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Untersuchung des Einflusses thermodynamischer Parameter auf die
Produktions rate von hyperpolarisiertem '2Xe und den Grad der
Hyperpolarisation

Hyperpolarisiertes Xenon (}2°Xe) findet Anwendung in vielen Bereichen der
MR - Bildgebung (MRI) und NMR - Spektroskopie. 12°Xe, ein Edelgas mit
Spin 1/2 kann auf hohe Kernspin - Polarisation gebracht werden, welche durch
optisches Spin - Austausch - Pumpen (SEOP) mit Rubidium erreicht wird.
Unter Verwendung eines Polarisators fiir kontinuierlichen Gasfluss wurde un-
tersucht, wie makroskopische Parameter wie die Rb - Temperatur (60 - 200°
C), der Druck des Puffergases (2 - 7 atm) und die Flussrate der Gasmischung
(6 - 30 1/h) den gemessenen Grad der Hyperpolarisation von !29Xe beein-
flussen. Die Messungen wurden mithilfe eines 1.5 - T - Ganzkorper - MR -
Tomographen durchgefiihrt. Die erzielten Ergebnisse stimmen mit theoretis-
chen Vorhersagen iiberein und zeigen einen exponentiellen Abfall der Polari-
sation mit steigender Rb - Temperatur. Weiterhin wurde eine Abhéngigkeit
der Polarisation von der Flussrate der Gasmischung beobachtet. Auflerdem
konnte die direkte Beziehung zwischen der absorbierten Laserleistung der Rb
- Atome und der Xe - Hyperpolarisation, der Laser - Heating - Effekt, und
die Abhéngigkeit der chemischen Verschiebung von der Temperatur gemessen
werden. Dieses Wissen ist Grundvoraussetzung fiir die Optimierung des Sys-
tems, um Messungen zur Diffusion von 2°Xe - Gas und zur chemischen Ver-
schiebung der Resonanzfrequenz von 2?Xe in vivo zu ermdglichen.

Studies of the influence of thermodynamical parameters on the production
rate of hyperpolarised '2?Xe and the degree of hyperpolarisation

Hyperpolarised Xenon (12°Xe) has found a steadily increasing range of ap-
plications in MR imaging (MRI) and NMR spectroscopy. ?Xe, a noble gas
with spin 1/2 has the advantage of a large nuclear spin polarisation obtained
by spin exchange optical pumping (SEOP) with rubidium (Rb). Using a con-
tinuous flow polariser, we studied how macroscopic parameters like the Rb
temperature (60 - 200° C), buffer gas pressure (2 - 7 atm), and gas mixture
flow rate (6 - 30 1/h), affect the measured degree of hyperpolarisation of 129Xe
gas. Measurements have been performed using a 1.5 - T whole - body MR
tomograph. Our results are in agreement with theoretical predictions and
show that upon increasing the Rb temperature the degree of polarisation de-
creases exponentially. We observed an almost linear dependence of the degree
of polarisation on the gas mixture flow rate. Furthermore, the direct relation
between the absorbed laser - power by the Rb atoms and the hyperpolarisa-
tion, the laser - heating effect, and the dependence of the '2°Xe chemical shift
on temperature could be measured.This knowledge is a prerequisite for sys-
tem optimisation aimed at performing measurements on 2?Xe gas diffusion
and the chemical shift of '2°Xe resonances in vivo.
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Chapter 1

Introduction

Nuclear magnetic resonance (NMR) is a physical phenomenon related to the in-
trinsic quantum property, the spin, of certain atomic nuclei. Since its discovery,
applications of NMR have widened from physics and chemistry, to biology and
medicine, to technology and industry. The importance of the discovery was rec-
ognized by the large number of Noble prizes awarded for the development of
NMR techniques. Moreover, it is remarkable that NMR techniques have become
successful established methods for the nondestructive investigation of matter and
living tissues.

Otto Stern was awarded in 1943 the Nobel prize in physics ”for his contri-
bution to the development of the molecular ray method and his discovery of the
magnetic moment of the proton”. Indeed in 1922 Otto Stern with Walter Gerlach
performed an experiment [Gerlach and Stern, 1922] on the deflection of particles
that can be used to demonstrate that electrons and atoms have intrinsically mag-
netic properties. In the following years, Isidor Rabi developed a new method for
recording magnetic resonance of atomic nuclei [Rabi et al., 1938]; he was awarded
the Nobel prize in physics in 1944. The first succesful demonstrations of NMR in
bulk matter were published in 1946, by two independent groups: Bloch, Hansen
and Packard [Bloch et al., 1946] working at Stanford University and Purcell, Tor-
rey and Pound working at Harvard University [Purcell et al., 1946]. The two
leaders, Felix Bloch and Edward Purcell were jointly awarded the 1952 Nobel
prize for physics. Five years after these experiments it had been noted by several
workers that the NMR frequency of a given nucleus depends on the chemical envi-
ronment [Arnold and Packard, 1951; Dickinson, 1950; Knight, 1949; Proctor and
Yu, 1950]. Richard Ernst in 1966 exploited pulsed Fourier transform NMR [Ernst
and Anderson, 1966]. He received the Nobel prize in chemistry in 1991, ”for his
contributions to the development of the methodology of high resolution NMR
spectroscopy”. Recently, Kurt Wiithrich was awarded Nobel prize in chemistry
"for his development of nuclear magnetic resonance spectroscopy for determining
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the three - dimensional structure of biological macromolecules in solution”. Be-
ginning in the 1970s, NMR also found applications in medicine. In particular, a
well - known application of NMR is magnetic resonance imaging (MRI), which
is a non - invasive tool to visualize internal structures of the human body. For
their discoveries concerning MRI, Paul C. Lauterbur [Lauterbur, 1973] and Peter
Mansfield [Mansfield and Grannell, 1973] were jointly awarded 2003 Nobel prize
in medicine or physiology.

The principle behind NMR is that all nuclei with non - zero spin, have non
- zero magnetic moment related to spin via the gyromagnetic ratio. Magnetic
nuclei in an external magnetic field absorb and re - emit electromagnetic energy,
this transferred energy is at a specific resonance frequency which depends on the
strength of the external magnetic field and the magnetic moment of the nuclei
(Zeeman effect). The signal that matches this transfer is measured and processed
in order to yield an NMR signal for the nucleus concerned. However, the main
drawback of NMR is the limited sensitivity, indeed it is rather poor compared
with other techniques. This is a result of the small population difference between
the nuclear Zeeman energy levels even in the highest magnetic fields currently
available in the laboratory. Therefore, since the discovery of NMR, methods to
improve the signal to noise ratio (SNR) have been the subject of active research.

In the last decades, optical pumping methods able to increase the NMR sen-
sitivity of noble gas nuclei by several orders of magnitude have been particularly
successful. Since the nuclear spin polarisation created through these methods is
far from the equilibrium Boltzmann polarisation, these gases are referred to as
"hyperpolarised” gases. Due to the large nuclear spin polarisation, created via
optical pumping methods, noble gas nuclei found a growing numbers of appli-
cations as MR contrast agent. The hyperpolarised gases mainly used for NMR
applications are 12Xe and 3He, both are spin - 1/2 nuclei. Throughout this dis-
sertation I will focus on '2?Xe, because it is the noble gas used in our experimental
work.

In recent years, hyperpolarised 12Xe has been used in a wide range of different
fields. In biological sciences it can be used to measure the xenon exchange process
between red blood cells and the blood plasma [Bifone et al., 1996] as well as
the degree of oxygenation in human blood [Albert et al., 2000; Wolber et al.,
2000]. Hyperpolarised '**Xe has been applied to study of protein solution [Bowers
et al., 1999; Landon et al., 2001] and utilised for functionalised xenon biosensors
[Lowery et al., 2006; Schroeder, 2011; Schroeder et al., 2006]. In medical sciences,
hyperpolarised ?°Xe have found applications in anatomical and functional MRI
of the lung [Dregely et al., 2011; Kaushik et al., 2011} and the brain [Swanson
et al., 1997; Zhou et al., 2011]. Moreover ?Xe has been used for spectroscopic
images of living organs [Duhamel et al., 2001; Wakai et al., 2004].

The method which has become standard to produce hyperpolarised gases,



the same used in this work, is called spin exchange optical pumping (SEOP)
[Driehuys et al., 1996; Happer, 1972]. The mechanism of creating high nuclear
spin polarisations can be described as a chain of transfer processes, it makes use of
optical pumping of alkali metals (rubidium in our system) by circularly polarised
light (tuned on Rb D; absorption line), followed by polarisation transfer (spin
exchange) to the nuclear spin system of noble gas nuclei during collisions. The
current standard degree of polarisation achievable for ?9Xe polarisers, based on
SEOP with Rb, is ~20% with a volume production close to 1 1/h. For small
volume productions, a much higher degree of polarisation ~70% has been reported
[Ruth et al., 1999]. In 2002, a new polariser using high power laser for optical
pumping [Zook et al., 2002], showed high capacity production of xenon with
polarisation degree ~65%.

While most of the quantum - mechanical processes involved in SEOP have
already been understood quite well, the production of hyperpolarised gases de-
pends on many other macroscopic quantities such as laser power, temperature,
buffer gas pressure, and the flow rate in the pumping cell. The thermodynamical
processes taking place in a pumping cell during the SEOP have not yet been un-
derstood in detail. In this work, I describe a series of experimental measurements,
we performed, aimed to understand how the macroscopic thermodynamical pa-
rameters can affect the measured hyperpolarisation degree of 2Xe - gas. This
knowledge is a prerequisite for system optimisation aimed to perform measure-
ments on 2Xe gas diffusion (pore diffusion imaging) and the chemical shift of
129Xe resonances in vivo.

In the following the outline of the remaining chapters in this dissertation
is summarised. Chapter 2 is an introduction to the basic theory of NMR and
MRI. It also deals with the physical properties of rubidium and ??Xe, required
to understand the SEOP process. The theory of spin exchange optical pumping
is then discussed in detail. Chapter 3 provides a description of the design and
materials which make up our '??Xe polariser and an overview of the methods for
data analysis and evaluation of results. In chapter 4 the experimental results
of this work are presented, which are further discussed in chapter 5. In chapter
6, novel ideas concerning new developments of our hyperpolarisation system are
described. The last section, chapter 7, is a brief summary of key findings and
gives an outlook of our research in the field of 1?*Xe hyperpolarisation.






Chapter 2

Theoretical background

This chapter outlines the basic theory of NMR, followed by a description of the
physical properties of xenon gas and rubidium, necessary for understanding of
the spin exchange optical pumping theory introduced in the last section of the
chapter.

2.1 Nuclear Magnetic Resonance

In the following section the basic principles of NMR are described. NMR is the
study of the magnetic properties (and energies) of nuclei. The physics of NMR
is based on an intrinsic property of atomic nuclei, the nuclear spin. Strictly
speaking, the nuclear spin is a purely quantum - mechanical quantity. However,
classical physics can be used to create a familiar frame of reference in which the
existence of a spin angular momentum can be visualized. Nevertheless, quan-
tum mechanics is the only theory which can quantitatively describe the NMR
phenomenon. But, for spin - 1/2, the vector of the magnetisation density in 3D
Euklidean space (R?®) is an appropriate concept to describe the dynamics of a
huge ensemble of nuclear spins. A detailed quantum - mechanical description of
NMR can be found in textbooks like [Abragam, 1961] and [Levitt, 2008].

2.1.1 The nuclear spin

The concept of nuclear spin was forced upon to scientists by the experimental
evidence from Otto Stern and Walter Gerlach in 1922 [Gerlach and Stern, 1922].
The Stern - Gerlach experiment involves sending a beam of silver atoms, which,
in the ground state, possess a total angular momentum of 1/2, through an in-
homogeneous magnetic field and observing their deflection. The splitting of the
beam of atoms is a direct consequence and a striking experimental proof that
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atomic particles possess an intrinsic angular momentum.

As the name suggests, spin was originally conceived as the rotation of a par-
ticle around some axis. This picture is correct so far as spins obey the same
mathematical laws as the expectation value of quantized angular momenta do.
However, spin is not produced by a rotation of the particle, but is an intrinsic
property. Therefore, spin is a form of angular momentum, which has no analogue
in classical mechanics, that can be explained by the quantum theory of angular
momentum.

Classical description

Motion (linear or rotational) always has a corresponding momentum (linear or
angular) and it only changes when external forces are applied.

Now consider an object rotating with constant velocity « about a fixed point
at a distance 7 ; this motion is described with an angular momentum L :

L=7Fxp (2.1)

where p = mt is the linear momentum. As above cited, angular momentum
can only be changed when an external force is applied. In particular, defining a
rotational force T' as the cross product of force and the distance over which the
force has to be delivered, we can write:

. _ dp dL
T=ixF=ix|=|=[= 2.2
x M(dt) (dt) 22)

Now suppose that the rotating object carries an electrical charge, so that a current
loop is created. According to classical physics this current generates a magnetic
field, which is characterised by the magnetic dipole moment fi. In general, the
magnitude of the magnetic moment || is given by:

|ii| = [current] x [areal (2.3)

For an object of mass m, charge e, rotating on a circle at constant rotational
velocity ¢ about a fixed point at distance 7 the magnetic dipole moment is:

ﬁz(%)Fxﬁ (2.4)

Using L = —mu x 7, a fundamental relation between magnetic moment and

angular moment is obtained:
i= (| L=+L (2.5)
H= om =7 .
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where 7 is the classical gyromagnetic ratio. This relation is valid for any periodic
orbital moment, including microscopic motion of elementary particles. When the
rotating object is placed in an external magnetic field By , the loop will feel a
torque given by:

T =i x By (2.6)

Combining Equation (2.2), (2.5) and (2.6) gives:

Since the amplitude of ji is constant, the differential Equation (2.7) expresses
the fact that ji changes its orientation relative to By, i.e. ji rotates about Bj.
Alternatively, a precession of ji about By can be described by:

dpi
[ X W 2.8
g = o (2.8)
Combining Equation (2.7) and (2.8) results in the famous Larmor Equation:
= ’Ygo
L Wo gl
= — B, 2.9
Yo 2m (27r> 0 (29)

The Larmor frequency 1y is thus directly proportional to the applied magnetic
field By and also to the gyromagnetic ratio -y, which is characteristic for the
particle under investigation.

A magnetic moment in an external magnetic field also has an associated mag-
netic energy defined as:

E = —fi-By=—pBycos# (2.10)

where 6 is the angle between the magnetic moment ji and the external magnetic
field By. Equatlon (2.10) indicates that magnetic energy is minimised when /i
is parallel with By and maximised when i1 is antiparallel with Bo. According
to classical description the magnetic moment may assume any orientation, with
energy varying between +uBy and —uB,.

Therefore, classical mechanics cannot explain how the general resonance con-
dition for spectroscopy, AE = hv, relates to the magnetic energy associated with
the magnetic moment. A quantum - mechanical treatment is necessary to explain
NMR resonance and the interation of electromagnetic waves and nuclear spins.
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Quantum - mechanical description

In classical mechanics one can prove that the angular momentum defined to be
7 X p is the generator of a rotation; in contrast, in quantum mechanics we define

the angular momentum operator J = Rl so that the operator for an infinitesimal
rotation takes form: R
J -1

D(it,d) =1 —i (T) do (2.11)

for a rotation about the direction charcaterised by a unit vector 7 by an infinites-
imal angle d¢. This is important because spin angular momentum to which our
general formalism also applies, has nothing to do with Euklidean space (R3).
The wave function of a free spin is defined in Hilbert space. Quantum mechanics
theory proves that angular momentum commutation relations are:

Because of Equation (2.12), the rotation group in three dimensions is said non -
Abelian, that is rotation about different axis fail to commute. The first important
property we derive from the basic commutation relations is the existence of a new
operator 12 defined by

=11 +1,1,+ LI (2.13)

that commutes with every one of I:
P{Q]:Q (k= z,y,2) (2.14)

Because components of angular momentum do not commute each other, only one
of them can be choosen to be the observable to be diagonalised simultaneously
with 2. By convention I, is choosen for this purpose. Studying the simultaneous
eigenkets and their eigenvalue spectrum of operators 12 and I, the following
equations can be derived:

2| I,m) = I(I41)|I,m) (2.15)
L |I,m) = m|I,m) (2.16)
with [ either an integer or a half - integer and m given by:

m=I1T—-1,T—2 .. —I (2.17)

~
21+1states

The quantization of angular momentum manifested in Equations (2.15 and 2.16)
is a direct consequence of the angular momentum commutation relations, which,
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in turn follow from the properties of rotations together with the definition of I
as the generator of rotation.
In the Heisenberg representation the equations of motion of the angular mo-

mentum operator Al are:

hdl ~ s 5
22 - [e%p?ﬂ — [—~hB, - ]7ﬂ (2.18)

where 7 = —77150 - I is the Hamiltonian describing the coupling of the spin
with the applied magnetic field. For the z component:

%[t kB [L, L] + —hBo [, 1] = ’VTH Fx Eo] (2.19)

This equation has the same form as the classical Equation (2.7). This identity
has the following consequence: the expectation value (/) taken over the wave

function of a free spin I also obeys the classical equation and can therefore be
calculated classically.

d - 2, =

— (i) = v (i) x Bo (2:20)

dt
where ﬁ = vf. Since the angular momentum is quantized, the magnetic mo-
ment will also be quantized. The component of the magnetic moment along the
longitudinal z axis is given by:

fi. |1,m) = Am |I,m) (2.21)

In the absence of an external magnetic field, each of the 21 + 1 states with
the same values of I but different values of m; are degenerate, meaning that they
have the same energy. In an external magnetic field g@, the particles acquire a
magnetic energy given by: R

A = —Ji- By (2.22)

Considering an external static magnetic field applied along z direction, By =
(0,0, By), Equation (2.22) gives:

H, = —~I, - By (2.23)
It follows that the Schrodinger equation of the free spin is:

AN, m) = Ep |I,m) (2.24)
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The energy eigenvalues of a free spin in an external static magnetic field applied

along z direction are:
E,, = vhmB, (2.25)

Since m is a discrete quantum number [see Equation (2.17)], the energy levels are
also quantised. For a particle of spin I = 1/2, there are only two energy levels
(m = £1/2) and the energy difference AF is given by (see Figure 2.1):

AE,, = vhB, (2.26)

The resonance phenomenon in NMR is achieved by applying an oscillating mag-

E
~|1/2,—-1/2) =
=
'/-////
Eo<_ AE = yhB)
.
)
~~[1/2,+1/2) = 1)
|

By B,

Figure 2.1: The nuclear spin energy for a spin 1/2 nucleus as a function of the external
magnetic field strength By. By convention the lower energy level is referred
to as a or |T) spin state, while the higher energy level is referred to as
or ||) spin state. For all currently available magnets, the energy difference
between the two spin states corresponds to electromagnetic radiation in the
RF range.

netic field perpendicular to B, with a frequency wy, such that the energy equals
the magnetic energy given by equation (2.26), i.e the energy of the electromag-
netic wave is given by:

AE,, = hwy (2.27)
Combining Equations (2.26) and (2.27) yelds the Larmor equation:
wo = 7By (2.28)

Even though the classical and the quantum - mechanichal description of NMR
lead to the same result, they play a different role in the understanding of the tech-
nique. Quantum mechanics is the only theory which can quantitatively describe
the NMR phenomenon.

10
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2.1.2 Macroscopic magnetisation

Figure (2.2) shows the precession (at the Larmor frequency) of a magnetic mo-

Figure 2.2: (A) Classical magnetic moment precession in an external magnetic field By.
The spin magnetic moment i precesses about By, in which the orientation
0 and the amplitude (along z) [, are quantized. (B) For a single nuclear
spin 1/2, the spin state is described by a linear combination of a (1)) and

B (4)) states.

ment around an external magnetic field according to classical principles. Quan-
tization of magnetic moment (and magnetic energy) can readily be incorporated
in this picture. For elementary particles the angle 6 between (i and go can no
longer be arbitrary as in Section (2.1.1) but is given by:

m

cost) = m (2.29)

In the general case of a spin I nucleus, the magnetic moments will be distributed
on 2/ 41 cones at discrete angles 6 as defined by Equation (2.29). For a spin 1/2
nucleus the two spin states m = +1/2 are often referred to as the o and f spin
states, respectively.

So far, only the behavior of individual nuclear spins has been considered.
However, to understand NMR physics the magnetic behaviour of assemblies of
large numbers of atomi nuclei has to be described. The existence of spin para-
magnetism, that is, the appearance in a sample containing a large number of
elementary spin moments of a net macroscopic magnetisation when placed in a
magnetic fiedl B}, is due to the fact that different orientations of the spins with
respect to the field, decribed by different values of the quantum number I, = m
of the spin quantized along the field, correspond to different magnetic energies
E,,. According to the fundamental Boltzmann law of statistical mechanics, the

11



2. THEORETICAL BACKGROUND

populations P, of the energy levels are given by:

o—Em/kpT

P(E,) = (2.30)

I —Epm kT

where k is the Boltmann constant, kg = 1.38 - 10723, For a single free spin in a
static external magnetic field applied along z direction the expectation value of
nuclear spin is given by:

(fiz) =y (I.) = vh Y _ mP(Ey) (2.31)

The total net magnetic moment (i.e. the magnetisation desnity M /V) of a macro-
scopic sample is the resultant of the sum over all individual magnetic moments /i.
Due to the population difference there will be a net component of M parallel with
By along the 4z axis. At thermal equilibrium the magnitude of the longitudinal
magnetisation, M is:

- {12)
My=Y" v : (2.32)
i=1
Using Equation (2.30) it follows:
I —yhmBo/kgT
_ me Y 0
My = Nwhzm__l (2.33)

I —~EmBo/kgT
7167 /kB

In nuclear magnetism, where the ratio yAmBy/kgT is usually a very small num-
ber, it is permissible to make a linear expansion of the Boltzmann exponential,
thus obtaining:

NYRBy Y m?  NyPRI(I+1)
- kT 2l +1 3kT

wher yq is the static nuclear susceptibility. The proportionality of xo to 1/T is
the well known Curie law. Since the final received signal is proportional to the
population difference, NMR is a rather insensitive technique compared with other
forms of spectroscopy, where the energy difference is much larger.

From Equation (2.34) several important features concerning the sensitivity
of NMR experiments can be deduced. The quadratic dependence of M, on the
gyromagnetic ratio v implies that nuclei resonating at high frequency, Equation
(2.28), also generate relatively intense NMR signals. The linear dependence of M,
on the magnetic field strength By implies that higher magnetic fields improve the
sensitivity. Finally, the inverse proportionality of M, to the temperature 7" indi-
cates that sensitivity can be enhanced at lower sample temperatures. Obviously,
the latter option is unrealistic for in vivo applications.

MO . BO = XOBO (234)

12
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Table 2.1: NMR properties of commonly encountered nuclei in vivo NMR [de Graaf]

Isotope Spin Gyromagnetic ratio NMR frequency Natural
(107 rad T~* s71)  at 2.35 T (MHz) abundance (%)

'H 1/2 26.752 100 99.985
3He 1/2 -20.380 76.181 14x1074
B 1/2 6.728 25.145 1.108
70 5/2 -3.628 13.562 0.037
3lp 1/2 10.841 40.481 100

129X e 1/2 -7.452 27.856 26.44

2.1.3 Bloch equations

In Section (2.1.1) it was shown that, when placed in a magnetic field B, the
expectation value of the quantum - mechanical operator ﬁ experiences a torque
which is proportional to the time derivative of the angular momentum, Equations
(2.20). Utilizing the fact that the magnetisation is the sum over all magnetic mo-
ments the expression of motion for a single magnetic moment can be generalized
for the total magnetisation, giving:

d - S
i) = iy = By (2.35)
dm;

dt

=i x YB(t) — M =Y iy — —— = M x vB(t) (2.36)

where g(t) may include time - varying components in addition to the static
magnetic field By. At thermal equilibrium, in the absence of additional (time
- varying) magnetic fields, Equation (2.37) simply expresses the fact that the z
component of the magnetisation M is constant, i.e.:

dM(t)
dt

=0 (2.37)

In order to observe nuclear magnetisation, the precessional motion needs to
be detected. However, at thermal equilibrium the spins have no phase coherence
in the transverse plane and the net longitudinal magnetisation is a static vector
parallel to By. Nuclear magnetisation can only be observed by rotating the net
longitudinal magnetisation towards the transverse plane. From Equation (2.37)
it follows that M, can be perturbed by a second magnetic field perpendicular to
M, and since this field is rotating at the Larmor frequency in the RF range of
the electromagnetic spectrum, it is often referred to as a RF magnetic field.

13



2. THEORETICAL BACKGROUND

Figure 2.3: Ezcitation of magnetisation in the nonrotating, laboratory frame xyz. The
longitudinal magnetisation Mg, wnatially aligned with the z axis, will precess
about the static magnetic field By and the irradiating RF field By in the
transverse plane. This results in a rotation towards the transverse plane
due to By and a simultaneous precession at the Larmor frequency about By.
In this case By was calibrated to rotate Mg by 90 away from the z axis to
give complete excitation.

The magnetic component of a RF field that is linearly polarised along the x
axis in the laboratory frame can be written as:

Bia (t) = 2B1mazCoswté, (2.38)

where Bi.. is the maximum amplitude of the applied field, w is the angular
transmitter or carrier frequency of the RF field and €, represents a unit vector
along the x axis. The linearly polarised field can be decomposed into two circu-
larly polarised fields rotating in opposite direction about the z axis (Figure 2.4)
according to:

élm(zﬁ) = Bimagz(coswtey, + sinwtey,) + Bipas(coswte, — sinwté,) (2.39)

Only the field rotating in the same sense as the magnetic moment interacts sig-
nificantly with the magnetic moment. Since under most conditions the counter
rotating field can be ignored, the linearly polarised RF field of Equation (2.39) is
then equivalent to a rotating magnetic field given by:

Bio(t) = Bimas(coswt[z] — sinwtly]) = Bizcoswt + glysinwt) (2.40)

where Elx = Binaz€e and ély = Bimaz€y. A similar expression can be derived
for ély(t).

In the presence of two magnetic fields By and él, Equation (2.35) can be
expanded to yield in the laboratory frame of reference in the absence of relaxation:

14
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Figure 2.4: Decomposition of a linear oscillating magnetic field (A) into two rotating
magnetic fields (B) with frequencies w and +w, respectively.

d]%; O _ 1N, (1) By — M. (1) B (2.41a)
d% U _ (i (1) Bry — V() Bo) (2.41D)
d%t O _ o ¥i(0) By, — N, (1) Bl (2.41¢)

The term relaxation is widely used in the physical sciences to indicate the re-
establishement of thermal equilibrium after some perturbation is applied. In the
absence of a field all nuclear spin states are equally likely. When a magnetic field
is applied, this situation no longer corresponds to equilibrium, and the system re-
laxes to the new equilibrium state, in which the spin polarisations are distributed
anisotropically. If the magnetic field is suddenly switched off the nuclear spin
magnetisation relaxes back to zero again, following an exponential decay. The
components perpendicular (i.e.M, and M,) and parallel (i.e.M.) to By relax with
different time constants. The relaxation process was described by Bloch with
three additional terms in the equation of motion for the magnetisation:

AM,(t)  M,(t)

i h (2.42a)
dM,(t)  M,(t)

ST (2.42b)
AM,(t)  M.(t) — My

T — (2.42¢)

T1 and T, are relaxation time constants. 77 is the longitudinal relaxation time
and reflects in principle a process in which energy from the spins is transferred

15



2. THEORETICAL BACKGROUND

to the surrounding lattice (which can be either solid or liquid), for this reason it
is also referred to as spin - lattice relaxation time. 75 is the transverse relaxation
time and reflects an entropy process, since spins exchange energy mutually (there
is no net energy transfer) causing a decrease and loss of phase coherence (i.e. an
increase in entropy). 75 is also referred to as spin - spin relaxation time.

Combining Equations (2.41) and (2.42) yelds the Bloch equations in the lab-
oratory frame:

B0 i, 08— .05, - (2430
OB — (1) B — (1) B~ 22 (2.430)
M) _ i ) Byy — Ny (1) Bua) — M=) = Mo (2.43¢)

T

Until this point the NMR experiment has been described in a Cartesian frame
fixed with respect to the laboratory (i.e. the laboratory frame). It turns out to
be more convenient to describe NMR in a rotating frame. Therefore, consider
a new set of Cartesian axes (z/, ¥ and 2’) where 2/ and y' rotate about the
static magnetic field By with frequency w and 2z’ = z. The components of the
magnetisation in the rotating frame are given by:

M. = M,coswt + M,sinwt (2.44a)
]\Z; = M,coswt + M,sinwt (2.44D)
M = M, (2.44c)

Therefore, using equations (2.44) and equations (2.43), the Bloch equations in
the rotating frame can be written as:

dM; (1) , L M)
g = (o —w)My(t) =By, Mi(t) == (2.45a)
dM!(t . L Mt
) _ (wo — w)M(t) + v B, M_(t) 10 (2.45b)
dt T,
dM(t = o MU(t) — M,
) _ By, M, (t) — vBixM;(t)M (2.45¢)

dt Ty

The conversion to a rotating frame of reference has consequences for the magnetic
field vectors encountered in that frame. In a frame that rotates with a frequency
equal to the frequency of El, B, appears static. Furthermore, the precessional
motion of the magnetisation appears to be reduced to a value (wy — w). Figure
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2.1. Nuclear Magnetic Resonance

Figure 2.5: Magnetic field vectors encountered in the rotating frame of reference during
excitation. (A) On-resonance (By = B.). (B) Off-resonance.

(2.5) shows the generation of transverse magnetisation for w = wy. Since the
vectors are drawn in the rotating frame of reference, the magnetisation simply
precesses about the applied B, field towards the transverse plane. Comparison
with Figure (2.3),which shows the same situation in the laboratory frame illus-
trates the advantage of a rotating frame. It is convenient to define an effective
magnetic field B., which is the vector sum of [(wy — w)/4]é. and B, since the
magnetisation precesses about the effective field. On - resonance (i.e. when the
frequency of the applied RF pulse equals the Larmor frequency, w = wy), the
magnetisation simply rotates about B;. Off - resonance (i.e. w # wp), the ef-
fective magnetic field B, is tilted from the transverse plane leading to a more
complex rotation when compared with the on - resonance situation.

2.1.4 NMR Signal

As described before, following an on - resonance RF pulse, the magnetisation
precesses about By at the Larmor frequency and induces an electromagnetic field
(EMF). Using an NMR spectrometer, it is possible to detect this small oscillating
current by using a sensitive RF detector, called probe (consisting of coil, pream-
plifier, duplex). The oscillating electric current induced by the precessing nuclear
transverse magnetisation is called the NMR signal or free - induction decay (FID).

The NMR spectrometer is basically a device capable of: (i) magnetising the
nuclear spins by a large applied magnetic field; (ii) rotating the spin polarisa-
tions by RF pulses to produce transverse nuclear magnetisation; (iii) detecting
the small oscillating electric currents induced by the precessing transverse spin
magnetisation.

Because of Ty relaxation, the transverse magnetisation and consequently the
EMF will decrease as a function of time. However, macroscopic and microscopic
inhomogeneity in the main magnetic field By will create a distribution of locally
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different magnetic fields across the sample, leading to a distribution of Larmor
frequencies. This distribution leads to a more rapid loss of transverse magneti-
sation than caused by pure spin - spin relaxation, so To* < T,. For a sample
with uniform proton density and T, relaxation time, the acquired signal in the
presence of magnetic field inhomogeneity is given by:

M, (t) = M, (0)e "/ / eTABMt gy — N (0)e T (2.46)
where A B is related to By inhomogeneity, By(r) is the magnetic field at position
7 and M | is the complex transverse magnetisation (]\Z/ 1 = M, +iM,). Note
that even though the 75" relaxation is often presented as a single - exponential
decay, it is a multi - exponential decay depending on the local magnetic field
inhomogeneity of individual spin packets.

Signal spins moving out
M) of phase
37% M, |-

time t after
90° rf pulse

lml'lllv |

= T2% time T2 time
constant constant

- I-\ctual Decay due to T2* relaxation
(including effects of field inhomogeneities)
‘Free Induction Decay (FID)"

Figure 2.6: The amplitude of the net transverse magnetisation (and therefore the de-
tected signal) decays as the spin packets move out of phase with one another
(shown by the small black arrows). The resultant decaying signal is known
as FID. The overall term for the observed loss of phase coherence (de-
phasing) is T2* relazation, which combines the effect of T2 relazation and
additional de-phasing caused by local field variations (inhomogeneities)

NMR spectrometers separately detect the z and y components of the complex
motion of the transverse magnetisation as function of time and commonly the
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2.1. Nuclear Magnetic Resonance

projections on the z and y planes are shown, which are given by:

M, (t) = Mocos|(wy — w)t + ¢le /T2 (2.47)
M, (t) = Mysin|[(wo — w)t + ¢le /2" (2.48)

where ¢ is the phase at ¢ = 0 and M,(t), M,(t) are referred to as the real
and imaginary FIDs, respectively. Normally the time - domain data (i.e. the
FID) is converted to frequency - domain data (i.e. the spectrum) by a Fourier
transformation according to:

F(w) = /00 f@®)e™™dt or F(v) = /OO f(t)e m™dt (2.49)

Fourier transformation of NMR the time - domain signal yields the real and
imaginary frequency - domain signals (i.e. the spectrum) given by:

R(w) = A(w)cosep — D(w)sing (2.50)
I(w) = A(w)sing — D(w)coso (2.51)

where
Alw) = — MoT (2.52)

1+ (wo - w)2T2*2
M _ T *2

D(w) = o(wo —w)T ~ (2.53)
1+ (wp — w)?T3"

A(w) and D(w) describe the absorption and dispersion components of a Lorentzian
lineshape. The width at half height, Avy /s, of the absorption component of a
Lorentzian lineshape equals 1/(wT5"). The dispersive component is substantially
broader, with a net integrated intensity of zero. Therefore, for the best separation
(or resolution) of multiple lines in a NMR spectrum, absorption mode spectra are
generally desired. Pure absorption mode spectra can be obtained by phasing the
observed, mixed R(w) and I(w) spectra.

2.1.5 Chemical shift

So far most of the descriptions assumed a macroscopic sample containing only
one type of nuclear spin, having a resonance frequency given by the Larmor
equation (2.28). If the frequency of nuclear spins were solely determined by
the resonance condition, NMR spectroscopy would be of minor importance in
chemistry and medicine. However, the resonance frequency not only depends on
the gyromagnetic ratio v and the external magnetic field By, but is also highly
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sensitive to the chemical environment of the nucleus under investigation. This is
commonly referred to as the chemical shift.

The phenomenon of chemical shift is caused by shielding of nuclei from the
external magnetic field by the electron cloud surrounding them. The precession of
electrons from the electron cloud in an applied magnetic field is equivalent to an
electric current, producing a field which opposes the applied field. Furthermore,
the external field polarises the electronic shells, producing an additional magnetic
field at the nucleus. Further contributions result from interactions of the electron
shell with those of surrounding atoms (medium dependent). This effect can be

A
-CHq
B C
|
-CH
H—B8—H
| 4
H=TC"OH — ——
| PPM 60 50 40 30 20 10 00
yc N = Electronic shielding
o OH - Magnetic field at the nucleus -

+ 2
Reszonance frequency

Figure 2.7: Origin of the chemical shift. (A) The electrons surrounding a nucleus shield
the external magnetic field, thus reducing the magnetic field at the nucleus,
leading to a different Larmor frequency (chemical shift). (B) Nuclei of the
same element (or isotope) in different chemical environments have different
chemical shift. Giving rise to multiline NMR spectra.

expressed by introducing an effective magnetic field B, ¢¢ at the nucleus:
Bejs = Bo(1 - ?) (2.54)
where o7 is the chemical shift tensor (2"? order) of the nuclear site [;. In isotropic

liquids and gases, the molecules tumble rapidly through every conceivable molecu-
lar orientation, with equal probability for each orientation. The observed chemical
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shift is therefore the isotropic average of ¢/ and is then a scalar quantity inde-
pendent on the orientation of the sample with respect to the magnetic field that
can be interpreted as a shielding constant. Using equation (2.54) the resonance
condition (2.28) becomes:

= (%) Bo(1 — o) (2.55)

Most often chemical shifts are not expressed in units of Hertz, since makes chem-
ical shifts dependent on the magnetic field strength. Instead chemical shifts are

expressed in relative terms of ppm (parts per million). By convention the chemical
shift is defined as:

5 =Ll 10 (2.56)
Vyef
where v and v,.; are the frequencies of the compound under investigation and of
a reference compound, respectively. The reference compound should ideally be
chemically inert and its chemical shift should be independent of external variables
and should produce a strong (singlet) resonance signal well separated from all
other resonances.

2.1.6 7T Relaxation

In Section (2.1.3), 77 and T3 were introduced as longitudinal (spin - lattice) re-
laxation and transverse (spin - spin) relaxation time, respectively. T and Ty
relaxation are fundamental to NMR because they essentially affect any NMR
experiment. In particular, knowledge of T} relaxation is required for signal quan-
tification, the study of chemical exchange and the design of optimal timings of
pulse sequence for data acquisition.

Consider a simple pulse - acquire experiment with an « excitation pulse and
a repetition time TR. After the RF pulse the magnetisation is flipped from z -
axis, it recovers through 7} relaxation according to:

My(1 — e~TR/Th)

Mo, Th) = (1 — cosa e~ TH/Th)

(2.57)

Note that Equations (2.57) is derived under the assumption that M, = 0 im-
mediately prior to excitation. Experimentally this can be achieved by using
TR > 5T, or by applying magnetic field gradient crushers to dephase any re-
maining transverse magnetisation. Figure (2.8) shows the amount of longitudinal
magnetisation over time when the sequence is continuously repeated, as would
be the situation in the case of signal averaging. In the case of a 90° pulse the
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Figure 2.8: The effects of multiple excitations and T1 relazation on the establishment
of a longitudinal steady - state condition.

longitudinal magnetisation is reduced to zero after each pulse, after which it is
allowed to recover through 7} relaxation according to (2.57), which reduces to
M, = M, for TR > 5T;. The amplitude of the transverse magnetisation is given
by M, = M,sina = My. However, even though full excitation is achieved dur-
ing each scan, the experiment is not optimal in terms of signal per unit of time
[= 0.2(My/T1)] because the majority of scan time is used to wait for recovery
of the longitudinal magnetisation. For this reason, data acquisitions with short
repetition time are frequently used. However, for short TR acquisitions, the nu-
tation angle o plays a fundamental role. It is straightforward to show that the
optimal nutation angle a,p; for maximum signal per unit time is given by:

Qopt = arcos(e” T/ (2.58)

which is known as the Ernst angle. When T'R > 57}, the exponential term
vanishes and the optimal nutation angle is 90°. For shorter TR, the nutation
angle gets smaller in order to reduce the saturation of longitudinal magnetisation

and to maximise the acquired signal.
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Ernst angle, o oy ()

TRIT,

Figure 2.9: Graphical representation of the relation between the optimal nutation angle
(Ernst angle, in degrees) and the ratio of repetition time TR to the Ty
relaxation time.

Inversion recovery sequence

The inversion recovery sequence is the ”gold standard” technique for measuring
the T} relaxation time. The inversion recovery method consists of two pulses and
two delays. The longitudinal magnetisation is inverted by a 180° pulse, then it
partially recovers during a delay ¢, after which the longitudinal magnetisation is
excited by a 90° pulse. Following data acquisition, the sequence can be repeated
starting with recovery of longitudinal magnetisation during TR. The signal in-
tensity M, (t) during the recovery time is given by:

M. (t) = My — (1 — 27/T) 7, = Lo (2.59)
In2

where M is the longitudinal magnetisation at ¢t = 0 immediately after the inver-
sion pulse. The 77 relaxation time constant can be obtained by acquiring NMR
spectra at different recovery times between 0 and 577. Figure (2.10) shows typical
inversion recovery spectra as a function of the recovery time. Fitting the inte-
grated resonance areas to equation (2.59) gives an estimation of the 7} relaxation
time.

2.1.7 T, Relaxation and spin-echoes

The observation of NMR signal depends upon the generation of phase coherence.
The existence of phase coherence is finite due to 7 relaxation. According to
Equation (2.46), Ty relaxation is composed of intrinsic T; relaxation and dephas-
ing by macroscopic and microscopic magnetic field inhomogeneity. Following a
90° pulse, phase coherence is generated which disappears with time constant 77,
thereby masking any information about T5.
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Figure 2.10: Measurement of T1 relaxation through the use of the inversion recovery
method

However, through the generation of so - called spin - echoes it is possible
to separate the contribution of 7, and magnetic field inhomogeneity. The first
experiment was proposed by Hahn [Hahn, 1950]. In the Hahn sequence, the
spins are excited by a 90° pulse after which they dephase in the transverse plane
during the first half of the echo time, due to magnetic field inhomogeneity and
frequency offsets. Then a 180° pulse tilts all magnetization vectors about the y
axis (according to Figure 2.11), after which the spins rephase during the second
half of the echo time due to the same magnetic field inhomogeneity and frequency
offsets. At the echo time TE, the rephasing is complete and a spin - echo is
formed. The Hahn sequence pulse time diagram is shown in Figure (2.11). The

Ao, 180;,

J_E TE?2 ’_‘ TE/2
_ A

Figure 2.11: Spin - echo formation for uncoupled spins.

corresponding spectra can be fitted to an exponential curve, according to:
M, (TE) = M, e TE/T: (2.60)

An alternative method to measure 75 is the Carr - Purcell - Meiboom - Gill
(CPMG) experiment, in which the single refocusing pulse is replaced by a train
of successive 180° pulses.

24



2.2. Physical properties of Xenon (Xe)

A e B

‘M@m

echo-time, TE 0 B -
400

M, (M,

signal

echo-time, TE (ms)

Figure 2.12: Measurement of Ts relazation through the use of the spin - echo method.

2.2 Physical properties of Xenon (Xe)

Noble gases with nonzero nuclear spin are excellent NMR sensors for material
science and biological tissue due to their very low reactivity and due to their very
large range of chemical shifts, solubility and diffusivity. Some NMR properties of
the stable noble gases with nonzero nuclear spin are listed in Table (2.2).

Table 2.2: Some physical properties of the stable noble gases

Noble gas Spin Boiling point Melting point Isotopic fraction Gyromagnetic ratio

T [K] T [K] [%] [KkH7/G]
SHe 1/2 4.22 0.95 1.37x 1074 3.2435
21Ne 3/2 27.07 24.56 0.257 0.3363
83Kr 9/2 119,93 115.79 11.55 0.164
129X e 1/2 165.15 161.45 26.44 1.178
131Xe 3/2 165.15 161.45 21.18 0.349

In this work we focus our discussion on the 1/2 spin noble gas ?°Xe, that we
employed for our experimental measurements.

Xenon, from the greek word zeno, stranger, was discovered in 1898 by William
Ramsay and Morris Travers in the residue left after evaporating the other com-
ponents of liquid air. Xenon is present as a trace gas in the atmosphere, at
concentrations of 0.087 ppm. At room temperature and atmospheric pressure,
xenon is a gas, but liquefies at moderate temperatures (160 K - 290 K) and pres-
sures (1 bar - 60 bar). At liquid nitrogen temperatures Xe is a solid, this allows
the accumulation and storage of laser - polarised xenon applying an external mag-
netic field [Gatzke et al., 1993]. Figure (2.13) shows the p - T phase diagram of
Xenon [Cherubini and Bifone, 2003]; triple point [t.p. 161.3 K, 81.6 kPal, critical
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point [c.p. 289.7 K, 5.88 MPa].
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Figure 2.13: Phase diagram of Xenon [Cherubini and Bifone, 2003]

Xenon has an atomic number of Z = 54 and an atomic mass of 131 a.u.,
resulting from a combination of nine naturally occurring isotopes with masses
ranging from 124 to 136 a.u.; more than 35 unstable isotopes have been discovered.
Two isotopes of xenon have very long radiocative half lives T7/ (***Xe, 0.01 %
natural abundance, T/ > 1.6 x 10'* years and **Xe, 8.9 % natural abundance,
Ty > 3.6 X 10% years). Moreover, natural xenon contains two isotopes with a
nonzero spin quantum number, ?*Xe and ¥'Xe with natural abundance 26.4 %

and 21.29 % respectively. The basic NMR properties of these isotopes are given
in Table (2.3).

Table 2.3: NMR properties of ??Xe and %' Xe: ground-state spin, magnetic moment
i, gyromagnetic ratio, quadrupole moment, sensitivity relative to proton (as-
suming thermal polarization) [Oros and Shah, 2004).

Isotope Spin Magnetic moment Gyromagnetic ratio Quadrupole moment  Sensitivity

P [MHz/T|
129% e 1/2 -0.7779763 -11.7774 0.00 0.021
131X e 3/2 +0.6918619 +3.4912 -0.120 2.76 x 1073

In particular, '*Xe is an excellent NMR probe for the following reasons:
the extremely long spin - lattice relaxation time (77), that makes it possible to
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optically polarise this nucleus for NMR applications; the large range of chemical
shifts.

2.2.1 1'29Xe chemical shift

Due to its fully occupied external electronic orbitals, xenon is chemically inert.
However, the large and highly polarisable electron cloud makes the Larmor fre-
quency of xenon very sensitive to the chemical environment. Indeed, the chemical

shift range of '?°Xe extends over several thousand ppm; it is usually referenced
to xenon gas extrapolated to zero density.
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Figure 2.14: 1%°Xe chemical shift range [Pietraiss and Gaede, 1995]

Several studies investigating the influence of pressure and temperature on the
chemical shift in gas, liquid, and solid, as well the underlying mechanism have
been carried out in the past decades. In our experimental range of pressures and
temperatures, '?°Xe is in the gaseous phase. In xenon gas, the chemical shift is
due to collisions between Xe atoms, which have a deshielding effect and depends
on temperature and pressure. The chemical shift dependence on the temperature
and pressure of the Xe gas has the general expression [Jameson et al., 1973]:

o =00+ 0 (T)p+oa(T)p* + ... (2.61)
For Xe gas the first virial coefficient o( is constant (temperature independent)
and is set by definition to zero, o3 = —0.553 ppm/amagat at 298 K and showing

temperature dependence, and oy ~ —0.17 x 1072 ppm/amagat?® (can be neglected
for pressure below ~ 100 amagat).
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2.3 Physical properties of Rubidium (Rb)

Alkali - metal atoms are suitable for SEOP for the following reasons: (i) they
absorb the pumping light very efficiently because of their large electrical dipole
moment; (ii) the ground state has optical transitions in the near infrared. More-
over, due to their relatively simple quantum - mechanical structure (one electron
in the S - state) they have well defined selection rules. In our experimental
measurements we used rubidium for SEOP of xenon gas.

Rubidium, which was discovered by Gustav Kirchhoff and Robert Bunsen
in 1861, was the second element, following cesium, to be identified by use of
the spectroscope, which they had invented the year before. Rubidium, from the
Latin rubidus, which means deep red, was named after the red lines in its emission
spectrum. [Weeks, 1932].

Rubidium is a silvery - white metal, soft, ductile, and, with a melting point
of only tpeiing = 38.9°C, liquid at elevated ambient temperatures. As cited
above, it is one of the alkali metals, atomic number 37, atomic weight 85.47, and
electron configuration [Kr]5sl. In nature, rubidium consists of two isotopes that
have atomic weights 85 and 87 and that occur in the proportions of 72.2 % and
27.8 %, by weight, respectively. 8"Rb is slightly radioactive with a half - life of
t1/o = 4,88 x 10 years.

The number densities for Rb atoms, as a function of the absolute temperature
T, have been determined from the vapor pressure curves [Cates et al., 1992;
Killian, 1926]:
10(10-55—4132K/T)

kgT
where T is the absolute temperature in Kelvin and kg = 1.38 - 10723.J/K is the
Boltzmann constant. Typical Rb number densities present in optical pumping
cells range from 1.05-10" cm™ at 297 K t0 9.9-10" cm ™ at 473 K. Figure (2.15)
shows the number density of rubidium plotted as a function of temperature. In
the temperature range used in the experimental measurements, we can notice a
strong exponential dependence.

The nuclear spins of the two rubidium isotopes, 8Rb and ®Rb, are [ = 3/2
and I = 5/2 respectively. The energy levels of an alkali - metal atom interact-
ing with an external magnetic field, éz, are determined by the ground - state
Hamilton operator [Happer, 1972]:

[Rb] =

(2.62)

?[:Agfg—i—fysgz'éz—l—wf;éz (2.63)
—— ° ~
spitn—sptn eeman

The term A, T-S describes the hyperfine couphng of the alkali - metal nuclear spin
to the electron spin in the ground state, g S .B, and o0t I . B, both are Zeeman
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2.4. Optical pumping of noble gas nuclei

Number density of Rb
%
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Figure 2.15: The temperature dependence of the Rb density [Rb] as a function of tem-
perature in Kelvin from Equation (2.62). Note the logarithmic scale of the
vertical axis.

terms describing the magnetic - dipole coupling of the nuclear and electron spin
to the magnetic field, respectively. A similar expression can be derived for the
first excited state *P;/. Energy level schemes of 8Rb and %Rb are shown in
Figure (2.16).

Rubidium is an extremely reactive metal; it ignites spontaneously in the pres-
ence of air, and reacts violently with oxidizers, halogens and halogenated hydro-
carbons, and water, which it decomposes under release of hydrogen. Because of
its reactivity, in experimental applications on animals and humans it must be
ensured that the inhaled gas is free of Rb. To ensure safety and purity, this metal
is usually kept under a dry mineral oil or sealed in glass ampoules in an inert
atmosphere.

2.4 Optical pumping of noble gas nuclei

Ever since the pioneering work of Hanle on the magnetic depolarisation of reso-
nance light, it has been known that the excited atomic states that are produced
by the absorption of anisotropic light are strongly polarised. In 1949, Kastler
[Kastler, 1950] pointed out that the absorption and scattering of resonance light
could lead to large population imbalances in atomic ground states as well as in
excited states. The Nobel prize in physics 1966 was awarded to Alfred Kastler
"for the discovery and development of optical methods for studying Hertzian res-
onances in atoms”. After his work, ground state polarisation by optical pumping
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Figure 2.16: Energy level schemes of 8"Rb and 8’ Rb with the fine structure (F'S), the
hyperfine structure (HFS) and the Zeeman levels.

was soon observed and became standard method for polarising noble gases via
optically pumped alkali metals [Bouchiat et al., 1960].

In this work, experimental measurements have been carried out on a prototype
continuous - flow Rb - 29Xe polariser. In our setup, the alkali - metal atoms are
embedded in a high pressure gas mixture composed of: 90% “He (buffer gas), 9%
Ny (quenching gas) and 1% **Xe. Circularly polarised light is absorbed by a sat-
urated vapor of alkali - metal atoms, here Rb, polarising its ground state. Then,
polarisation is transferred to 1?*Xe nuclei via spin - exchange. The spin exchange
optical pumping process depends not only on the microscopic mechanisms, which
will be further described in the following and have already been understood quite
well, but also on macroscopic thermodynamical parameters that we investigated.

An in - depth description of the theoretical framework of optical pumping

process can be found in the reviews [Happer, 1972; Walker and Happer, 1997], as
well as in [Appelt et al., 1998].
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2.4. Optical pumping of noble gas nuclei

2.4.1 Spin exchange optical pumping

The physics of spin exchange optical pumping can be schematically described as
a two steps polarisation transfer mechanism. Polarisation is first transferred from
circularly polarised light to alkali - metal atoms, then via spin exchange to noble
gas nuclei. This, simplified, picture of SEOP is shown in Figure (2.17).

Collisional Mixing

-2 5251;2 112

L Optical Pumping ' ' Rb-Xe spin-exchange

Figure 2.17: (Left) The optical pumping process which polarises the ground state of Rb.
(Right) The spin exchange process between the polarised Rb electron spin
and the Xe nuclear spin mediated through by the hyperfine interaction in
binary collisions.

Optical pumping

The photon spin (s, = 1) of the circularly polarised laser beam, tuned to the D,
transition line of Rb, is transferred to alkali metal atoms. The selective optical
transition from the 5Si/, to the 5Py (J = 1/2; m; = +1/2) excited states
depopulates only the my = —1/2 ground state with an optical rate R, because
for right circularly polarised light (s, = 1) no transition is allowed from the m, =
+1/2 ground state to the two excited states. This follows from the conservation of
angular momentum (AL = +1) of the Rb atom, but it does not affect the intrinsic
electron spin orientation (As = 0). After the m; = +1/2 state is selectively
populated, frequent collisions with He atoms mixes the excited P,/ state into
an incoherent superposition of m; = £1/2. The collisional mixing leads to an
equal population of the two ecited state. Subsequent collisions with quenching
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gas molecules (Ny) induce transitions from the excited state to the ground state.
In high - pressure conditions, quenching collisional rate corresponds to an average
life time of < 1 ns which is much shorter than the natural excited state life time of
about 30 ns. Therefore the excited Rb atoms decay nonradiatively to the ground
state. The repopulation and depopulation pumping produces a ground state
electron spin polarisation, which is destroyed with a rate 7,4 through collisions
with Xe, Ny or He atoms.

Spin exchange

Figure (2.17) shows the process which transfers electron spin polarisation from
the Rb atoms to the nuclear spin of Xe atoms. Under high pressure conditions
the main contribution is from binary collisions between Rb and Xe atoms in the
gas phase which lead to short living Rb - Xe complexes. Quantum - mechanical
treatment [Happer, 1972] shows that the Rb electron spin of the short living Rb
- Xe complex has a non - vanishing probability for localization at the site the Xe
- nuclear spin. This is the physical reason for the isotropic hyperfine coupling,
also called Fermi contact interaction. The spin exchange transfer is mediated by
flip - flop processes between Rb - electron spin and Xe - nuclear spin. At low
gas pressure, the contribution for the spin exchange process mainly originates
from long - lived van der Waals complexes. This three - body process has been
intensively studied by Happer et al. [Happer et al., 1984].

2.4.2 Evolution of Rb - atom ground state

In this section the evolution of the ground state of Rb atom is described, including
spatial diffusion, optical pumping, spin exchange, and spin relaxation process.
Figure (2.18) shows schematically the atoms, molecules and electromagnetic fields
involved in our spin exchange optical pumping experiment. The optical pumping
cell, which is subject to a magnetic field B,, is filled with 1 g of rubidium which,
heated up to temperatures between 60° - 200°C, builts an alkali - metal vapor.
Rubidium atoms are embedded in a gas mixture of *He, Ny, and *Xe and are
pumped with a circularly polarised laser, which is propagating along the external
magnetic field direction.

From the viewpoint of the alkali - metal atoms the following processes and in-
teractions occur in the optical pumping cell: (a) spatial diffusion, (b) interactions
with the magnetic field and with the pumping light, (c) electron spin exchange
with other alkali - metal atoms, (d) electron spin relaxation due to the alkali -
alkali atom collisions or all other buffer gas atoms, (e) spin exchange between
electron spin of alkali - metal atoms and nuclear spin of noble gas atoms, (f)
relaxation and exchange processes of the total alkali spin. Defining S as the op-
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2.4. Optical pumping of noble gas nuclei

Alkali atom, composite spin:
F=I+8

795 nm

Circularly polarised
pumping laser T

Figure 2.18: Atomic, molecular and radiative components involved in the SEOP exper-
1ment.

erator for the rubidium electron spin, I = S + 1T as the total spin operator, with
I being the nuclear spin operator, and K as the nuclear spin operator of xenon
atom, the evolution of the ground state of the alkali - metal atom is given by
[Appelt et al., 1998]:

9p ol
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(2.64)
The terms on the right side are discussed in the following:

(a) The first term describes spatial diffusion of the alkali metal atoms, where
D is the diffusion coefficient. Because the alkali metal atoms loose their
polarisation completely through collisions with the walls of the pumping
cell, the boundary condition for the density operator is p = 0. Spatial
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diffusion in combination with optical pumping builds up a diffusion layer,
where the alkali - metal polarisation grows exponentially from zero at the
wall to the maximum equilibrium polarisation in the bulk.

(b) The interaction with the laser light and the external magnetic field is given by
the second term. Here, H, ; is the sum of the free alkali - metal Hamiltonian
of the ground state (Equation 2.63) and Hamiltonians representing the in-
teraction with radio frequency fields and small frequency - shifts associated
with collisional and pumping process. The expression R[gp(l +25-5 ) — ﬁ]
describes the evolution of alkali - metal ground state due to depopulation
and repopulation optical pumping. R is the mean optical pumping rate per
unpolarised Rb atom and 5 is the photon spin.

(c) The third expression describes the electron spin exchange process, through
collisions, between pairs of alkali - metal atoms. This exchange process can
occur between like (i = j) and unlike (i # j) alkali - metal atoms. Here, ¢
is defined as the ground state density operator which has no electron spin
polarisation, but which may contain some nuclear spin polarisation.

(d) This term is also called S - damping term. It accounts for the relaxation of
density operator due to binary collision of Rb atoms with each other and
with buffer gas atoms. These binary collisions destroy part of p with electron
polarisation, but do not affect the part ¢ with purely nuclear polarisation.
The S - damping term is characterised by the relaxation rate ygp, which
will be discussed later.

(e) The fifth term describes the transfer of polarisation between the nuclear spin
K of the noble gas and the alkali - metal electron spin S. The binary spin
exchange rate ygg, which will be discussed later, has contributions from
binary collisions and short - lived van der Waals molecules.

(f) The last term accounts for relaxation processes due to long - 11ved van der
Waals molecules. These processes, called F- damping and F- exchange,
are slow and cause Zeeman transitions within one hyperfine multiplet. At

high gas pressure these slow relaxation processes can be neglected [Bouchiat
et al., 1972].

Spin destruction rate

The spin destruction rate is given by [Fink et al., 2005]:

YSD = KRyNRy + KxeNxe + KNoNNy + KHeNHe + VSE + Virap (2.65)
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2.4. Optical pumping of noble gas nuclei

where npgp, Nxe, NN,, M. are the number densities of the different species and
KRbs KXes KNy, KHe are the experimentally determined spin destruction coefficients
for binary collisions with rubidium atoms (Table (2.4)).

The rubidium spin destruction rate ysp accounts for all spin polarisation de-
stroying processes apart from wall relaxation. It contains contributions of binary
collisions or alkali - metal atoms with each other and with buffer gas. Another
important relaxation process is the radiation trapping, here called v4yqp, 1. e.,
the depolarisation of a Rb atom by the interaction with a photon that has previ-
ously been emitted by another relaxing Rb atom. This relaxation mechanism is
quenched by the nitrogen in the gas mixture.

Spin exchange rate

The spin exchange rate, measuring the transfer of polarisation from the alkali
electron spin to the noble gas nuclear spin, is given by [Fink et al., 2005]:

R e R e
YsE = Nrp| < 0oV >+ OFH + SEX - (266)
ne nXe<1 n 0.275%)

where < ov > is the experimentally measured cross section for spin - exchange
binary collisions of rubidium and xenon, ksg g and Ksg x. are coefficients giving
the probability of spin exchange via van der Waals molecules with helium and
xenon as third interaction components (Table (2.4)).

Table 2.4: Spin destruction and spin exchange parameters for Rb - Xe spin exchange
optical pumping [Fink et al., 2005]

Coefficient Unit Value

KRb m3s™t 3.9x107%°, 44x 10720
KXe m?s~! 6x1072! x 10.8
KN, m?s7! 9x 107
K e m3s™! 2x107%
KSE, Xe st 5.23x10?
KSE,He s™1 1.7 x 10*
< ov > m3 s 0.6x10722, 1.75 x 10722
3.7x10722

2.4.3 Electronic spin polarisation of Rb

The concept of spin - temperature distribution for alkali - metal atoms in the
case of very rapid spin exchange processes was introduced in 1959 by Anderson,
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Pipkin and Baird [Anderson et al., 1959]. The existence of a spin - tempera-
ture distribution leads to a simplified model for the steady - state population
distribution at high gas pressure for SEOP processes.

The steady - state condition of equation (2.64), in our case of continuous
longitudinal optical pumping in the z direction, is dp/dt = 0. Assuming that
all the exchange processes occur far from the cell wall, so that diffusion can be
neglected and ignoring the slow relaxation processes, the solution of Equation
(2.64) for p in the absence of radio frequency excitation, is given by:

B BS:

A:—I 1 4 .
P=""77 e(1+4<8S,>85,) (2.67)

where = ln(%) is the spin - temperature parameter, and (Pg,) = 2 (95,) is
the overall spin polarisation. The Equation (2.67) characterises the whole alkali
atoms ground state, for all sudden processes described above, by only a single
spin temperature parameter.

Using the spin temperature solution of equation (2.67) in (2.64), it follows

that the overall spin polarisation of rubidium atoms is given by:

S, R+ 2vsp < K, > N s, R

< Ppp>=2<S5, >= ~
e Ysp + R vsp + R

(2.68)

The last expression is due to the fact that for most practical cases, the optical
pumping rate R is much larger than vysg.

In summary, the overall spin polarisation of rubidium atoms, Pg;, during opti-
cal pumping is determined by a balance of polarisation induced by the absorption
of circularly polarised laser light and depolarisation caused by collisions of the
alkali metal atoms with buffer gas atoms.

2.4.4 Nuclear spin polarisation of '?°Xe

The rate of production of polarised 2Xe via spin exchange with an optically
pumped Rb vapor is proportional to the photon current Al absorbed by the
alkali metal [Driehuys et al., 1996]:

d

T2< K. > [ Xe]V =nAl (2.69)
where ['% Xe]V is the number of '*Xe atoms, K, is the 2 component of the xenon
nuclear spin, and 7 is a measure of the efficiency with which photon angular
momentum is converted into nuclear spin angular momentum. Following the
literature, the spin exchange efficiency in the ?Xe - Rb system is n = 0.07.
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2.4. Optical pumping of noble gas nuclei

Besides the laser power, the maximum achievable polarisation of '?Xe de-
pends on at least three other factors: (i) the spin exchange rate between Rb
electron spin and ?Xe nuclear spin, (ii) the losses of nuclear spin polarisation
due to relaxation processes in the pumping cell, (iii) the loss of polarisation dur-
ing storage and delivery processes. Altogether, the nuclear spin polarisation of
129X e achieved through spin exchange with optically pumped Rb vapor can be
described as:

d

- < Pxe >= vsp(< Pry > — < Pxe >) — Ywar < Pxe > (2.70)
where vgg is the above discussed spin exchange rate and ~,,,; is the total loss rate
that accounts for the losses of nuclear spin polarisation due to wall relaxation and
additional mechanisms. Assuming that vsg, Vwar, and number density of Rb are
constant during the SEOP process, the solution of equation (2.70) is given by:

VSE

=2 Pp>(1- exp_('YSE"F’Ywall)t 2.71
VSE + VsD ( ) ( )

< Px. > (t)
For steady - state and long relaxation time ¢, a simple expression of the nuclear
polarisation of ?Xe can be derived:

< Pgp > (272)

The analogy between equation (2.72) and (2.68) is obvious. The overall polarisa-
tion of '??Xe atoms results from an equilibrium between the rate of polarisation
transfer vsx to '?*Xe through spin exchange collisions with Rb and the rate of
polarisation 10ss Yyai-

Dependence on thermodynamical parameters

As cited above, the thermodynamical and aerodynamical processes in a pumping
cell during SEOP of noble gases have not yet been studied in detail. [Fink et al.,
2005] propose a theoretical model of the transport processes involved in SEOP.
In particular, using a numerical approach, the influence of different thermody-
namical parameters, such as temperature and gas partial pressures, have been
analysed.

First we consider the external temperature, which is directly connected to the
number densities of rubidium vapor within the cell and to the convection pattern.
The dependence of the overall 2Xe polarisation on the temperature is shown in
Figure (2.19). Numerical results show that the mean '**Xe spin polarisation in-
creases linearly with the external temperature up to a maximum value, depending
on the applied laser power. Upon further increasing temperature, the noble gas
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Figure 2.19: Dependence of mean 1?9 Xe polarisation as a function of temperature.

polarisation decays exponentially. This result can be explained using Equation
(2.65), which describes the spin destruction rate vysp. Increasing the external
temperature, the number density of Rb becomes the dominant factor in the po-
larisation destruction process and we know from Equation (2.62) its dependence
on temperature.

Concerning the pressure dependence of 12Xe polarisation, results from [Fink
et al., 2005] are shown in Figure (2.20). Figure (2.20) shows that with increas-
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Figure 2.20: Dependence of mean ??Xe polarisation as a function of zenon partial
pressure.

38



2.4. Optical pumping of noble gas nuclei

ing xenon partial pressure, the mean ?Xe polarisation decreases exponentially.
However, the simulated pressure range is very large compared to our experimen-
tal conditions, ranging from 0.5 bar to 6 bar, which hampers direct comparison.
Nevertheless, the exponential decay can be understood theoretically, because an
increase of pressure means an increasing average number of collisions in the pump-
ing cell.

Beside temperature and pressure, the polarisation of '?*Xe achievable through
SEOP with Rb vapor depends on several others thermodynamical processes and
their interactions. For example, the so - called laser heating effect has been
reported [Walter et al., 2001] which is connected to absorbed optical energy con-
verted to thermal energy by Rb vapor during the optical pumping process.This
heat transfer process is coupled to transport processes inside the pumping cell
leading to convective phenomena. Moreover, rising temperature leads to increas-
ing number density of Rb which causes a substantial decrease of the volume av-
eraged Rb polarisation, because the pumping light cannot penetrate sufficiently
into the cell. Another effect, also related to heating processes and Rb density, is
the so - called Rb - runaway effect reported in [Zook et al., 2002]. At elevated
temperatures, the cell temperature becomes unstable since the heating produces
an increased Rb density that in turn further increases the optical absorption. As
the region near the front window becomes optically dense, the laser light ceases to
effectively pump the Rb vapor near the rear of the cell. These process produces
a deep temperature gradient between the front and rear windows of the pump-
ing cell, leading to turbulent transport phenomena and to an inefficient optical
pumping of Rb vapor.
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Chapter 3

Materials and methods

In this chapter, the design and operation of the hyperpolarisation equipment
are described. Furthermore, the MR system, used to collect experimental data,
is presented. Finally, an overview of data analysis is provided. A schematic
drawing of the experimental setup is shown in Figure (3.1)
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Figure 3.1: Schematic drawing of the Rb - Xe polariser, including the whole - body MR
tomograph (MRT) to measure the absolute Xe polarisation.
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3.1 Hyperpolarisation equipment

In our experiment we use a prototype continuous - flow Rb - Xe polariser built by
Stephan Appelt (FZ Julich, Germany). The hyperpolarisation device (HPD) was
assembled and technically improved at DKFZ by Guido Antweiler (Hochschule
Karlsruhe fiir Technik und Wirtschaft, Karlsruhe). In the next step, we improved
several crucial components of the apparatus in order to optimise the production
of hyperpolarised xenon and to enhance the degree of polarisation. The main
components of the hyperpolarisation equipment, in detail described in the follow-
ing sections, are: (i) valves system for gas mixture supply, (ii) the laser system
and optical elements for pumping of rubidium, (iii) the polariser, containing the
pumping cell.

3.1.1 Gas supply system

In our experimental measurements we used a gas mixture (Air Liquide Medical
GmbH, Leipzig). It was provided in an high - pressure container filled with 90.3%
helium, 8.75% nitrogen and 0.95% xenon in natural abundances. Due to the high
pressure, for safety issues, the gas bottle is stored in a special cabinet in a separate
room. The pressure of the gas container is first reduced by a pressure transducer
to 10 bar total gas pressure. Via an high - pressure pipeline, the gas mixture
is delivered to the hyperpolarisation lab where the total gas pressure is further
reduced, in a range between 1.5 bar and 7 bar, before flowing through the HPD.

3.1.2 Laser system

The laser system used for optical pumping of Rb atoms was a cw - laser with a
output power of 60 W (2xFAP Duo system, Coherent Inc., Santa Clara, USA).
This unit is composed of two diodes, operating separately with a maximum output
power of 30 W each, coupled to an optical fiber delivery system. The laser beam
is tuned to the D; absorption line of rubidium, A = 794.8 nm (in the invisible near
- infrared region), and has a Gaussian optical profile with linewidth (AXpgser) of
1.5 nm. By thermoelectric temperature control of the diodes, the wavelength of
the maximum peak can be shifted by 0.28 nm/°C.

Due to its spectral region and the high output power, our laser system is
classified as class - 4. The laser radiation of a class - 4 laser system is very
dangerous for eyes and skin; diffusively scattered radiation can also be dangerous.
Therefore, the laser system can be used only under strict safety regulation to avoid
damages to the users.

For spatial adjustments and setup the laser system is provided by a low -
energy visible beam, the so - called aim beam. Using the aim beam, we adjusted
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3.1. Hyperpolarisation equipment

the laser system such that the entire pumping cell is irradiated. The laser beam
has a cross section at the pumping cell window of about 40 mm, thus the delivered
power per unit of area is 0.48 mW /cm?.

Optical elements

As described in the theory Section (2.4.1), for selective optical pumping of Rb
atoms, the irradiating laser light must be right - circularly polarised (o). This
was achieved, using the optical unit shown in Figure (3.2).

| gy

Quarter w‘weJ)Iate

Figure 3.2: View of the optical unit.

The unpolarised beam emerging from the optical fiber cable enters the optical
polariser where it is collimated before passing through a beam - splitting cube
to divide the beam into horizontal and vertical polarisation components. The
vertically polarised beam exits the optical polariser through a quarter wave plate.
The horizontally polarised beam is reflected by an adjustable mirror and exits
through a second quarter wave plate with the fast axis aligned parallel to the
slow axis of the first quarter wave plate. The mirror mount is adjusted such
that the two beams intersect at the pumping cell window. This optical unit
arrangement permits the full power of the laser system to be circularly polarised
even though the output of the fiber is unpolarised.
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IR - spectrometer

The maximum achievable 12?Xe polarisation is directly proportional to the Rb po-
larisation, produced via optical pumping (Equation (2.69). To determine the ab-
sorption of laser light by the Rb vapor, the laser output and transmission through
the optical pumping cell was continuously monitored with a fiber - coupled op-
tical spectrometer (getSpec 3648, Sentronic GmbH, Dresden). The detector of
the spectrometer is a 3648 - pixel high - sensitive CCD SONY detector and can
be used for measurements from 720 to 870 nm (in the near infrared), with high
spectral resolution of up to 0.1 nm full width at half maximum (FWHM). The
spectrometer has a fiber optic entrance connector (Standard SMA), collimating
and focusing mirror and diffractional grating. A 2 - mm wide optical density
filter (OPT getSpec 3005, Sentronic GmbH, Dresden), transmitting 1% of the
laser power, was necessary to avoid saturation of the spectrometer detector. The
spectrometer has an USB 2.0 interface which allows fast data sampling spectra
and data transfer to pc - control unit.

3.1.3 Rb - Xe polariser

The continuous - flow Rb - Xe polariser is a 60 x 51 x 51 cm?® large metal box,
containing the gas handling system and the optical pumping cell. A front view
of the polariser is shown in Figure (3.3).

Gas handling system

In the front panel Figure (3.3) there are 7 valves, controlling the gas flow through
the polariser. Two other valves (V1a and V6a), placed at the inlet and outlet of
the polariser respectively, can be opened/closed by remote pc - unit to control
the gas flow. At the top right of the front panel we have the inlet valve (V1), here
the gas coming from the gas supply system flows in the polariser. Before flowing
through the pumping cell, by valve V2 (top left), the gas flow is measured using
a mass flowmeter (GFM17, Aalborg Instruments & Controls Inc., New York,
USA). The mechanical layout of the flowmeter design includes an LCD readout
and it is also connected to the pc - control unit. After measuring the flow, the
gas mixture passes through the pumping cell where the hyperpolarised ?Xe is
produced. Polyurethane (PU) tubes (Festo AG & Co. KG) are used to deliver
the polarised gas to a made of plastic phantom (material: PVDF | V = (376.2
+ 1.3) mL, EM-Technik GmbH, Maxdorf), placed in the MR tomograph where
the hyperpolarisation of '*Xe is measured, and to bring it back to the polariser.
On the way to the outlet valve (V6) a stepper motor and a manometer are
installed, both connected to the pc - control unit. The stepper motor together
with the flowmeter allows the control of the gas flow through the polariser. The
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3.1. Hyperpolarisation equipment

Figure 3.3: Front view of Rb - Xe polariser.
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manometer has analogical and digital output and measures the total pressure
inside the polariser. The other valves (V8 bypass, V7 and V4) in the gas handling
system are used for polariser maintenance and setup when the system is not in
operation.

Optical pumping cell

The ”central unit” of the polarizer is the optical pumping cell (OPC) Figure (3.4).
The cylindrical OPC is a 75 - mm - long borosilicate glass cylinder with 25 mm

\B-Ausgang Pumpzelle

Figure 8.4: Optical Pumping cell.

diameter, resulting in a volume of 36.82 ml. The borosilicate glass is about 5 mm
thick and it was tested for high pressure operating condition up to 10 bar. The
inlet and outlet of the OPC consists of 6 - mm - outer diameter borosilicate tubes.
The inlet arm has a 4 ¢m long expanded region, the reservoir, to accommodate
a small quantity (approximately 1 g) of Rb metal. The reservoir is heated up
by an heating gun; using a PID temperature controller the temperature can be
regulated in a range between room temperature and 200 °C. However, during
our measurements we found that the measured degree of hyperpolarisation of the
129X e was higher when the Rb was present inside the OPC which is reasonable,
despite the unfavourable far away heating point. The OPC is housed in a borosil-
icate glass oven so that the hot air, produced by the heating gun, surrounds the
OPC. Moreover, OPC is located in the center of a pair of Helmholtz coils which
produce an uniform weak magnetic field (B ~ 1 mT). Two stable current sup-
plies deliver a current of I =1 A to the Helmholtz coils in order to produce the
magnetic field.
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3.2 MR equipment

The measurements of the 2Xe hyperpolarisation have been performed using a
1.5 - T whole - body scanner (Magnetom Avanto Tim System [76 x 32]; Siemens
AG, Erlangen), at the MR imaging department of the DKFZ (Deutsches Kreb-
sforschungszentrum, Heidelberg). A superconducting magnet provides the mag-
netic field, By = 1.5 T, of the MR scanner. In our system the superconducting
material is a niobium - titanium (Nb - Ti) alloy embedded in a copper matrix.
The copper is required to add mechanical stability, and to provide current stabil-
ity in the case that the temperature of the Nb - Ti alloy rises above its critical
temperature (7. = 10 K) and superconductivity is lost (quenching process). Dur-
ing operation, the Nb - Ti wire must be cooled below the critical temperature,
i.e., the temperature at which the material changes from the normal resistive
state to superconductivity. For Nb - Ti alloy, liquid helium, which has a boiling
temperature T, = 4.22 k, is used as a coolant.

The MR scanner is equipped with an RF - integrated coil system, the so-
called Tim (Total imaging matrix) system. Tim is based on matrix coil concept,
where 76 integrated matrix coil elements and 32 independent RF channels are
combined to create one total imaging matrix. The magnet has total length of
150 cm and wide inner bore of 60 cm inner diameter. Concerning the gradient
system, the MR scanner used in this work, has a maximum gradient field strength
of 45 mT/m with a slew rate of 200 T/m/s and has a field of view (FOV) up to
50 cm.

In our department, the Magnetom Avanto MR scanner is used in daily clinical
applications. For experimental measurements with polarised '?*Xe we used an
home - built coil. The '**Xe coil was built and developed by Moritz Berger in
2009, for his diploma thesis exerimental work at the DKFZ. This *Xe coil is a
volume coil with total length of 150 mm and inner diameter of 80 mm, it was
originally thought for small - animal applications. The resonance frequency of
the coil is set to the '?*Xe Larmor frequency at 1.5 T, i.e. wy = 17.615 MHz and
can be adjusted using an RF sweeper.

The MR scanner is controlled by a software, called syngo, developed by
Siemens. This software provides an user friendly interface to set the parameters
of the measurement protocol. For our measurements, we used self - programmed
pulse sequences. We created two sequences, one FID sequence to evaluate 29Xe
hyperpolarisation and a FLASH sequence for MRI applications. The sequences
have been created using the development environment, provided by Siemens,
called IDEA based on C++ programming language.
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3.3 Maintenance and setup of the OPC

As described in theory Section (2.3), rubidium is an extremely reactive metal; it
ignites spontaneously in the presence of air and interacts violently with oxidizers,
halogens and halogenated hydrocarbons, and water. For this reason, rubidium
has to be handled with care and all experimental procedures involving it must
be done following safety regulations. In this section, the procedures concerning
filling, cleaning, and setup of the OPC are described.

3.3.1 Filling procedure

The filling procedure of the OPC is carried out in a nonreactive atmosphere with
the use of a buffer gas. The rubidium (1 g - Rb 99.75% metal basis, Alfa Aesar
GmbH & Co KG, Karlsruhe), stored in a glass ampoule under argon atmosphere,
and the OPC are placed in a vinyl glove box (Coy Laboratory Products Inc.,
Michigan, USA), where a nonreactive atmosphere of Ny is established via the
inflating /deflating method. The glove box is connected to an Ny gas bottle,
whose output pressure is set to 1.5 bar. The Ny inflow runs for 24 hours to ensure
that the nonreactive atmosphere is established. To prevent any damage, during
inflating, the glove box is provided with a pressure relief mechanism. When the
inflating procedure is completed, the oxygen/hydrogen content inside the glove
box is measured using specific indicators.

When the N, atmosphere is established, by means of a glass cutter, the glass
ampoule containing the Rb is opened. However, at room temperature, Rb is in
a solid state therefore by means of an heating gun it is melted. The Rb in liquid
state, is collected with a pipette and introduced into the pumping cell. Once Rb
is placed in the OPC reservoir, the inlet and outlet valves are closed to prevent
that oxygen could flow in. When the filling procedure is completed, the OPC can
be moved from the glove box to the polariser. However, before opening the glove
box, all instruments contaminated with Rb are stored in a sealed plastic box to
prevent any chemical reaction.

3.3.2 Cleaning and refilling procedures

The rubidium stays in the OPC for about four months. Meanwhile experiments
of SEOP can be carried out. Despite all precautionary measures to prevent that
oxygen enters the polariser, during that time the Rb inside the OPC is subject
to a slow oxydation process. When Rb is mostly oxidised, it cannot be used
anymore for optical pumping. Therefore cleaning and refilling procedures are
needed. Before the cleaning procedure, the OPC is removed from the polariser
and placed in a chemical lab. Here, low and controlled oxygen gas flow is pumped
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in the OPC to completely oxidise the Rb. When Rb is fully oxidised, the OPC
is washed using an ethanol - distilled water mixture. First, pure ethanol is used
to prevent violent chemical reactions of non - oxidised Rb with water, then the
amount of water in the cleaning mixture is gradually increased. When the OPC
is completely cleaned and dried, a new filling procedure can be started.

3.3.3 Setup procedure

After filling, the OPC is placed in the polariser. However, due to reactive prop-
erties of Rb, precautionary measures has to be applied to prevent oxygen can
flow in the system. In stand - by mode, the OPC is isolated from external at-
mosphere by closing the inlet/outlet valves and establishing high pressure, p = 2
bar, inside the gas handling system. Before running the operating mode for each
measurement, vacuum is generated in the system using a vacuum pump (TSH
071, Pfeiffer GmbH, Asslar). First, a mechanical vacuum pump runs for about
5 min up to Puacuum ~ 3 - 1071 mbar, then a turbomolecular pump is used to
achieve a vacuum of Pygeuum ~ 3 - 1072 mbar. The turbomolecular pump needs
a running time of about 20 min to achieve the desired vacuum. When vacuum
is established in the system, it is flushed using the gas mixture of He, Xe and
N,. The evacuating and flushing procedures are repeated twice. They are car-
ried out to get rid of the oxygen from the system, in order to prevent chemical
reaction with Rb and because oxygen, due to its paramagnetic properties, has a
destructive effect on ?Xe hyperpolarisation. During evacuating and flushing of
the system the inlet/outlet valves of the OPC are closed. After the evacuating
and flushing procedures, the stand - by pressure, p = 2 bar, is established in gas
handling system and the inlet/outlet valves of the OPC can be carefully opened.
When the OPC is connected to the gas handling system, the desired pressure is
set and the polariser is ready for operating mode.

3.4 Data analysis

After performing experiments on hyperpolarised ?*Xe - gas, in collaboration with
M. Schnurr, data analysis has been carried out using Matlab software (Version

R2011a, MathWorks Inc., Natick, Massachusetts, USA). The Matlab programs
used to evaluate the experimental results can be found in appendix A.
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3.4.1 Evaluation of '?Xe hyperpolarisation
Mechanical factor

In this work, measurements has been carried out on a gas mixture of 90.3%
helium, 8.75% nitrogen and 0.95% xenon in natural abundances. Due to the low
concentration, it was not possible to measure the thermal polarisation of '?°Xe,
as reference to evaluate the hyperpolarisation, using the gas mixture. For this
reason a glass phantom (Vj;, = 470 ml, p;, = 1 bar) filled with 70% of '*Xe has
been used to measure the thermal polarisation. To evaluate correctly the acquired
signals using hyperpolarised 1??Xe via SEOP a mechanical factor M is needed,
taking into account the different concentration between the reference and the gas
phantom. Under the assumption of xenon being an ideal gas (pV = NkgT') and
using the Dalton’s law (piotar = D ., pi), the mechanical factor M is given by:

N, 0.7 ptththThyp — 0.7 pinVin

M = = ~
Nhyp 0.264 - 0.0095 phypVhypkBTth 0.002508 phypvhyp

(3.1)

In the final step it was assumed that 7j,, = T}, in the MR scanner. However, the
temperature dependence of the chemical shift, Section (2.1.5), of hyperpolarised
129X e proves that this assumption is not entirely correct, due to small difference
of temperature between the thermally polarized and the hyperpolarized 12°Xe.

Concerning the other numerical values to calculate M, V,, = (378.7 £ 1.3)
ml and pp,, ranges between 2 and 7 bar, depending on the experimental setup.
We want to remark that py,, is given by pp,, = p+1 bar, where p is the pressure
measured by the manometer of the gas handling system. The factor 0.0095 takes
into account the concentration of xenon in the gas mixture, which is only 26.4%
of the isotope '**Xe.

Signal intensity

To evaluate the achieved hyperpolarisation of 12°Xe, FID signals were acquired
using the 2Xe - coil described above. The acquired spectra show a peak at
the resonance frequency of 2Xe. To calculate the area under the peak, i.e. the
signal intensity, a non commercial Matlab routine was used (PeakFit, version
1.1, TC O’Haver). This Matlab routine additionally performs phase correction
and zero - filling, which are standard data processing techniques in NMR signals
analysis. Zero filling is processing where zeros are appended to the free induction
decay data before Fourier transformation. The effect of zero filling is to increase
the digital resolution in the spectrum. There is no new information added to
the spectrum. For fit the resonance peak of the acquired signals, a Cauchy -
Lorentz distribution has been used. However, due to experimental conditions a
broadening of the resonance peaks has been observed. For this reason, to improve
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fitting results of the acquired signals, the resonance peaks have been fitted using
a sum of two Cauchy - Lorentz distributions. The sum of the two integrals of
the distributions is equal to the signal intensity and this value can be used to
evaluate the polarisation enhancement via SEOP of 2Xe, comparing it to the
thermal polarisation. The hyperpolarisation of 12?Xe produced via SEOP is given
by:

’YhBO Ihyp
= M e 3.2
YT 2kpT, L, (3.2)
Defining € = M - Iy, /11, Equation (3.2) becomes:
YhBy
e =E¢€" 3.3
X 2k Ty (3:3)

where ¢ is the enhancement factor of 2Xe polarisation via SEOP, relative to its
thermal polarisation.
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Chapter 4

Results

4.1 Polarisation of the pumping laser beam

As described in the theoretical background chapter (2.4.1), the spin exchange op-
tical pupming (SEOP) can be explained by a chain of transfer processes whereby
angular momentum is transferred from resonant, circularly polarised light to the
electronic spins of Rb vapor and is then subsequently transferred to the 2Xe nu-
clear spins during collisions. For this reason, to effectively pump the Rb ground
state and achieve a high level of ?Xe polarisation, a fully circularly polarised
light is required. The higher is the degree of circular polarisation of the laser
beam the higher the 2Xe hyperpolarisation is.

Circular polarised light

Linear polarised Light

v
§ ;1-il
war &
piné (y)

Figure 4.1: Ezxperimental setup for measuring circular polarisation

Serial experiments, aimed to optimise the laser polarisation, have been carried
out. In order to evaluate the laser beam polarisation we used a linear filter
(analyser), placed after the \/4 - plate of our optical setup (3.2) and the IR -
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spectrometer to measure the transmitted light. The two laser beams have been
measured separately. The angles of the \/4 - plates, relative to the direction
of the linear polarisation of the incident light, were calculated previously by G.
Antweiler. The optimal configuration aimed to produce the maximum degree of
circular polarisation is:

Orepr = (44.8 £0.2)° and 0,45, = (50.0 £0.2)° (4.1)

where 0., and 60,45, are referred to the left and the right \/4 - plate, respectively.
The relative errors are due to the analyser sensitivity.

According to theory, the transmitted intensity of the laser beam through the
analyser is given by:

2

I, = ETD <cos 20 - cos 2(y) — 0)> (4.2)

where 0 and v are the angles of the A/4 - plate and of the linear analyser fast
axis, respectively. If the laser beam is perfectly circularly polarised (o = 100%),
rotation of # will not affect the measured transmitted intensity.

The percentage of polarisation is given by P = (Iin/Inaez) - 100 and has been
evaluated measuring the transmitted intensity at different 6, from 0° to 360°,
and fitting results using Equation (4.2). Our results showed that the circular
polarisation of the left beam is better than that of the right beam. The values
were: Uztft =974+4% and o, = 87+ 4%.

right

4.2 Laser absorption by Rb vapor

The optical pumping laser reference spectrum is shown in Figure (4.3). Absorp-
tion spectra have been measured irradiating the optical pumping cell (OPC), by
the pumping laser, and measuring the transmitted intensity using the IR - spec-
trometer. Our IR - spectrometer resolution is A)gpe. = 0.1 nm. To evaluate the
amount of laser light absorption by Rb, a reference spectrum has been measured
at room temperature in the absence of Rb vapor. Reference measurements has
been carried out at standard running condition, with maximum laser power (60
W c.w.) and diode temperatures set up to provide maximum intensity at the
Rb - D; absorption line. For our system optimal diode temperatures for laser
tuning are Tiyiode, = 17.8°C and Tyipge, = 18.8°C. By absorption measurement we
evaluated the pumping laser FWHM, and obtained 0\ = (1.5 + 0.1) nm.

In Figure (4.3), an absorption spectrum of Rb vapor at the temperature of
40°C is also plotted. It shows absorption in the OPC, filled with Rb vapor, at
A = (794.7 £ 0.1) nm, in agreement with the theoretical value of the Rb - D,
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Figure 4.2: Results of pumping laser circular polarisation measurements
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Figure 4.3: Laser absorption reference spectrum (blue line) and absorption by Rb vapor
at the temperature of 40°C' (red line). Measurement parameters were F =
100 ml/min, the gas flow through the OPC, and p = 1 bar, the total pressure
i the system.
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absorption line (Ap, = 794.76 nm). The percentage of the incoming light which
is absorbed has been calculated, giving:

Int
A=1-"0C _ 4959 (4.3)
ntref

where Intyc and Int,.; are the integrals under the curves.

4.2.1 Temperature dependence

Serial experiments, aimed to evaluate the temperature dependence of laser ab-
sorption by Rb vapor, have been carried out by varying the Rb temperature in
the range of 40°C - 200°C. Resulting absorption spectra at different temperatures
are plotted in Figure (4.4). Experimental data have been collected at different
temperature stepped by (AT = 10° C). During measurements about temperature
dependence others macroscopic parameters, gas flow through the OPC and total
pressure, were kept constant (F' = 100 ml/min and p = 1 bar).

60 T T T T T T T T T T J T J T
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e 14 v
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—— 7070
80°C
—980°C | 7
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——110°C
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Figure 4.4: Spectra of laser absorption by Rb vapor at different Rb temperatures. Mea-
surement parameters were, F' = 100 ml/min, the gas flow through the OPC,
and p =1 bar, the total pressure in the system.

Our results show that higher laser absorption by Rb vapor arises is obtained
by increasing the temperature up to 130° C. Beyond that value a saturation effect
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was observed up to 200° C. It is remarkable how the spectrum profile changes at
high temperatures. It widens significantly probably due to a shielding effect of
Rb vapor, related to the increasing of Rb number density inside the OPC when
the temperature increases.

4.2.2 Pressure broadening of the D; - absorption line

A technical challenge for optical pumping is the efficient utilization of the diode
laser spectral output. One way to permit the Rb vapor to absorb light is to
collisionally broaden the D; line absorption profile using a suitable high pres-
sure buffer gas. Using the IR - spectrometer we measured the transmitted light
through the OPC, to assess the broadening of Rb D; absorption line by varying
the buffer gas pressure in the range of 1 bar - 6 bar. Each spectrum has been
collected at steady - state, after 25 - min irradiation time with continuous laser
power of 60 W c.w. to avoid the laser heating effect. Others macroscopic param-
eters were F' = 100 ml/min and Tg, = 70° C. Experimental results are shown in
Figure (4.5).
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Figure 4.5: Spectra of laser absorption by Rb vapor at varying buffer gas pressure. Mea-
surement parameters were F' =100 ml/min, the gas flow throug the OPC,
and Try = 70°C, Rb temperature.

Figure (4.6) shows details of the dips about the Rb absorption line, high-
lighting the pressure broadening of the Rb D; line. Moreover, in Figure (4.7)
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Figure 4.6: Detail of the absorption spectra about Rb Dy at different pressures.
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Figure 4.7: Rb D1 absorption line broadening versus pressure.
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the linewidth of the absorption dips versus buffer gas pressure are plotted. The
FWHM of each absorption spectrum has been evaluated by fitting experimental
data with a Gaussian function. The large error bars in Figure (4.7) are due to
the IR - spectrometer resolution, A),.. = 0.1 nm, and to the small number of
experimental data about the Rb absorption line.

By linear fit of experimental data of the Rb D; absorption line broadening as
a function of pressure, we obtained a slope of:

s = (0.01391 4+ 0.00277) nm/bar (4.4)

leading to a pressure broadening of:

o _ (6.60 + 1.32) GHz/bar (4.5)

p

4.3 Thermal polarisation of 129Xe

Signal produced by thermally polarised '?*Xe has been measured as reference to
evaluate the achieved hyperpolarisation by SEOP, see Section (3.4.1). The refer-
ence measurement has been carried out by placing a glass phantom, containing
a gas mixture of *Xe and O,, for 5 hours in the MR scanner and afterwards
collecting FID signal. Long measurement time was needed due to long spin -
lattice relaxation of 12*Xe magnetisation and O, was added to decrease T, time.

The signal intensity produced by thermally polarised 12*Xe has been calculated
by fitting experimental data and evaluating the integral under the resonance using
an own Matlab program, see appendix (A.1). Our result is:

Iy, = 5.19+0.05 - 10° (4.6)

This value has been used for data analysis in Equation (3.2).

4.4 Hyperpolarisation of 1?°Xe

Production of hyperpolarised ?°Xe gas depends on many thermodynamical pa-
rameters, which are correlated. In our work we investigated how some of these
macroscopic parameters can influence the achieved degree of hyperpolarisation
by SEOP between Rb and '?Xe. In particular, using the setup described in
chapter 3 (Materials and Methods), we studied how macroscopic parameters like
Rb temperature, buffer gas pressure, and gas mixture flow (6 1/h - 30 1/h), can
affect the measured degree of ?Xe hyperpolarisation.

In Figure (4.8) an overview of the achieved '*Xe hyperpolarisation is shown as
a function of above cited thermodynamical parameters. Before each measurement
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Figure 4.8: Hyperpolarisation of *°Xe as a function of temperature, pressure and gas
flow. Measurement parameters: Try, = 60°C to 200°C, p = 0.5 bar to 6 bar
and F = 100 ml/min to 500 ml/min.

session, the HPD was set up to the desired pressure, the Rb was heated up to
60°C and the OPC was irradiated at maximum laser power for half an hour to
reach steady - state. Afterwards, serial experiments were performed increasing
temperature up to 200°C, stepped by 10°C; for each Rb temperature, gas flow
was varied between 100 ml/min and 500 ml/min, stepped by 100 ml/min. Total
measurement time for each session was about 3 hours. Because for each session
the last set Rb temperature was 200°C, the HPD was cooled overnight before
another measurement session was started.

In the following sections, our results concerning the individual influence of
the thermodynamical parameters on the production of hyperpolarised *Xe is
presented.

4.4.1 Influence of Rb temperature

First we consider the external temperature which is controlled by the heating
unit surrounding the OPC. It directly determines the amount of rubidium vapor
within the OPC and the convection pattern. Our results, Figure (4.9), show
that the mean '**Xe spin polarisation throughout the OPC slighltly increases
with the external temperature up to a maximum value. At further increasing
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temperatures, the 12?Xe polarisation decays exponentially.
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Figure 4.9: Hyperpolarisation of ??Xe as a function of Rb temperature at different
buffer gas pressures (0.5 bar and 6 bar).

Values of hyperpolarisation plotted in Figure (4.9) are lower than values in
Figure (4.8), because the mean value from different gas flows has been considered.
Only two data sets, referred to different system pressures, are plotted. Other data
sets show the same dependence on Rb temperature and appear between maximum
(0.5 bar) and minimum (6 bar) values. The error bars are the standard deviations
related to the mean values from different gas flows.

It is remarkable that the initial increase of ??Xe spin polarisation with tem-
perature is by no means trivial, as the rubidium density, and therefore also the
rubidium - xenon spin exchange rate, increases with temperature according to the
exponential function given by Equation (2.62). At a critical rubidium density,
a substantial part of the laser power is absorbed in the front part of the OPC,
causing rubidium and hence xenon spin polarisations to drop down in the other
regions of the OPC.
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4.4.2 Influence of pressure

Another important parameter for production of hyperpolarised ??Xe is the gas
pressure. Indeed Equation (2.65) states that the rubidium spin destruction rate
increases with increasing gas pressure. In agreement with theoretical predictions,
our results show that with increasing pressure the degree of '?Xe polarisation
decreases exponentially. Figure (4.10a) shows the degree of 12Xe polarisation
as a function of total gas pressure and xenon partial pressure, for four different
Rb temperature (60°C, 100°C, 150°C, 200°C). As described in Section (4.4.1),
the mean value of hyperpolarisation from different gas flows has been considered.
Other data sets show the same dependence on total gas pressure and appear in
Figure (4.10a) between maximum (60°C) and minimum (200°C) values.

For the applications, however, the crucial parameter is the enhancement of
the signal intensity produced by polarised ?°Xe, which is determined by the
product of xenon density and degree of polarisation. Our measurements show an
approximately ~ sinh dependence on xenon partial pressure and the optimum
value for our experiment corresponds to about 0.2 bar; see Figure (4.10b).

4.4.3 Influence of gas flow

The third macroscopic parameter that plays an important role in the production
of hyperpolarised ?*Xe and has been studied in this work is the gas flow rate
through the OPC. Figure (4.11) shows the achieved hyperpolarisation of 129Xe as
a function of the gas flow rate at different Rb temperatures. The measured values
for other Rb temperatures are not shown in order to make the figure more clear.
It is remarkable that, despite the temperature dependence of the achieved degree
of 1%Xe hyperpolarisation, looking at the flow dependence our results show the
same regime at different temperatures, with a minimum for 200 ml/min and a
maximum for 500 ml/min of flow rate.

4.4.4 Maximum enhancement of ?°Xe polarisation

The maximum achieved degree of 12Xe hyperpolarisation which has been mea-
sured was Px. = 1.29%, with measurement parameters Tr, = 90°C, P = 2
bar and F' = 500 ml/min. The integral of the recorded FID signal was I}, =
(2.51 +0.04) - 10°. At 2 bar the mechanical factor is M = 116.29. By substi-
tution of these values in Equation (3.2) and taking into account the reference
value, Equation (4.6) the maximum experimentally achieved enhancement factor
of 12Xe hyperpolarisation via SEOP was:

€ = 5.6196 + 0.0986 - 10* (4.7)
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Figure 4.10: (a) Hyperpolarisation of 1*°Xe as a function of total gas pressure at dif-
ferent Rb temperatures. (b) Dependence of the product of the 1% Xe polar-
isation and density of number of particles on the xenon partial pressure.
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Figure 4.11: Hyperpolarisation of 1??Xe as a function of the gas flow rate at different
Rb temperatures (60°C, 90°C, 120°C, 150°C, 170°C, 200°C ).

4.5 Laser - Heating effect

In the first step of the SEOP process, a circularly polarized D; photon is absorbed
by the ground state Rb - atom. In order to suppress emission by the excited
state atom, Ny buffer gas is added to the gas mixture to relax a large fraction of
the excited alkali atoms via radiationless, two - body quenching collisions. The
consequence is that the optical energy absorbed by the alkali vapor is converted
almost completely into heat [Walter et al., 2001]. This is the laser heating effect
(LHE).

To evaluate the LHE we investigated the time evolution of '2Xe hyperpo-
larisation when the pumping laser is switched on, monitoring the temperature
measured in the OPC. Figure (4.12) shows the results of an experiment with
Ty = 140°C, ptor = 6 bar and F' = 400 ml/min. At time ¢,,,,, = 0, the pumping
laser is switched on with maximum power of continuous 60 W c.w. The results
show that the measured temperature of the OPC rapidly rises up to a maximum
at pumping time ,,,, ~ 20 min. Afterwards the system is at thermal equilib-
rium. The measured ?°Xe hyperpolarisation shows, in agreement with theoretical
predictions, an hyperbolic profile. Hyperpolarisation is characterised by a non -
exponential growth up to a maximum at #,,,,, ~ 5 min, and is then followed by
an exponential decay towards a non - zero equilibrium value. The 3 - min time
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Figure 4.12: Time - dependent evolution of the %9 Xe hyperpolarisation in the OPC
under flowing conditions. Measurement parameters: Try, = 140°C, por =
6 bar and F = 400 ml/min. The measured OPC temperature is also
plotted.

delay between switching on of the pumping laser and the first measured signal
from hyperpolarised 12°Xe, is due to the gas delivery time between the HPD and
the MR scanner. The same time delay can be observed after switching off the
pumping laser: the signal produced by hyperpolarised ?°Xe takes about 3 min
to disappear.

In Figure (4.13), the laser absorption spectra of Rb vapor at different optical
pumping times are shown. It is remarkable how the LHE affects the absorption
profile of the pumping laser light by the Rb atoms. The total absorption in-
creases as optical pumping time increases, leading to an OPC temperature rise
described above. After about 17 min of optical pumping, the system is in thermal
equilibrium and the absorption profile does not change significantly upon further
pumping the Rb vapor.

A possible explanation is that at high Rb vapor densities and at high laser
power, a Rb layer which has a local number density much higher than in the bulk
is building up on the cell walls. This layer absorbs a significant fraction of the
pumping laser light on the front window, leading to a reduction of the volume -
averaged Rb polarisation and subsequently of the '?Xe hyperpolarisation.
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Figure 4.13: Evolution of measured laser absorption spectra by Rb vapor as a function
of optical pumping time. Measurement parameters: Try = T0°C, pior = 1
bar and F' = 100 ml/min.

4.6 Relaxation in PU tubes

As described in Section (3.1.3), in our system the hyperpolarized '*Xe gas is
delivered to the MR scanner by a PU tube. For this reason we measured the
loss of signal along the above cited connection tube. In serial measurements we
acquired the 1Xe FID signal for different tubes length while keeping constant
all other parameters. In Figure (4.14) the achieved '?Xe hyperpolarisation as
a function of delivery tube length is shown. By linear fit of experimental data
we obtained a linear slope of (—0.014 £ 0.07) %/m. Therefore a relatively small
relaxation of hyperpolarised **Xe in PU tubes has been observed.

4.7 Dependence of xenon gas chemical shift on
temperature

As previously described, see Section (2.1.5), when an atomic or molecular species
with non zero nuclear spin is subject to an external magnetic field By the local
field seen by the nucleus is affected by its chemical environment according to
Equation (2.54). For a monoatomic gas no temperature dependence of chemical
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Figure 4.14: Signal versus PU connection tube length. Measurements parameters:
Try = 90°C, pror = 0.5 bar and F' = 300 ml/min.

shift is expected in first order. However, this effect is observed and attributed to
van der Waals interacting Xe - Xe molecules.

Following [Jameson et al., 1973], the nuclear chemical shift tensor of xenon
gas can be described, as a function of temperature and gas density, by a virial
expansion:

o—(T, [Xegas]) = 00(T) + 01(T)[Xeyas] + 02(T)[X egas)? (4.8)

For Xenon gas the first virial coefficient o((7") is constant and is set to zero, while
the second virial coefficient can be approximated by:

01 (T) =1 + Qg - G_EA/kT (49)

The first term can be interpreted as the temperature - independent chemical
shift which originates from long - range Xe - Xe interactions. The second one
represents the temperature - dependent contribution due to short - range contact
Xe - Xe.

To evaluate the temperature dependence of xenon gas chemical shift, serial
measurements have been carried out keeping constant the buffer gas pressure (0.5
bar) and flow (300 ml/min). The temperature dependence has been measured
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Figure 4.15: Xenon gas chemical shift as a function of temperature. Measurement pa-
rameters: Try, = 60 — 200°C (At = 10°C), pior = 0.5 bar and F = 300
ml/min.

at Rb temperature ranging from 60°C to 200°C, stepped by 10°C. For each
measurement settings an FID with 90° pulse was recorded and analysed. The
resonance frequency of thermally polarised Xe was used as reference to evaluate
the chemical shift, v,y = 17.61555 MHz, and the error bars are due to the MR
scanner sensitivity. Our results qualitatively agree with theory, and demonstrate
an exponential temperature dependence of the xenon gas chemical shift even if
they are quantitatively different. This is a crucial measurement for applications
like in - vivo spectroscopy. Results are plotted in Figure (4.15).
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Chapter 5

Discussion

Polarisation of the optical pumping laser beam

The two laser beams used in the Xe polariser of the DKFZ for optical pumping
of Rb vapor have different quality of circular polarisation. The left beam shows a
nearly perfect circular polarisation, o; =97 4%. The right beam has circular
polarisation of o/ ght = 8T % 4%, 10% lower than that of the left beam, resulting
in a poor quality of total circular polarisation of the optical pumping laser at
the window of the pumping cell. The low quality of circular polarisation can be
attributed to imperfections of the mirror, used for deflecting of the laser beam,
and / or the A\/4 - plate on the right beam path. The quality of the Glan -
Thompson prism has been evaluated by inserting a second beam splitter with
optical axes rotated by 90° with respect to the first. From these measurements
we estimated a nearly perfect linear polarisation of the two beams transmitted
by the Glan - Thompson prism. Considering the mirror as a passive element, the
quality of circular polarisation could be improved by replacing the A/4 plates.
However, looking at the production rate of hyperpolarised xenon, the benefits
arising from replacing the A\/4 plates are negligible due to the poor quality of the
pumping laser profile (large bandwidth, 6A = (1.5 + 0.1) nm). For this reason,
the replacement of the \/4 plates should be one of the last optimisation steps.

Laser aborption by Rb vapor

The main source of angular momentum for the experiments presented in this work
was the fiber - coupled beam - optimised broad laser. The optical pumping laser is
capable to output typically 60 W c.w. of broad - spectrum uniform beam, with a
spectrum characterized by A = (1.5+£0.1) nm FWHM. However, only 20% of the
incoming light is absorbed through the optical pumping cell (OPC). This means
that at the window of the OPC a maximum laser power of 12 W c.w. is available

69
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for optical pumping of the Rb vapor. So in order to improve the achieved '?Xe
hyperpolarisation we are focusing on: (i) increasing the laser power, changing
laser source; (ii) narrowing the laser bandwidth, using an external cavity.

It has been demonstrated that appropriately designed external cavities feed-
back can be used to lock the laser and force it into a narrow emission [Levron
et al., 1998; Zerger et al., 2000]. In [Nelson et al., 2000], coupling a laser diode
array (LDA) to an external cavity, the bandwidth has been narrowed from 2
nm to 0.1 nm, with a power amplification factor of 8.4. Moreover, narrowing
feasibility at high laser power has been shown in [Zhu et al., 2005], where band-
width of a laser system with power of 297 W has been narrowed from 3 nm to
0.4 with an amplification factor of 7.5. Figure (5.1) shows two different external
cavities used in narrowing an LDA output. The principle of an external cavity is
that light from each emitter must be collimated, reflected off a diffraction grating
at the first-order diffraction angle, and imaged back onto the emitter with high
efficiency.

Lenses Lenses

e G
Qutput Mirror Output

Figure 5.1: External cavities used in LDA frequency narrowing: a) Littrow cavity; b)
Littman-Metcalf cavity.

Temperature dependence

Increased laser absorption by Rb vapor is achieved by increasing the temperature
of Rb up to 130° C. Beyond that value a saturation effect has been observed up to
200° C. It is remarkable how the spectrum profile changes at high temperatures.
Our results show a decrease of transmitted laser power over the entire spectrum.
This means that at high temperatures a critical high value of rubidium density is
produced in the OPC, thereby laser light no longer can penetrate the whole cell.
At oven temperature of 200° C, a grey vapor, probably Rb vapor, is visible inside
the OPC. At this critical rubidium density, a substantial part of the laser power
is absorbed in the front part of the OPC, resulting in a reduction of rubidium
(and hence xenon) spin polarisation in the other regions of the OPC. Moreover,
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because optical pumping of Rb vapor is coupled to the laser heating effect, at high
temperatures the area close to the laser entry window is heated stronger which
results in a longitudinal convection pattern, decreasing the spin polarisation. The
inhomogenous optical pumping of rubidium vapor is a challenging aspect in the
production of hyperpolarised ?Xe via SEOP. To prevent the above described
effects a counterflow system, where gas mixture flows in opposite direction to the
laser beam, have been developed and will be described in the next chapter.

Pressure dependence

Figure (4.6) shows a detail of the dips about the Rb absorption line, high-
lighting the pressure broadening of the Rb D; line. The calculated value of
%” = (6.60 £ 1.32) GHz/atm for the pressure broadening is not in good agree-
ment with values reported in literature. [Ottinger et al., 1975] and [Romalis et al.,
1997] have reported a pressure broadening of the Rb D; linew of %’ = (16.6 + 3)

GHz/atm and %” = (18+0.2) GHz/atm, respectively. Deviation of our result from
previously reported values is possibly related to the small amount of available ex-
perimental data. Infact to evaluate the pressure broadening of the Rb D; line
we performed a linear fit on a dataset consisting of only 4 points. Moreover, the
IR spectrometer used for this work has a very poor resolution, dvg,.. = 47 GHz,
leading to inaccurate measurements. The calculated values of pressure broaden-
ing of the Rb D; line for pressure values lower than 3 atm are smaller than the IR
spectrometer resolution. Therefore we neglected those values and performed our
calculation in the range of 3 atm to 6 atm. However, looking at the minimum of
the absorption dips, it is remarkable that our results show that with increasing
pressure the minimum is slightly shifted to lower wavelenghts. This result is,
qualitatively, in agreement with absorption minimum displacement described in
[Romalis et al., 1997], where a value of %’ = (4.34£0,1) GHz/atm was reported. In
this work, however, a quantitative estimation of the minimum of the absorption
dip was not possible due again to the low resolution of the IR spectrometer.

Hyperpolarisation of ?9Xe
Temperature dependence

In serial experiments performed at constant pressure of the buffer gas, to evaluate
the influence of the Rb temperature on the achieved hyperpolarisation of 12Xe
we found maximum values for Tk, < 100° C. Our experimental results show a
maximum of hyperpolarisation of '2Xe at lower temperatures than predicted
in [Fink et al., 2005]. The difference between our results and the above cited
numerical simulation might be caused by a difference of the real temperature
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inside the OPC compared to the measured Rb temperature. Infact, in our setup
we measured the temperature at the external window of the OPC, however the
laser heating effect plays a very important role and can lead to gas temperatures
hundreds of degree above the Rb temperature [Walter et al., 2001]. Nevertheless,
our results, in agreement with literature, show a linear regime at low temperatures
up to the maximum hyperpolarisation of *Xe and an exponential decay when
the temperature is further increased.

Pressure dependence

Our experimental results demonstrate that with increasing buffer gas pressure the
degree of 12?Xe polarisation decreases exponentially. These results, in agreement
with theoretical predictions, can be explained by the increase of number density
of each gas mixture component (*He, ?Xe and Ny) and the subsequent increase
of the spin destruction rate of Rb polarisation:

VSD = KRrbNRy + KxeNxe T KNyNNy T KHNHe + VSE T Virap (5.1)

Finding the optimal value for buffer gas pressure is a challenging aspect of the
production of hyperpolarised '?°Xe, because high pressure is required for broad-
ening of the Rb D; absorption line and to make possible the efficient use of the
pumping laser. But as described above, increasing pressure results in increasing
of the Rb polarisation spin destruction rate.

Flow rate dependence

In this work we observed a maximum degree of 12°Xe hyperpolarisation achieved
for a gas flow rate of 500 ml/min (30 1/h). This shows that our experimental
setup allows production of large amounts of hyperpolarised 2?Xe. The average
lung volume in healty adults is 3.1 1 in women and 4.6 1 in men. Our system
provides the required gas volume for lung imaging in about 8 min. Our system
has been designed for a maximum gas flow of 500 ml/min, therefore it was not
possible to study the effects of higher flow rates. Moreover, our gas flow control
unit showed an unstable response at high buffer gas pressure leading to inaccurate
measurements at those experimental conditions.

Maximum degree of 2°Xe polarisation

Table (5.1) presents the maximum degrees of '?Xe polarisation at different buffer
gas pressures and the quite optimal experimental conditions of temperature and
flow rate for our device. The highest value of hyperpolarisation was achieved at
p =2 bar, T =90°C and F' = 500 ml/min and was:

Pxe = (1.29£0.07)% (5.2)
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Table 5.1: Mazimum degrees of %°Xe polarisation at different p and the quite optimal
experimental conditions of T and F for our device.

p [bar] T [°C] F [ml/min] Px. [%]

0.5 60 300 1.22 £ 0.06
1 60 500 1.13 £ 0.05
2 90 500 1.29 £ 0.07
3 80 500 1.14 £ 0.06
4 80 100 1.08 £ 0.05
) 60 500 0.58 + 0.03
6 80 400 0.62 + 0.03

Table (5.1) shows that maximum degrees of 12Xe polarisation have been
measured at low Rb temperatures. As described above, this can be explained by
the laser heating effect. Indeed, the measured Rb temperatures do not reflect the
true temperatures inside the OPC. For this reason a quantitative comparison of
our results with values reported in literature was not possible. A better estimation
of temperature inside the OPC could be achieved by infrared thermometers.

Laser - heating effect

Figure (4.12) displays the time dependent evolution of the '2Xe polarisation
in the OPC under flowing conditions. It clearly shows how the LHE affects
the degree of polarisation. The drop of ?°Xe polarisation has been fitted by
an exponential function, this may be explained by reference to Equation (2.62).
During optical pumping of Rb vapor the energy is converted almost completely
into heat, resulting in an increase of the Rb number density inside the OPC. The
LHE results in the decay of the achieved 12Xe polarisation, the decay factor is
about 3. This loss in the production of hyperpolarised 2Xe could be recovered
by employing ”batch mode” with short pumping time and accumulation of the
produced hyperpolarised 12*Xe. The latter can be achieved freezing out the xenon
from the gas mixture by a cold trap during several pumping cycles.

Relaxation in PU tubes

The loss of 2Xe hyperpolarisation due to relaxation in PU tubes, during gas
delivering from OPC to the MR scanner, has been estimated to (—0.014 £ 0.07)
%/m. This is a relatively small loss that can be neglected for systems where
a high level of ?Xe hyperpolarisation is achieved. However, for our level of
hyperpolarisation, relaxation in the PU tube leads to a loss of about 50% of
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polarisation. Taking into account the total length of the PU tube connecting the
OPC to the scanner gives:

1.29% + 7.5m - 0.14%/m = 2.34% (5.3)

This is the correction factor for the maximum degree of 29 Xe polarisation achieved.

Temperature dependence of xenon gas chemical shift

In qualitative agreement with [Jameson et al., 1973] our results show an expo-
nential dependence of the xenon gas chemical shift on temperature. However, our
experimental value is significantly lower than value reported in literature. This
discrepancy can possibly be explained by the unknown value of the true temper-
ature inside the gas phantom, during recording of ?Xe MR spectra. Here, we
assumed that the temperature inside the gas phantom at the MR scanner equals
the measured temperature at the OPC surface. However, this value is presumably
too high, because the gas mixture cools down quickly flowing through the 7.5 m
long PU tube from the OPC to the gas phantom. A better estimation of tem-
perature dependence of xenon gas chemical shift could be achieved by placing a
thermometer at the gas phantom surface. Nevertheless, this is a crucial measure-
ment for application like in - vivo spectroscopy because it shows the feasibility of
frequency shift estimation.
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Chapter 6
Newly developed HPD

In previous chapters, experimental results on the influence of thermodynamical
parameters on the production rate of hyperpolarised '**Xe via SEOP with alkali
metals have been discussed. This knowledge is a prerequisite for optimisation
of the apparatus aimed to increase the achievable degree of polarisation of ?%Xe
gas. In this chapter concepts concerning new developments of the design and
manufacturing of the hyperpolarisation equipment are described.

6.1 New HPD concepts

Novel ideas concerning improvements of our HPD resulted from the experience
with the device and our experimental results. Xenon polarisers are separated
in two main categories: "batch” production mode and continuous flow produc-
tion mode. As mentioned in the introduction, the purpose of this work is the
development of a version of a continuous - flow polariser.

Figure (6.1) displays the theoretical Rb absorption profile at different total
pressures of the gas mixture, assuming an average D broadening of 18 GHz/atm.
The absorption cross - section is defined in [Larson et al., 1991] and for low
pressure can be simplified to a pure Lorentzian:

(Fabs)2
A(v —19)? + (Laps)?

o(v) =0 (6.1)
where the peak amplitude, oy, and the FWHM, Ty, are given by [Wagshul and
Chupp, 1994]:

00 Laps = 5.7 x 1072 em?Hz (6.2)

It shows the advantage of using high pressure buffer gases, which results in a high
optical pumping rate, even for lasers with a broad spectrum like diode lasers.
Most of the reported polarisers were build following the Princeton group design
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Figure 6.1: Theoretical laser absorption cross section for different total gas pressure of
the system assuming an average Dy line broadening of 18 GHz/atm.

[Driehuys et al., 1996], working at high pressure regimes (> 10 atm) for an ef-
ficient absorption of the laser light. The only known exception was reported by
[Ruth et al., 1999]: their work involved very low concentration of Xe combined
with a very low total pressure of the pumping mixture of only 75 Torr. Their
number of 70% is still the largest '?°Xe polarisation reported and was obtained
at only 10% Xe concentration in the mixture (the other component was Ny). The
polarisation build - up time constant ygg varied between 7 s and 30 s, depend-
ing on temperature, 7 s corresponding to 150° C, the highest temperature used.
Although the Xe polarisation was extremely high compared with all other values
reported at that time, the production rates were still to low for MRI applications.

In 2001, the group of C. Bowers from the University of Florida built a continu-
ous flow polariser working at moderate pressure in the regime of 2 - 5 atmospheres
and using a 210 W laser power, probably the highest laser power ever used in an
optical pumping experiment. The system was tested for different operating pa-
rameters, [Zook et al., 2002], and they observed increased polarisation values as
they reduced the total pressure. We observed just the same in our system. Also,
they observed polarisation saturation after a certain flow rate for constant total
pressure. Their largest polarisation reported was 67% for low Xe concentrations
and at optimum running parameters.
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Low xenon concentration in the optical pumping mixture results in high elec-
tronic polarisation of Rb and high nuclear Xe polarisation. Another option for
a high Rb polarisation is to use very high power diode lasers, resulting in large
optical pumping rates. The disadvantage is the low absorption in the "wings” of
the laser spectrum at low pressure. One way to enhance the laser absorption is
to increase the hot optical pumping region length and volume, such that more
Rb atoms are available for laser absorption.

For high spin - exchange rates and low residence times for the pumping mix-
ture (necessary for high flow and production rates) the appropriate choice is to use
a low pressure regime. Starting from these basic ideas we improved our system,
the arguments are diplayed in Figure (6.3).

The main characteristics of our HPD design are:

Low pressure regime. Working at low total pressure results in a high spin -
exchange rate because of the molecular contribution. It is about five times
larger than for high - pressure systems. A higher spin - exchange rate
enables a shorter time for the Xe polarisation to reach saturation. The
time - constant ygg at low pressure and 160°C is >5 s. This short spin -
exchange time allows higher gas flow rates to be used, resulting finally in
higher hyperpolarised xenon production rates.

”Counterflow” of laser with the gas mixture. In our system we placed the
laser entrance window on the left side of the polariser and the gas input
mixture on the right of the OPC. As a consequence, both Rb and Xe start
being polarized as they move leftwards towards the exit. We expect the
highest Xe polarisation to be achieved at the exit from the optical pumping
region. After that, Rb density drops and Rb atoms are trapped on the glass
surface. Laser intensity and the optical pumping rate are highest in the
cold region, therefore we should expect full Rb polarisation and minimum
Xe polarisation loss.

Long optical pumping region. A large - volume high - temperature OPC re-
sults in a higher absorption of the laser light. By using a large diameter
the surface - to - volume ratio is decreased and the Rb and Xe surface in-
teractions are reduced. Nevertheless, an optimum diameter exists. For a
too large diameter difficulties arise in shaping the laser beam to uniformly
illuminate the whole region. Also, lower flow velocity affects the final Xe
polarisation by a long residence time inside the OPC. Small diameter re-
sults in a high gas flow velocity, hence there is not enough time to reach
steady - state for Xe polarisation.

Rb pre - saturator Another concept implemented was to pre - saturate the
gas mixture with Rb vapor before entering the optical pumping region.
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By this means higher flow rates of the gas mixture could be used without
worrying about saturation by Rb vapor. Therefore, we decided to use a
long serpentine shaped glass tube placed before the OPC and outside the
region where the laser heating effects occur. A larger amount of Rb metal
is loaded in the special - design pre - saturator (see Figure 6.3). The gas
mixture is heated up to the oven temperature as it travels rightwards to the
optical pumping region, carrying the Rb vapor with it.

Another advantage of the pre - saturator is that by separating the Rb vapor source
from the optical pumping region we can eliminate possible runaways of the Rb
vapor pressure from its equilibrium value. As mentioned above, measurements
of the gas mixture temperature inside optical pumping cells indicated large de-
viations from the oven temperature [Walter et al., 2001]. Laser absorption could
result in high temperature gradients inside the cell and the Rb vapor pressure
can not be considered to be in equilibrium with the oven temperature anymore.

Figure (6.2) displays the connections of these new elements of the HPD with
their advantages and disadvantages. From the scheme we observe the relationship
between different properties of the polariser and how an advantage cancels another
disadvantage.

6.2 New OPC design

The improvement of our system results mainly from the new design of the optical
pumping cell. The cell is a long piece of glass with total length of ~50 cm and
can be described in terms of three different operational regions: i) rubidium pre
- saturation regions (serpentine), ii) laser absorption and polarising region (hot
region), iii) rubidium condensing region (cold region). The cell was built by Mr.
R. Stadler in the Physikalisches Institut of the University of Heidelberg, this
contribution is gratefully acknowledged. The left side, ~18 cm long, includes two
of the above mentioned regions: the Rb saturation and the polarising region. In
order to obtain a large Rb vapor density this part of the polariser needs to be
immersed inside of an oven and kept at a high temperature. A large cubic glass
oven encloses this part.

The Rb saturator is a serpentine - shaped glass tube connected to the OPC.
The serpentine has close to 60 cm in length, 4 loops, and is made from 1.2 cm
diameter glass tube. Its purpose is to offer a long path for the entering gas
mixture to reach the oven temperature and to saturate the gas mixture with Rb
vapor before entering the optical pumping region.

The gas mixture, saturated now with Rb vapor, moves from the serpentine
into the optical pumping cell. The OPC is a straight cylinder, 5 cm diameter
and 15 c¢m long. The mixture starts flowing rightwards, against the laser beam
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Figure 6.2: HPD polariser logistics showing advantages (green) and disadvantages (red)
of our design. Most of the disadvantages are corrected by other implemen-
tations in the system. Low xenon production rate required high polarisation
output that can be increased because of the low pressure regime and Rb
pre-saturator. Rb density runaways from equilibrium in the optical pump-
ing region because the laser heating effect is greatly reduced by the pre -
saturator.
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Fre- saurtor

Gas QOutlet
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Figure 6.3: New OPC design.

coming from the right top of OPC (counterflowing). The polarisation process
begins at the left window of the OPC, with the optical pumping mixture being
illuminated with attenuated laser light, and progresses as it moves rightwards the
highly illuminated region of the cell. The highest polarisation level is expected
to be attained in the first few centimeters of the cold region, where most of the
laser light is absorbed.

After, the gas mixture including the hyperpolarised xenon, passing through
the cold region, exits the OPC into the down - tube. The down tube is a PU
tube and drives the gas mixture from the OPC to the base of the polariser where
the freeze - out system for xenon accumulation is located. Finally, the xenon can
be frozen and separated from the He and Ny using the freeze - out system. The
freeze - out system and freeze - thaw results will be discussed in detail in the next
section.

6.3 Accumulation of hyperpolarised ?°Xe

The hyperpolarised 2*Xe is just a small fraction of the high flow low - pressure
gas mixture in the optical pumping process. In order to achieve high polarisation
degrees Ny and He are added to the gas mixture as buffer gases. To efficiently use
the hyperpolarised ?Xe one has to separate it from the gas mixture. Typically
this is done with a liquid Ny trap which freezes and separates the 2Xe from
He and Nj. Figure (2.13) shows the p - T phase diagram of Xenon. At room
temperature and atmospheric pressure, it is a gas, but liquefies at moderate
temperatures (160 K - 290 K) and pressures (1 bar - 60 bar). At liquid nitrogen
temperatures Xe is a solid, which allows the accumulation and storage of laser -
polarised xenon applying an external magnetic field.
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6.3. Accumulation of hyperpolarised '?°Xe

6.3.1 Frozen xenon relaxation mechanism

It is well - known [Cates et al., 1990; Gatzke et al., 1993; Kuzma et al., 2002] that
xenon in the frozen state has extremely long spin - lattice relaxation times. For
example, at 77 K and moderate magnetic field values solid '?Xe has a relaxation
time of >2.5 hours. T can even reach hundreds of hours at very low temperatures.
The mechanisms for spin - lattice relaxation of solid Xe are still under debate. The
models assume that there are three temperature regimes with different relaxation
mechanisms for the solid state [Kuzma et al., 2002].

For temperatures below 50 K, the nuclear dipole - dipole interaction mediates
cross - relaxation between **Xe (I, = 1/2) and 'Xe (I = 3/2):

~

~ 2 —~ —~ . T .
App = 1o Ja7sh ([a Ty - 3o 7a3) (U TC“B)) (6.3)

47 riﬁ riﬁ
For temperatures in the range 50 < T < 120 K, the dominant interaction
responsible for relaxation of 2Xe is the spin - rotation interaction:

Hsp = cx(rag)(Ia - Nag) (6.4)

where I, is the nuclear spin of '*Xe and N, is the angular momentum of the
pair formed by the '*Xe and a second atom separated by the distance r,s. This
Hamiltonian also characterises the spin - lattice relaxation mechanisms for the
gas and liquid states.

For temperatures above 120 K, the relaxation of 12?Xe is well described by a
combination of the spin - rotation interaction (Equation 6.4) and the magnetic
dipole - dipole interaction (Equation 6.3), which leads to T; values several orders
of magnitude smaller than predicted by the spin-rotation interaction alone.

Figure (6.4) shows reported results [Kuzma et al., 2002] on the relaxation
mechanisms and the accumulation process of frozen *Xe.

6.3.2 Xenon accumulation

The relaxation at liquid nitrogen temperature of 77 K is known to be >2.5 hours,
a relatively large value. For the transition from and back to the gas state the
relaxation depends strongly on temperature and on the holding magnetic field. A
major issue in recovering the xenon polarisation from its frozen state is the time
spent near the phase transition, where T are in the order of seconds. Despite
reported recovery ratios of over 90% for small quantities [Gatzke et al., 1993;
Ruth et al., 1999], losses as high as 30 - 50% are routinely observed.

The typical xenon trap is the coaxial double - tube condenser (”cold finger”)
sketched in Figure (6.5a). The initial gas mixture comes through the inner glass
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Figure 6.4: Natural abundance xenon relazation rates in frozen state as a function of
temperature and magnetic field. Adapted from [Kuzma et al., 2002].
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Figure 6.5: (a) Typical design of a ”"cold finger” or straight tube '?°Xe trap. (b) New
design of spiral freeze - out 1%?Xe trap.
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tube, starts to cool down, and freezes in a thick layer on the outer tube walls.
Hypotheses exist for loss mechanisms of polarisation during both accumulation
and thawing. During accumulation warm gas mixture passing over already frozen
xenon could maintain the top layer of frozen xenon at a higher temperature,
particularly for large quantities of frozen xenon. The relaxation time of the inner
layers of xenon could be much smaller if its temperature falls into a region where
dipole - dipole interaction dominates. [Kuzma et al., 2002] observed that when
xenon thawed and passed through liquid phase, it could drop at the bottom of
the freeze - out Xe trap and spend long time in the liquid phase, where relaxation
times is in the order of seconds.

Starting from these hypotheses we considered a different freeze - out system
which would eliminate the fast relaxation mechanisms during phase transitions.
The scheme of the implemented freeze - out system is shown in Figure (6.5b).
Made from a glass helix tube, the "spiral” freeze - out unit offers a large surface
for xenon trapping.

The working principle of our freeze - out system is quite simple. Gas mixture
containing hyperpolarized ?Xe comes from the HPD through the PU conncec-
tion tube, it enters the freeze - out unit and flows downwards through the spiral
partially or fully immersed in the liquid nitrogen dewar. Xenon forms a thin
layer of ice distributed over the spiral wall surface with a minimum gradient tem-
perature between the glass surface and the inner layer of frozen xenon. At the
end of the accumulation process the xenon snow is uniformly spread inside the
spiral in a layer proportional with the quantity of xenon frozen. Thawing this
thin uniform layer proceeds quickly when immersed in hot water, such that the
relaxation is minimised.

6.4 NMR of dissolved ?9Xe

Hyperpolarised ??Xe is increasingly applied to in vivo MRI, e.g. in lung [Dregely
et al., 2011; Driehuys et al., 2012; Imai et al., 2011] and brain imaging [Imai et al.,
2012; Mazzanti et al., 2011], as well as for NMR spectroscopy [Boutin et al.,
2011; Schroeder, 2011]. The use of hyperpolarised ??Xe is especially beneficial
for lung MRI since conventional proton pulmonary MRI applications are limited
by low sensitivity and contrast because of the low proton density and short T%
in the lung. Moreover, hyperpolarised ?Xe may be of great profit for NMR
spectroscopy measurements due to its higher solubility in liquids, e.g. blood
[Bifone et al., 1996]. Additionally, as described in the theoretical background
chapter, hyperpolarised ?*Xe provides another important advantage: a large
chemical shift good for spectroscopy, difference of approx. 200 ppm between
dissolved '*Xe and gaseous '*Xe can be observed (Figure 2.14).
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However, dissolution of hyperpolarised 2 Xe into blood via inhalation is hin-
dered by the the presence of depolarizing oxygen. This problem can be circum-
vented by pre - dissolving xenon gas into a suitable carrier liquid and subsequent
injection of this free diffusible biomarker. The dissolution of xenon into a solvent
is an important feature not only for in vivo MRI, but also for many biological
applications, such as the study of biomolecules or protein folding mechanisms. Re-
cently, the main obstacle of efficient and fast dissolution of hyperpolarised 2?Xe
without formation of foams or bubbles has been solved by applying a continuous
flow system on the basis of commercially available hollow fiber membranes [Amor
et al., 2009].

In our system, a commercially available membrane pump (Futurl0 T, AL-
MATEC Maschinenbau GmbH, Kamp-Lintfort, Germany) has been used and
implemented that provides a continuous flow of up to several tens of ml/min of
the Xe enriched contrast agent. Its usage will be explored in future experiments.

Membrane pump

Figure (6.6) shows a schematic drawing of the membrane pump and how it is
implemented in the HPD. The hyperpolarised 2°Xe is produced by SEOP using
our HPD. Liquid solvent is circulated through the setup including the membrane
module driven by a nonmagnetic pump at a rate depending on applied external
pressure. Simultaneously, hyperpolarised ?°Xe, produced by SEOP, counterflows
through the membranes and dissolves into the liquid. After one passage through
the membrane module, the xenon - enriched liquid can be removed and used for
further applications.
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Figure 6.6: Schematic drawing of the membrane pump aimed to hyperpolarised 1?°Xe
dissolution in liquid solvent. Membrane module photograph on upper right.
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Chapter 7

Conclusions

In this work we used a continuous flow Rb - Xe polariser to study how the macro-
scopic thermodynamical parameters can affect the production of hyperpolarised
129X e via spin exchange optical pumping (SEOP) of Rb atoms. This knowledge
was a prerequisite for design optimisation of an hyperpolarisation device (HPD)
for producing large quantities of higly polarised **Xe, aimed to perform mea-
surements on ?Xe gas diffusion and the chemical shift of *Xe resonances in
vivo. In the following the most relevant results are summarised.

e In serial experiments,varying macroscopic parameters like Rb temperature
(60° C - 200° C), buffer gas pressure (2 atm - 7 atm), and gas mixture flow
rate (6 1/h - 30 1/h), we studied the dependence on those thermodynami-
cal parameters of the achieved '2Xe hyperpolarisation. Our results show
maximum values of 12*Xe hyperpolarisation for T, < 100° C. At further
temperature increasing an exponential decay of 2Xe hyperpolarisation was
observed. The explanation is Rb density, which increases with temperature
according to the exponential function given by Equation (2.62). Moreover,
an exponential decrease of 2Xe hyperpolarisation was observed when the
buffer gas pressure was enhanced. No flow dependence on the flow rate has
been observed.

e At optimal experimental condition the achieved meximum level of 2?Xe
hyperpolarisation was 1.29%, measured in the MR scanner, and 2.34%
in the optical pumping cell (OPC). This corresponds to an enhancement
factor of 12Xe hyperpolarisation, compared to thermal polarisation, of
(10.019 £ 0.0986) - 10*. The achieved '?°Xe hyperpolarisation could be
improved by two orders of magnitude: the initial value of polarisation was
0.01% obtained using old system setup.

e The direct relation between the absorbed laser - power by the Rb atoms

87



7. CONCLUSIONS

and the hyperpolarisation, the laser - heating effect and the dependence of
129X e chemical shift on temperature could be experimentally observed.

e The main characteristics of our improved HPD design are: (i) low pressure
regime, for higher production rates of hyperpolarised Xe; (ii) Rb pre - sat-
urator; (iii) ”counterflow” of laser and gas mixture; (iv) extended optical
pumping region; the purpose of the last two features was to counteract the
laser - heating effect.

e We implemented a freeze - out system for accumulation of hyperpolarised
129X e and to efficiently separate xenon from gas mixture. We used a spiral -
shaped glass tube immersed in a dewar filled with Ny. Due to xenon physical
properties, the spiral freeze - out trap offers many advantages compared to
the typical design of a "cold finger” (straight tube).

e We implemented a membrane pump for efficient and fast dissolution of
hyperpolarised '2?Xe in liquid solvents. Liquid solvent is circulated up to
several tens of ml/min through the setup including the membrane module
driven by a nonmagnetic pump at a rate depending on applied external
pressure. Simultaneously, hyperpolarised '?Xe, produced by SEOP using
our HPD, counterflows through the membranes and dissolves into the liquid.
Xe - enriched contrast agent and their use for NMR applications will be
explored in future experiments.
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Appendix A

Matlab programs

The experimental data have been acquired using a 1.5 - T whole - body tomograph
(Magnetom Avanto Tim System [76 x 32]; Siemens AG, Erlangen). The raw data
format file is DICOM (Digital Imaging and Communications in Medicine), which
is a standard for handling, storing, printing, and transmitting information in
medical applications. To evaluate the experimental results the Matlab software
was used: first the DICOM file was read and converted in a Matlab format, then
the achieved degree of hyperpolarisation of '**Xe was calculated. M. Schnurr
wrote a program to analyse the data collected with the IR - spectrometer.

A.1 Reading and evaluating raw data

A.1.1 Main program

Y
% Read Spectroscpy Data from Dicom Files

% Save each spec series in a different file

% Francesco Borgosano 08.11.10

Y
cd(uigetdir)

listoffiles = dir(’*.ima’);
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numfiles = size(listoffiles,1);

% Variables declaration and index initialization

XeMeasNEW = struct;

FID = struct(’pressure’,0,’temperature’,0,’flow’,0,’data’,0);
FFT = struct(’pressure’,0,’temperature’,0,’flow’,0,’data’,0);
Pxe = struct(’pressure’,0,’temperature’,0,’flow’,0,’data’,0);

% Cycle to create Matlab variables containing raw data exported

% from dicom files

for k = 1l:numfiles

file = listoffiles(k) .name;
fh = dicom_open(file);
info = dicominfo(file);

fid

dicom_get_spectrum_siemens(fh);

FID

setfield (FID,’data’,fid(:));

% Function to perform: phase correction,zero filling and FFT

% see help ’nmrft’

result = nmrft(fid,1024,°f’);

%A = real(result);
%B = imag(result) ;
Y%result = B+(Axi);

result = flipud(result);
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A.1. Reading and evaluating raw data

FFT = setfield (FFT,’data’,result(:));

XeMeasNEW.fid (k) = FID;

XeMeasNEW. fft (k)

FFT;

end

% Defining different fields associated to the data set (Pressure,

% temperature,flow)

for k = 1:numfiles

XeMeasNEW.fid(1,k) .pressure = 1;
XeMeasNEW.fft(1,k) .pressure = 1;
XeMeasNEW.Pxe(1,k) .pressure = 1;

XeMeasNEW.fid(1,k) .temperature = T(k);

XeMeasNEW.fft (1,k) .temperature = T(k);
XeMeasNEW.Pxe(1,k) .temperature = T(k);
XeMeasNEW.fid(1,k) .flow = F(k);

XeMeasNEW.fft(1,k).flow = F(k);

XeMeasNEW.Pxe(1,k).flow

F(k);

end

for k = l:numfiles

% Fitting of Experimental data

s(:,1) 1:1024;

s(:,2)

abs(XeMeasNEW.fft(1,k) .data(:,1));

[FitResults,MeanFitError] = peakfit(s,512,100,2,2,0,40);
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Int = FitResults(1,5)+FitResults(2,5);

% Fit’Standard deviation

Deltalnt = MeanFitError/100;

% constants:

Boltzmann = 1.3807%10"(-23);
Roomtemp = 293;

Bfield = 1.5;

hbar

1.0647x10" (-34) ;

gyro 11.777%1076;
IntThermal = 5.19%1076;
DeltaIntThermal = 5138.1;

C = (gyro*hbar*Bfield)/(2*Boltzmann*Roomtemp)*100;

% Mechanical Factor:

M = 0.7%470/(0.002508* (XeMeasNEW.fft (1,k) .pressure(1,1)+1)*378.7) ;
% Error

DeltaM = 0.7/0.002508* (sqrt ((470* (XeMeasNEW.fft(1,k) .pressure(1,1)+1)*. ..
0.05/(((XeMeasNEW.fft(1,k) .pressure(1,1)+1)"2)*378.7))"2+(2/...
((XeMeasNEW.fft(1,k) .pressure(1,1)+1)*378.7)) " 2+(470%1.3/. ..

((XeMeasNEW.fft(1,k) .pressure(1,1)+1)*378.772))"2));

J%Hyperpolarisation in %:

XeMeasNEW.Pxe(1,k) .data(l,1)=(gyroxhbar*Bfield)/(2*Boltzmann*Roomtemp) *. . .

Int/IntThermal*100%*M;

Pxel_v(k,1)

real (XeMeasNEW.Pxe(1,k) .data);

Pxel_v(k,2)

~2+(Int/(IntThermal) ~2*M*DeltalntThermal) "2));
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A.1. Reading and evaluating raw data

end

% ending commands
fclose(fh);
clear FFT FID info ans;
clear fd fh file k listoffiles oldimgnum name A B fid result;
clear s Int Boltzmann Roomtemp Bfield hbar gyro IntThermal M;;
clear FitResults MeanFitError Deltalnt DeltalIntThermal DeltaM C;

clear Pxe;

A.1.2 Functions

DICOM open

function fd = dicom_open(strFilename)

% Gets a file descriptor to a DICOM file and check

% it vaguely for DICOM like properties...

fd = fopen(strFilename, ’rb’);

if -1 == fd
fprintf(’ nFailed to open DICOM file.’);
return;

end

% loose the header

hdr = fread(fd, 128, ’uchar’);
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if stremp(sprintf(’%c’, fread(fd, 4, ’schar’)),’DICM’)

% fprintf(’ nFile appears to be valid DICOM.’);
else
fprintf (’ nFile does NOT appear to be valid DICOM.’);
fclose(fd);
fd = -1;
return;

end

Read FID data

function complex_fid = dicom_get_spectrum_siemens (£fd)
% advance the field to the appropriate place

% in the file

field_length = dicom_move(fd, ’7FE1’, ’1010°);

field_size = field_length / 4;

% we can use fread to read data in as floats

[fid, fid_size] = fread(fd, field_size, ’float32’,’ieece-le’);

if( fid_size "= field_size )
fprintf(’ nWarning: field size was %d and %d elements were read.’,...
field_size, fid_size);

end
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real_part = zeros(length(fid)/2, 1);

imag_part = real_part;

% sort into two columns or make complex
k=1;

for n = 1:1:length(fid)

if mod(n,2)
real_part(k) = fid(n);
else
imag_part(k) = fid(n);
k=k+ 1;
end
end

complex_fid = real_part - j*imag_part;

DICOM move

% Advance to the point in the file where the target group and
% element are and return the length of the field.
% Orginally:

% Greg Reynolds 17-June-2005.

% Now with in-sequence data support.

function length = dicom_move(fd, strGroup, strElement)
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%fprintf(’ nSearching for target element (%s, %s)...’, strGroup, strElement’);

% these are all the VRs that have length 2
VR_short_length = struct(’strings’,
’AE’, ’AS’, ’AT’, °CS’, ’DA’, ’DS’, ’DT’,
’FL’, °FD’, °IS’, ’LO’, °LT’, ’OF’, ’PN’, ’SH’,

'SL’, ’ST’, ’Ss’, *TM’, °UI’, °UL’, ’US’ );

dims = size(VR_short_length);

number_of_short_vrs = dims(2);

% these are all the VRs so that we can establish implicit VRs
% without lots of DICOM knowledge
VRs = struct(’strings’,
’AE’, ’AS’, ’AT’,’CS’, ’DA’, ’DS’, ’DT’, ’FL’,
’¥D’, ’IS’, ’LO’, ’LT’, ’0B’, ’0F’, ’0W’, ’PN’,
’Sw’, °’sL’, ’sqQ’, °’sT’, ’Ss’, ’TM’, ’UI’, ’UL’,

UN, °US?, PUT?);

dims = size(VRs);

number_of_vrs = dims(2);

done = 0;

while “done,

current_tag = fread(fd, 2, ’uintl6’,’1’);

current_vr = fread(fd, 2, ’schar’,’l’);

if feof (fd)
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done = 1;
length = 0;
fprintf (’ nReached end of file without match.’);
break;
else
strGroupCurrent = sprintf(’%X’, current_tag(l));
strElementCurrent = sprintf(’%X’, current_tag(2));

strVRCurrent = sprintf(’%c’, current_vr);

% first of all, check with this is an implicit VR
explicit_vr = 0;
for n = 1:1:number_of_vrs
if strcmp(VRs(n) .strings, strVRCurrent)
explicit_vr = 1;
break;
end

end

% it was an implicit VR

if explicit_vr ==
% adjust the file pointer back the two-bytes we tentatively
% read in as being the VR

fseek(fd, -2, ’cof’);

% possibly need to read in zero padding here?

current_length = fread(fd, 1, ’uint32’,’1’);

% if the length is undefined, just drop out and move

% to next element...
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if "strcmp(sprintf(’%X’, current_length), ’FFFFFFFF’)
if strcmp(strGroupCurrent, strGroup)
if strcmp(strElementCurrent, strElement)
length = current_length;
done = 1;
break;
end

end

if done ==
fread(fd, current_length, ’uchar’,’1’);
end

end

% it was an explicit VR
else

size_length = 4;

% check to see whether it has a short length
for n = 1:1:number_of_short_vrs
if strcmp(VR_short_length(n).strings, strVRCurrent)
size_length = 2;
end

end

% note that implicit VRs always have 32-bit length
if size_length ==

current_length = fread(fd, 1, ’uint16’,’1’);
else

zeropadding = fread(fd, 2, ’uchar’,’1’);
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current_length = fread(fd, 1, ’uint32’,’1’);

end

% now see if this was the field we wanted
if strcmp(strGroupCurrent, strGroup)
if strcmp(strElementCurrent, strElement)
length = current_length;
done = 1;
break;
end

end

% some implicit VRs, e.g. an SQ can have undefined
% length if they have 32-bit length, so if that

% isn’t the case, proceed and read, otherwise just
% skip to the next element

if "strcmp(sprintf(’%X’, current_length), ’FFFFFFFF’)

% it wasn’t, so advance pointer
if done ==
fread(fd, current_length, ’uchar’,’1’);
end
end
end
end

end
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A.2 IR - spectrometer data

% Read in of the data of the IR-Spectrometer
% Written by Matthias Schnurr

% Last day modified: 17.11.2011

cd(uigetdir)
listoffiles = dir(’*.trt’);
numfiles = size(listoffiles,1);

AbsLaserHeat=struct;

AbsLaserHeat (1) .data = dlmread(’LASERHEATINGSPECTRAOOO1.trt’,’;’, 8, 0);

AbsLaserHeat(2) .data = dlmread(’LASERHEATINGSPECTRAO002.trt’,’;’, 8, 0);

AbsLaserHeat (3) .data = dlmread(’ LASERHEATINGSPECTRAO0O03.trt’, ’;’, 8, 0);
AbsLaserHeat (4) .data = dlmread(’ LASERHEATINGSPECTRAOOO4.trt’, ’;’, 8, 0);
AbsLaserHeat (5) .data = dlmread(’LASERHEATINGSPECTRAOOO5.trt’, ’;°, 8, 0);
AbsLaserHeat (6) .data = dlmread(’LASERHEATINGSPECTRAOOO6.trt’, ’;’, 8, 0);
AbsLaserHeat (7) .data = dlmread(’ LASERHEATINGSPECTRAOOO7.trt’, ’;’, 8, 0);
AbsLaserHeat (8) .data = dlmread(’LASERHEATINGSPECTRAO008.trt’, ’;’, 8, 0);
AbsLaserHeat (9) .data = dlmread(’LASERHEATINGSPECTRAOO009.trt’, ’;’, 8, 0);
AbsLaserHeat (10) .data = dlmread(’LASERHEATINGSPECTRA0010.trt’, ’;’, 8, 0);
AbsLaserHeat(11) .data = dlmread(’ LASERHEATINGSPECTRAOO11.trt’, ’;’, 8, 0);
AbsLaserHeat (12) .data = dlmread(’LASERHEATINGSPECTRAOO12.trt’, ’;’, 8, 0);
AbsLaserHeat (13) .data = dlmread(’LASERHEATINGSPECTRA0O13.trt’, ’;’, 8, 0);
AbsLaserHeat (14) .data = dlmread(’ LASERHEATINGSPECTRAOO14.trt’, ’;’, 8, 0);
AbsLaserHeat (15) .data = dlmread(’LASERHEATINGSPECTRAOO15.trt’, ’;°, 8, 0);
AbsLaserHeat (16) .data = dlmread(’LASERHEATINGSPECTRAOO16.trt’, ’;’, 8, 0);
AbsLaserHeat (17) .data = dlmread(’ LASERHEATINGSPECTRAOO17.trt’, ’;’, 8, 0);
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AbsLaserHeat (18) .data = dlmread(’LASERHEATINGSPECTRAO0018.trt’, ’;’, 8, 0);
AbsLaserHeat (19) .data = dlmread(’ LASERHEATINGSPECTRAOO19.trt’, ’;’, 8, 0);
AbsLaserHeat (20) .data = dlmread(’ LASERHEATINGSPECTRA0020.trt’, ’;’, 8, 0);
AbsLaserHeat (21) .data = dlmread(’LASERHEATINGSPECTRAOO21.trt’, ’;’, 8, 0);
AbsLaserHeat (22) .data = dlmread(’ LASERHEATINGSPECTRA0022.trt’, ’;’, 8, 0);

% Calculation of the integral of the absorption peaks

for k=1:22

sAbsLaserHeat=[(1:3648) ’ ,AbsLaserHeat (k) .data(:,2)];
[FitResults,MeanFitError]=peakfit (sAbsLaserHeat, 1264,2000,2,1,0,10);
% Integral of absorption peak

IntAbsLaserHeat (k)=FitResults(1,5)+FitResults(2,5)%+FitResults(3,5);

DeltaIntAbsLaserHeat (k) =MeanFitError/100*IntAbsLaserHeat (k) ;

end

DeltaIntAbsLaserHeat = DeltalntAbsLaserHeat’

clear FitResults k listoffiles numfiles sAbsLaserHeat;
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