

M
T i M

t
  

 
0 1

d
( ) /

d
z

z

M
M M T

t
, (2.46) 
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where / 2 ( ) / 2
z

 is the precession frequency in the 

rotating frame. Assuming initial conditions of 
0

( 0)
t

M t M  and 

( 0) 0
z

M t  ¬ the condition after an RF pulse has tipped M  fully into  the 

transverse plane ( / 2  in Eq. 2.44) ¬ the complex transverse 

magnetisation is obtained  

 
0 2
exp( / )exp(2 )

t
M M t T i t ,  (2.47)  

and, therefore, the solutions to the Bloch equations in the rotating frame  can 

be written  

 
0 2

( ) exp( / )cos(2 )
x

M t M t T t   

 
0 2

( ) exp( / )sin(2 )
y

M t M t T t  

 
0 1

( ) 1 exp( / )
z

M t M t T .  (2.48) 

The meaning of 
1

T  and 
2

T  is apparent from inspection of Eq. 2.48: when 

t , 
z

M  recovers to equilibrium magnetisation, 
0

M , while any transverse 

magnetisation vanishes. The transverse relaxation time 
2

T  characterises the 

loss of coherence of spins, and thus reduction of the transverse magnetisation, 

withi n a sample. Spatial inhomogeneities of 
0

B  result in a distribution of the 

precession frequency, , which contributes to the coherence loss in the 

transverse plane. 
2

T  is thus replaced by   

 *

2 2 2 2 0
1 / 1 / 1 / 1 / / 2T T T T B .  (2.49) 

2
T  is mediated by spin-spin interactions, where each nuclear spin experiences 

a local magnetic field due to its neighbours, and 
2

T  characterises the 

coherence loss due to static 
0

B  inhomogeneity. (It is clear from Eq. 2.49  that  

*

2 2
T T .) The complex transverse magnetisation (Eq. 2.47) is then re-written 

*

0 2
exp( / )exp(2 )

t
M M t T i t . The transverse magnetisation components, 

x
M  and 

y
M , contain cosine and sine factors, hence the NMR signal induced 

in the coil comprises damped cosine and sine functions. This signal, a 

superposition of damped cosine (sine) crk`qflkp)ă fpă obcboobaă qlă ^pă §cobbă
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fkar`qflkăab`^v¨ă%CFA&+ăFkăloaboăqlăobqoieve the frequency-domain NMR 

spectrum, a complex Fourier transform is performed on the complex signal, 

t
M   

 
0

( ( )) ( )exp( 2 )d
t t

M t M t i t t  (2.50) 

Evaluation of the integral in Eq.  2.50 yields the Lorentzian function  

 
* *

0 2 0 2
2 * 2 2 * 2

2 2

2 ( )
( ( ))

1 4 ( ) 1 4 ( )t

M T M T
M t i

T T
. (2.51) 

The first term (the real  part of the Fourier transform) corresponds to an 

absorption Lorentzian lineshape with a maximum value of *

0 2
M T  occurring at 

 and a full -width half maximum (FWHM) equal to *

2
1 / T . The second 

term (the imaginary part of the Fourier transform) corresponds to a 

dispersion Lorentzian lineshape with a maximum value of *

0 2
/ 2M T  and a 

max-min peak distance of *

2
1 / T . (NB:  In realistic cases, NMR lineshapes 

can be non-Lorentzian (Gaussian or Voigt) due to  e.g. field inhomogeneities, 

diffusion and bulk sample motion.)  

 

Figure 2.6: (a) Free induction decay following an RF pulse. The solid and 

dashed black lines represent the real and imaginary parts of the comp lex 

transverse magnetisation. (b) NMR spectrum after a Fourier transform . The 

real and imaginary parts of the Fourier transform are termed absorption and 

dispersion spectra, respectively. The full-width half maximum of the 

absorption Lorentzian has the value *

2
1 / T .  

FID  

absorption 

dispersion 

RF  acquisition 

t

*
2

1 / T
*

2
t T

FT

(a) (b)  
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In practice, while post -processing of NMR spectra, it is generally necessary to 

§me^pb¨ăqebăpmb`qorjă_vă^aafkdă^ăc^`qloăexp( )i  to 
t

M , where  is chosen 

such that the absorption and dispersion lineshapes correspond to the real and 

imaginary parts of the spectrum, respectively.  

In the presence of a static magnetic field, nuclear spins within a sample will 

reach a state of magnetic (thermal) equilibri um, where the spin moments 

exhibit net alignment with the static field, and the energy level population 

difference is given by the Boltzmann distribution. In order for a spin moment  

(in the case of 0) that is antipar allel to the f ield t o become parallel, it 

must lose energy. The medium in which this energy exchange occurs is 

obcboobaăqlă^păqebă§i^qqf`b¨ă%qebăjlib`ri^oăbksfolkjbkqălcăqebăkr`ib^oăpmfkp&+ă 

The lattice ¬ named so following the early studies of NMR relaxation in 

solids where the surroundings were genuinely a solid lattice ¬ describes the 

thermodynamic ensemble in which all relaxation pathways available for the 

nuclear spins to transfer energy take place. The rate at which the nuclear 

magnetisation, M , establishes equilibrium depends on how efficient energy 

transfer is from the spin system to the lattice (hence the term spin -lattice 

relaxation). Within the context of an NMR experiment,  M  will relax back to 

equilibrium at a rate determined by spin -lattice interactions follo wing 

application of an RF pulse. 

For spin-1/2 nuclei, relaxation is caused by fluctuating magnetic fields 

(arising due to thermal motion of the molecules) at the sites of the nuclear 

spins. To quantify the effect that  fluctuating fields have on nuclear relaxation 

at a given frequency, it is necessary to introduce the autocorrelation function.  
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Consider a magnetic field, ( )F t , that fluctuates randomly over time. These 

fields will have zero average, i.e. ( ) 0F t , where the angular bracket 

notation here refers to either the average field experienced by one spin over a 

long time, or the average field experienced by many spins instantaneously. 

These averages are assumed to be equivalent (ergodic hypothesis). Since the 

average field is zero, the magnitude of the fluctuating field is determined by 

consideration of the mean square value of the fluctuating field, 2( ) 0F t . 

The autocorrelation function is used to describe how rapidly the field 

fluctuates with respect to a time interval t , and is defined:  

 ( ) ( ) ( )G F t F t . (2.52) 

If the interval r is much longer than the time -scale of the fluctuations, then 

the system is saiaăqlăilpbăfqpă§jbjlov¨ă¬ i.e. the function decorrelates with 

itself. In general, the autocorrelation function is large for small values of r 

and tends to zero for large values r. The so-called correlation time, 
c
, is 

used to characterise the loss of correlation; rapid fluctuations have small 
c
 

and slow fluctuations have large 
c
. If one assumes a simple exponential form 

for the autocorrelation function, 
c
 is related to ( )G  by  

 
c

( ) (0)exp( | | / )G G . (2.53) 

( )G  has a maximum value of 2( )F t  at 0, and approaches zero for 

c
| | , as shown in Fig. 2.7. In practice, the correlation time depends on 

physical parameters of the spin system/lattice, such as temperature and 

viscosity. For example, correlation times are generally decreased by warming 

the sample (increase in temperature implies more rapid molecular motion) 

and the opposite holds true for sample cooling.  
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Figure 2.7: (a) Rapidly fluctuating magnetic field and (b) autocorrelation 

function of the fluctuating field with correlation time 
c
. 

 

Fields that fluctuate at the Larmor frequency induce nuclear energy level 

transit ions and thus contribute to relaxation. The amount of motion present 

at a given angular frequency, u, within a system, can be measured using the 

spectral density function, which is twice the Fourier transform of the 

autocorrelation function  

 
0

( ) 2 ( )exp( )dJ G i . (2.54) 

The real part of the resulting integral leads to a Lorentzian  

 c
2 2

c

2
( ) (0) 2 (0)

1
( )J G G , (2.55) 

where 2 2

c c
( ) / (1 )  is the normalised spectral density. ( )J  for two 

different correlation times is shown in Fig. 2.8, where the area under the 

spectral density function remains fixed and is independent of 
c
. The 

maximum of the spectral density at  the Larmor frequency, 
0

( )J , is reached 

for 
0 c

1 (as shown in Fig. 2.9) . The spin-lattice relaxation rate  is thus 

expected to be the most rapid when this condition is satisfied.   

 

( )F t ( )G

c

t

2( )F t

(a) (b)

0 

 

0
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Figure 2.8: Spectral density functions for two fields fluctuating with different 

correlation times, 
c
. NB:  the area under ( )J  is independent of 

c
. 

 

Figure 2.9: Spectral density for 129Xe at 1.5 T for three different values of 

correlation time, 
c
. 
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Figure 2.10: Dynamic balance between the two spin energy eigenstates,  

and , at  thermal equilibrium . 

Consider a spin-1/2 nuclear spin system with the two sp in eigenstates 

denoted by  and , where 1 / 2, 1 / 2  and 1 / 2, 1 / 2  

(notation ,I m ), each populated with N  and N  spins. It  can be shown 

that for spin -independent randomly fluctuating fields, the transition 

probabilities for spins going from  to , W , and vice-versa,  to , 

W , can be written [23] 

 
b

(1 )W W P   

 
b

(1 )W W P ,  (2.56) 

where 
b

P  is the Boltzmann polarisation, defined by Eq. 2.32 in Section 2.2.3, 

and W is the mean transition probability, which is given by  

 2 2

0

1
( ) ( )

2
W F t .  (2.57) 

The rate of change of spin state population between the two spin eigenstates 

can be written 

 
d

d

N
W N W N

t
  (2.58) 

and 

W W

      

    

N

N
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d

d

N
W N W N

t
. (2.59) 

These are referred to as the master equations describing the spin system. The 

z-component of the macroscopic magnetisation vector, introduced in Section 

2.2.3, is proportional to the  fractional difference in the spin state populations. 

As a consequence, it follows that the time dependence of 
z

M  can be written  

 
d( )d

d d
z

N NM

t t
 

          
dd

d d

NN

t t
. (2.60) 

By setting 1N N  and substituting Eqs. 2.58 and 2.59 into  Eq. 2.60, it 

follows that   

 
0

d
2 ( 1)

d
z

M
W M

t
 (2.61) 

which is equivalent to d / d
z

M t  in Eq. 2.45, provided 
0

M  is normalised to 

one and the spin-lattice relaxation rate (
1

1 / T ) is set equal to  

 
1

1
2W

T
.  (2.62) 

Therefore, for a model of a fluctuating random field, the spin -lattice 

relaxation rate can be written  

 2 2 2 2 c
0 2 2

1 0

1
( ) ( ) ( )

1
c

F t F t
T

. (2.63) 

The weakness of the above model is the assumption of spin-independent 

random fields. In a realistic spin system, the random fields have a molecular 

origin and must therefore be correlated with nuclear spin energy transfer 

through, for example, dipole-dipole interactions, whose influence on 

relaxation will be discussed in the next section.   
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The most important  mechanism for spin-1/2  nuclei is generally the through-

space dipolar coupling between the spins. As described in Section 2.2.2, the 

secular part of the coupling averages to zero in isotropic liquids and gases, 

but the non -secular parts are capable of causing nuclear relaxation.  

In liquids and gases, the fields imposed by spins on each other are manifest 

through random molecular/particulate motion. The correlation times of these 

random fields correspond to the correlation time of the particles . In general, 

small and large molecules/heavy particles have short and long correlation 

times, respectively. In addition, the  correlation time is affected by the 

viscosity (increasing viscosity increases 
c
) and temperature (increasing 

temperature reduces 
c
) of the liquid/gas.  

Consider a particle of spin I  interacting with another particle of spin S 

(where the first particle is a nuclear spin and the second particle may be 

either a nuclear spin or unpaired electron). As with the random field model 

(non-interacting spins), relaxation for interacting spins can be described by 

considering the transition probabilities per unit time of the spins between 

energy levels, as was demonstrated first by Bloembergen, Pound and Purcell 

[30]. Fig. 2.11 shows the energy levels for a two spin system with the 

transition frequencies labelled. There are four possible energy eigenstates 

associated with the spins, , ,  and  (where the first 

symbol refers to the spin eigenstate for spin I and the second symbol for spin 

S). 

The transitions between the energy levels are denoted 
1

IW , 
1

SW , 
0

W  and 

2
W , distinguished according to which spins change spin state during the 

transition. Thus, 
1

IW  denotes a relaxation process involving an I  spin flip; 

1

SW  denotes a relaxation process involving an S spin flip; 
0

W  is a relaxation 
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process in which both spins are flipped in opposite senses (flip-flop 

transition); and 
2

W  is a relaxation process in which both spins are flipped in 

the same sense (flip-flip transition). 
0

W , 
1

W  and 
2

W  indicate zero-, single- 

and double-quantum transitions, respectively. 

 

Figure 2.11: Transitions and associated rate constants for a system 

containing two spins, I  and S. 

Detailed calculations [31] provide the following results for the transition 

probabilities of a two -spin (I  and S) system: 

 2

0

1

10
( )

I S
W b       (2.64) 

 2

1 1

3

2
( )

0
I S

I
W W b                (2.65) 

 2

2
( )

3

5 I S
W b ,  (2.66) 

1
IW

I S

I S

I

I

0
W

S

1
IW

2
W

1
SW

1
SW

S



CHAPTER 2. NMR AND SEOP FUNDAMENTALS  39 

 

 

where b is the dipole-dipole coupling constant, as defined in Eq. 2.17. The 

return to equilibrium for the z-magnetisations of a two-spin system can be 

described completely by the Solomon equations [31] 

 0 0

1 1

d 1 1
( ) ( )

d
z

z z z zII IS

I
I I S S

t T T
 

 0 0

1 1

d 1 1
( ) ( )

d
z

z z z zSI SS

S
I I S S

t T T
, (2.67) 

with  

 
0 1 2

1

1
2

II
W W W

T
 

 
2 0

1

1
IS

W W
T

, (2.68) 

where 
1

1 / IIT  and 
1

1 / IST  are referred to as the auto-relaxation and cross-

relaxation rate constants, respectively. In terms of spectral densities (see Eqs. 

2.64¬2.66), Eq. 2.68 can be written  

 2

1

( )) 3 ( ) 6
1

= )
1

10
(

I SII I I S
b

T
 

 2

1

( (
1 1

6 ) )
10 I S I SIS

b
T

.  (2.69) 

Similar equations for 
1
SST  and 

1

SIT  can be obtained by interchanging the 

indices I  and S. For like spins (
0I S
), it can be shown the spin-

lattice relaxation rate is given by  

 2
1 2 0 0

1

1 3
2( ) )( 2

10
(4 )W W b

T
, (2.70)  

and the transverse relaxation rate 

 2
0 0

2

(0 (
1

(
3

3 ) 5 )
2

22 )
0

b
T

  (2.71)              
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Figure 2.12: Variation of the relaxation times 
1

T  and 
2

T  as a function of 

correlation time, 
c
, due to dipole-dipole relaxation. Note the logarithmic  

scale on the x and y axes.  

Whereas the longitudinal relaxation depends on the spectral densities at the 

Larmor frequency of I (or S), and at the frequencies 
I S

 and 
I S

, 

the transverse relaxation time is influenced by the spectral density at zero 

frequency ( )(0 ) as well (Eq. 2.71). Therefore, the variations of 
1

T  and 
2

T  

with correlation time are fundamentally d ifferent. Eqs. 2.70 and 2.71 are 

shown graphically in Fig. 2.12. At very short rotational correlation times, i.e. 

for 
0 c

1, the values of 
1

T  and 
2

T  are equal, a regime referred to as the 

extreme narrowing limit. As 
c
 increases, both 

1
T  and 

2
T  decrease until 

1
T  

passes through a minimum (for 
0 c

0.62), whereafter 
1

T  increases while 

2
T  continues to decrease in the limit 

0 c
1. As a consequence, 

2
T  may 

become very small as the molecular mass increases (or the 

temperature/viscosity of the sample is reduced/increased), so the NMR peaks 

become progressively broader, while the 
1

T  may become very large. Therefore 

R
e
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in practice, for liquid samples, where 
0 c

1, both relaxation times tend to 

be very similar, and conversely, for solid samples, where 
0 c

1, the 

relaxation times may be substantially different, i.e.  very long 
1

T  values and 

very short  and 
2

T  values. 

Magnetic interactions other than dipole -dipole interactions of nuclei 

contribute to NMR relaxation. For e xample, the anisotropy of the chemical 

shift tensor (CSA), which does not affect NMR spectra in liquids due to 

averaging as a result of fast molecular reorientation, but provides a relaxation 

mechanism in solids. Additional interactions, such as scalar coupling and 

quadrupolar interaction (which is relevant for nuclei with spin number 

1 / 2I ), may play a role in certain spin systems. Quadrupolar interaction 

is a very efficient relaxation mechanism, and nuclei with spin 1 2I /  thus 

have short relaxation times. However, these interactions are not relevant for 

the results presented in this thesis and are therefore not discussed further. 

In section 2.2.3, the Boltzmann polarisation for a spin -1/2 system within a 

magnetic field, 
0

B , in thermal equilibrium with a lattice temperature, T , was 

defined as 

 0
b

| |

2

B
P

kT
,  (2.72) 

and the net magnetisation is related to 
b

P  by  

 
0 b

1

2
M N P .  (2.73) 

The NMR signal inten sity following a n RF pulse is proportional to  
0

M . At a 

typical NMR field strengths of 1.5 T a nd room temperature, Eq. 2.72 yields 
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relatively low polarisations: 129Xe and 1H polarisations of 1.4 1̄0+6 and 

5.1̄ 10+6, respectively. The high average 1H spin concentration in the human 

body (80 M [32]), however, yielding a high 1H 
0

M  (large N value in Eq. 

2.73), and making it feasible to  obtain clinical MR images with good signal-

to-noise ratio (SNR). T he low spin density of Xe in the gas phase results in a 

reduced 
0

M  compared to 1H NMR in liquids; a  typical  129Xe NMR spectrum 

from thermally  polarised 129Xe on a 1.5 T GE scanner is shown in Fig. 2.13 

(a). 

 

Figure 2.13: (a) Single-shot NMR spectrum (90¬ flip angle) from  a 7.5 mL 

thermally  polarised 129Xe sample (Boltzmann polarisation). (b) Single-shot 

NMR spectrum (10¬ flip angle) from  a 0.3 mL hyperpolarised 129Xe sample.  

  

Enhancement in the equilibrium magnetisation, and therefore detectable 

NMR signal, can be achieved ¬ according to Eq. 2.72 and 2.73 ¬ by increasing 

0
B  (which becomes progressively costly and difficult) or by decreasing the 

temperature, T  (which is unsuitable for certain samples ¬ particularly living 

lod^kfpjp&+ăQefpăfpăobcboobaăqlăqebă©_orqbăclo`bªă^mmol^`e+ă>kă^iqbok^qfsbă

approach is to use a technique known as spin-exchange optical pumping 

(covered in the next section), which can be used to obtain nuclear 

polarisation increases of four to five orders of magnitude. A single-shot 

spectrum of 129Xe that has been ©hyperpolarisedª is shown in Fig. 2.13 (b). 
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See below for a cartoon illustration of the nuclear polarisation enhancement 

using spin-exchange optical pumping to hyperpolarise 129Xe.       

  
Figure 2.14: Schematic of the 129Xe nuclear spin energy levels in thermal 

equilibrium (left) and after spin -exchange optical pumping (right).   

Spin-exchange optical pumping is a two-step physical process involving (i) 

the optical pumping of electrons within an alkali vapour and (ii) subsequent 

spin-exchange collisions between noble gas atoms and the optically-pumped 

alkali vapour. In this section, the ph ysics of these two processes is introduced 

to provide a theoretical underpinning to the experiments and modelling 

covered in Chapters 3 and 4 of this thesis. 

The principle idea upon which optical pumping relies, and for which Kastler 

received the 1966 Nobel prize in physics [33], is that the transfer of angular 

momentum from anisotropic resonant light to atoms or molecules, through 

scattering, induces ordering of electronic energy levels in which valence 

electrons become polarised. The alkali-metals are convenient choices for 

optical pumping because they each have a single unpaired valence electron 

(with well -defined selection rules), whose resonance wavelengths lie in the 
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visible and near-infrared part of the spectrum, compatible with inexpensive 

and powerful laser sources. Additionally, their relatively high volatility 

enables dense vapours to be produced at moderate temperatures.  

Rubidium (Rb) , from the Latin rubidus (meaning deep red), so named 

after the red lines observed in its emission spectrum [34], is the most 

commonly used alkali metal in optical pumping experiments. It has a low 

melting point of 39 °C, and the Rb vapour dens ity at temperatures > 39 °C 

can be estimated using the empirical vapour pressure curves as measured by 

Killian [35]  

 
[10.55 (4132/ )]

7 3

B

10
[Rb] 10 (cm )

T

k T
, (2.74) 

where 
B

k  is the Boltzmann constant and T  is the absolute temperature in 

Kelvin (see Fig. 2.15 for a plot of [Rb] against T ). An additional advantage of 

using Rb for optical pumping is the large separation between the D1 (794.8 

nm) and D2 (780 nm) lines, which is wider than the typical linewidths o f laser 

emissions (0.1 nm to 3 nm) resonant on the D1 line.  

 

Figure 2.15: Rb density as a function o f absolute temperature from Eq. 2.74. 

The vertical dashed line indicates the melting point  of Rb (312 K) . 



CHAPTER 2. NMR AND SEOP FUNDAMENTALS  45 

 

 

Naturally occurring Rb comprises two isotopes: the stable 85Rb (72.2 %) and 

the radioactive, primordial nuclide 87Rb (27.8 %) (recently reported half -life 

of 4.96̄ 1010 years [36]). The atomic number of Rb is Z=37, and the el ectron 

configuration is given by the Bohr model as [Kr]5s 1, so that Rb atoms are 

characterised by an inert noble gas krypton core plus a single, optically active 

valence electron in the s subshell. The spin-orbit interaction splits the 5p 

energy level into two components (fine structure): the first excited state, 

52PJ, with 1 / 2J L S  (where S = 1/2 is the electron spin angular 

momentum quantum number, L = 1 is the electron orbital angular 

momentum quantum number and J  is the electron tota l angular momentum 

quantum number), characterised by the D1 line (j = 794.8 nm) and the 

second excited state, 52PJ, with 3 / 2J L S , characterised by the D2 

line (j = 780 nm). No fine structure  is present in the ground state as L = 0 

in th e s subshell.  

Both isotopes of Rb have nuclear spins: I = 5/2 for 85Rb and I  = 3/2 for 

87Rb; and the total angular momentum of the system is given by F = I + J . 

The interaction between the electron total spin momentum and the nuclear 

spin angular momentum gives rise to further energy level splittings (hyperfine 

structure) for the ground state and two excited states. There are two 

hyperfine states for the each of the 52P1/2 and 52S1/2 energy levels, given by 

1 / 2F I  and 1 / 2F I .  

In the presence of an external magnetic field, 
0

B , the ground-state 

Hamiltonian for an alkali metal is given by [37]  

 
g g s 0 0z I z

ZeemanHyperfine

A S B I BI S , (2.75) 
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where 
g

A  is the coupling coefficient for the magnetic dipole hyperfine 

interaction of the  Rb nuclear spin, I , with the  Rb electron spin, S. 
s 0z
S B  

and 
0I z

I B  are the Zeeman terms describing the magnetic dipole coupling of 

the nuclear and electron spins to the external field, respectively. The 

magnetic field values used in optical pumping experiments are typically 

small, such that the hyperfine interaction  energy is dominant over the 

Zeeman splitting energy levels. See Fig. 2.16 for a schematic depicting the 

energy level splittings for both 85Rb and 87Rb isotopes. A detailed calculation 

of the energy levels can be found in ref. [38].   

 

Figure 2.16: Energy level schemes of 87Rb and 85Rb for the Bohr model, the 

fine structure and the hyperfine structure (not drawn to scale). T he D1 

excited state and ground state frequency splitting measurements can be 

found in refs. [39, 40] and ref. [41], respectively. NB: the Zeeman energy 

splittings have not been included here, nor has the hyperfine structure of the 

second excited state 52P3/2. 
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Depopulation optical pumping refers to the selective excitation, and hence 

reduction in population, of a particular sublevel. A simplified Grotrian  energy 

level diagram Rb, which neglects the nuclear spin and the hyperfine Zeeman 

splittings , is shown in Fig 2.17. Neglecting the nuclear spin of Rb is generally 

acceptable so long as pressure broadening of the D1 line is sufficient to make 

the hyperfine Zeeman splittings unresolved. This is almost always the case as 

the pressure broadening for Rb in the presence of noble gases is 10 GHz per 

amagat or more [42], while all hyperfine splittings  are <10 GHz. In the 

simplified Grotrian diagram shown in Fig. 2.17, left circularly polarised light 

parallel to an applied field  (q+ helicity, photon spin sz  = 1) tuned to the D1 

transition line depopulates atoms from the 5 2S1/2
 ground state into the Rb 

first excited state 5 2P1/2. Following the selection quantum rule Bm = 1, the 

laser light pumps atoms from only the 1 / 2
J

m  ground state into the 

1 / 2
J

m  first excited state . (Note that  for q+ helicity, photon spin sz  = +1, 

laser light would pump atoms from the 1 / 2
J

m  ground state into the 

1 / 2
J

m  first excited state  following the selection rule Bm = +1.) From 

the 1 / 2
J

m  state, the atom will spontaneously decay into the two ground 

states with probabilities given by  the Clebsch-Gordon coefficients (branching 

ratios): the probability decay from 5 2P1/2 ( 1 / 2
J

m ) to 52S1/2 ( 1 / 2
J

m ) 

is 2/3 ; from 52P1/2 ( 1 / 2
J

m ) to 52S1/2 ( 1 / 2
J

m ) it is  1/3. In practical 

129Xe SEOP experiments, buffer gases, N2 and 4He, are added to the optical 

cell containing the Rb atoms to equalise the sublevel populations in the 

excited state through a process known as collisional mixing. In collisional 

mixing, the atoms are transferred back and forth between the 52P1/2 

1 / 2
J

m  and 1 / 2
J

m  sublevels, which alters the branching ratio to 

1/2 for both cases. Collisional mixing also occurs in the ground state, but to 
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a much lesser degree than in the excited state due to the spherically 

symmetric s subshell being less susceptible to wave function perturbation 

compared to the non-spherically symmetric p subshell.  

Spontaneous radiative decay of the excited states can generate non-

circularly polarised resonant photons. If the Rb vapour is dense and the 

average path length out of the cell is long, then the unpolarised photon will 

likely be reabsorbed by another Rb atom (depolarising the Rb atom in the 

process). After the photo n is reabsorbed, the newly excited atom can again 

spontaneously decay by emitting another non-circularly polarised photon in 

the process. Many cycles of reabsorption and emission can occur, reducing 

the Rb vapour polarisation in a phenomenon known as radiation trapping .  

Addition of  N2 molecules helps by reducing radiation trapping.  Rb 

collisions with N 2 molecules quench the Rb atoms in the excited states 

nonradiatively; rather than photon transmission, the energy is transferred to 

the vibrational levels of the N 2 molecules [43]. 

 

Figure 2.17: Optical pumping  alkali metal atoms into the 1 / 2
J

m  state 

with left circularly polarised light. NB: in this schematic, the nuclear spin of 

Rb is neglected.  
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Once a Rb atom is polarised to the ground state sublevel 1 / 2
J

m , it can 

be depolarised through ground state mixing via the following mechanisms: (i) 

absorption of non-circularly polarised after radiative R b decay from the 

excited state ¬ as mentioned above, addition of  N2 reduces this by absorbing 

the energy into its rotational and translational degrees of fr eedom, quenching 

the Rb electrons in the excited state to the ground state nonradiatively ; (ii) 

Rb wall collisions; and (iii) interactions with gases present in the mixture. 

These ground state mixing contributions can be summed up and 

characterised by a spin-destruction rate, 
SD

, which will be covered in more 

detail in Chapter 3, Section 3.2.1.  

The number of Rb atoms being pumped from the 1 / 2
J

m  state to the 

final state 1 / 2
J

m  per second is given by the optical pumping rate 

 
opt s

( ) ( ) ( ) ,  (2.76) 

where ( )  is the photon flux (number of photons per cm 2 per second) and 

s
( )  is the D1 absorption cross section. For a given 

opt
 and 

SD
, the 

equation describing rate of change of the alkali electron spin is [44] 

 
opt SD

d 1
(1 2 )

d 2
z

z z

S
S S

t
, (2.77) 

where 
opt

(1 2 )
z

S  is the photon absorption rate, where each absorption 

deposits / 2  unit of angular momentum. By defining the Rb polarisation, 

Rb
2

z
P S  (with respect to an applied field in the z-direction), Eq. 2.77 can 

be solved to give a time-dependent Rb polarisation: 

 opt

Rb opt SD
opt SD

( ) 1 exp( ( ) )P t t . (2.78) 

Rb polarisation saturation is typically achieved in times of the order 10 ¬20 

ms, which is sudden in comparison to the time scale for other processes in a 
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SEOP experiment (of the order of seconds and minutes), so that (during 

SEOP) a steady-state, cell-volume averaged Rb polarisation may be assumed      

 opt

Rb
opt SD

P   (2.79) 

It is clear from this expression t hat in order to achieve high Rb polarisation, 

it is important  to minimise 
SD

 while maximising 
opt

.   

2.3.2  Rb-129Xe spin-exchange  

The key process in Rb-129Xe SEOP is the collisional transfer of polarisation 

between the optically pumped Rb atoms and 129Xe nuclei. The interaction 

Hamiltonian describing the collisions between Rb and Xe atoms is [45] 

 
Rb-Xe

AI S N S K S , (2.80) 

where AI S  is the hyperfine magnetic dipole interaction between the Rb 

electron spin S and its nuclear spin I , N S is the spin-rotation interaction 

between S and the rotational angular momentum , N, (which contributes only 

to Rb spin destruction) of th e Rb-129Xe colliding pair  and K S  is the 

magnetic dipole interaction between S and the 129Xe nuclear spin K . It is the 

term K S  that is responsible for Rb-129Xe spin-exchange, where the 

coupling constant  denotes the Fermi contact interaction, given by [46, 47] 

 2B16
( ) | ( ) |

3
KR R

K
, (2.81) 

where 
B

 is the Bohr magneton, 
K

 is the magnetic moment of the 129Xe 

nucleus and ( )R  is the wave function of the Rb valence electron at the 

position of the 129Xe nucleus (a distance R away from the Rb valence 

electron).  The various angular momentum vectors denoted in Eq. 2.80 are 

illustrated in Fig. 2.18  below. 
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Figure 2.18: Angular momentum scheme of a RbXe molecule. 

Rb-129Xe spin-exchange occurs either while the Xe and Rb atoms are bound 

in van der Waals molecules or during simple binary collisions between Rb 

and Xe atoms (Fig. 2.19). The relative contribution of binary collisions and 

the formation and break-up of van der Waals molecules to the overall Rb-

129Xe spin-exchange rate, 
SE

, is covered for practical SEOP experiments in 

Chapter 3, Section 3.2.2.  

For a given spin exchange rate, 
SE

, and 129Xe relaxation rate, E, the rate 

equation governing the 129Xe nuclear spin is given by  

 
SE

d

d
z

z z z

K
S K K

t
.  (2.82)   

Defining the 129Xe polarisation as 
Xe

2
z

P K  (valid for a two-state spin 

system), Eq. 2.82 can be solved to obtain the 129Xe polarisation build up with 

time: 

 SE
Xe Rb SE

SE

( ) 1 exp( ( ) )P t P t . (2.83) 

Rb Xe 

K  

N  

I  

S 

 

F 
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Analogous to Eq. 2.79, the steady-state polarisation for 129Xe is given by 

 SE
Xe Rb

SE

P P  . (2.84) 

For high 129Xe polarisations, it is therefore necessary to maximise 
SE

 and 

Rb
P  while minimising the 129Xe spin relaxation rate.  

 

Figure 2.19: Rb-129Xe spin-exchange process through (a) binary collisions and 

(b) the formation and breakup of Rb Xe van der Waals molecules. The third 

body in (b) is required to simultaneously satisfy conservation of energy and 

momentum.   

In this section, the physics of spin-exchange optical pumping that forms the 

theoretical basis for the experiments and modelling in Chapter 3 of this thesis 

has been covered. A more complete overview can be found in refs. [44, 45] 

and a rigorous theoretical treatment on the theory of SEOP can be found in 

ref. [37]. 
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In this chapter, a home-built 129Xe SEOP polariser is described and the 

process of production of polarised 129Xe is optimised for routine in vivo  lung 

imaging. The two most commonly used methods used to polarise 129Xe with 

SEOP are referobaăqlă^pă©`lkqfkrlrpăciltª [48-54] ^kaă©pqlmmbaăciltª (batch 

mode) [55-58]. Made feasible for large volume 129Xe polarisation by Driehuys 

et al. [48], continuous flow SEOP utilises the fast spin-exchange rate between 

Rb and 129Xe. The method developed by Driehuys et al. operates with a high 

gas density (> 5 amg) cell combined with broad linewidth lasers ( ~2 nm 

FWHM available at the time) for optical pumping. The combination of broad 

linewidth la sers and a pressure-broadened Rb D1 absorption line provides a 

good emission/absorption linewidth match, enabling efficient absorption of 

the polarised beam of photons from the laser. To mitigate Rb -Xe spin 

destruction at these high pressures (see Eqs. 3.2 and 3.4), low Xe partial 

pressure is needed in the cell, which means that for Xe
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production, the 129Xe needs to be polarised at low partial pressures and 

cryogenically collected using a liquid N 2 freeze-out process. During freeze-out, 

Xe is separated from the buffer gases He and N2, accumulating over time as 

frozen Xe ice in a constant gas flow regime. This requires gas to be frozen out 

over a period of 30¬60 minutes, typically providing 1 L  of polarised gas at 

polarisations of 5¬10 %. The gas polarised with these original flow systems 

has been demonstrated to provide diagnostic quality 129Xe lung MRI images 

in clinica l lung imaging studies [59]. 

An alternative approach developed at the University of New Hampshire 

[60] operates at low cell densities (< 1 amg) using a very high power array 

(> 1000 W) of narrow linewidth lasers. This system produces 129Xe gas at 

high polarisation and very promising clinical lung MRI results have been 

reported [14]. Nevertheless, the low-pressure regime still necessitates 

cryogenic collection of the Xe, or alternatively some method of compression 

would have to be used. Moreover, the complicated glassware, low-pressure 

regime and complex high power laser system means that this system is 

expensive to build and is maintenance intensive. At low pressures (0.01¬1 

amg), the formation and break-up times of vdW molecules are sufýciently 

long that the  Rb electron spin polarisation can be completely lost during a 

molecular lifetime and is referred to as the long molecular lifetime limit [61]. 

This long molecular lifetime regime is characterised by a rapid increase in the 

Rb electron spin relaxation rate with increasing gas density due to increasing 

rates of molecular formation. At higher densities (1¬10 amg) the Rb electron 

spin relaxation becomes density independent as the increasing formation rate 

is compensated by a small relaxation probability in a si ngle, short molecular 

lifetime. This is referred to as the short molecular lifetime limit and is the 

SEOP regime that is explored in this chapter where the cell density is 1.44 

amg.  
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As covered in Chapter 2, Section 2.3.1, to increase the efficiency of the 

optical pumping process, N2 and He are added to the cell to act as buffer 

gases. N2 prevents radiative emissions of uncontrolled circularly polarised or 

linearly polarised photons by quenching the Rb excited energy state into its 

vibrational levels [62] while He, with its lower Rb spin -destruction rate, is 

used at higher concentrations than N2 and, through collisional broadening, 

causes an increase in the linewidth of the D1 absorption line [42].  

As derived in Chapter 2, (Eq. 2.79), the average, steady-state Rb 

polarisation, 
Rb

P , is given by 
Rb opt opt SD

/ ( )P , where 
opt

is the 

average optical pumping rate over whole cell volume, calculated by 

integrating over frequency, l, the photon flux, , and the Rb D1 absorption 

cross section, 
s
, thus 

 
opt s

( , ) ( , ) ( )z z  . (3.1) 

The Rb spin polarisation destruction rate, 
SD

, can be attributed to binary 

collisions with atoms in the SEOP mixture or the formation and break -up of 

short-lived Rb-Xe van der Waals molecules.  

The spin destruction contribution from binary collisions can be written as  

 BC Rb-

SD SD
[G ] i

i
i

, (3.2) 

where Rb-
SD

i  is the Rb spin-destruction cross section for Rb binary collisions 

with each gas atom present in the SEOP cell, each with a number density 
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[G ]
i

. The Rb number density is calculated using Eq. 2.74 from Chapter 2 and 

the individual gas densities are calculated using 

 6 30
0

0

[G ] 10 (cm )
i i

T P
f n

T P
, (3.3) 

where 
i

f  is the fraction of each gas in the gas mixture, 
0

T  and 
0

P  are the 

standard temperature and pressure values of 273.15 K and 1 atm, T  and P 

are the measured temperature and pressure inside the SEOP cell and 

25 3

0
2.69 10 mn  is the Loschmidt constant, which defines the number of 

ideal gas atoms per cubic metre at 273.15 K and 1 atm. Values for Rb-i
SD

 have 

been reported as Rb-Rb

SD
=  4.2×10+13 cm3s+1 [63], Rb-He

SD
=  1×10+29 T 4.26 cm3s+1  

[63], 2Rb-N

SD
= 1.3×10+25 T 3 cm3s+1 [64] and Rb-Xe

SD
= 6.3×10+17(T+273.15)1.17 

cm3s+1  [61]. See Table 3.1 for comparative magnitudes of each cross section at 

a temperature of 373 K. The Rb -Xe spin destruction cross section was 

obtained from a measured cross section of 8.48× 10+15 cm3s+1 at 253 K [61], 

where the (T+273)1.17 temperature dependence was observed. The Rb spin-

destruction rate due to the formation and break -up of Rb-Xe van der Waals 

collisions has been estimated [65] as  

 

2.5

vdW
SD

2

66183

[N ] 423[He]
1 0.92 0.31

[Xe] [Xe]

T
  (3.4) 

The total Rb spin -destruction rate is then BC vdW

SD SD SD
, and a value for 

a gas-composition-specific vdW spin-destruction cross section, vdW

SD
, can be 

calculated as 16 3 11.79 10  cm s  from vdW

SD tot
/ [G ] , where 

tot 2
[G ] [G] [Xe] [He] [N ]

i
 is the total gas density within the SEOP 

cell used in this study (see Table 3.1). From Eqs. 3.2 and 3.4, it is clear that 

in order to reduce the Rb spin destruction, the Xe concentration should be 

kept low within the cell, whereas He and N 2 can be held at higher pressures, 
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due to their spin -destruction cross sections being orders of magnitude smaller 

than that of Xe (Table 3.1).  

Rb-Xe spin exchange,
SE

, is dominated by Rb-Xe binary collisions at high 

pressure [66, 67] and short-lived Rb-Xe van der Waals interactions at low 

pressure [68]. Both the binary - and vdW-mediated spin exchange rates, BC
SE

 

and vdW

SE
,  are linearly proportional to the Rb density, [Rb], and are given by 

the following  

 BC BC

SE SE
[Rb]  (3.5) 

 vdW
SE

[Rb]

([G ] / )i i i

.  (3.6) 

Combining the formula for the Rb -Xe spin-exchange rate due to the 

contribution from binary collisions and the contribution from Rb -Xe van der 

Waals molecules, the total spin exchange rate,
SE

, can be calculated from  

 vdW BC Rb-Xe vdW BC

SE SE SE SE SE SE

1
[Rb] ( )[Rb]

([G ] / )i i i

. (3.7) 

The parameter 
i
 denotes van der Waals specific rates for each gas atom 

with density [G ]
i

. 
Xe  = 5230 Hz [68]; 

2N  = 5700 Hz calculated by Rice and 

Raftery [69] from Zeng et al. [70]; and 
He  = 17000 Hz calculated by Driehuys 

et al. [48] from Cates et al. [68]. vdW

SE
 and BC

SE
 are the spin exchange cross 

sections from vdW interactions and binary  Rb-Xe collision, respectively. vdW

SE
 

is calculated from the summation term in Eq . 3.7 as 3.46×10+16 cm3s+1 

(specific to the gas composition used in this study: 3 % Xe, 10 % N2 and 87 

% He at 2 bars) and BC
SE

 has been reported as 2.17×10+16 cm3s+1 [66]. It is 

worth noting that in this regime  the vdW spin exchange cross section is a 

factor of 1.6 larger than the binary spin exchange cross section. See Fig. 3.1 
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for a summary of the mechanisms that determine the spin-exchange optical 

pumping efficiency.   

Following Eq. 2.83 derived in Chapter 2, the nuclear spin polarisation of 129Xe 

generated through spin exchange with polarised Rb atoms during gas flow 

after a given residency time tres in the cell  is given by  

 SE
Xe res Rb SE res

SE

( ) 1 exp( ( ) )P t P t   (3.8) 

where ũ is the rate of loss of nuclear 129Xe polarisation. E is thought to be 

dominated by wall relaxation, which depends on the cell geometry (surface 

area/volume) and its surface relaxation properties (paramagnetic centres) 

[71]. The atomic residency time in the cell can be calculated using 

res a
[G ] /t V Q , where V is the cell volume, 

a
[G ] is the gas density is amagat 

(amg), where 1 amg = 25

0
2.69 10n  m+3) and Q is the gas flow rate 

measured in sccm (standard cubic centimetres per minute).  

 

Figure 3.1: Illustration of the mechanisms that determine the efficiency of 

Rb-129Xe spin-exchange optical pumping. 
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Cell constituent  Rb He N2 Xe 

Atomic density 

(cm+3) 

5.82×1012 [35] 3.38×1019  3.88×1018  1.16×1018 

Rb-i
SD

 (cm3s+1) 4.2×10+13 [63] 9.04×10+19 [63] 6.75×10+18 [64] 1.09×10+14 [61] 

Interaction  Symbol Spin destruction 

rate (Hz)  

Symbol Spin exchange 

rate (Hz)  

Binary  BC
SD

 1.27×104        BC
SE

 1.26×10+3 

vdW vdW

SD
 6.94×103 [65] vdW

SE
 2.01×10+3 [68] 

Tot al  
SD

 1.96×104 
SE

 3.27×10+3 

Table 3.1: Upper half: calculated number densities of atoms in the cell and 

binary spin-destruction cross sections, Rb-
SD

i . Lower half: vdW and bina ry 

spin-destruction and spin-exchange rates. All cross sections and rates 

correspond to a SEOP cell at a temperature 373 K, pressure of 2 bar 

(temperature and pressure of the cell when filling it with the gas mixture, 

total gas number density of 1.44 amg) and a gas composition of 3 % Xe, 10 % 

N2 and 87 % He. 

3.3.1  Polariser components  

The polariser was developed in Sheffield over the last seven years and 

consists of the following: 

 Helmholtz 
0

B  coil (Acutran, PA, US A) with diameter 80 cm and  
0

B  å 

3 mT driven by a DC power supply delivering a current of 7.4 A.  

 A cylindrical Pyre x optical  SEOP cell (25 cm length, 5 cm diameter) 

(Fig. 3.3) filled with < 1 gram of molten Rb that was pipetted into the cell 

inside an argon gas glove box. NB: The cell was not surface treated prior to 
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Rb distillation.  The cell is located at the isocentre of the 
0

B  field within a 

non-magnetic calcium silicate oven with glass windows. The oven is heated 

with an inline  air process heater (Omega, CT, USA) fed from a compressed 

air line, and the oven temperature was measured using a three-terminal 

resistance temperature detector (RTD-3¬1PT100K2515, Omega, CT, USA) 

placed 2 cm from the cell.  

In order to examine cell-wall relaxation effects, the T 1 of the 129Xe in the 

cell was measured cold (~293 K) in order to limit effects of Rb spin exchange 

from distorting the measurement. A 129Xe gas 
1

1 /T  of 48 ± 1 min (Fig. 

3.4) using enriched (86 % 129Xe) Xe was measured (TR = 5 min) in the 

SEOP cell using a home built NMR spectrometer with a surface RF coi l 

placed on the top of the cell. (F rom this, it can be concluded that cell wall 

relaxation [E = 3.5 1̄0+4 in Eq. 3.8] is not significant in the SEOP cell. )  

The hardware required for NMR spectroscopy on the SEOP cell comprises a 

PC with a data acquisition  card (National Instruments, NI-6251, 1.25 MS/s 

sample rate, Berkshire, UK ), a BNC connection box, a home-made transmit -

receive cross diode pair duplexer (Fig. 3.2) and a combined transmit/receive 

(Tx/Rx) surface coil,  which is grounded to the aluminium frame of the  B0 

coils. Addition ally, a variable capacitance box (100 pF to 11 µF) is employed 

to alter  tuning of the coil such that the re sonance frequency can be adjusted 

for different  field strengths. The combined Tx/Rx surface  coil is 3 cm in 

diameter (hand-wound from 0.25 mm copper wire with 1 00 turns) and has a 

quality factor , Q, of ~10. Typical ring down times for the coil are of the order 

6 ms. The relatively simplicity  of the hardware arises from the passive T-R 

switch duplexer, which consists of four (high speed) diodes and two resistors, 

enabling the use of a single Tx/Rx coil to measure SEOP 129Xe signals. 
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Figure 3.2: (a) Simplified flo w diagram of the spectrometer design. The 

software functions are shown in light grey, whilst hardware is in dark grey. 

(b) Circuit diagram for low -frequency passive duplexer switch. Taken with 

permission from ref. [72]. 

 

The signal generation, acquisition and processing is performed by custom-

software written in LabVIEW in combination with the National Instruments  

data acquisition card, which is connected to a PC via USB. Typical 

excitation pulses are 0.15 ms long with an amplitude of 0.8 V. The pulse 

duration can be varied to lengths of up to 2 ms and amplitudes of 10 V are 

available under the current card. Timing of the start of data collection is via 

the internal trigger of the card, which is essential to avoid timing 

discrepancies. If timing is not performed accurately, signal averaging cannot 

be performed due to the relative phase differences between successive pulses. 

The accuracy of the timing was checked by averaging successive pulses, 

which confirmed the synchronisation of the Tx output to the Rx triggerin g. 

Full details of the hardware and software can be found in ref. [72]. 
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Figure 3.3: Photo of optical cell containing droplet of Rb. The NMR coil can 

be seen on top of the cell, held in place with heat-resistant Kapton tape. Note 

that in this photo the lid has been removed from the ceramic o ven housing.   

 

Figure 3.4: 129Xe 
1

T  in the SEOP cell. Measurement was performed in a cold 

cell to eliminate Rb vapour . 
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 An external cavity diode laser (ECDL) (based on the design of Chann 

et al. [73] and constructed in house) was used for optical pumping. A 100 W 

laser diode array (LDA) bar (n -light, V ancouver, USA) with a pre -attached 

fast-axis collimation cylindrical microlens was used in conjunction with a 

Littrow -mounted grating for frequency narrowing. The DC supply current to 

the diode was 90 A, which produces an output power at the diode of ~38 W. 

The diode is cooled with a continuous flow of water passing through the 

diode mount. In our ECDL configuration  (see Fig. 3.5 for ray diagram  and 

schematic), an afocal telescope is used to image each emitter onto a Littrow -

mounted holographic grating (40 mm 4̄0 mm 2400 lines/mm). The first and 

second lenses, l1 and l2 in the telescope have focal lengths of f1 = 62 mm and 

f2 = 250 mm, respectively, providing a magnification of ~ 4.  The j/2 plate is  

set such that 2/3 of t he laser power (25 W)  is transmitted through the 

polarising beam splitting cube (PBS) towards the optical cell while  the 

remaining 1/3  (13 W)  passes through the PBS onto the grating. The 

frequency-selected first order diffraction fringe from each emitter i s then re-

imaged back through the external cavity as feedback to the diode, while the 

zeroth order forms the output.  

The equation for the feedback condition in a Littrow cavity for light 

incident on the holographic grating with a propagation direction 

£ £ £sin sin sin cos cosx y z  with respect to the optical axis is 

 2 sin cosd   (3.9) 

or 

 2

0
/ / 2 cot ,  (3.10) 

where o is the angle between the optical axis (x-direction in Fig 3.5 ) and the 

grating normal that satisfies the Bragg  condition 
0

2 sind , d is the 
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^kdri^oăpmob^aăarbăqlăqebăIA>ă_^oă©pjfibªăă%small curvature of the emitter 

alignment) ¬ which was observed to be negligible in our set-up (see Appendix 

A for alignment procedure)  ¬ and _ is the divergence of the light along the 

slow axis. The laser emission was centred on 794.77 nm and the FWHM as a 

result of the narrowing  was measured to be 0.09 ± 0.01 nm [74] (see Fig. 3.17 

for laser spectrum).  

The light emerging from the PBS along the z-axis towards the cell is 

shaped into a square using a cylindrical lens, l3 (focal length 80 mm). It is 

then focussed onto a biconvex lens, l4 (focal length 25 mm), after which it 

travels through a j/4 plate to produce left circul arly polarised light. Finally , 

the diverging beam is focussed onto a plano-convex lens, l5 (focal length 250 

mm) such that  that parallel collimated light emerges incident on the optical 

cell. 

 A cryostat consisting of spiral-shaped (8 rings) glassware, submerged 

in a thermally -insulted cup containing liquid N 2, was used to separate Xe 

from the buffer gases 4He and N2. The glassware containing frozen Xe is 

located at the centre of a 0.3 T static field generated by  a NdBFe permanent 

magnet (Cermag, Sheffield, UK). See Fig 3.12 for Xe frozen within the 

cryostat.     
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Figure 3.5: Schematic of frequency-narrowed laser diode array bar (DAB)  in 

spin-exchange optical pumping apparatus. 
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Figure 3.6: Photo of SEOP apparatus. (a) L aser diode array bar. (b) 

Polarising beam-splitter cube (1/3 feedback along cavity axis, 2/ 3 

transmission along cell axis). (c) Holographic grating (2400 lines/mm).  (d) 

ɚ/4 -wave plate. (e) Ceramic oven for housing cell (lid removed). (f) B0 coils. 

 

 

Figure 3.7: Schematic of continuous-flow apparatus for large-volume 

production of hyperpolarised 129Xe.  
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For the generation of all hyperpolarised 129Xe samples, a gas mixture of 3 % 

isotopically enriched Xe (86 % 129Xe), 10 % N2 and 87 % He (Spectra Gases, 

UK) was flowed through the cell using a mass flow controller (Aalborg, Caché, 

Denmark), with a total gas pressure of 2 bar. The cell temperature was first 

optimised under flow-mode. 3 % Xe samples were collected directly from the 

cell at two different flow rates (300 and 500 sccm) by dispensing the SEOP 

gas mixture into a 1 L Tedlar plastic bag (Jensen, Coral Springs, Fl). The 

bag was then transported to a 1.5T GE HDx system (GE Healthcare,  

Milwaukee, WI), whereupon 10 mL samples were decanted into an evacuated 

plastic syringe. Transport to the MR system took approximately two minutes 

and polarisation losses were measured to be negligible (< 1 %). An FID 

signal from the syringe sample was recorded following a 10° RF excitation 

pulse using a homebuilt saddle coil of 7.5 cm length and 3 cm diameter (Fig.  

3.9), tuned to resonate at a frequency of 17.66 MHz. Each FID was 

deliberately acquired with a low fl ip angle to ensure radiation-damping effects 

were avoided [75, 76]. The Q of the coil (peak energy stored in the circuit 

divided by the energy dissipated through Ohmic resistance) was measured in 

S21 mode on a network analyser (Agilent ENA series, 5061A, Keysight 

Technologies, CA, USA) to be 106. In S21 mode, an RF signal is generated 

and transmitted through the coil and received in a search coil. The search 

coil is brought into pro ximity  of the RF coil being tested, exciting  an 

oscillation in the RF coil, which is in turn then received by the search coil. 

This results in a positive gain, and the RF resonance is displayed on the 

analyser as a positive peak (see Fig. 3.8). 
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Figure 3.8: Measurement of the quality factor, Q, on the using the S21 on the 

Network Analyser. Central pointer marks the centre frequency peak and the 

outer two are located at approximately 3 dB to measure bandwidth.  

 

 

Figure 3.9: Saddle coil constructed and tuned to 17.66 MHz for 129Xe 

polarisation measurements on a 1.5 T clinical scanner. (a) Schematic of coil 

tuning circuit. (b) Photo of the built coil ( 3 cm diameter and 7.5 cm length). 

This process of recording the 129Xe FID on the  1.5 T scanner with the saddle 

coil was repeated with different cell temperatures and the optimum 

temperature for the two gas flow rates of 300 and 500 sccm was found to be 

approximately 373 K (Fig. 3. 14 (a)). The signal from the hyperpolarised  129Xe 

samples was calibrated using the signal from a thermal 129Xe sample (syringe 

CM CT (b) 
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containing 5 mL enriched Xe (86 % 129Xe), 5 mL  oxygen, 
1

T  6 s) ¬ see Fig. 

3.10. The thermally polarised signal was obtained by averaging 100 pulse-

acquisitions (TR = 35 s, FA = 90°). The polarisation, cell

Xe
P , of the 

hyperpolarised 129Xe sample collected from the cell at a given flow rate was 

then calculated using  

 cell HP therm therm therm
Xe Boltz

therm HP HP HP

sin( )

sin( )

S V
P P

S V
  (3.11) 

where 
HP

S  and 
HP

S
 
are the signal amplitudes from hyperpolarised 129Xe and 

thermally -polarised 129Xe gas samples, respectively; 
HP  and 

therm  represent the 

respective flip angles used  in acquiring signals; 
HP

 and 
therm

denote the 

isotopic abundances of 129Xe within the Xe samples; 
HP

V  and 
therm

V  are the 

volumes of Xe gas in the samples; and 
Boltz

P  is the 129Xe Boltzmann 

polarisation (
Boltz

P = 1.45× 10+6 for 129Xe nuclei in a 
0

B  field of 1.5 T at a 

temperature of 293 K). The advantage of using this method is that, because 

the sample is located in the bore of the MR system, the polarisation 

calculated reflects what the in situ 129Xe polarisation would be when 

performing in vivo  MRI exper iments with larger volumes of hyperpolarised 

129Xe.  
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Figure 3.10: Comparison of single-shot (volume 0.33 mL) hyperpolarised 

(bottom) and 10 0-transient average (volume 5 mL) thermal (top) 129Xe gas 

signals. On the left are the real parts of the time -domain FID signals and on 

the right are the Fourier transformed, frequency-domain signals (magnitude 

spectra) of the FIDs.   

A simple computational model was produced in order to compare established 

optical pumping efficiency theory with our experimental  findings. The model uses 

MATLAB  code (R2011b, MathWorks, Natick, MA) to solve the numerical 

integral for the optical pumping rate, 
opt

 (Eq. 3.1), which is solved for discrete 

values along the z-axis (laser propagation direction) [52, 53, 77]. The value of 
opt  

is then used to calculate the alkali polarisation. The Rb D1 linewidth was 

estimated from Romalis et al. [42], where a value of 26 GHz (0.05 nm) was 

calculated based on an 18 GHz/amg broadening for a gas mixture of density 1.44 

amg. The spin-destruction and spin-exchange cross sections are those which are 

SNR = 110 

SNR = 540 
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used in Eqs. 3.2 and 3.7. The alkali density [Rb], was determined from the Killian 

formula (Eq. 2.74) assuming oven temperature as measured with a thermocouple 

at the cell wall. The laser wavelength was set to the peak of the D1 absorption 

(794.77 nm) and a laser FWHM of 0.09 nm was assumed based on measurement. 

Detailed experimental determination of [Rb] was not possible, and in a realistic 

case this should be affected by laser heating [78], as should the gas temperature in 

the cell. Nevertheless, assumption of optical pumping with a cell at nominal 

temperature equilibrated with that of the oven provides a starting point for the 

modelling. 

The optical pumping rate is dependent on the photon absorption cross 

section, 
s
, and on the photon flux from the laser, ū, traversing the cell 

length z and is defined (Eq. 3.1) ū
opt s

( , ) ( , ) ( )z z d . The photon 

absorption cross section has a Lorentzian lineshape that varies with 

frequency, , according to [77] 

 
D1

2
Rb

s 0 2 2
Rb

( )
4( )

, (3.12) 

where 
Rb

 is the FWHM of the pr essure-broadened Rb electron 
1

D  

Lorentzian line (26 GHz for 1.44 amg gas density) with a peak amplitude   

 e
0

Rb

2r cf
  (3.13) 

and centre frequency, 
D1

. Here 
e

r  is the classical electron radius, c is the 

speed of light and f is the oscillator strength of the 
1

D  transition, which has 

been found to be 0.337 [79]. We have estimated the photon flux to vary with 

z and  according to  

 1( , ) ( )exp( ( , ))z I z , (3.14) 
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where I ( )  defines a Gaussian beam with an intensity that var ies with 

frequency: 

 2

0 las las
( ) exp{ [( ) / ] }I I   (3.15) 

where 

 
0 las las

/I P Ah   (3.16) 

denotes the beam intensity on the cell front, with P denoting the incident 

power on a flat cell face of cross sectional area, A, h fpăMi^k`h¨pă`lkpq^kqă^kaă

las
 is the standard deviation of the Gaussian laser spectrum with centre 

frequency 
las

. 1  is the position-dependent absorption length, which for a 

circularly polaris ed beam with positive helicity, q+
, illuminating the cell  is 

given by [77] 

 1

s Rb
( , ) ( )[Rb](1 ( ))z P z .  (3.17) 

Eq. 3.1 and Eqs. 3.12¬3.17 can be combined to give an expression for the 

lmqf`^iă mrjmfkdă o^qbă qe^qă `^kă _bă plisbaă krjbof`^iivă tfqeă ^ă Pfjmplk¨pă

integral over a frequency range 
min max

, for discrete z values 

 

D

max

min

1

2 1
opt s 0 las las

2
Rb

0 2 2
Rb

( , ) ( , ) ( ) exp[ ( ) / ] exp( )

               ,
4( )

z z I

d

 (3.18) 

  

where 
min las las

5  and 
max las las

5 . This integration was 

performed for 25 values of z in increments of 1 cm for a 25 cm cell. The Rb 

polarisation could then be calculated using Eq. 2.77 for each z value, 

whereupon an average Rb polarisation was estimated by summing the 

calculated values and dividing by cell length. The average Rb polarisation, 

P
Rb

, was then used to estimate the 129Xe polarisation for a range of cell 

temperatures and flow rates (e.g., see Figs. 3.14 and 3.15 for modelled 129Xe 

polarisations). NB: Chann et al. [80] demonstrated skew-light effects on the 
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light absorption efficiency at very small angles. With minimal skew -light 

observed with our ECDL, these effects have not been included in the 

modelling.  

129Xe was polarised in continuous-flow mode at different gas flow rates 

through the cell. At each gas flow rate, the gas was collected directly from 

the cell and a signal was acquired from a hyperpolarised 129Xe sample on the 

1.5 T MRI system, as described above. Following each change in flow rate, 

the gas mixture was flowed through the cell for five minutes to allow for any 

laser heating effects to stabilise and to achieve a steady flow-rate-specific 

polarisation level within the cell [78, 81, 82] prior to gas collection. 

The T 1 of frozen Xe in the freeze-out glassware was next investigated. At a 

fixed flow rate of 300 sccm, the Xe mixture exiting the cell was collected in 

cryogenic glassware made from Pyrex glass with a spiral shape (Fig. 3.11 

(a)), whereupon the gas mixture would enter the glassware flowing around 

and down the rings, deposit frozen Xe, and exit up through the vertical 

return tube in the centre of the spiral. The permanent magnet produced a 

static field of 0.3 T  (Section 3.3.1, ) across the glassware and the path of 

the Xe from the cell to the glassware was routed through 6.35 mm (outer 

diameter) Tygon tubing (Saint -Gobain, France). The path was checked for 

magnetic field inhomogeneity using a Hall probe (GM08 Gaussmeter, Hirst 

J^dkbqf`p)ăC^ijlrqe)ăRH&+ăQebămboj^kbkqăj^dkbq¨păcfbiaăafaăklqăsary more 

than 0.01 T per cm 3 over the volume within which the cryogenic glassware is 

kept during freeze-out, so it can be assumed to be sufficiently homogeneous 

so as not to cause significant T 1 shortening [83].  
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Figure 3.11: (a) Freeze-out cryogenic glassware within holding magnetic field 

of 0.3 T. (b) T 1 of frozen Xe held within the freeze-out glassware. A T 1 of 87 

± 2 minutes was estimated by performing an exponential fit (blue line) to the 

FID signal decrease as a function of storage time. 

After ten minutes of frozen Xe accumulation, gas flow through the cell was 

stopped and the Xe was kept frozen within the cryogenic glassware for a 

range of storage times, 
s

t . During this ti me, liquid N 2 in the cryostat  was 

maintained at a constant level (Fig. 3.12). Each storage-time batch of frozen 

Xe was sublimated into a Tedlar bag by immersion of the glassware in warm 

water and transported to the 1.5  T system for signal acquisition. In the above 

procedure, it was assumed that any potential polarisation losses due to the 

frozen Xe solid-gas phase transition would be the same for each 
s

t -

accumulation as the volume of Xe collected is the same. A T 1 for the frozen 

Xe was calculated by fitting the decrease in FID signal amplitude to an 

exponential decay over increasing storage times, 
s

t  (Fig 3.11 (b)).  
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Figure 3.12: Photo of cryostat (thermally insulate d cup filled with liquid N 2) 

and Xe frozen within the Pyrex  spiral glassware. 

During freeze-out, a given volume of Xe was collected for a length of time 

defined as the accumulation time, a
t . It would be expected during a freeze-

out procedure that, for a given 
a

t , a 129Xe spin-ensemble contained within a 

layer of the Xe sample that was frozen at an earlier time would have 

undergone a greater amount of spin-lattice relaxation compared to spins in a 

layer of 129Xe frozen at a later time, resulting in lower and higher polarisation 

values, in the respective layers. After time 
a

t , th e frozen sample is sublimated 

into the gas phase and collected in a Tedlar plastic bag, resulting in mixing 

and an averaged polarisation of the 129Xe spin-ensemble within the bulk Xe 

gas mixture given by [48] 

 acc cell 1
Xe res a Xe res a 1

a

( , ) ( ) 1 exp( / )
T

P t t P t t T
t

  (3.19) 



76  CHAPTER 3.  OPTIMISATION OF A CONTINUOUS -CILTă  

 

 

where cell

Xe
P  is the 129Xe polarisation exiting the cell after a given residency 

time, 
res

t , and entering the glassware at 
a

t  =  0 (Eq. 3.8). To experimentally 

obtain acc

Xe
P , Xe was collected in the glassware during a continuous-flow 

freeze-out for different acc umulation times in the range 10¬60 minutes. Upon 

reaching the end of each 
a

t , the frozen Xe was sublimated into a Tedlar bag 

and transported to the 1.5 T  MR system for signal acquisition.  

A theoretical photon efficiency was calculated by adapting the spin transfer 

efficiency formula derived by Bhaskar et al. [84] so that it includes vdW cross 

sections for spin exchange and destruction 

 
BC,vdW BC vdW

SE SE SE
theory BC,vdW BC,vdW Rb-Xe vdW BC vdW

SD SE SD SD SE SE
( ) ( )f f

  (3.20) 

where f is the enrichment fraction (0.86)  of 129Xe. It is worth noting that 

Bhaskar et al. calculated the spin transfer efficiency by considering only binary 

Rb-Xe spin cross sections and concluded the efficiency to be independent of both 

laser power and temperature.  

An experimental photon efficiency, 
exp

, defined as the ratio of 129Xe 

polarisation rate to the photon absorption rate in the cell volume, V, was 

determined under flow conditions (for a gas residency time, 
res

t , equal to an 

empirically determined spin up time, 
emp
¬ see Figs. 3.15 and 3.16) and was 

calculated using [85] 

 
emp

Xe
exp

emp

[Xe] 1VP
  (3.21) 

where    is the number of photons being absorbed within the cell volume per 

second and emp

Xe
P  is the 129Xe polarisation measured at a flow rate of 625 sccm. 

The laser power transmitted through to the back of the cell was measured while 

the SEOP gas mixture was flowing through the cell at 625 sccm. Measurements 
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were made while the cell was cold (293 K), 
cold

P , and hot (373 K), 
hot

P , and  

was calculated from 
cold hot

( , ) ( ) /
p

T P P E , where 
p

E  is the energy of a 

single photon carried within  the laser beam with an centre wavelength of 

794.77 nm.  

 

Figure 3.13: Experimental set-up for photon absorption measurement. The 

power meter is placed at the back of the cell, recording the transmitted light 

under hot (Rb vapour) and cold (no Rb vapour) ce ll conditions.  

129Xe lung ventilation images were acquired with varying polarisations and 

inhaled volumes of 129Xe. The gaseous volumes of enriched Xe (86 % 129Xe) 

collected were 300, 400, 600 and 800 mL (see Fig. 3.19 for the respective 

production rates and freeze-out accumulation times for each of the sample 

volumes). The Tedlar bag containing the thawed-out Xe was topped up to 1 

L with medical grade N2. All of the 129Xe was polarised for human inhalation 

under a site-specific UK  regulatory manufacturing  licence from the MHRA. 

Lung MRI imaging was performed using a 3 T Philips  Achieva scanner 

system (Philips, Best, Netherlands) with quadrature flex T -R coils (CMRS, 
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Brookfield, WI) on a healthy female volunteer (26 years old) w ith written 

consent and approval from the national research ethics committee. A 2D 

spoiled gradient echo sequence was used. 2D sequence details: 96 96 matrix 

size; field of view 384 384 mm; slice thickness 15mm; receive bandwidth 15.6 

kHz; echo time 4.1 ms; repetition time 18.2 ms; flip angle 9¬. Centric phase 

encode ordering was used to maximise the obtainable SNR [86].  

The results of temperature optimisation under gas flow show that the cel l 

gave optimum polarisation while it was held at a temperature of 373 K (Fig. 

3.14, (a)). This is slightly offset from the modelling, which gave a similar 

temperature dependence, but instead resulted in an optimum temperature 

under gas flow to be 385 K (Fig. 3. 14 (b)). This offset  is most likely due to 

the temperature of gas in the cell not being the same as the experimentally 

measured oven temperature of 373 K due to laser heating effects, discussed 

below in Section 3.4.2. With the temperature set at 373 K, the 129Xe 

polarisation was found to decrease non-linearly as the gas flow rate through 

the cell was increased, consistent with earlier findings [53, 60, 87].  

The exponential build -up portion of Eq. 3.8 
SE res

(1 exp( ( ) ))t , where  

res a
[G ] /t V Q , was fitted to the data in Fig. 3.15 to extrapolate an 

empirical spin exchange rate, emp

SE
, of 0.0143 Hz, which is approximately a 

factor of four higher than the calculated theoretical value (Eq. 3.7, Table 3.1) 

of 0.0033 Hz. In order to estimate the expected polarisation for a cell 

temperature of 373 K and pressure of 2 bar, a simple model that utilises the 
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spin exchange and destructions rates (Eqs. 3.2, 3.4 and 3.7) was used along 

with a simple numerical integration of the optical absorption of the laser light  

along the cell [88]. cell

Xe
P  was modelled for different cell residency times (flow 

rates) by using 

 

Figure 3.14: (a) E xperimental 129Xe polarisation vs. cell temperature at gas 

flow rates of 300 and 500 sccm. Hyperpolarised 129Xe (samples obtained 

without cryogenic accumulation) signals were measured in the 1.5 T system. 

NB: blue and red lines are guides for the eye. (b) modelled polarisation vs. 

cell temperature.  
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the theoretical spin exchange rate, theory

SE
 (Table 3.1), a theoretical Rb 

polarisation,
Rb

P , of 95 % and a 129Xe spin-destruction rate, E, equal to 

cell

1
1 / T  = 3.5×10 +4 Hz. For a typical operating flow rate of 300 sccm, the 

theoretical 129Xe polarisation was calculated to be 24 %, which is a factor of 2 

larger than the experimentally measured polarisation of 12 ± 1  % (Fig. 3.15). 

Also, the theoretical and experimentally measured 129Xe polarisation curves 

diverge at low flow rates. At low flow rates, gas i n the cell has a greater 

amount of time to undergo heat exchange and is therefore more prone to 

laser heating effects (Walter et al. [78] found in a cell without gas flow that 

the cell temperature increased by approximately 105 K when 15 W of laser 

light was incident on the cell). Th e photon flux is most intense at the front of 

the cell and thus laser heating may cause an increase in [Rb] at the cell front. 

Tfqeă^ăobi^qfsbivăilkdă`biiăibkdqeălcă/2ă`j)ăqefpă`lriaăib^aăqlă^ă©elq-pmlqªălcă

[Rb] resulting in fewer Rb exchange sites for 129Xe nuclei traversing the cell 

length, as a result decreasing the average 129Xe polarisation. Indeed, EPR was 

recently used [53] to probe spatial inhomogeneity in the alkali polarisation, 

which showed an area of depleted Rb polarisation along the z-axis of a 

cylindrical cell.  
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Figure 3.15: 129Xe polarisation vs. gas flow rate through the cell. The red line 

represents the modelled polarisation for different gas flow rates (residency 

times), where a theoretical spin exchange rate, theory

SE
, of 0.0033 Hz was used 

along with a theoretical equilibrium polarisation (infinite residency time) of 

86 %. The blue line shows a fit (using Eq. 3.8 with 
res a

[G ] /t V Q ) to the 

experimental polarisation data. From the fit, an empirical spin up of 
emp

emp SE
1 / ( )  = 68 s. was determined. 

 
Figure 3.16: Experimental 129Xe polarisation as a function of gas residency time in 

the SEOP cell, with 
emp

= 68 s. 
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The laser power was measured at 13.7 W and 7.8 W when the cell was cold 

(293 K) and hot (373 K), respectively, giving an absorbed laser power of 5.9 

W (43 %) and therefore a photon absorption rate, , of 2.36×1019 photons 

per second (at 625 sccm). Given that the FWHM of the la ser (~0.1 nm) is 

not much greater than pressure broadened Rb D1 linewidth in the cell (0.05 

nm, see Section 3.3.3), it can be assumed that the laser and cell are 

reasonably well matched for efficient optical pumping.  

 

Figure 3.17: L inear dependence of photon absorption with gas flow rate 

through the cell. Blue dashed line indicates the flow rate at which the gas 

residency time is equal to the empirically determined spin up time, 
emp

. 

Despite this, it is worth noting that the laser p ower incident upon the cell 

was measured to be 25 W, whereas the laser power measured at the back of 

the cold cell was measured to be only 13.7 W. The loss in power here is 

assumed to be a result of scattering and reflection of the laser light from the 

cell walls and also from the glass windows of the oven. A theoretical photon 



CHAPTER 3.  OPTIMISATION OF A CONTINUOUS -CILTă  83 

 

 

efficiency 
theory

 was calculated (Eq. 3.20) to be 0.049, higher than the 

previously reported theoretical efficiency of 0.043 [84]. The difference in 

efficiency reported here may be attributed to the inclusion of vdW 

interactions in the efficiency calculation. Furthe rmore, whereas the photon 

efficiency was previously considered to be temperature independent [84], both 

the binary and vdW spin -destruction cross sections calculated in this study 

are dependent upon T , thus rendering a theoretical photon efficiency that 

may change with temperature. Using Eq. 3.21, an experimentally determined 

photon efficiency was calculated for a gas mixture flowing through the cell ( T  

= 373 K) at a rate of 625 sccm (the flow rate at which  

emp

SE emp
1 / ( + ) 68 s

res
t . The polarisation (Fig. 3 .15) at this flow 

rate was measured as 8.6 %, giving a emp

Xe
P  value in Eq. 3.21 of 0.086. Using 

the measured photon absorption rate, , a 129Xe fraction, f, of 0.86 and a 

cell volume of 491 cm3 gives an experimental photon efficiency, 
exp

= 0.031, 

which is approaching the theoretical limit of 
theory

= 0.049. Experimentally 

and theoretically, therefore, 
exp

1 / = 32 and 
theory

1 / = 20 photons are 

required per 129Xe spin flip.  

The T 1 of the frozen 129Xe (see Fig. 3.11 (b)) was calculated as 87 ± 2 

minutes. This value is lower than what has previously been measured at a 

similar temperature and magnetic field in a recent solid-state 129Xe NMR 

experiment [89], where a value of ~2.5 hours was reported. In an earlier study  

[90], a T 1 for solid-state 129Xe was measured as ~2.5 hours and it was 

concluded that below a temperature of 120 K, and above 55 K (Debye 

temperature for Xe, the temperature above which phonons are free to move), 

the interaction thought to be dominant for 129Xe relaxation in its frozen state 



84  CHAPTER 3.  OPTIMISATION OF A CONTINUOUS -CILTă  

 

 

is an inelastic spin-phonon scattering process resulting from a nuclear spin-

rotation interaction. F or those solid-state 129Xe T 1 measurements [89-91], Xe 

held within a glass cell was submerged as a bulk sample in liquid N2, which is 

thought to result in the format ion of rigid -lattice Xe face centred cubic 

polycrystalline solid. For Xe freezing under flow in spiral cryogenic glassware, 

such as in our system, the resulting Xe frost that is formed is less dense and 

may be prone to additional relaxation effects from th e diffusion of gaseous 

oxygen into the frost [92]. Indeed, oxygen may well be present in the circuit 

given the vacuum of ~4 mbar. Without in situ  T 1 measurements of the frozen 

129Xe, these explanations for a lower than previously reported T 1 are 

somewhat speculative. Nevertheless, the value reported here is still 

encouragingly long, allowing for high SNR (~100) images from hyperpolarised 

129Xe accumulated over a long freeze time of 80 minutes (see Fig. 3.19 (d)).  

Fig. 3.18 shows a predicted model of the 129Xe polarisation, acc

Xe
P , (Eq. 3.19) 

decay during accumulation. Using the measured T 1 value of 87 ± 2 minutes 

in the model shows good agreement with the experimental data. The 

percentage loss in the polarisation is approximately 10 % within an 

accumulation time of 40 minutes, which is typical of the time needed on this 

SEOP system to produce 400 mL Xe volumes for in vivo  studies.  
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Figure 3.18: Predicted model of the 129Xe polarisation, Pacc

Xe
, (Eq. 3.19) decay 

during accumulation. Using the measured T 1 value of 87 ± 2 minutes in the 

model shows good agreement with the experimental data. The percentage loss 

in the polarisation is approximately 10  % within an a ccumulation time of 40 

minutes, which is typical of the time needed to produce Xe volumes for in 

vivo studies 129Xe on this SEOP system.  

The 129Xe gas ventilation images in Fig. 3.19, (a) and (b) demonstrate that 

an image from a smaller volume of 129Xe produced at a lower gas flow rate 

results in comparable SNR (~50) to an image acquired with double the gas 

volume at a higher f low rate. In addition, Fig. 3.1 9, (c) and (d) show that for 

a given flow rate of 300 sccm, doubling the accumulation time , and therefore 

the volume of hyperpolarised 129Xe, results in an image with approximately 

double the SNR (increase from 50 to 100), confirming that T 1 losses during 

extended freeze out periods are not a major concern. 
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Figure 3.19: In vivo  gas-phase human lung images from a healthy volunteer 

at 3 T.  (a) and (b) are 2D images of hyperpolarised 129Xe acquired from 

isotopically enriched gas mixtures (86 % 129Xe) flowed through the cell at 

volumetric flow rates ( Q) of 300 and 600 sccm; (c) and (d) are 3D images of 

hyperpolarised 129Xe, both produced at a flow rate of 300 sccm for different 

accumulation times, ta. Respective SNR values calculated for lungs in images 

(a), (b), (c) and (d): 56; 52; 49; and 102 .  

 
Figure 3.20: 3D 129Xe production map showing the flow rate that result in the 

highest 129Xe polarisations for a given volume of accumulated Xe (based on 

Eqs. 3.8 and 3.19) 
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Figure 3.21: 2D 129Xe production map showing the flow rate that result in the 

highest 129Xe polarisations for a given volume of accumulated Xe (based on 

Eqs. 3.8 and 3.10). 

In this chapter, it has been shown a large volume cell (~500 cm3) operating at 

a mid-range pressure (2 bars with 3  % Xe mix) works well in combination 

with a spectrally narrowed laser in a SEOP system for production of 

hyperpolarised 129Xe for in vivo  lung MRI. The experimental photon efficiency  

(30 photons per 129Xe spin flip)  was measured to approach the theoretical 

efficiency, which pr edicts that at  least 20 photons are required to induce each 

129Xe spin flip. Although the theoretical and experimental 129Xe polarisations 

are in reasonable agreement at high gas flow rates through the SEOP cell, 

they diverge at low flow rates, suggesting a break down in the theoretical 

model for long gas residency times which could be due to Rb runaway caused 

by laser heating. Finally, image SNR comparisons show that low-volumes (< 
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400 mL) of hyperpolarised 129Xe gas produced using this system provide high 

quality 129Xe lung MR images. 

 



 

  

This chapter is based on work presented by Norquay et al. at PiNG14, 2014.  
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In the previous chapter, a mid -pressure 129Xe SEOP polariser equipped with 

an ECDL was optimised for routine in vivo  lung imaging. It was observed 

that  at high gas flow rates, experimentally measured 129Xe polarisations agree 

well with theo ry, and that  at low gas flow rates, this agreement breaks down, 

suggesting an experimental 129Xe polarisation limit . The aim of this chapter 

was to investigate 129Xe polarisation improvements through the incorporation  

of an optical input with  higher power output and better transverse and 

longitudinal beam homogeneity compared to the ECDL . 

The use of volume holographic gratings (VHGs) ¬ also known as volume 

Bragg gratings (VBGs) ¬ to stabilise lasers (and accurately setting the 
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wavelength for fibre-optic telecommunications) was first incorporated in the 

1980s with 1.55 µm semiconductor lasers [93]. Through the utilisation of 

wavelength-selective feedback into a laser diode, VHGs are able to §lock  ̈ the 

lasing wavelength to that of the grating. This feature of VHGs serves to 

narrow the laser linewidth, decrease the temperature dependence of the 

emission wavelength, reduce aging-related wavelength changes and, in the 

case of diode array bars, each emitter is locked to the same wavelength, 

generating a far narrower combined emission linewidth than that in the case 

of unlocked arrays [94].  

Physically, VHGs comprise individual VHG elements recorded in the bulk 

of photosensitive glasses, e.g. lithium niobate (LiNbO3) [95, 96]. These 

elements contain Bragg planes of varying index of refraction that extend over 

the whole volume of the material. VHGs are able to retro -reflect a narrow 

band of emitted laser light by  operating as single-wavelength mirrors (Fig. 

4.1) with a  spectral selectivity that is  determined by the number of Bragg 

planes that l ight traverses inside the glass [97]:  

 
1

2nd d N
,  (4.1) 

where j is the Bragg wavelength, Bj is the bandwidth of the filtered 

(reflected/diffracted) wavelengths, d is the thickness of the VHG, n is the 

bulk refractive index of the mediu m containing the grating, J is the grating 

spacing (period of the grating) and N is the number of grating planes that fit 

in the thickness of the material. (NB: Eq. 4.1 represents the case for wave-

locking applications, where the diffracted beam is anti -parallel to the incident 

beam and the Bragg condition 2 cos( )n  ¬ where o is the angle of 

incidence (in the medium) ¬ is reduced to 2n .) 

 



CHAPTER 4.  FURTHER OPTIMISATION OF 129UBăMLI>OFPBOă  91 

 

 

 

Figure 4.1: (a) Operation of a reflective VHG el ement. For broadband light, 

only incident illumination satisfying the Bragg condition is efficiently 

reflected (all wavelengths outside the VHG reflectivity band pass through 

unaffected). (b) Schematic of a laser diode (LD) bar wavelength narrowing 

by incorporation of an external VHG element. The VHG is placed after the 

lens, reflecting a narrowband of light directly back into the laser cavity. (c) 

Comparison of the slow axis (SA) divergence of a typical broad-area laser 

diode with the dependence of the reflectivity of a VHG (0.8 mm thick) on the 

incident angle for a given wavelength. Figure adapted with permission from 

ref. [97]. 

 

 

 

Reflective VHG 

LD + VHG wavelength locking schematic 

VHG element 

VHG  

VHG  
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A laser diode array (LDA) module that contains the VHG as an internal 

component of the laser diode itself was developed by QPC Lasers (CA, USA). 

The LDA -VHG devices (Fig. 4.2 (a)) are produced in a similar way [98]  

 
 

Figure 4.2: Schematic of an AlGaAs laser diode array (LDA ) that is 

frequency-narrowed with  internally embedded volume holographic gratings 

(VHGs). (b) Atomic force microscope (AFM) image of an internal grating. 

Figure adapted with permission from ref. [98]. 

(b) 
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to that of conventional laser diodes. During the substrate growth process, the 

holographic gratings are defined after the first epitaxial growth  by optical 

lithography into a photoresist layer, where it is etched into the cladding (Fig. 

4.2 (b)). Subsequently, the cladding is regrown on top of the gratings to yield 

the top electrical contact .  

The LDA used in this project (Brightlock TM  Ultra -100, QPC, CA, USA ) 

has a maximum power output of 125 W and was designed to operate with a 

centre wavelength emission of 795 nm. For collimation over the length of the 

SEOP cell, an integrated optical train (OT) telesc ope was used (Fig. 4.3).  

The OT comprises a 51 mm optical fibre (with ~97 % linear polarisation 

preservation) attached to the LDA -VHG output ; two plano-convex lenses, l1 

and l2 with focal lengths of 4.5 mm and 350 mm, respectively; one polarising 

beamsplitter (PBS) cube; and a j/4 plate. The integrated LDA -VHG OT 

design set-up is shown in Figs. 4.3 and 4.4 below.  

 
Figure 4.3: Photo of l aser diode array volume holographic grating with 

integrated optical train for beam collimation.  

 

 

  

 

 

LDA -VHG l1 around here l2 here 

Optical train  
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Figure 4.4: Photo of functional components within the optical train.  

 

To determine the optimal running power, NMR signal measurements were 

performed for three laser powers: 10 W, 50 W and 100 W. In addition to 

measuring the NMR signal, the percentage of power absorption as a function 

of cell temperature was calculated for all incident  laser powers.   

The running temperatures and input currents that were needed to produce a 

spectral emission with a centre wavelength of 794.77 nm for each power   

were determined first (Fig 4.5). The spectral profile was rec orded for a range 

of input currents (powers) and the FHWM were determined from Gaussian 

Optical fibre  l1  PBS j/4 plate   
















































































































































































































































