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Metastability exchange optical pumping in *He gas up to 30 mT:
Efficiency measurements and evidence of laser-induced nuclear relaxation

Abstract: Advances in metastability exchange optical pumping (MEOP) of *He
at high laser powers, with its various applications, but also at high gas pressures p3
and high magnetic field strengths B, have provided strong motivation for revisiting
the understanding and for investigating the limitations of this powerful technique.
For this purpose, we present systematic experimental and theoretical studies of
efficiency and of relaxation mechanisms in B < 30 mT and p3; = 0.63 — 2.45 mbar.
3He nuclear polarisation is measured by light absorption in longitudinal configuration
where weak light beams at 1083 nm parallel to magnetic field and cell axis with
opposite circular polarisations are used to probe the distribution of populations in
the metastable state. This method is systematically tested to evaluate potential
systematic biases and is shown to be reliable for the study of OP dynamics despite
the redistribution of populations by OP light. Nuclear polarisation loss associated to
the emission of polarised light by the plasma discharge used for MEOP is found to
decrease above 10 mT, as expected, due to hyperfine decoupling in highly excited
states. However, this does not lead to improved MEOP efficiency at high laser
power. We find clear evidence of additional laser-induced relaxation instead. The
strong OP-enhanced polarisation losses, currently limiting MEOP performances,
are quantitatively investigated using an angular momentum budget approach and a
recently developed comprehensive model that describes the combined effects of OP,
ME and relaxation, validated by comparison to experimental results.

Keywords: Helium-3, optical pumping, metastability exchange, nuclear polarisa-
tion, light absorption, hyperpolarised gas



Metastabiles Optisches Pumpen in 3He Gas bis 30 mT:
Effizienzmessungen und Nachweis laser-induzierter Kernspinrelaxation

Zusammenfassung: Fortschritte im Bereich des Metastabilen Optischen
Pumpens (MEOP) von ®He bei hohen Laserleistungen, aber auch bei hohen
Gasdriicken p3 und hohen Magnetfeldern B, haben entscheidend dazu beigetra-
gen, Untersuchungen limitierender Prozesse dieser leistungsfahigen Technik mit
zahlreichen Anwendungen wiederaufzunehmen. Mit dieser Zielsetzung stellen wir
eine systematische Studie (experimentell und theoretisch) tiber MEOP-Effizienz
und Relaxationsmechanismen in B < 30 mT und bei p3 = 0.63 — 2.45 mbar
vor. Die Kernspinpolarisation von 3He wird durch Absorption in longitudinaler
Konfiguration gemessen mittels schwacher 1083 nm-Probelaserstrahlen, parallel zu
B und zur Zellenachse, mit entgegengesetzten Zirkularpolarisationskomponenten,
um die Verteilung der Besetzungszahlen im metastabilen Zustand zu messen. De-
taillierte Tests zeigen, dass diese Methode trotz Umverteilung der Besetzungszahlen
durch Pumplicht zuverlassig zur Untersuchung von MEOP-Dynamiken eingesetzt
werden kann. Emission von polarisiertem Licht durch die Gasentladung fiithrt zu
Polarisationsverlusten, die oberhalb von 10 mT aufgrund der Hyperfeinentkopplung
in hoher angeregten Zustanden abnehmen. Dennoch erhoht dies nicht die MEOP-
Effizienz bei hohen Laserleistungen. Stattdessen konnen wir bei vorhandenem
Pumplaser zusétzliche Kernspinrelaxation nachweisen. Die betrachtlichen OP-
verstarkten Polarisationsverluste, die gegenwértig die MEOP-Effizienz limitieren,
werden quantitativ untersucht mithilfe eines Drehimpulsbilanz-Ansatzes und eines
kiirzlich entwickelten umfassenden Modells, das die kombinierten Auswirkungen
von OP, ME und Relaxation beschreibt und durch Vergleich mit experimentellen
Ergebnissen validiert wird.

Schlagworter: Helium-3, optisches Pumpen, metastabile Austauschstofle, Kern-
spinpolarisation, Lichtabsorption, hyperpolarisiertes Gas
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Pompage optique par échange de métastabilité dans un gaz d’hélium-3 jusqu’a
30 mT: mesures d’efficacité et mise en évidence d’un processus de relaxation
nucléaire induit par laser

Résumé: Les progres en pompage optique (PO) par échange de métastabilité
(EM) dans de I'hélium-3 gazeux a forte puissance laser, dont les applications sont
variées, mais aussi a forte pression ps et fort champ magnétique B ont fortement
motivé la reprise d’'investigations pour comprendre les processus limitant cette
technique puissante. Nous présentons une étude systématique, expérimentale et
théorique, de l'efficacité du POEM et des mécanismes de relaxation a B < 30 mT
et p3 = 0.63 — 2.45 mbar. La polarisation nucléaire M de I’hélium-3 est mesurée par
absorption en configuration longitudinale, en utilisant des faisceaux a 1083 nm de
faible puissance, paralleles a B et a ’axe de la cellule, et de polarisations circulaires
opposées pour sonder la distribution des populations dans I’état métastable. Nos
tests détailés montrent que cette méthode est fiable pour 'étude de la dynamique
du POEM malgré la redistribution des populations par la lumiere de pompage.
La perte de M associée a I’émission de lumiere polarisée par la décharge qui crée
le plasma nécessaire au POEM décroit au-dessus de 10 mT, comme attendu, a
cause du découplage hyperfin dans les états tres excités. Pourtant cela n’améliore
pas lefficacité du POEM & forte puissance laser. Par contre, nous avons mis en
évidence une relaxation supplémentaire liée a la présence du laser pompe. Les pertes
importantes de M renforcées par PO, qui limitent actuellement les performances
du POEM, sont étudiées quantitativement avec une approche basée sur un bilan de
moment angulaire et un modele détaillé, récemment développé, qui décrit les effets
combinés du PO, de 'EM et de la relaxation, validé par comparaison aux résultats
expérimentaux.

Mots clés: Hélium-3, pompage optique, échange de métastabilité, polarisation
nucléaire, absorption lumineuse, gaz hyperpolarisé
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Chapter 1

Introduction

In the last years, hyperpolarised noble gases, whose nuclear polarisations are enhanced
relative to thermal equilibrium, have become more and more interesting for different
branches of physics. In particular the stable isotopes *He and ?°Xe, both with nuclear
spin 1/2, are well suited for several applications.

In order to create such hyperpolarisations, optical pumping techniques are used.
In 1950, Alfred Kastler first proposed the main principle of optical pumping to
change relative populations of Zeeman levels and of hyperfine levels of the ground
state of atoms [Kasb0]. In this seminal paper, he already mentions the potential
applications for NMR of gas hyperpolarisation by optical pumping.
Metastability exchange optical pumping (MEOP), discovered in 1963 [Col63],
exclusively applies to 3He as demonstrated by various attempts for other
gases [Sch69b, Lef77, Xial(O], while spin-exchange optical pumping (SEOP),
that involves an alkali vapour [Bou60, Hap72, Wal97, Ric02, Cha03, Bab06, Che(7],
can be used to efficiently polarise ?Xe as well.

Polarised 3He is a versatile tool in different fields of fundamental physics and in
biomedical science. Applications include

e spin filters for polarising neutrons [Bat05, Gen05, Lel07, Par09],

e scattering targets on electron beams [Ber03, Kri09] or photon beams [Krill] for
investigations of the structure of nucleons,

e symmetry breaking tests in search of Lorentz and CPT violation [Geml0a,
Gem10b, Brol0],

e investigations of nonlinear NMR dynamics in hyperpolarised liquid *He [Hay07,
Bau08a, Bau08b] and

e magnetic resonance imaging of the lung in humans [Bee04, Sta09, Bee09], and
in animals [Cie07a, Cie07b, McGO0S].
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In MEOP, optical pumping is actually performed between two excited levels. The
2383 level, which plays the role of a ground state for the OP process, is populated by
electron collisions in a plasma discharge in a gas at moderate pressure (usually up
to a few millibars). For the 3He isotope, in this excited metastable state, an efficient
coupling between the nucleus and the electrons (the hyperfine (hf) interaction) re-
sults in a strong entanglement of electronic and nuclear spin states. Therefore, the
OP-enforced optical orientation of the electronic angular momentum simultaneously
induces nuclear orientation as well. This nuclear orientation is transferred through
metastability exchange (ME) collisions to the much more numerous atoms having
remained in the true (1'Sy) ground state.

When laser light with adequate spectral characteristics at 1083 nm is used,
MEOP provides very high nuclear polarisation (> 0.7) with good photon efficiency
(~1 polarised nucleus per absorbed photon) [Nac85]. During the last years, suitable
high power fibre lasers [MueOl, Gen03, Tas04] have been developed as well as
adequate polarising units comprising different mechanical compression schemes so
as to obtain polarised gas samples in the order of atmospheric pressure required in
most of the above mentioned applications. Two established techniques are peristaltic
compressors [Nac99] for use in compact tabletop polarisers [Cho02, Cho03, Suc05]
and piston compressors [Bee03, Sch04, Wol04, Bat05, Hus05, And05].

Although many conceptual and technical issues in MEOP of 3He and its
applications could have been solved as broached above, maximum experimentally
obtainable polarisation values are still limited, and differences between theoretically
expected and experimentally measured quantities are observed.

However, especially in fundamental physics applications, high nuclear polarisation is
crucial since figures of merit vary non-linearly with M for instance.

Therefore, the goal of the present work was to understand current limitations of 3He
MEOP and to ultimately reduce and overcome them.

Motivated by the spectacular increase of steady state polarisation observed in
high magnetic field (1.5 T [Abb04], 0.45 - 2 T [Nik07] and 4.7 T [Nik12]) which also
extends the range of operating pressures to several tens or hundreds of mbar (which
would make subsequent compression for application significantly easier to perform),
systematic *He MEOP studies of performances and relaxation mechanisms were
carried out in the present work in magnetic fields below 30 mT and at low pressure
of 0.63-2.45 mbar. The investigations comprised experiments in a dedicated setup as
well as comparisons to theoretical expectations.

The choice of examined pressure and field ranges was governed by practical aspects
(close to standard conditions in polarising units) and by the following consideration:
Above 10 mT [Pav70], hf-coupling and ME process in the 23S state are almost
unaffected, whereas higher excited states in the radiative cascade in the plasma



are strongly decoupled. Angular momentum loss by emission of circularly polarised
fluorescence light is thus reduced in the radiative cascade, which was expected to
yield a potential increase of OP performances.

Polarisation decay rates in absence of OP were indeed reduced in magnetic fields up
to 30 mT at fixed metastable density. Nevertheless, the obtained polarisation values
were not improved at high laser power, and it could be shown that polarisation loss
associated to hyperfine coupling in the highest excited states involved in the radiative
cascade is not the dominant phenomenon setting limits to OP performances. We
found clear evidence of additional OP-induced relaxation effects instead.

The manuscript is organised in the following way: In chapter 2, basic aspects of
MEOP that are essential for this work are presented. In particular, the OP model
used as tool to gain further insight into OP processes and for comparisons between
theoretical expectations and experimental observations is introduced. Chapter 3
describes the constructed experimental setup. In chapter 4, an optical technique to
accurately measure nuclear polarisation by monitoring absorption of a weak probe
laser at 1083 nm is presented in detail. Chapter 5 deals with methodological aspects of
data reduction and introduces all obtained experimental signals as well as all derived
physical quantities. Chapter 6 is dedicated to the presentation of the main results of
the present work: Characterisation of the plasma, systematic probe measurements to
evaluate the robustness of the method and systematic measurements of OP kinetics
as function of nuclear polarisation varying different parameters such as *He pressure,
rf excitation level and thus metastable densities and decay rates, probe and pump
transitions, and incident pump laser power. From the measured physical quantities,
photon efficiencies were determined, and total relaxation rates during polarisation
build-up could be inferred. The limiting case at null nuclear polarisation provided
relaxation free data to evaluate the OP model. Furthermore, the intrinsic relaxation
rate in the 23P state could be empirically determined.

Selected aspects that could not be treated in the main text corpus are presented
in more detail in the appendices of this work.



Chapter 2
MEOP basics and OP model

This chapter provides an introduction to the physics of MEOP through a short pre-
sentation of the different processes involved in MEOP and of the rate equations used
to describe the time evolution of the internal variables of 3He atoms. Since a number
of simplifications are needed for a detailed analysis of dynamics of the whole system,
a substantial part of this chapter is devoted to the presentation of the OP model and
of the computational approach that have been developed for quantitative analysis of
OP kinetics. The remaining of the chapter deals with a discussion of MEOP dynamics
where, in particular, the useful concept of photon efficiency is introduced. Illustrative
examples of computed kinetic evolution are provided for the physical quantities most
relevant for this work.

The basic introductory material can be found in a number of references because
theoretical background and OP models have been both established and regularly
refined since the discovery of 3He MEOP in 1963 [Col63]. However, their exhaustive
description is disseminated in several publications using different notations. We try
to focus on the aspects that are essential for the present work, to provide a unified
and synthetic presentation of the material needed in the following chapters, and to
use consistent notations as close as possible to the original ones. Emphasis is thus
put on MEOP features specifically relevant for low field operation, as well as on
physical discussions of the various contributions to the time evolution of *He nuclear
polarisation.

The first theoretical articles on MEOP were written in the 1970s [Col63, Gre64,
Dan7la, Dan71b, Dup73]. At that time, OP on the 23S-23P transition was performed
using the weak light from a helium lamp and rather low polarisations (of the order
of 0.1) were obtained. Simple linearised models were sufficient to account for such
pumping experiments. When laser sources at 1083 nm were developed in the 1980s,
much higher nuclear polarisations were obtained. A detailed model for MEOP without
restriction on the pump light intensity nor on the nuclear polarisation was then pro-
posed [Nac85]. Tt is based on rate equations for the populations of the 23S, 23P, and
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ground states that accurately take into account the effects of metastability exchange
collisions and of absorption and emission of light at 1083 nm. Correlations between
atomic orientations and velocities, created for instance by a spectrally narrow laser
in a room temperature gas, are also considered in this model, but only in a crude
phenomenological way. This model only describes low field MEOP and it has been
established and used for parameters corresponding to low pressure situations (in the
mbar range) where MEOP was known to have the highest efficiency. This model has
been also used to discuss OP experiments with a broadband laser [Led00, Wol04].
In [Wol04], a different implementation of the model developed in [Nac85] was re-
alised including two distinct aspects which are discussed in section 2.10.1. Extensions
to the model of [Nac85] in specific situations have been proposed, but not fully de-
veloped, for OP in *He-*He isotopic mixtures [Lar91] and for OP in high magnetic
fields [Cou02, Nac02, Abb04].

Recently, a more comprehensive model has been developed for MEOP and im-
plemented into a new Fortran program at LKB. This improved OP model is based on
similar rate equations for the populations of all Zeeman sublevels but it is suitable for
arbitrary magnetic field and for pure *He gas as well as for isotopic gas mixtures. It
provides a unified frame that is also more adequate for a description of MEOP with
modern, broadband fibre lasers. The improved OP model will be described in detail
in a forthcoming publication [Nac12]. In the present work, it is simply used as a tool
to compute populations in 23S and 2°P at arbitrary nuclear polarisation M and to
derive the time evolution of M under combined OP, ME and relaxation processes.
Furthermore, theoretical predictions are compared to experimental data which con-
tributes to a deeper understanding of the processes involved in MEOP of 3He. Such
quantitative comparisons have triggered, in particular, a detailed and substantiated
investigation of relaxation mechanisms during polarisation build-up described in this
manuscript.

This chapter is organised in the following way:

- A quick introduction to MEOP in pure *He gas and *He—*He gas mixtures is pro-
vided in section 2.1. The structure of the ground state and the two lowest triplet states
of *He and *He is described in the 0—30 mT range (section 2.2 and appendix A). A
comprehensive description of the various 23S—23P optical transition rates involved in
MEOP experiments (depending on the characteristics of the incident light) can be
found in section 2.3.

- The rate equations needed to quantitatively describe the evolution of the system
under the combined action of OP and ME are introduced in section 2.4. The generic
equations derived and used in [Nac85] and [Cou02] are recalled. They are indeed over-
simplified and are not appropriate to describe MEOP dynamics at high power with
broadband light sources. The rate equations relevant for the improved OP model have
been derived shortly before the start of this work. They are briefly described in sec-



tion 2.5 and the full set of valid rate equations and useful formulas are included in
appendix B. Their derivation and the physical discussion of the underlying assump-
tions exceed the scope of this PhD manuscript and will be reported elsewhere [Nac12].
- The improved OP model, developed to suitably describe broadband excitation with
high light power and to better take into account the inherent complexity associated
with the (internal and external) dispersion of OP rates in the cell, relies on a number
of pragmatic approximations and simplifications described in section 2.5. For the
resolution of the whole set of coupled rate equations, as usual, advantage is taken of
the strong hierarchy of evolution rates between the various physical processes involved
in MEOP. This hierarchy is described in section 2.6. Then, the main features of the
Fortran program implemented and used at LKB to compute the full OP kinetics are
presented in section 2.7 where, in particular, the strategy used to solve the set of
non linear rate equations, the self-consistent computation of local light intensities and
absorption rates, and definitions of input parameters are detailed.

- Section 2.8 describes the main features of the time evolution of 3He nuclear polar-
isation that results from the competing effects of ME, OP, and relaxation. It pro-
vides a physical insight on MEOP dynamics (section 2.8.3) and, in particular, on
the transfer of angular momentum from the incident polarised light to the inter-
nal degrees of freedom of the *He atoms (section 2.8.4). Photon efficiencies have so
far been pragmatically used to quantify MEOP performances [Cou01, Abb05b], in a
way that is quite similar to that used for spin exchange optical pumping of noble
gases [Wal97, Bar98a, Bab03]. A detailed analysis of the global angular momentum
budget for MEOP is included here to clarify this concept and to establish an explicit
link between the various contributions to the rate equations and the net amount of
nuclear orientation created in the ground state. Photon efficiencies of the two OP
transitions used for our work in pure 3He gas are extensively discussed in a dedicated
section (2.9). This presentation provides the grounds for the analysis of experimen-
tally recorded polarisation dynamics and for quantitative assessment of the strong
laser-enhanced relaxation that is one of the major outcomes of this work.

- Finally, the robustness of the improved OP model is discussed and comparison with
previous models is made in section 2.10.

2.1 Short introduction to MEOP

MEQOP can be described as a 3-step process, although in reality the corresponding
physical processes are simultaneously involved:

- Since optical pumping is actually performed between two excited states of the helium
atom (see figure 2.1) the first mandatory step consists in populating the 23S metastable
state that plays the role of a ground state for the OP process. A weak rf discharge
is sustained in the He gas at moderate pressure (usually up to a few millibars) to
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populate higher excited states by electron collisions in the plasma, with a radiative
cascade ending as the 23S state. This discharge is maintained at all times (it is usually
slowly modulated in amplitude for more sensitive optical measurements), so that
all MEOP processes described here occur in presence of the plasma created in the
gas. In steady state the proportion of atoms sustained in the metastable state is
typically of order of a few parts per million (average 23S atom number densities:
0.5—10x10'® atoms/m?).

- In a second step, OP (i.e., laser-driven cycles of absorption of circularly polarised
pump light and radiative de-excitation) is performed on the closed 235—23P dipolar
electric transition at 1083 nm. For the *He isotope, in the excited 23S metastable state
an efficient coupling between the nucleus and the electrons (the hyperfine interaction)
results in a strong entanglement of electronic and nuclear spin states. Therefore the
OP-enforced optical orientation of the electronic angular momentum simultaneously
induces nuclear orientation as well.

- In a third step, this nuclear orientation of the 23S state is transferred through
metastability exchange collisions to the much more numerous atoms having remained
in the true ground state (1!'Sp) that holds no electronic angular momentum (J = 0).
The electronic angular momentum of the metastable atoms is not affected during ME
collisions.*

OP can also be performed on the 23S state of *He atoms in an isotopic gas mixture,
which is an efficient scheme providing high *He nuclear polarisations [Gen03, Sto96a]
via ME collisions between atoms of both helium isotopes. It can be advantageously
used when the presence of *He is desired or is not a nuisance, e.g, for low temperature
studies of polarised mixtures or for neutron spin filters applications. In other situa-
tions, the presence of “He can be a disadvantage, e.g., for the precise determination of
nuclear polarisation by measurements of probe absorption rates (see chapter 4). For
these reasons, the level structure of *He is also presented in this section.

In summary, for pure *He gas the two key processes in MEOP are a net trans-
fer of angular momentum in the metastable state from the absorbed light to the He
atoms by OP and a transfer of nuclear angular momentum between metastable and
ground state He atoms by ME collisions. As argued in [Cou02] and references therein,
the description of both processes can be legitimately made in terms of the popula-
tions of the Zeeman sublevels of the three involved levels in order to analyse the time
evolution of the ensemble of atoms contained in the OP cell at room temperature:
For a gas confined in a cell, the quantum states of the atoms can be statistically de-
scribed by density matrices that specify the internal state of the atoms and depend on
their external states (position and kinetic momentum, hence velocity). These density
matrices are usually fully characterised by their diagonal elements that correspond to
the populations of the relevant eigenstates (the Zeeman sublevels), i.e., coherences are

IME collisions are fast processes where the colliding 23S and 1'Sy atoms just exchange electronic
excitations with no change of nuclear orientations. They induce no global loss of angular momentum.
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Figure 2.1: a: Schematic view of a basic MEOP setup. In a 3He gas cell, a weak rf
discharge promotes a small fraction of the atoms into the excited metastable state
23S, where resonant absorption of 1083 nm light occurs. This OP light is circularly
polarised and propagates along the direction of the applied magnetic field B. For en-
hanced absorption, the light is usually back-reflected for a second pass through the
cell. Nuclear polarisation is transferred to atoms in the ground state by metastabil-
ity exchange collisions. b: Fine- and hyperfine-structures of the atomic states of He
involved in the MEOP process for the *He (left) and 3He (right) isotopes, in low mag-
netic field (below a few 10 mT), and the main physical processes involved in MEOP
are shown. Notations for the 23P hyperfine sublevels of the 3He atom are those of
[Nac85, Cou02]. The Zeeman effect in the ground state of *He is grossly exaggerated
to highlight the existence of two magnetic sublevels and the possibility of nuclear
polarisation.

ignored. Off-diagonal elements are indeed created during metastability exchange col-
lisions but they can be neglected for usual MEOP conditions (at low enough pressure
or in high enough magnetic field [Cou02]). Off-diagonal elements can also be created
when coherent light is used for pumping with a V-type or A-type scheme, with two
optical transitions addressing at least one common sublevel in the lower state or the
upper state, respectively. However, such excitation schemes are avoided in standard
MEOP conditions, where light polarisation is carefully controlled and laser beams
with well-defined helicity are used.

2.2 He level structure at low magnetic field

We use the notations of reference [Cou02] (in particular, for labelling of Zeeman
sublevels of hyperfine levels subscripts increase with increasing energies; the difference



in notations with reference [Nac85] is specified in footnote 1 of [Cou02]) where the
structure and energies of the sublevels of the 23S and 23P states are derived for both
isotopes in arbitrary magnetic field. For simplicity we only discuss in this manuscript
the limiting case relevant for the experiments performed in this work and describe
below the He level structure in low magnetic field (as done also in reference [Bat11]).

The 23S state of He (J = S = 1) has three magnetic sublevels (mg = —1,0,
and +1), linearly split at all values of the applied magnetic field B by the Zeeman
energy. They are named Y; to Y3 and their populations y; to ys3. The 23P state of
‘He (L = 1, S = 1) has three fine-structure levels with J =0, 1, and 2, hence nine
Zeeman sublevels named Z; to Zg with populations z; to zg (see figure 2.2¢ and d).

There are twice as many Zeeman sublevels for *He due to its two nuclear spin
states: six in the 23S state (A; to Ag, populations a; to ag) and eighteen in the 23P
state (B to Big, populations by to big, see section 2.4) that has five fine- and hyperfine-
structure levels (see figure 2.2a and b). In low magnetic field, the F'=3/2 (J = 1) and
F=1/2 (J = 1) hyperfine levels of the 23S state of *He are well resolved and split by
6.74 GHz, the F=5/2 (J = 2) and F'=1/2 (J = 0) hyperfine levels of the 2°P state
of 3He are split by 34.4 GHz (figure 2.2a).

The absorption spectra for 3He and *He, computed for negligible collisional broad-
ening (section 4.4.2) and for room-temperature Doppler widths (equation (2.11)) are
represented in figures 2.2e and f. Optical transition energies € are referenced to the
energy of the C; component in zero field and they are expressed in frequency units
(¢/h). The well-resolved Cg and Cg components exciting the 23Py state are the tran-
sitions most commonly used for MEOP of *He in low magnetic field, whereas the
Cg component and the Dy component of the *He 1083 nm line (also exciting the 23P,
state) are used for MEOP of isotopic gas mixtures [Lar91l, Sto96a, Gen03]. Optical
transition frequencies €;;/h for *He and *He in B = 0 are listed in tables A.1 and A.2
in appendix A.

The magnetic sublevels can be described using the product states of the decoupled
basis |mg, mz). For the 23S state A; and A4 are pure states of maximum |mg|=3/2 but
the other Zeeman sublevels involve large field-dependent hyperfine mixing parameters
6_ and 64 [Cou02] (recalled in appendix A). Up to B = 0.162 T, for which sublevels
A4 and Aj cross, the sublevels can be written:

Ay =|-1,-)

Ay =cosO_|—1,+) +sin6_|0,—)

As =cos6; |0,4) +sinfb, |1, —) (2.1)
Ay=11,+)

As =cosf_|0,—) —sinf_|—1,+)
Ag =cosf, |1,—) —sinf, |0, +).
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Figure 2.2: Structure of the 23S and 23P states of *He and *He and components of the
1083 nm optical transition at low magnetic field (for negligible Zeeman effect, e.g.,
B <10 mT). a: Plot of the energies of the six 23S sublevels and of the eighteen 2P
sublevels of *He as a function of their total angular momentum projection mg. b:
Diagram and e: Spectrum of the 9 allowed components of the 1083 nm transition of
3He. c: Diagram and f: Spectrum for “*He (3 line components).

The spectra (e, f) are computed from the amplitudes of the transition matrix elements
T;; of the fine and hyperfine line components (vertical bars) assuming pure Doppler
broadenings at room temperature (equation (2.11)). d: Plot of the energies of the three
23S sublevels and of the nine 23P sublevels of “He as a function of their electronic
angular momentum projections my (my; = mg in the 23S state where the orbital
angular momentum equals zero).
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Strong and maximal mixing of electronic and nuclear angular momenta occurs at
B=0, with sin?#_=2/3 and sin” , =1/3. At B = 30 mT, the highest field value used
in this work, sin, is reduced by 8 % and sinf_ by 5 % only.

Over the whole range of field strengths that we have experimentally studied
(B=0—30 mT), strong mixing of electronic and nuclear angular momenta thus occurs
in the 23S state. Similarly, the 23P state levels are only weakly affected by fields up
to 30 mT. The mixing parameters and the sublevel energies, in particular those of
the 23P; sublevels addressed by the Cg and Cy transitions used for *He MEOP (see
figure 2.2b), linearly depend on B for low fields.

Transition matrix elements 7;; for *He and ZI;(;Q for *He in zero magnetic field
are listed in tables A.1 and A.2 in appendix A. They have been computed for & and
7 light polarisation and for all 235—23P transition components (C; to Cy for *He,
Dy to Dy for *He) using equations and data of [Cou02] in B = 0. The values given
for 3He are slightly different from those of [Nac85] due to the use of a more accurate
Hamiltonian.

Transition matrix elements T;; as well as transition frequencies ¢€;;/h are moder-
ately modified at low magnetic field strength and Taylor expansions can be used at
finite B:

eij(B)/h =¢:;(0)/h +CYB 4+ C? B? (2.2)
T;;(B) = T;;(0) + CYV B + ¢ B2, (2.3)

The coefficients of the 2"%-order Taylor expansions (equations (2.2) and (2.3)) are
listed in table A.3 (appendix A) for all components involved by light excitation on
the Cg and Cy lines of 3He. For the Dy line of *He a similar Taylor expansion to second
order of 51(;1) /h and 7}(;1) is performed and its coefficients are also listed.

For convenience transition frequencies, reduced Zeeman shifts (i.e., Zeeman shift
values divided by Doppler width), and transition matrix elements for Cg and Co,
o and o~ light polarisations, are listed for eight B values between 0 and 30 mT
experimentally relevant for this work in tables A.4, A.5 and A.6 (appendix A).

Figure 2.3 displays the reduced Zeeman shifts (according to equations (4.25) and
(4.26) for Cg ot and Cg 0™, respectively; according to equations (4.37) and (4.38) for
the two line components of Cy o™, and to corresponding equations for Cy o) and
relative changes in transition matrix elements up to 30 mT.

For 3He, absolute Zeeman line shifts of Cg and Cy do not exceed + 30 MHz/mT and
the relative changes in transition matrix elements do not exceed 0.6 %/mT. Hence,
OP rates are almost field-independent up to several mT.

At B =30 mT, the Zeeman shifts for the Cg line amount to 0.46 and 0.42 times
the Doppler width D for ¢~ and o™ light respectively, and transition matrix elements
change by F9 % for o light. For the Cy line we have to distinguish between the two
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Figure 2.3: Top: Reduced Zeeman shifts at room temperature according to
equations (4.25) and (4.26), listed in table A.4 for Cg (left), and according to
equations (4.37) and (4.38), listed in tables A.5 and A.6 for Cy (right). Zeeman shifts
are scaled to Doppler width using D(300 K)=1.187473 GHz (eq. (2.11)). FWHM
amounts to 2D+/In2 =1.98 GHz for *He at 300 K.

Bottom: Relative transition intensities for Cg (left) and Cy (right) as a function of
magnetic field up to B = 30 mT.

Cs line: €;;(0)/h = 32.605 GHz (from C; line, see figure 2.2¢), T;;(0)= 0.29185;

Cy line: the two transitions components are individually considered (see text and
legend); €;;(0)/h = 39.344 GHz (from C; line, see figure 2.2e), T;;(0) = 0.28111
(component 1) and 0.0937 (component 2).
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types of line components: the one addressing the mp = 4 3/2 sublevels of the 23S,
F = 3/2 state, named “component 1”7, that contributes to 3/4 of the total transition
rate at B = 0; the other one, addressing mpr = £ 1/2 sublevels of the same hyperfine
state, called “component 2", that contributes to 1/4 of the total transition rate at
B =0. At B =30 mT the Zeeman shift of component 1 (resp. 2) amounts to 0.74 x D
(resp. 0.2 x D) and the transition matrix elements vary by +3 % (resp. £18 %) for o*
light for component 1 (resp. 2). Component 2 thus exhibits a higher relative change of
the transition matrix element but it only contributes 3 times less than component 1
to the total optical transition rate.

The absorption spectra of the Cg and Cy components of 3He at 30 mT are rep-
resented in figure 2.4. They are computed for room-temperature Doppler line broad-
ening and negligible collisional broadening (see chapter 4.4.2). Spectra computed for
B =1 and 30 mT taking into account collisional line broadening for typically our
maximum gas pressure are displayed in figure 4.19. Experimental absorption spectra
at B=30mT, M =0 and M = 0.5 can be found in figure 4.3.

2.3 Optical transition rates

This section deals with 23S—23P optical transition rates for monochromatic and for
broadband light excitation. The first case is especially relevant for the determination
of metastable densities based on the measurements of light absorption rates performed
with a weak single-frequency probe laser (see chapter 4). The second case is relevant
for the description of excitation of He atoms by our broadband pump laser and these
transition rates will be involved in the general discussion of MEOP rate equations
(section 2.4). They are especially important for the description of the improved OP
model presented in section 2.5.

2.3.1 Monochromatic excitation

For an atom at rest the optical transition rate «;; for the transition component between
the 2°S sublevel A; and the 2°P sublevel B; is given by (equation (8) of [Cou02] with
1/7i5 = 7i5):

draf
mewl”

/7o) 2
1) (2.4)
("/2)" + (w — wiyj)
where « is the fine-structure constant, f = 0.5391 the oscillator strength of the 23S-
23P transition, m,. the electron mass, and I the light intensity at the position 7 of
the atom inside the cell. Furthermore w and w;; designate the angular frequencies of
the light and of the atomic transition, respectively, and 7;; the matrix element of the
transition between A; and B;. This optical transition rate v;; is experimentally relevant
in all cases where a well resolved single-component line is used, either by polarisation

Vi (7) =
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Figure 2.4: Computed 3He Cg and Cy absorption spectra at null polarisation in
B=30 mT for gas at room temperature with no collisional broadening. Solid (resp.
dashed) lines correspond to ot (resp. o~ ) polarisation. The vertical bars (same line
styles) represent the positions and amplitudes (matrix elements 7;;) of the two unre-
solved components of the Cy line (e.g., A; —By7 and Ay —Byg for o polarisation).
Transition frequencies are referenced to the frequency of the C; resonance at B = 0
(see text). The Cg—Cy splitting is equal to 6.739 GHz at B=0 (see appendix A)

14



selection at low B (e.g., for the Cg-line probe at low gas pressure) or by frequency
selection? when the Zeeman shifts are large enough to remove the degeneracy between
line polarisation components (above B = 0.1 T'). I"/2 is the total damping rate of the
optical coherence of the transition between the 23S and 23P states:

["/2 =~ + 7w (2.5)

resulting from the combined effects of the radiative decay rate v (cf. section 2.6) and
of atomic collisions. The contribution w to the linewidth arising from collisions can
be neglected at low pressure.?

For a moving atom the optical transition rate v;; also depends on the projection v,
of the atom velocity along the light propagation axis, due to Doppler shift:

(r'/2)°
(F//2)2 + ((.U — wij — wi]’ UZ/C)2

1(r)

(7 0.) draf
ij\T,Vz) =
i mewl”

Tij- (2.6)
where c is the speed of light.

The gas atoms contained in our room temperature cells are not at rest. For the
Maxwell distribution of velocities at thermal equilibrium, an average local optical
transition rate 7;; can be obtained from equation (2.4) by statistical averaging over
atomic velocity projections, which leads to (equation (45) of [Cou02]):

_Amaf Ty;I(7) /OO (I'/2)* e~/ dy (2.7)
mewl”  oy/m o (F’/2)2 + (W — wij — wyj U/C)27 '

i (7)

where v is the most probable velocity:

= \/2kpT/M; (2.8)

that depends on the atomic mass Ms of the *He atom and varies with the temperature
T of the gas (kp is the Boltzmann constant). For our purpose the Doppler width D;;
of the A; — B, transition component, that is given by:

Dij = (wi]‘/2ﬂ'> \ 2]€BT/M3C2. (29)

U= 27TCDij/wij, (210)

and related to v through:

2Frequency selection may become an issue at higher pressure due to collisional line broadening,
since transitions lying away from the targeted transition component can contribute to the excitation.
3For the *He isotope, this pressure-dependent FWHM collisional broadening (in frequency units)
has been measured to be of order 20 MHz/mbar [Blo85, Tac05]. Computations from atomic potentials
provide a value of 18.2 MHz/mbar for *He as well at T=300 K [Vri04], from which a value of
w=21 MHz/mbar at T=300 K for the collisional broadening for the *He isotope is derived in [Nac12].
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is considered to be identical to that of the other transition components. Neglecting
the small differences in resonance frequencies in equation (2.9), we will indeed use in
this manuscript a single Doppler width D for the 23S — 23P transition defined by :

D= (w8/27r) AV QkBT/Mch, (211)

where wg is the angular frequency of the Cg transition in zero magnetic field
(wg = 1.739199 x 10'® s7! numerical values provided in list of symbols starting
page XX at the beginning of this manuscript).

For our low-pressure room temperature *He gas (I'/2 < 27 D) the integral in
equation 2.7 can be easily computed (equation (46) of [Cou02]; see footnote 6 there for
corresponding equation in [Nac85]) and leads to a Gaussian variation of the average
optical transition rate 7;; with the frequency detuning of the light 6 = (w — w;j) /27

N ﬁozf (S5t 2

e

The numerical value of the prefactor appearing in equation (2.12) is for *He:

% = 3.7064 x 1/300/T x 10° s~ /(W /m?). (2.13)

We have again approximated w by ws and used equation (2.11) where we have inserted
the value of the Doppler width at 300 K (D(300 K)=1.187473 GHz for *He) in order
to let the temperature dependence explicitly appear in equation (2.13).

In the present work (gas pressure: 0.63—2.45 mbar) the Cg and Cg transitions are
well resolved and probe absorption rates are used for measurements of *He nuclear
polarisation and metastable number density (cf. chapter 4). For probe light tuned to
the single-component Cg line, the local absorption rates involved in these measure-
ments can be directly computed using the appropriate coefficient I';; (depending on
light polarisation in the beam), inferred from equation (2.12) and defined as:

L) = 75 (7)/1(7) (2.14)

(see section 4.1). For probe light tuned to the two-component Cg line the local probe
absorption rate involves a similar expression where the contributions of the two line
components simultaneously excited must be added.

At higher pressure, collisional broadening has to be taken into account and the
computation of the thermal average 7;; of individual optical transition rates «;; yields
Voigt profiles that significantly differ from the above-described Gaussian Doppler pro-
file, due to the increased contribution of the individual (Lorentzian) atomic response
in the convolution with the statistical (Gaussian) distribution of atomic velocities.
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The coefficient T' that would be relevant for probe absorption measurements thus in-
volves additional contributions from all overlapping line components. Again, this is
not an issue in the present work (for quantitative assessment see section 4.4.2.).

The only similar problem that may arise is encountered in our probe light ab-
sorption measurements when the laser source is tuned to the Cy line. Residual *He
atoms in the cell may indeed contribute to light absorption due to the coincidence of
the strong D; and Dy lines of *He with the Cy line of *He introduced by the isotope
shift (for line spectra see figure 2.2 and for transition matrix elements see tables A.1
and A.2 in appendix A). This issue is discussed in section 4.2.2.

2.3.2 Broadband excitation

For broadband excitation the individual transition rates from A; to B; must include
a sum over the spectral distribution of light intensity. For a light source characterised
by a Gaussian spectral profile with line width L and a detuning 5}? from the resonance
frequency w;; /27, the velocity-dependent optical transition rate for a moving atom
is given by the following expression (similar to equation (15) of [Batll], where null
detuning was assumed):

i _\2
i (T, 02) = sz T, I(7) e~ 00 =Dve/o) /2 (2.15)

For an ensemble of moving atoms at thermal equilibrium submitted to such a broad-
band excitation, the convolution with the Maxwellian velocity distribution yields the
following average local optical transition rate 7;;:

_ ﬁaf D _g§h2 2,72
Vi (7) = e Tij 1(7) Nk oL/ D7), (2.16)

2.4 Rate equations for OP and ME in pure *He gas

The main problem that is met when modelling OP arises from the dispersion of local
optical transition rates v;; due to the velocity dependence of the atomic Doppler shifts.
The atoms with a given velocity projection v, along the OP light beam direction
constitute a velocity class associated to a single optical transition rate. For this
velocity class, the generic OP rate equations given below are position-dependent since
the optical transition rates 7;; are proportional to the inhomogeneous pump light
intensity I..n(7) present inside the cell.

In our experiments, the variation of the light intensity I. with position 7 in-
side the gas cell is both due to the radial intensity profile of the incident pumping
beam and to the variation of the amount of light absorbed along the pump beam
path, induced by the non uniform spatial distribution of the 23S atoms in the cell
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(see section 2.5.3). Indeed, the 23S number density vanishes near the wall, where the
metastable atoms deexcite, and everywhere else locally depends on the uncontrolled
balance in the rf plasma between excitation, quenching, and diffusion processes (that
may be influenced also by the pump light, due to optogalvanic effects).

Besides these two difficulties, strong non linearities appear at high pump powers
since, as recalled below, the local light absorption rate involves the product of the
optical transition rate ~;; and of the difference a; — b; of populations in the 2*S and
23P states that both depend on pumping light intensity. All these intrinsic issues will
be dealt with by the assumptions and simplifications introduced in the OP model
described in section 2.5.

In this section, we recall the rate equations describing the processes of OP and
ME introduced in previous work [Nac85, Cou02, Batll]. They are not valid for a
realistic physical description of the system since, even if the experimental variation
with position can be assumed to be implicit in the 23S and 23P rate equations, the
intrinsic variations of optical transition rates (hence of all populations of metastable
and excited states) with atomic velocities are ignored. They should be considered
as generic rate equations (for populations in a generic velocity class excited with
an optical transition rate ;;) that are useful for a simple description of the general
structure of the more appropriate rate equations and for a simpler physical discussion
of the various contributions of key processes (ME, OP and relaxation) to MEOP
dynamics. Actually these generic equations have to be replaced by similar ones for
the various velocity classes involved and supplemented by the contributions of all
processes that may couple these velocity classes (e.g., atom—atom collisions). This
was done for instance in [Nac85] in the context of the over-simplified model mentioned
in the introduction, where all 23S atoms addressed by the lasers where considered to
belong to a single velocity class and to be excited with an identical optical transition
rate and all other 23S atoms where considered not excited at all (this is discussed
in more details in section 2.5). The full set of rate equations relevant for the present
work is given in appendix B: they are derived from the generic ones in the context
of the improved OP model introduced in section 2.5 (this derivation will be shortly
published [Nac12]). They are local both in space and momentum in the metastable
and excited states. The derivation and justification of the modifications that must be
applied to the (more simple) generic mathematical expressions obtained from these
generic rate equations used below also falls beyond the scope of the present work
and only the results are given in this manuscript. The corresponding mathematical
expressions, appropriate and valid within the improved 2-class OP model, are listed
in appendix B.

For the excited 3He states ME and OP processes are here described in terms
of the generic populations a; and b; and number density of atoms in the metastable
state n,,. The local number density of 23S atoms in sublevel A; is n,,a; and the
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a;s are populations satisfying Zle a; = 1. For convenience, to avoid one additional
parameter and an additional equation, the populations b;s in the 2°P state are defined
so that the number density of atoms in sublevel B; of the 2°P state is n,,b;. Hence the
b;s are not "true” populations (3,2, by < 1) and their sum depends on the OP light
intensity. In the following, for clarity, the variation with position of the local generic
quantities listed above (a;, bj, n,,) and of the local optical transition rates ~;; used
below is generally omitted. It is explicitly specified only when average values over the
cell volume are involved.

In contrast, in the ground state the *He nuclear polarisation M can be safely
considered to be uniform and velocity-independent inside the whole gas cell, thanks
to fast atomic diffusion (see section 2.6). The nuclear polarisation M is defined as
the difference of populations of the two nuclear spin states m; = +1/2 and, hence,
directly measures the longitudinal component of nuclear spin angular momentum in
the ground state (I.) g, since:

h
<IZ>1180 - EM (217)

M can also be expressed as the relative difference of corresponding number densi-
ties Vg
NS —N; N =Ny
N S+ Ny Ny

(2.18)

where N, is the number density of ground state *He atoms (almost equal to the
constant gas number density in the sealed cell).

2.4.1 Generic OP rate equations

For the closed 23S - 2°P optical transition the joint time evolution of the popula-
tions a; and b; under light excitation is described by (equations (13) and (14) in
reference [Bat11])*:

dai 18

el T+ 3 gl ) 219
oP j=

db;

dtj —b; +Z i (ai — bs), (2.20)
op

4No full set of OP rate equations has been provided in reference [Cou02], where depopulation OP
(see section 6.3.2) with monochromatic excitation could be described by a single and very simple
equation (equation (42)).
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using the radiative decay rate v of the 23P state (cf. section 2.6), the matrix elements
T;;, and the optical transition rates v;; (cf. section 2.3).°

For the 23S atoms, the first part of equation (2.19) describes the contribution of
spontaneous emission of light by all 2°P atoms and the second part represents the
net balance between absorption by 23S atoms and stimulated emission by 23P atoms.
For the 23P atoms, the first part of equation (2.20) represents spontaneous radiative
decay to the 23S state and the second part, driven by light excitation, corresponds to
the net balance between growth through excitation of 23S atoms and decrease through
stimulated emission.

2.4.2 Generic ME rate equations

The ME process leads to a joint time evolution of the populations a; and of the ground
state nuclear polarisation M described by:

dai
dt

6
=Y (—ai +) (B + Mﬂi)ak> (2.21)
ME

k=1

dM BF npn (7)<
= Ye — E Lyap(7) — M | . (2.22)
ME cell ‘/c Ng (k—l

dt

Equation (2.21) is equivalent to equation (35) of reference [Cou02] for pure He gas.
For equation (2.22), in contrast with equation (33) of reference [Cou02], we have
explicitly taken into account the spatial inhomogeneity of the 23S number density.
The ME collision rate 7, is proportional to gas pressure (cf. section 2.6). The matrix
operators £ and F'® as well as the vector operator L have field dependent coefficients
that are given in appendix A.

These ME operators are derived from a detailed analysis of the changes in in-
ternal variables for the colliding 23S and 1'S; He atoms during metastability ex-
change [Cou02] and equations (2.21) and (2.22) duly conserve angular momentum.
This can be shown as follows. On the one hand the components of the vector operator
L are closely related to the values of the projection of the longitudinal component of
the nuclear spin angular momentum in the 23S Zeeman sublevels:

2
°L

5In this work we systematically neglect all potential contributions of other radiative processes
in the plasma associated to OP-induced changes of deexcitation from higher excited states, i.e., we
assume b; = 0 in the absence of OP light.

Ak> (2.23)
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and equation (2.22) can actually be written as:

o ”‘;j () - ), (2.24)

dt

where we have introduced the local nuclear polarisation in the metastable state, M>:

M) = 37 Liag(), (2:25)

that is, of course, related to the local value of the longitudinal component of nuclear
spin angular momentum in the metastable state (I),sq by:°

PAS) = (L) () (2.26)

On the other hand one can easily check that, for all kK = 1 — 6, the matrix operators
E3 and F3 satisfy:

Zmp J(E® + MF3);, = %(Lk—M)erF(k). (2.27)

This built-in property of the ME operators then ensures, for this set of generic ME
contributions to the rate equations, that:

.\ da(7)
Z (i) =5

7

_ _%w (2.28)

ME

so that the condition for the global conservation of angular momentum projections:

/ ﬁ N (7) d<FZ>23S (7) +N d<Iz>1150
cell

=0 2.29
Ve dt ug o dt (2.29)

ME

is automatically fulfilled since:
(Fo)ass ( thF a;( (2.30)

is the local value of the longitudinal component of the total angular momentum in
the metastable state (equations (2.24) and (2.28) just have to be combined).

The physical interpretation of equation (2.24) is straightforward: the time evo-
lution of the ground state polarisation M is driven by its difference with the average
nuclear polarisation M® in the 23S state, defined as:

fcell d3f nm(m MS (7”_‘)
fcell dSF Nm (f‘) ’

6The 23S nuclear polarisation MS was noted (I), in [Nac85].

NS =

(2.31)
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if the ME contribution (2.24) is formally re-written as:

dM

= =T (W(f) - M) , (2.32)

ME

and an average metastability exchange rate for the atoms in the ground state, T, is
introduced and defined as:

— 37 Ny (7)
Te = / - ) 2.33
cell ‘/c Ng ( )

This spatially averaged ME rate is the analogue of the ME rate I's appearing in
equation (33) for the time evolution of M in reference [Cou02|, here generalised to
the case of non uniform number density of 23S atoms ny,.

The nuclear polarisation M5(7) of the metastable atoms can simply be written
as (valid up to B =0.162 T):

6
M5 = ZLkak =(ay —ay) + L_(ay —as) + Ly (asz — ag), (2.34)
k=1

making use of the field-dependent coefficients Li=cy — sy (given in appendix A)
associated to the components of the operator L, where ¢y = cos? 6, and sy = sin? 6,
explicitly vary with B through the mixing parameters 6., and L. (B = 0) = +1/3.

ME and OP processes are both described in 23S by non linear rate equations. In
equation (2.19) the prefactor +;; is proportional (see section 2.3) to the pump light
intensity I..n present inside the cell that, in turns, depends on the a; populations due
to absorption of the incident light by He atoms. Equation (2.21) explicitly includes M
(as prefactor of the coefficients of the matrix operator F'*) whose time evolution results
from a combination of all a; populations (through M® = 3", Lyay in equation (2.24)).
We also recall that these non linear local equations are only generic ones where optical
transition rates v;; and hence the quantities a;, b;, and n,, have some implicit velocity-
dependence due to the dispersion of Doppler shifts. Moreover, due to the non linearity
of OP contributions, one cannot simply use a statistical average 7;; (equation (2.16)) of
individual optical transition rates ~;; (equation (2.15)) to accurately describe MEOP
kinetics when powerful broadband pump lasers are used. Finally the contributions
of relaxation (that tends to damp any imbalanced distribution of atoms between
Zeeman sublevels in the ground, metastable, and excited states) and, in particular, of
the collisional redistribution in the 23P state have not yet been taken into account.
The simplifications and assumptions introduced to address these issues and to write
a valid full set of equations are described in the following section.
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2.5 The improved 2-class OP model

To suitably describe all relevant processes in MEOP with a limited number of param-
eters, two major simplifications and one approximation are introduced. They essen-
tially deal with the problems raised by relaxation, the velocity-dependent character
of OP contributions, and the computation of the local pump laser intensity. They are
successively described in the following.

2.5.1 Relaxation processes

Relaxation refers here to the effect of additional processes that couple populations
of the various Zeeman sublevels within each atomic state. Numerous processes are
involved (especially in the rf plasma) and the corresponding relaxation rates may not
be a priori known. Therefore the OP model that is used involves a phenomenological
description of all such processes by simple rate equations that correspond to uniform
redistribution between Zeeman sublevels with a single relaxation rate in each state.
This pragmatical approach is identical to the one used in reference [Nac85] and the
set of contributions of relaxation to the time evolution of the system have the generic
form recalled below (equations (12), (11) and (18) in reference [Bat11]):

db; 1 18

d_tﬂ = AP KE Zk:l bk) — b]} (2.35)
dai 1

il = () (230
dM
—| =T« M. (2.37)

However, in the context of the improved model described here, equations (2.35)
to (2.37) must be replaced by the appropriate full set of valid equations given in
appendix B.

Orders of magnitude for parameters 7, 72, and I'y are discussed in the following
section (2.6). This may be a far too coarse description, in particular for the 23P state.
The main contribution to 23P relaxation comes from collisional redistribution and, due
to the large fine structure splittings in helium, resorting to a single rate is questionable
(see page 253). Still an approximate value of 47 can be inferred from experimental
measurements of OP efficiencies (see section 6.3.2). Processes contributing to the 23S
relaxation rate 75 are not known but non-radiative de-excitation processes definitely
set its lower bound. The ground state relaxation rate I'y a priori describes all processes
directly acting on the nuclear polarisation of the 3He gas. As we shall see, we have no
direct access to this quantity in the experiments but measurements of plasma decay
rates yield lower bounds.
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2.5.2 Velocity-dependent light excitation

Even if the continuous Boltzmann distribution of atomic velocities was binned in
a finite number of velocity classes, solving the corresponding set of rate equations
would be a difficult task since their populations are coupled by velocity-changing
collisional processes (including ME) with ill-known collision rates. Instead, to account
for the dispersion of atomic velocities with as few free parameters as possible, a coarse
description with two broad velocity classes is used. This is similar to the partition of
the velocity distribution originally introduced in reference [Nac85]. However in the
improved model both velocity classes are associated to finite optical transition rates.
The computation of the average optical transition rate assigned to each velocity class
will be explained and discussed in detail in a forthcoming publication [Nac12]. Here
we only give the final result and stick to a basics description of the underlying physical
arguments with the help of figure 2.5.

The upper graph (figure 2.5a) represents the Maxwellian distribution of atomic ve-
locities (statistical weight proportional to exp —v?/v?, where v is the most probable
velocity associated to the Gaussian Doppler width D, equations (2.8) and (2.11)). The
lower graph (figure 2.5b) represents the spectral distribution of pumping laser inten-
sity as a function of the reduced frequency difference (w — w;;) /27D, with a central
laser frequency wy,/2m=w;;/21 — 6} close to the atomic transition frequency. Atoms
with different velocities, hence different Doppler shifts, experience different optical
transition rates (maximal for atoms with velocity vy, corresponding to a Doppler shift
equal to the laser frequency detuning 55 ). The hatched part in the velocity distribu-
tion (figure 2.5a) constitutes the velocity class of strongly pumped atoms, in the
centre of the velocity distribution with a velocity projection |v.| < vi. The other class
of weakly pumped atoms, contains all other atoms in the wings of the velocity
distribution. Figure 2.5b represents a detuned laser profile (by an amount 5};] from
the atomic transition). This detuning is kept as small as possible in the experiments.
It cannot be strictly null when OP is performed on the Cgy line at finite magnetic
field strength, due to the difference in resonance frequencies for the two components
that are simultaneously excited (Zeeman splitting is about 21 MHz/mT). But all ex-
periments have been performed in a double-pass configuration for the OP beam and
atoms with positive and negative velocity projections experience almost equal pump-
ing rates. For this reason, we consider the symmetric velocity interval of figure 2.5a
to define the strongly pumped class.

The approach (partition in two broad velocity classes) and the notations used
are similar to those of reference [Nac85] but the final rate equations are actually quite
different. In reference [Nac85], the pump laser was assumed to be a narrow-band
one, or to have a spectral profile composed of a small number of discrete narrow
modes. As a result atoms not lying in the strongly pumped class could be considered
as not pumped at all. In contrast, currently used fibre lasers have a broad emission
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Figure 2.5: Two-class OP model. a: Maxwell velocity distribution of atoms charac-
terised by its most probable velocity v and Gaussian width D (see section 2.3). It is
split in two broad classes using the velocity boundary v:. The atoms with |v,| <v}
belong to the “strongly pumped” class (hatched area); the atoms with |v,| > v} be-
long to the “weakly pumped” class. b: spectral profile of the pump laser (Gaussian
width: L, frequency detuning: 55 = (w;j —wr,) /27 with respect to the atomic transition
frequency w;;/2m).
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spectrum, tailored to match the Doppler width of *He [Tas04]. For the laser used in
this work, the spectral profile has been measured to be approximately Gaussian with
a characteristic width L ~ 1.02 GHz (FWHM = 2LvVIn2 ~ 1.7 GHz), as displayed
in figure 2.5b. Hence atoms in both classes experience significant OP intensity.

The two broad velocity classes are described by distinct sets of local quantities
(a;, bj, nm,7ij). The metastable density is noted nf () (respectively n; (7)) for the
strongly (weakly) pumped class and corresponds to an integral over the velocity pro-
jection interval —v! < v, < vf (resp. v, < —v} and v} < v,). The 23S populations

ai (resp. a}) satisfy > .af = 1 (resp. Y .a; = 1 ). They are resonantly coupled to

the 2P populations bj (resp. b}) and the corresponding local number density of ex-

cited atoms is equal to ny, (7)) _,b; (resp. n. (7> ;05). The local optical transition
rate 7;; (resp. 7;;) is chosen to be equal to the computed average of the individual
velocity-dependent rates for broadband excitation v;;(v,, ) (equation (2.15)) over the
corresponding velocity range using the Boltzmann statistical weight. This yields:

] (7)o (0
(7) = 745 = 2.38
157 = T = G (A/D) (2.58)
/(= = nm(F) / Vig (F)E,
= 7 Y = , 2.39
% (7) = 7% (7) n ()~ ~ 1—ef(A/D) (2.39)
where the average local optical transition rate 7;;(7) is defined as:
_ vraf
3 =T L), 2.40
3(7) = YOS T () (2.40)

and (assuming negligible pump detuning) the two dimensionless factors ¥* and ¥’ are
given by:

) D VIZT DA
D [ e (2.41)
VL2 + D? LD
oD 5 (2.42)

VD

(L and D are laser and Doppler widths, respectively; A is a characteristic frequency
offset, defined by A/D = v} /v, that corresponds to the maximum Doppler frequency
shift in the strongly pumped velocity class; the error function, erf, in equation (2.41)
arises from a Gaussian integral over the truncated range of velocities).

The width of the strongly pumped velocity class A is a free parameter in the OP
model that we also choose to be equal to the laser width: A/L =1. In section 2.8, we
show that this choice is reasonable as it has a limited influence on the computed OP
results.
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The rate equations for the whole system are different from the generic
ones and from those of reference [Nac85]:

- There are two sets of OP rate equations, one for each velocity class.

- The ME rate equations in the 23S state are modified. They include, for each velocity
class, contributions still related to the ground state nuclear polarisation but now
originating from both velocity classes. The ME rate equation in the ground state is
also modified. It includes the sum of two driving terms, one for each velocity class
(associated to the respective local 2°S nuclear polarisations).

- Both sets of 23P populations relax with an identical rate v

- An additional set of collisional rate equations is introduced to describe the transfer of
23S atoms from one velocity-class to the other. The corresponding term is neglected
for atoms in the 23P atoms state, in which the collisions that are able to change
the atom velocities are likely to also induce a change in internal variables (i.e., to
contribute to relaxation of the Zeeman populations).

The frequent ME collisions play a key role in the MEOP process, and they modify
the velocities as well as the internal variables of 23S atoms. It is usually assumed that
ME collisions have small impact parameters (they require a significant overlap between
electronic orbitals, and the centrifugal barrier of the potential must be overcome). In
the ME process the velocity projection of the colliding 23S atom thus has a high
probability to be strongly modified. For simplicity, we assume that the velocities
before and after collision are uncorrelated and that the outgoing velocity projection is
randomly distributed according to the Maxwell distribution of figure 2.5a. This leads
in the 2-class OP model to ME rate equations coupling the populations «; and o} with
weights simply given by the densities n’ and n/, (equation (B.12) in appendix B).

In contrast to the ME collisions, elastic velocity-changing collisions, that do not
affect the internal spin variables of the 23S atoms, may occur with large impact param-
eters and thus lead only to small changes in velocities. In the 2-class model they are
relevant only for atoms with velocities close to the class boundaries and thus induce
a weak average coupling between the populations of the two classes. Large velocity
changes, that would more efficiently couple these populations, involve collisions with
small enough impact parameters that, consequently, are likely to also strongly affect
internal atomic states and hence to be ME collisions already taken into account by
the modified exchange rate equations. For this reason, velocity-changing collisions are
taken into account by additional rate equations that describe a uniform redistribu-
tion between velocity classes characterised by a single and small rate: the collisional
parameter v, < 7., that is typically set to 103 s~

Attributing full velocity redistribution to ME collisions and a small contribution
to elastic velocity-changing collisions presumably over-/under-estimates each effect if
considered separately, but this is believed to provide a reasonable description of the
global impact of collisions of 23S atoms.
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2.5.3 Inhomogeneous light excitation and atomic response:
1-D model

A last simplification is made to allow quantitative but still manageable description of
the system: the longitudinal variations of the 23S number density and of the local light
intensity are both neglected inside the cell and only radial variations are considered.

For the 23S density, the de-excitation of the metastable atoms on the cell win-
dows can be reasonably assumed to have a negligible overall impact in our fairly
long cylindrical cells with aspect ratio 5 (length over diameter, see section 3.1). The
inhomogeneity of the rf excitation pattern has been pragmatically assessed visually
using the distribution of visible light emitted by the plasma and reduced by imple-
mentation of a large number of ring electrodes (cf. section 3.1). The variation of the
23S atom number density can be reasonably assumed to be weak, due to the strong
damping provided by fast atomic diffusion, and no attempt has been made to quantify
the residual fluctuations (in contrast with the radial distribution profiles that have
been mapped). In the OP model the distribution of atoms is assumed to be perfectly
symmetrical, to be independent of the longitudinal coordinate (z, distance from the
entrance window), and to vary only with the radial coordinate (r, distance to the
axis).

For the light intensity, a configuration with the pump beam aligned with the
cell axis, propagating parallel to it and back-reflected by a high-quality mirror has
been chosen in the experiment. The incident light intensity thus only depends on
the radial coordinate r. The (uncontrollable) attenuation due to progressive resonant
absorption by the gas leads to a significant gradual change of the local light inten-
sity with the longitudinal coordinate z along the first pass (contribution I (r, z)) and
with (Leen — 2) along the second pass (contribution I5(r, z)). As a first approxima-
tion, for weak absorption the combination of both changes leads to a fairly good
compensation. Assuming a constant rate of absorption per unit length, the intensity
I(r,z) = I1(r, 2) + I5(r, z) can be analytically and numerically checked to be almost
uniform at fixed distance r to the cell axis. To a very good approximation the value
at the middle of the cell can (and was) used for local intensity leen(r) = I(r, Leen/2).

However when absorption in the gas becomes more significant a better approx-
imation must be used for more accurate results. This is the case for our systematic
investigations of MEOP, where higher gas pressures and rf discharges well beyond
their extinction threshold have been used. Therefore the uniform value that is as-
signed to the local intensity I.on(r) is now, in the improved OP model, replaced by
the average light intensity that is computed from the distribution I(r, z) obtained for
a constant absorption rate (see appendix C).

In short, the improved OP model relies on an approximate but realistic 1D-
description where all local quantities only depend on the radial coordinate r that
measures the distance to the optical axis.
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2.6 Comparison of all rates relevant for MEOP in
‘He gas

The easiest way to solve the system of coupled non linear equations described in the
previous section is to take advantage of the great difference in the evolution rates of
atomic internal states for the 2P, 23S and 1'S, states. Numerical estimates of the
relevant rates are provided below.

The ME- and OP-induced changes that occur in the two excited states (23S and
23P) of the helium atom are by far the fastest ones. A single and convenient scale
is provided by the radiative decay rate of the 23S—2%P transition by spontaneous
emission (measured by [Lan68] and related to the oscillator strength of the 23S-23P
transition f = 0.5391 [Wie66, Dra96]):

v =1.022 x 107 s, (2.43)

The resonant absorption and stimulated emission of light by the 3He atoms involve
one or more optical transition rate(s) v;;. For broadband optical pumping with a tuned
light source, the improved 2-class model involves the average pumping rate 7;; that
can be written as 7; = T;; vop (equation (2.40)), where yop = fjf; Leen(7) is a
characteristic pumping rate independent of the selected transition(s) A; — B; and
proportional to the local light intensity I..n(7). The prefactor has been computed to
be equal to 3.7064 x 10% s~ /(W /m?) for *He at room temperature (relation (2.13)).

The order of magnitude of the pumping rates is then set by:

Yop /v = 3.627 Len[W cm™] (2.44)

where I [W em ™2 is the value of the local intensity expressed in W /cm® unit. The
actual velocity-dependent pumping rates (equations (2.38) and (2.39)) involve an addi-
tional spectral prefactor that is of order unity (D/v/L? + D? = 0.766 for L =1.02 GHz
(1.7 GHz FWHM) typical of dedicated 1083 nm fibre lasers) and dimensionless factors
that are also of order 1 for A = L: erf(A/D) = 0.775 , ¥* = 0.712. In our experi-
ments, the pump beam has a Gaussian transverse intensity profile with typical waist
2a = 1.6 cm (FWHM: Qa\/m, see equation (3.2)) so that, if Wj,. is the incident
light power, the maximal light intensity value (reached on the cell axis average light
intensity) is equal to ly(r = 0) = Wine/(ma?) = Wine/(2.0 cm?). Light absorption is
weak in our experiments (light transmittances usually exceed 70 %) and is here ne-
glected. As a result, taking into account back reflection of the pump light, the maximal
pumping rate is such that yop /v ~ 3.3 Win[W].

The ME exchange with the ground state atoms occurs with a pressure-dependent
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rate 7, given by 7./p3=3.75x10% s~! /mbar [Dup71]", so that:
Ye/v = 0.367 ps[mbar]. (2.45)

The collisional redistribution between Zeeman sublevels in the 23P state results
in a pressure-dependent relaxation rate 7% for b; populations that is observed in our
experiments to be on the order of 7¥/p3 ~ 0.32x107 s~! /mbar (this is inferred from
measurements of OP performance, see chapter 6.3.2), so that:

¥ /v =~ 0.313 ps[mbar]. (2.46)

In comparison, in standard conditions the redistribution between Zeeman sub-
levels in the 23S state is fortunately significantly slower. Quenching of metastable
atoms by collisions with impurities, de-excitation, ionisation, or formation of
metastable molecules may limit the 23S atoms lifetime. A typical value (actually, just
a lower bound) of the relaxation rate v5 for a; populations is provided by de-excitation
on the cell wall, mainly due to diffusion of metastable atoms in the gas. Using the
diffusion coefficient given in [Fit68], this yields 75 ~103 s~ at mbar pressures (using
the diffusion time associated to the lowest diffusion mode in our cylindrical cells), so
that:

73 )y~ 1074, (2.47)

ME drives the evolution of the nuclear polarisation in the ground state with a
typical rate I'. (cf. equation (2.33)) that is 6 orders of magnitude smaller than that
of the 23S state, due to the difference in number densities, so that:

Te/v ~ 0.4 x 107% ps[mbar]. (2.48)

Other processes may contribute to the evolution of the nuclear ground state polari-
sation M, among which intrinsic nuclear relaxation (dipole-dipole relaxation [New93]
in dilute gas is actually negligible), relaxation by magnetic field inhomogeneities
[Sch65, Cat88a, Cat88b, Has90] (a potentially fast process at low pressure for poorly
controlled field maps), wall relaxation, or relaxation by spin coupling interactions with
co-existing species (e.g., paramagnetic impurities [Sch06a, Den06, Sch06b, Hut07]).
The corresponding ground state relaxation rate can be measured in the absence of
rf excitations (e.g., by NMR or by periodically turning the discharge back on to
perform the optical measurements) but this does not correspond to our operating
conditions for MEOP. In presence of the plasma the relaxation rate I'y, may be dif-
ferent and there is no experimental way to measure its contribution independently of
that of ME (cf. equation (2.71)).

"In [Nac85], the values for the metastability exchange time 7. at 1 torr on page 2065 should be
7.=2.0x10""s at 300K [Dup71], 7.=2.2x1075s at 77K [Zhi76], and 2.8x10~%s at 4.2K [Bar77].
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The comparison of the above-compiled rates shows that the evolution of 23S
populations occurs on a much faster time scale (typically microseconds) than that of
the ground state nuclear polarisation M (typically seconds, or more). The response to
laser excitation and competing physical processes can thus be considered to be almost
instantaneous in the 23S states and the populations of the Zeeman sublevels to reach
a quasi-stationary state that adiabatically follows the slow evolution of the nuclear
polarisation of the 3He gas.

2.7 Numerical computation of MEOP dynamics

2.7.1 Equation solving strategy

The method used to solve the entire set of coupled non-linear rate equations and to
compute OP kinetics is heavily based on the conclusion of the previous section:

1/ at fized nuclear polarisation M the steady-state solutions of the full rate equations
for the 23S and 23P populations are computed, for instance as a function of the incident
pump power at fixed other operating conditions.

2/ the M-dependent steady state 23S populations are used to compute the ME-induced
source term in the full rate equation for the ground state polarisation.

The full rate equation for M can be time-integrated to obtain the polarisation M ()
at all times ¢, starting from the initial condition M (¢ = 0) = 0.

The whole set of internal variables is then known at all times ¢ and any other
quantities relevant for characterisation of OP kinetics, for consistency checks, or for
comparison with experimental findings, can be computed. Numerous examples can be
found in this manuscript. Complementary results and systematic checks performed
to validate the improved OP model will be shortly published. In this work we have
been especially interested in the computation of quantities that can be experimen-
tally investigated such as the value of 23S nuclear polarisation, of pump and probe
light absorption, of photon efficiencies, of polarisation decay rates, of apparent *He
nuclear polarisation as a measure of the OP-driven changes in the distribution of 23S
populations, etc. Both the stationary values (i.e., at null® (M = 0) and steady-state
(M = M,,) polarisations) and the time variation, i.e. during polarisation growth and
decay, have been studied for all these physical quantities.

2.7.2 Full rate equations

The full rate equations are obtained by addition of the contributions of OP, ME,
relaxation, and for the 23S state of elastic collisions in the framework of the improved

8Stationary situations at M = 0 are experimentally obtained at low pressure using magnets near
the cell to induce strong magnetic relaxation and prevent any significant nuclear polarisation to build
up in the ground state.

31



model.
- The generic full rate equations can be written using the rate equations provided in
section 2.4. The quasi-stationary solutions for the populations in 23S and 23P states
satisfy:

=0 forj=1,...,18 2.49
il | or j=1,..., (2.49)
da; da; (7 da;
)| | @) da)] gy 6 (2.50)
dt |op | db |yp | dE |,

where the spatial dependence has been made explicit. These quasi-stationary solutions
correspond to local steady-state populations that are parametrised in terms of the
slowly varying polarisation M, which can occasionally be made explicit using the
convenient notation a;(7, M) and b;(7, M) for 23S and 2°P states, respectively, in the
following. The generic full rate equation for the slow variation of the uniform *He
nuclear polarisation then reads:

M dM
. dt dt |,
3—; —
_ / A 1 (1) (MS(F, M) — M) —T, M, (2.51)
cell V;? N

where (equation (2.25)):

6
7 M) =) Lyag(, M).
k=1

We note here that the combination of equations (2.28) and (2.50) yields:

:/Ceﬂ 37 gy f’)QZ (dalf)

da;(F)

OP dt

dt

C

) . (2.52)

In the framework of the improved 2-class OP model the generic equations (2.49)
and (2.50) for the populations in 23S and 23P states are replaced by a larger set of full
rate equations given in appendix B The appropriate full rate equation for the ground
state polarisation involves a weighted average of the contributions of the two sets of
steady-state local 23S populations a} (7, M) and a(7, M). It may be written, using the
appropriately modified definition of the local nuclear polarisation of the metastable
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atoms M3(7) (see appendix B), as’:

dM  dM dM
d dt |, dt|,
A7 nw(7)
= e = (MS(F, M) — M) —T, M, 2.53
|G R an - an - (253
where:
6
* A,k —‘M / / —’M
]\48(777 M) _ ZLknm(r)ak<T’ ) ti;m(f‘)ak(n ) (254)
N (7
k=1

is the appropriate expression of the local 23S nuclear angular momentum.

2.7.3 Numerical implementation

The improved OP model is numerically implemented in a series of dedicated com-
puter Fortran programs developed at LKB by Pierre-Jean Nacher that are designed
to compute for instance: 1/ at fixed M, the 23S and 2P populations in the two ve-
locity classes and all relevant physical quantities as a function of the incident laser
power; 2/ at fixed incident laser power, the 23S and 23P populations in the two ve-
locity classes and all relevant physical quantities as a function of the ground state
polarisation. As discussed in section 2.5.3, in the improved OP model the key local
quantities such as the light intensity I.en(r) or the 23S atom number densities n’
and n! depend only on one position variable, the radial coordinate r (distance to the
optical axis). Computations are performed as a function of this radial position, for
a finite number of discrete r values and spatial averages (required to compute, e.g.,
the time derivative of M or the transmitted probe light power along the tilted beam
paths) and involve discrete sums over these radial positions.

The structure of the numerical implementation heavily relies on the method de-
scribed in section 2.7.1 that was successfully used for the earlier work [Nac85]:

- In a first step, the b} and b;» populations are eliminated from the full rate equa-
tions for the 23S populations using the full rate equations for the 23P populations.
This is possible because in the model all atoms that are in 23P have been radiatively
transferred from 23S and, in steady state conditions, the matrices that describe these
radiative transfers are real, symmetric, and can easily be inverted (because velocity-
changing collisions have been neglected in the 2°P state, as explained in section 2.5.2).
The b} and b populations are thus obtained as functions of the a;, a;, and Iy vari-
ables.

9Note that the ME term (e) in the framework of the improved 2-class OP model describes the
contribution of local exchanges with ground state atoms through collisions that strongly modify the
velocities of colliding atoms in addition to modifying the internal variables.
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- In a second step, the uniform value of the light intensity inside the cell I.on(7)
is computed in a self-consistent iterative way, taking into account the absorption by
the gas (with uniform absorption rate k,, see appendix C for more details). This
procedure is needed since the absorption rate depends on the 23S populations and, at
fixed polarisation M, the 23S populations depend on I.q(r) due to the contribution of
OP rate equations (B.15) & (B.16) and (B.37) & (B.38) given in appendix B (or see
the generic equations (2.19) and (2.20)) to the full rate equations (B.35) & (B.36) and
(B.13) & (B.14) (or see the generic ones (2.49) and (2.50)). For each radial position 7,
the iteration starts from twice the incident pump light intensity i,.(7), computed from
input parameters Wi, (incident laser power) and waist 2a (specifying the Gaussian
transverse profile of the pump beam intensity) as described in section 2.7.4. Then the
corresponding steady-state 23S populations a}(r, M) and a}(r, M) are computed, the
absorption rate k, is deduced and used to compute I.o(r) using equation (C.9) of
appendix C. A new set of steady-state 23S populations a} and a, is computed, etc.
The iteration rapidly converges to a consistent set of I, a}, and a; values for each
discrete radial position r.

- In a third step, all requested physical quantities are computed from the steady-
state 23S populations a}(r, M) and a’(r, M) and corresponding local intensity I (r):
the 2°P populations b%(r, M) and b/ (r, M), total absorbed power Wps (from the local
absorbed intensity Is(r), easily obtained from the sums of b and b, populations,
thanks to the energy conservation rule), the local 2*S nuclear polarisation M5 (r, M),
the time derivative M (r, M), the integrated probe transmittances for various light
paths, frequencies, and polarisations, etc.

Note: Here and from now on the conventional notation M is used as substitute
for the explicit time derivative of polarisation: M = dM /dt, for compactness in the
text and clarity in the mathematical formulas.

The computations are performed for MEOP conditions that are specified by the
collection of data and parameters provided as input values as well as some fixed
parameters included in the Fortran code. They are all listed in the next section.

2.7.4 Input data and input parameters

The quantitative input values needed for the numerical computation of the OP ki-
netics can be described as follows:

1/ A set of input data files provides transition matrix elements 7;; and transition
frequencies €;;/h for the allowed A; —B; components of the 2°S—23P transition,
including all light polarisations (0%, ¢~ and 7) and He isotopes (*He and *He) for
the selected field strength B.

2/ The most frequently modified MEOP conditions are provided through an input
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parameter file that includes the following quantities.

- for plasma conditions: the 3He pressure ps, the proportion of metastable atoms

present in the plasma (defined as n5, /N, where nS is the average 23S number density
along the V-shaped probe beam paths, see section 3.2 and below), and the exponent
« that characterise the transverse profile of 23S atom density.
The ground state number density N, is inferred from the input pressure ps and the
fixed gas temperature T (see below) using the ideal gas law. The local 23S number
density ny,(r) is inferred, for all radial positions r inside the cell, from « and n° using
the known analytical variation of n,, with radial coordinate r (see section 6.1.2) as
well as the geometry of the probe paths (see below).

- for relaxation processes: the relaxation time 7p = 1/4F in the 23P state, the
elastic velocity-changing collision time 7, = 1/7, in the 23S state, the polarisation
decay rate I'p in the ground state (in the absence of OP) and the fraction s, of this
decay rate that is induced by 23S state relaxation through ME.

The intrinsic ground state relaxation rate I'; in the absence of OP is inferred as
[, = (1 — »,)Tp and the intrinsic 23S relaxation rate 7> is inferred from »;,I'p using
equations (2.68) and (2.71) with fr = 1.

- for light excitation: the incident power Wj,., the tuning frequency wr, the frac-
tion 2z, of incident power with light polarisation 7, the o*-polarisation index s, for
the incident power (1 — 7¢;)Wji,. with circular light polarisation, the laser spectral
width L, the beam waist 2a (see chapter 3.2).
The fraction s, is always set to 0 for the pump beam (it propagates parallel to the
field axis in the experiments). It is only used for quantitative evaluation of potential
artefacts due to residual m-polarisation light due, e.g. to misalignment of B with
the optical axis. The index sz, is %1 for pure circular o* light polarisation. The
program combines power W,. and waist 2a to compute the incident light intensity
profile [i,.(r) needed as input for self-consistent computation of the distribution of
local light intensity I.on(7) inside the cell when there is absorption by the He gas (see
section 2.5.3).

- for the OP model: the frequency width A of the strongly pumped velocity-class.

- for cell geometry: the internal diameter 2R..; and internal length Loy

3/ The other relevant MEOP conditions or geometrical dimensions are speci-
fied through fixed parameters included in the Fortran source code. This includes, for
instance:

- the (fixed) gas temperature 7. It is set equal to 300K since 1/ it has a mod-
erate impact on OP kinetics and 2/ the rf power dissipated in the gas is limited
(typically 1 W, ranging from 5 times less to 3 times more when systematic investiga-
tions of plasma conditions are performed).!” T  actually determines the (fixed) Doppler

10Tf Jarge changes of gas temperature occurred in the cell T' would actually impact the gas pressure,
since the *He number density is fixed in the sealed cell. T implicitly determines also indirectly involved
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width D.

- the geometrical parameters that describe the V-shaped probe beam paths (see
section 3.2) that in our experiments consist of 2 coplanar straight paths, symmetrically
tilted with respect to the optical axis, and included in a vertical (0zz) plane: the
(potential) vertical offset dxs of the symmetry axis of the V-shaped paths, the
and ys parameters that specify the transverse coordinates (s + dxs, ys, cf. figure 3.7)
of the point where the incident o probe beam component hits the cell entrance
window; the distance zg,, along the optical axis (0z) between cell exit window and
the back-reflecting mirror (see figure 3.7).

- the radiative decay rate ~ of the excited 23P state.

4/ Finally, the executable file prompts for any missing variables such as M, for
instance, when OP kinetics are computed for various values of Wj,..

With these input parameters, the dedicated programs compute and return the
values, e.g., of the maximum value of the 23S density on the cell axis (n?), dimen-
sionless parameters ¥* and ¥’ for the pumping rates in strongly and weakly pump
beams (respectively), the 23S relaxation rate 75, etc. The programs provide a variety
of complementary output data files with, e.g., the computed transmittances for the
probe beams for all combinations of tuning (Cs and Cg lines) and polarisation (o,
o~, and 7).

The input parameters can be arbitrarily set. The computations reported in this
manuscript have mostly been performed with either realistic or measured values. Ex-
perimental values are available for p3 (gas filling pressure), nS (from transmitted probe
powers, see section 4.4), o (from 1083 nm absorption maps, see section 6.1.2), 7 (col-
lisional mixing time inferred from photon efficiencies, see section 6.3.2), T'p, Wiy, wr,
L, 2a, and of course B. As already mentioned, the model-dependent parameter A is
set equal to L. The (limited) impact of this choice is discussed in section 2.8. The
used input parameters are systematically specified in figure captions when computed
results are plotted.

2.8 MEOP dynamics

In this section, the physical discussions and computations of relevant physical quan-
tities make use of the MEOP rate equations. For clarity we stick here to the generic
equations described in section 2.4. They are perfectly valid in the absence of light ex-
citation and so are the results obtained when only ME is involved (spin temperature
distribution, section 2.8.1), or when ME and relaxation only are involved (polarisation
decay, section 2.8.2). In the presence of OP the main conclusions driven in section 2.8.3
hold of course within the framework of the improved OP model and the corresponding

quantities, such as the collisional cross sections.
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valid mathematical expressions are provided in appendix B. The reported numerical
results are correct since all computations have been performed using the improved

OP model.

2.8.1 ME-driven spin temperature distribution

In the absence of OP and relaxation, equation (2.50) reduces to:

da;
S ) (2.55)
dt |y

At all magnetic field strengths a unique distribution satisfies equation (2.55). It is given
by the following formulas, with the Zeeman sublevel labelling valid up to B=0.162 T:

3
st (1-M)
_ 2.
1 2M2 +6 ( 563)
2
st gr_ (1-M)"(1+M)
ay  =as = A1 6 (2.56b)
st sr (1= M)(1+M)?
a3m =ag = 216 (2.56¢)
1+ M)>»
st _ 1+ M) (2.56d)

4Tt e

In isotopic mixtures, a unique distribution is similarly established for *He atoms by
ME with *He atoms [Cou02]:

1+ M)?
and y3" = (MJ;JF:),) for my = —1, 0, and 1. (2.57)

sr_ (1=M)?* ¢ 1-M?

Ty Ty

For the 23S sublevels of He atoms, the distribution has the following remarkable

property:
ST ST ST ST
as as ay ag

s 1+M
ST — ST — ST _ ST -

1T _
¢ 1— M

(2.58)

=e
The ratios of populations of two adjacent 23S sublevels exhibit the same behaviour

for *He in isotopic mixtures. The populations a$T and 37T of Zeeman sublevels are
thus distributed according to [Cou02]:

ST = Pme() /(382 4 96B/2 | 90=B/2 4 ¢=38/2)  for SHe, (2.59)
ST = ePms@) /(P 11 4+ ) for *He. (2.60)
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This corresponds to a Boltzmann distribution, associated to the hyperfine angular
momentum projection my for *He (mg for *He respectively), characterised by a spin
temperature'! T' = 1/3 that is solely determined by the ground state nuclear polari-
sation M. The spin temperature 7" varies from 0 at M = £1 (f = Foo) to infinity at
M =0 (8 =0) where a5T = 1/6, with T'= 3 =1 for M = 0.46.

The method used to infer the ground state polarisation from measurements of
23S—23P absorption rates relies on the specificity of this purely ME-driven distribu-
tion [Cou02, Talll]: as explained in chapter 4, measurements of transmitted powers
for two different probe light polarisations can be combined so as to eliminate the exter-
nal parameter n° and to infer M from the resulting combination of a}T populations,
provided that other processes do not significantly skew the 23S populations.

In figure 2.6, the evolution of the 23S populations computed in the spin tem-
perature limit (only ME, no OP and no relaxation) is represented as a function of
nuclear polarisation M. As expected, all aT are equal to 1/6 at M = 0. The sublevel
populations with identical mg (one for each hyperfine level F') remain equal at all M
values (equations (2.56b) and (2.56¢)).

With respect to the ground state, the spin temperature distribution yields:

dM

@ o 2.61
0t |y 0 (2.61)

This directly results from equation (2.55) and conservation of angular momentum
(equation (2.28)). Alternatively, one can analytically check that the spin temperature
populations (equations (2.56a) to (2.56d)) satisty Y20, LiaST = M. Metastability
exchange leads to equal nuclear polarisations in the metastable and in the ground
states

M® = M at spin temperature. (2.62)

2.8.2 Dynamics of polarisation decay (no OP)

In the absence of OP, the 3He nuclear polarisation M irreversibly decays to zero (at
room temperature, the equilibrium value of M in B=30 mT is on the order of 1077).
In MEOP experiments all major sources of relaxation are carefully avoided. However,
in the rf plasma the relaxation in the 23S state significantly contributes to the decay of
ground state polarisation through ME collisions. When the 23S—23P optical transition

is not excited, the steady-state 23S populations a?® ¥ satisfy:
dah° op dar° op
: + — =0, (2.63)
dt |, dt  |yg

"The concept of a spin temperature distribution was first introduced by [And59] who investigated
spin-exchange collisions in alkalines.
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Figure 2.6: Computed variation of *He populations 3T in 23S as a function of nuclear

polarisation M in the spin temperature limit (ME, no OP, no relaxation).
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and actually depart from the ST distribution:

a? O = ¥ 4 §a} (2.64)
The population difference da} (the superscript 't stands for relaxation) from the ST is
uniform since: 1/ the ME rate equations contain no position-dependent source term,
and 2/ any potential inhomogeneity (e.g., resulting from OP after the pump beam
is stopped) would be quickly damped by atomic diffusion (millisecond time scale, see
section 2.6). It can be analytically computed since the steady-state populations a?® °F
are the solutions of the following linear set of equations, obtained by combination of

equations (2.21) and (2.36) with (2.63):

S
(B3 + MF3)a;, = % (2.65)

B

(7@ + 7§)ai — Ve
k=1

Results will be published elsewhere [Nac12]. The population difference da} can also
be numerically computed by running the program based on the improved OP model
for Wine — 0. The results are displayed in figure 2.7 (left graph). The departure from
ST distribution induced by 23S relaxation is found to be very small for realistic input
parameters, as expected since 75> /v, < 1 (cf. section 2.6).

T T T T 0 T T T T

10° x (M® - M) (no OP)
o

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.7: Left: Computed differences of populations of all six 23S sublevels A; in
absence of OP a®9F with respect to ST distribution as a function of M. Right:
Corresponding difference between nuclear polarisation in 23S (M%) and ground state
(M) as a function of M. Parameters used in computations: ps = 1.19 mbar, n,,(0) =

1.6x 10 atoms/m? o = 0,T'p = (5508)7%, 1/9F = 2.57x107" s, Wi = 1x 10720 W.
The a?° °F values can thus be safely replaced by the a$T ones for, e.g., the com-

putation of absolute 23S number densities from the probe transmittances measured
during polarisation decay (see section 4.2). The small relaxation-induced skewing of

40



the 23S populations has also a negligible impact on the ratios (Cg probe) or combina-
tions (Cy probe) of the 23S populations used for experimental measurements of *He
nuclear polarisation. Using the ST formulas thus yields M) values that negligibly
under-estimate the *He nuclear polarisation M, as illustrated for Cg probe light in
figure 2.8.
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Figure 2.8: Quantitative assessment of the under-estimation of ground state polari-
sation obtained when ST formulas are used, for probe absorption measurements per-
formed during decay (Cs and Cy lines, see legend). Polarisation values M) (main
plot) and differences M) — M (inset) are computed from the numerical data dis-
played in figure 2.7, using eq. (2.58). For instance, M(") = (1 — Rg)/(1 + Rg) with
Rg = a2 ©F /ai° OF for Cg probe (see section 4.2.1 and ref. [Tall1])

The small relaxation-induced skewing of the 23S populations also contributes to
3He polarisation decay through (2.24), and using equations (2.64) and (2.62) this
contribution can be written as:

dM
dt

no OP

6 6
= —Te(D)_ Lia}°°" = M) =-T.) _ Lia (2.66)
ME i=1 i=1

where T, is the average ME rate for the atoms in the ground state given by equation
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(2.33). This driving term involves the difference MS— M = 3% | L;6a} displayed in
figure 2.7 (right graph). It vanishes at M = 0 (where the nuclear polarisation in the
23S state, M® is also equal to 0) and can be written at finite M as :

no OP
= —frIe M, (2.67)

ME

dM
dt

where T'{;; is the (ME-induced) additional relaxation rate at small polarisations
M < 1 [Dup73]:

11 7 1y (7) 11T
M. =— = S __ 2,8 2.68
ME 3 /Cell ‘/; Ng ’yr 3 /ye ’Yr ) ( )

and the function fr describes the small decrease of the ME-induced contribution to
polarisation decay at higher M. The analytical expression of fr can be obtained from
the comparison of equations (2.66) and (2.67) that gives:

6

11 A9
N Ll = fo o TM, (2.69)
i=1 3 %

which, to first order in 75 /., yields:

M2
_ L+ 57

- L
14 2

fr (2.70)

This can be compared to the numerical results, reported in figure 9 of reference [Bat11],
obtained using the OP model for MEOP kinetics (again, with input parameter W, —
0). Figure 2.9 shows that both results nicely agree (to better than 107%).

Finally, using the full rate equation (2.51), the evolution of ground state nuclear
polarisation is given during decay by:

no OP no OP
a1 = —T,M + el = —(Ty+ frilve) M, (2.71)

dt dt |ue
where I'p = T, + frI is the decay rate of polarisation measured in the absence
of OP. Polarisation decays have been systematically monitored in our experiments to
characterise plasma conditions (see section 6.1.1) and equation (2.71) will be used for
our analysis of results (section 5.7.1).

2.8.3 OP-driven MEOP dynamics

The pumping light competes with ME and 23S relaxation. It promotes some He atoms
to the 23P state and redistributes 23S atoms between Zeeman sublevels. The a; pop-
ulations are then driven significantly away from spin temperature distribution and
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Figure 2.9: Analytic and numerical results obtained with the improved OP model
(same data as in figure 9 of [Bat11]) for the decay rate factor fr, plotted as a function
of M?2. fr characterises the deviation of ME-induced polarisation decay from the small
M limit [Dup73] (see text).
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become position-dependent:
adt (7, M) = a$T (M) + §aP" (7, M). (2.72)

This makes the absorption-based measurements of polarisation a lot less straightfor-
ward. We have explicated here the spatial variation of the M-dependent steady-state
generic populations a; that must be replaced by a; (7, M) and a’(7, M) in the improved
OP model.

Direct comparison of two independent 23S-23P absorption rates [Cou02] does
no longer yield M and one must quantitatively determine the impact of the OP-
induced skewing of the populations (see sections 4.3 and 5.3). Figures 2.10 and 2.11
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Figure 2.10: Computed OP-driven differences of populations of the 23S sublevels A;
with respect to ST distribution under influence of OP on the Cg transition with:
Wine = 1 W, o7 light (A5 — Biy), pumping beam diameter: 2a = 1.6 cm, width
of strongly pumped velocity class A = L = 1.02 GHz, o = 0. All other parameters
used for computations: see caption of figure 2.7. The displayed data correspond to the
values obtained for = 0 (i.e., along the optical axis). Left: Strongly pumped velocity
class, right: weakly pumped velocity class.
show examples of computed populations differences a®® — a7 in the strongly and
weakly pumped velocity classes for OP on Cg and Cy lines, respectively. The sublevels
addressed by the pumping are the most depleted ones, as expected. Furthermore,
populations differences with respect to ST are much higher during OP than during
decay (note the difference in vertical scales between figures 2.10or 2.11 and 2.7).
The significant OP-induced changes in 23S distribution of populations have a
large impact on the experimental measurements of 3He nuclear polarisation. Using the
ST formulas yields apparent values of M, noted M®, that substantially over-estimate
the 3He nuclear polarisation. The difference between apparent (M®) and actual (M)
polarisation values is maximal at M = 0 and decreases towards large |M|. This is
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Figure 2.11: Computed OP-driven differences of populations of the 23S sublevels A;
with respect to ST distribution under influence of OP on the Cgy transition with
Wine =1 W, o7 light (A7 — Bjg and Ay — By7), pumping beam diameter: 2a = 1.6 cm.
All other parameters used for computations: see caption of figure 2.7. The displayed
data correspond to the values obtained for » = 0 (i.e., along the optical axis). Left:
Strongly pumped velocity class, right: weakly pumped velocity class.

illustrated for Cg o™ pumping in figure 2.12 where M® values at fixed M are much
larger for a probe tuned to the Cg line that addresses the pumped Zeeman sublevels.
For comparison, the dashed line shows, for a Cg probe, the values that would be
obtained if the 23P populations were ignored. This shows that stimulated emission
plays a significant role in probe absorption for usual MEOP conditions.

The skewing of the 23S populations, hence the discrepancy (M®— M), depends on
the competition between OP and ME, therefore it decreases when gas pressure rises
because 7, scales with ps (equation (2.45)). The discrepancy (M* — M) also depends
on the pressure-dependent collisional mixing rate in 2°P state (equation (2.46)), as
will be shown in appendix G.

Through ME, the OP-induced skewing of the He 23S distribution also provides the
driving term for polarisation build-up. Figure 2.13 displays the computed difference
between 23S and ground state nuclear polarisations (M5 — M) for Cg and Cy pumping
at the same incident light power. This difference varies from 0.11 at M = 0 to 0 at
M =1 for Cg pumping and is about twice as large for Cy pumping. The difference
between the 23S nuclear polarisations in the strongly and weakly pumped velocity
classes is also much larger for Cy pumping. For Cg, it might appear astonishing that
M5 — M is larger for the weakly pumped class than for the strongly pumped one.
This is due to the fact that in the 23S, F' = 1/2 state electronic and nuclear angular
momenta are anti-parallel (see equations (2.23) and (2.30)). At B = 0, for instance,
for sublevel As, mp(5) = —1/2 whereas Ls = +0.3 and for sublevel Ag, mp(6) =
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Figure 2.12: Solid line: Computed apparent polarisation M* for the same realistic
MEOP conditions as in figures 2.10, for a Cg probe beam aligned with the optical
axis. For comparison, the dashed line shows the values that would be obtained if the
23P populations were ignored (see text).

+1/2 whereas Lg = —0.3, see appendix A. M3 arises from a complex combination of
different processes (e.g., redistribution in 23P and re-emission into 23S, coupling of
nuclear to electronic angular momenta) that depends among other parameters on the
relaxation rate 7! in the 2°P state. The experimental value at p; = 1.19 mbar was
used for the computations of figure 2.13 (1/4F = 2.57 x 1077 s). In the limiting case of
no collisional mixing ("Kastler’ OP regime (see section 2.9): 4% — oo) the difference
MS — M is actually larger for the strongly pumped velocity class (as observed for Cg
pumping for which, in contrast, nuclear and electronic angular momenta are parallel
in all 23S, F' = 3/2 hyperfine sublevels).

2.8.4 Angular momentum budget

Polarisation build-up results from the global balance (i.e., including spatial averaging)
between the angular momentum locally deposited by the photons and that lost by

46



0+——F—7T——T7T T T T T T T

- 8 9 -
strongly pumped velocity class
0204 weakly pumped velocity class

479 -

0154 -

- M,.,:‘,:‘.‘.iii:::“ _

.0 4——+—7+F"-"F+F—"7—FF—F———
00 01 02 03 04 05 06 07 08 09 1.0

M

Figure 2.13: Computed difference between 23S polarisation M° and ground state
polarisation M under influence of OP on Cg (black) and Cg (red) transitions with
Wine = 1 W, o7 light, for the strongly (straight lines) and weakly pumped (dotted
lines) velocity classes. All other parameters used for computations: see captions of
figures 2.7 and 2.10.

relaxation. Using the generic rate equations of section 2.7.2 and equation (2.52), the
global budget can be written as:

dmM d37 nm T) OP(F)
N
t cel Ve oP
d37 nm S dM
— —_— _’ —_— 2.73
i Ve N Zm "+ & (2.73)

The corresponding equation appropriate for the improved OP model is given in ap-
pendix B. The left hand side of equation (2.73) is the rate of increase of the net
angular momentum accumulated in the ground state written in terms of 3He atom
nuclear polarisation. The first term in the right hand side is duly proportional to the
rate of increase of the global projection of total angular momentum in the 23S state
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induced by OP and the second one to the loss of total angular momentum in the
233 state due to relaxation. The last term corresponds to the loss of nuclear angular
momentum in the ground state due to relaxation.

The computations made with the improved OP model yield:

d37 Ny (T
/ v* NjZSE:m/ aPP(F) = O+ filg (2.74)
cell [¢

where the contribution of 23S relaxation to ground state polarisation loss induced
by ME (left hand side of equation (2.74)) takes the value fY at M = 0 and where,
for the remaining of its value at finite M, we have (for convenience and by analogy
with equation (2.67)) introduced a coeflicient f{. that remains finite for M — 0. The
loss f° introduced by ME at M = 0 directly results from the OP-induced skewing
of the 23S distribution of populations (see figure 2.13: M5(M = 0) # 0). It can be
shown, however, that the contribution f° to dM/dt is negligible, at most of order
1073 of the first term in equation (2.73) for all our experimental conditions. The
coefficient f{I'{;p is not a constant prefactor: it varies with M and slightly differs
from frI'p. The difference fi. — fr is due to the further, OP-induced skewing of the
238 distribution as compared to the case of "pure” relaxation analysed in section 2.8.2.
Detailed computations fall beyond the scope of this PhD work and will be reported
elsewhere [Nacl12]. Here, only the most important characteristics are broached: The
difference f{.— fr is found to scale linearly with the absorbed light power W,y and
with polarisation M, as confirmed by analytical calculations (in the simple case for
Cg pumping so far). It can usually be safely neglected. At moderate or high incident
pump laser power for instance, where W4 is of order 0.1 W and M of order 0.5, the
relative difference fff;rfr is of order 2.7 % for p3 = 1.33 mbar, hence (ff — fr)['Yg is
of order 1-2 % of the value of I'p, depending on the fraction of relaxation in the 23S
state during decay (e.g. 1.35 % in case this fraction equals 0.5 exactly).
We thus can write (cf. equation (23) of [Batll1]):

M W r
it~ TNV, hws

¢+ frle) M. (2.75)

where 7 is the global photon efficiency for MEOP. We have again neglected here
the small variation of the resonance angular frequency w;; from one component of the
23S—23P transition to the other at low field and used that of Cg at B = 0 (see section
2.3.1). We emphasise that with this definition the photon efficiency n depends on all
MEOP conditions (plasma conditions, pump beam characteristics, gas pressure, field,
etc.) and is a priori not an intrinsic quantity. Its meaning is clear, though, since the
quantity Rpnet = Wabs/uws is the number of photons absorbed by unit time and N,V
is the number of He atoms contained in the cell. The number of polarised *He atoms
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produced by unit time is thus equal to Ry = N,V; dM/dt and the photon efficiency
n is related to the ratio of these two numbers by:!?

277 = Rat/Rphot- (276)

The generic equation (2.73) or the equivalent one for the two-class model are
obtained using the system of rate equations used to describe MEOP. Analytical cal-
culations yield explicit expressions of the photon efficiency n and of the coefficient fr
that are significantly more simple for the single-component line Cg than for the Cqy
line (and/or for particular asymptotic limits such as B = 0, M = 0,75 /v < 1). The
computer implementation of the improved OP model provides numerical values for
arbitrary conditions and can be used for quantitative investigations of the behaviour,
e.g., of n with any experimental parameter. The following section (2.9) is devoted to
the discussion of the results obtained for the photon efficiencies relevant for our work:
Nes and neg for the Cg and Cgy lines, respectively, at low field.

For the analysis of the experimental data, however, a more pragmatic approach
is preferred so that the findings do not depend on any underlying model description.
To this aim, we perform a similar angular momentum budget and, neglecting the
contributions of the minority excited atoms, just write the rate of change of the ground
state nuclear polarisation as the net balance between the inflow angular momentum
actually transferred through OP cycles to the 23S atoms and an angular momentum
loss directly associated to the majority ground state atoms:

dM Wabs
= nNgVC o CrM (2.77)
The global polarisation loss rate I'g introduced here is not a constant, it may vary with
M and MEOP conditions as does 7. Equation (2.77) mainly involves known quantities
(Ng, Ve, hws) or experimentally measurable quantities (the *He nuclear polarisation
M measured using the 1083 nm probe light absorption method, the time derivative
of M obtained from the recorded time monitoring of the transmitted probe powers,
and the absorbed power W,s, monitored at all times and measured at steady state).
We are left with two unknown quantities: the photon efficiency 7 and the polarisation
loss rate I'g. Only one remains at null polarisation where:

dM Waps (M = 0)

— (M =0)=2 2.78
dt( ) Ng‘/ch(,dg ? ( )

12 Abboud and coworkers have pragmatically characterised in [Abb05b] the performances of MEOP
at high magnetic field by a photon efficiency just equal to Rqt/Rphot- Since we have explicitly based
our definition of the photon efficiency on an angular momentum approach, we end up with a photon
efficiency twice smaller because 1=1/2 (see equation (2.17)).
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that can be equivalently written as:

1 M(0)

= - ———— N, V_ hws. 2.79

n 2 Wabs<0) g 8 ( )

- For the Cg line, as shown in the next section, the photon efficiency is con-

stant at fixed gas pressure. It can be then experimentally measured at M = 0 using

equation (2.78) so that the rate of change of polarisation can be written at all times
as:

dM — Wans(M) dM

dt — Was(0) dt

which provides a way to experimentally infer the polarisation loss rate I'g at finite M
as:

(0) = T'rM, (2.80)

1 [ Wins(M) dM dM
' e(lM)=—{( ——-—0)— — ). 2.81
wn) =y (S 0 - 4 (281)
At steady state, in particular, dM/dt(Meq) = 0 and M = M., yield:
1 Wabs(My) dM
I'r(M,.,) = . 2.82
R(My) = g ) (2.82)

Equations (2.77) to (2.82) will be extensively used in the analysis of experimental
data (see chapter 6).

- For the Cqy line, as shown in the next section the photon efficiency 1 both
depends on M and Wy, at fixed gas pressure. We must therefore rely on numerical
computations to know the values of n and infer the effective relaxation rates I'y.

The numerical prefactor that appears in equations (2.77), (2.78) and (2.79) in-
volves the following quantities:

- the number of ground state *He atoms; N,V,, is considered to be equal to the
total number of atoms:

P3Vc% B ps[mbar] Vc[cm?’]
T R, TK]

N,V = 7.243 x 10'® [K mbar™! cm™?] (2.83)
where ps is the 3He gas pressure, T the temperature, N4 Avogadro’s number and R,,
the molar gas constant.

- the energy of the 23S—23P transition:

hiw = 1.834 x 107" Ws (2.84)

(numerical values provided in list of symbols starting page XX at the beginning of
this manuscript).
Hence:
NgVehw  ps[mbar] V [cm?]
2 TIK]

0.6642 [K mbar™' ecm™ W ]
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2.9 Photon efficiencies for low field MEOP

The photon efficiencies ncg and ncg computed with the improved OP model are dis-
cussed in this section and selected results for B =1 mT are displayed in figures 2.14
to 2.17. Analytical calculations based on the MEOP rate equations can be performed
for all field strengths to obtain explicit relations between 7 and the transition matrix
elements 7;; as a function of the polarisation M and the map of light intensity Icell(?)
inside the cell. In all manageable cases the analytical results have been checked to agree
with the numerical ones and they will not be reported here. Appendix D describes
the method used to directly compute at B = 0 the photon efficiency 7 in the simple
case where all populations are equal in the 23S state and in the limit of either no
or full collisional mixing in the 2°P state ('Kastler’ [Kas57] and 'Dehmelt’ [Deh57]
regimes, respectively), where it is obtained as the average net change in total angular
momentum projection per absorbed photon (n = Amp, see first term in equation
(2.73)). This derivation makes use of the transition matrix elements 7;; for computa-
tion of relative transition probabilities for 23S — 23P radiative excitation and of the
branching ratios for 23P — 23S radiative de-excitation.

Photon efficiencies for Cg and Cg have been computed for spin-temperature 23S
distributions to illustrate the variation of 1 with polarisation M at very low incident
power, where 7 is independent of Wj,.. The spin temperature limit determines the
relative weights of the two components involved in the Cg line. The values of the
photon efficiencies ncg and 7ncg obtained for the two limiting cases of very short and
very long relaxation times in 2°P ("Dehmelt’ or 'Kastler’ OP regimes, respectively)
are plotted in figure 2.14.

- For Cg (single-component excitation) the photon efficiency only depends on the
branching ratios from Zeeman sublevels of the 23P state, those from the excited com-
ponent (see figure D.2 in appendix D) as well as those involved by collisional mixing
in the 23P state (not shown in the figure for clarity). These branching ratios provide
the intrinsic transition probabilities, independently of the actual populations in the
corresponding sublevels. This explains why the photon efficiency 7cg is independent
of M.

- For Cgy this holds for each of the two components but the weights of the components
depend on the Zeeman populations, hence on M for the ST case considered here. In
B = 0, the ratio of the weights of the mp = -3/2 and mpr = -1/2 components is 3:1
at M = 0. At M = 0.8 this ratio amounts to 1:3. Both contributions vanish when
M — 1 but their ratio asymptotically reaches 1. The change in relative weights of
the two components explains the decrease of ncg observed at high M. The fact that
the photon efficiency ncg becomes equal to that of the Cg line is due to the fact that
the contribution of the Cy component addressing the mp = -3/2 level vanishes for
M — 1.
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Figure 2.14: Computed photon efficiencies as function of M for Cg and Cy using
the model for MEOP-kinetics for Wi, — 0 in the two limiting cases: 'Kastler’ OP
regime without collisional redistribution in the 23P state (v = 1 s7!: dotted lines,
denoted K8 and K9 for Cg and Cy transitions respectively) and 'Dehmelt” OP regime
with total collisional redistribution in the 23P state (77 = 10%° s~!: dashed lines,
denoted D8 and D9 for Cg and Cg respectively). Solid lines without labels: 1.33 mbar,
intermediate collisional regime (1/7F = 2.3 x 107" s) for Cy (upper line) and Cg (lower
line). Other relevant parameters used for the computations: B = 1 mT; Wi, =1 pyW
with pure o+ light and no relaxation in ground and metastable states, i.e. M = M®
(spin temperature limit).
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Table 2.1 provides the sets of extremal numerical values of ncg and 7c9 obtained
at M = 0 and M = 1 for the Kastler and Dehmelt regimes for B = 1 mT in figure 2.14.

Table 2.1: Photon efficiencies 7ncg and ncg computed at M = 0 in the Kastler and or
Dehmelt OP regimes (no and full collisional redistribution in 2°P state, respectively)
for B = 1 mT. At fixed collisional mixing rate, the photon efficiency ncg does not
vary with nuclear polarisation M and ncg(M = 1) = ncs.

T}(M = O) Cg Cg
Kastler | 0.8962 1.0526
Dehmelt | 0.5024 1.2547

The computations are performed at very low incident pump laser power (so that
the populations in 23S are not perturbed) and without relaxation in the metastable
state (to avoid any other contribution to the angular momentum budget except that
of the photons). Also, pure ot (or ¢~) pump light is used: any contribution from
the other light polarisation would alter the budget and result in an effective photon
efficiency that would decrease at high M due to the enhanced absorption of this other
light polarisation.

Figure 2.15 shows computed values of n for different nuclear polarisation values
as function of the relaxation time 7p = 1/4F in the excited 23P state. The curves
from top to bottom show the variations of 79 for increasing values of M. The photon
efficiency ncg is observed to be almost constant for M = 0.5, since the ratio of popu-
lations ay/a3=3 approximately compensates the ratio of transition matrix elements.
The merging of ncg and ncg at very large M is observed to hold at all 7p values (the
bottom, dash-dot-dot curve for Cqy corresponds to M = 0.995, it almost coincides with
the one for Cg that is independent of M). The Dehmelt OP regime corresponds to
the left-most data (short 7p) in figure 2.15 and the Kastler OP regime to the right-
most data (long 7p). A sharp crossover is observed for 7p ~ 1/, as expected. The
three empirically determined values of 7p (see chapter 6.3.2) are indicated by arrows.
They lie near the cross-over region and the inset of figure 2.15 shows that for our
highest pressure p; =2.45 mbar 7 is not yet equal to the 'Dehmelt’ regime value n”
corresponding to total collisional redistribution in 23P. The photon efficiencies for the
lowest pressure p3 =0.63 mbar are comparatively closer to the Kastler values.

In figure 2.16, the ratio of photon efficiencies ncg/ncs is presented for different
values of nuclear polarisation as a function of the intrinsic relaxation time in 23P. This
ratio is almost equal to 1 at M = 0.995 (bottom curve in figure 2.16) and increases
up to 2.5 (resp. 1.18) at M = 0 (top curve) in the Dehmelt (resp. Kastler) regime.
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Figure 2.15: Computed photon efficiencies (parameters used for computations: see
caption of figure 2.14) for Cg and Cg as function of the intrinsic relaxation time in the
23P state for different M values. Lines from top to bottom: solid: Cy, M = 0; dot: Cy,
M = 0.3; dash: Cy, M = 0.5; dash-dot: Cy, M = 0.8; dash-dot-dot: Cy, M = 0.995;
solid: Cg (independent of M). Inset: 1 as function of 7p in seconds (linear scale). Top:
Cg, M = 0; bottom: Cg. The arrows in main plot and inset indicate the empirically
determined values of 7p (see chapter 6.3.2) for the different values of 3He pressure.
From left to right: 2.45 mbar, 1.19 mbar and 0.63 mbar. B =1 mT.
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Figure 2.16: Ratio of computed photon efficiencies n for Cy and Cg, same data as in
figure 2.15 (parameters used for computations: see caption of figure 2.14) as function
of the intrinsic relaxation time in the 23P state for different M values. Lines from top
to bottom: solid: M = 0; dot: M = 0.3; dash: M = 0.5; dash-dot: M = 0.8; dash-
dot-dot: M = 0.995. Inset: same data at M = 0 in linear scale. The arrows in main
plot and inset indicate the empirically determined values of 7p (see chapter 6.3.2)
for the different values of 3He pressure. From left to right: 2.45 mbar, 1.19 mbar and
0.63 mbar. B =1 mT.
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The ratio ncg/ncs(M = 0) ranges from approximately 1.6 to 1.3 for the three values
of 7p corresponding to our experimental gas pressures.

Throughout this work, for each cell, the empirically determined value of the in-
trinsic relaxation time in 23P (cf. chapter 6.3.2) has been used for numerical compu-
tations with the improved OP-model. Both ncg and ncg are independent of the radial
distribution of metastable density, i.e., of the parameter «;, in the very low power limit
considered here. They significantly depend on collisional mixing in the 23P state, i.e.,
vary with the relaxation rate 4F, shown in figures 2.15 and 2.16. Furthermore, they
depend on the magnetic field strength through the involved ratios of transition matrix
elements.

For single-component lines such as Cg studied here, the photon efficiency does not
depend on 3He nuclear polarisation nor on OP light intensity. This is the case for the
Dy line of “He at low field as well, for instance, or for selected high-field transitions.
At fixed low field strength, for *He, ncg only depends on the relaxation rate in the 2°P
state whereas for *He, the photon efficiency of the Dy line is a constant. The following
expression can be directly inferred from rate equations (2.20) and (2.35):

s + e G

2.85
v +AF (2.85)

Ncs

where 1&g=0.896 (low-pressure OP limit " < ) and 70g=0.5 (high pressure depopu-
lation OP limit, 47 > ~). Equation (2.85) results from the description of relaxation in
23P by redistribution with one single rate F'. However, the polarisation-independent
character of ncg will remain valid even if different collision rates for the various hy-
perfine levels in 23P are taken into account, as suggested by ab initio computations
of J-changing cross-sections of reference [Vri04].

For Cy the overall photon efficiency is a weighted average of contributions of the
two line components. The relative weights are position-dependent through the 23S
and 23P populations, that in turn depend on 3He nuclear polarisation and on the
local pump light intensity. Therefore o9 depends in a non trivial way on M and on
the incident pump power Wi,., as shown in figure 2.17.
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Figure 2.17: Computed power dependence of the photon efficiency of the Cy line at
M=0 (upper graph) and M=0.5 (lower graph) for the same three collisional regimes
as in figure 2.14. ngg is here the spatial average of the photon efficiency in the cell,
computed for the following pump beam parameters: Cg ot pumping, 1.33 cm FWHM
diameter, 1.7 GHz FWHM spectral width; uniform n,= 107% x N,=3.2x10' at/m?
Lpatn =2%30 cm.

2.10 Final discussions

2.10.1 Comparison with previous OP models

All OP models have to address the problem raised by the spectral response of He
atoms to light excitation. The two-class model initially proposed by Nacher and
Leduc [Nac85], where atoms are either jointly interacting with the laser beam or
not pumped at all, breaks down at high power for broadband excitation: the centre of
the velocity distribution is saturated and becomes ”transparent” to pump light and
the discarded contribution of the wings of the velocity distribution actually plays a
significant role. This contribution is taken into account in the improved OP model
where the atoms are now pumped (more weakly, though, than those of the central
velocity class).

In reference [Wol04], Wolf and co-workers in Mainz have proposed a different
modification of the original model developed in [Nac85]. The second velocity class
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remains not pumped at all but the effect of radiative line broadening is taken into
account by introducing a variation of the fraction of pumped atoms, n’ / n,, with
laser intensity. This accounts for stimulated emission and leads to an increase of the
effective linewidth that scales with /I for single-frequency or very narrow-band
excitation.

A similar approach has been used for a short while at LKB where for narrow-
band excitation, an adjustable fraction of pumped atoms has also been introduced in
the model based on the measurements of saturated absorption spectra described in
reference [Cou01].

In the improved OP model developed to reliably account for broadband excita-
tion, the choice of width for the strongly pumped velocity class is found to be not
critical (see the following section). Optical saturation is anyhow a less important is-
sue when broadband laser sources are used, since the light intensity relevant for each
velocity class is lower due to the frequency spread.

Another difference between the original model of [Nac85] and the improved OP
model used in the present work lies in the way the transfer between velocity classes
is treated. In the improved OP model, ME collisions contribute to a uniform redis-
tribution over the two classes that was not considered in reference [Nac85]. In refer-
ence [Wol04] this randomisation of atomic velocities by ME is not included but the
contribution of the elastic velocity-changing collisions occurs with a rate vy that is
chosen equal to 7.. This leads to a similar overall impact on MEOP dynamics as in
our improved model.

2.10.2 Robustness of our computed OP results

All parameters except the width A of the strongly pumped velocity class are known,
measured or fairly constrained by the experimental findings as will be shown in the
following chapters. The order of magnitude of A is given by the laser spectral width L
but its most suitable value is not known. However, the influence of this free parameter
on results of computations is found to be very small for broadband OP.

This is illustrated for a + 20 % relative change in class width around A = L in
figure 2.18 that displays the rates of change of polarisation computed for Cg and Cq
lines. The M curves obtained for the three different values of A at given transition
appear superimposed and indistinguishable over the whole range of M (the differences
are maximal at M = 0 and do not exceed 3x107*). When changing the width of the
strongly pumped velocity class, the driving term (M® — M) in the ground state rate
equation (2.24) does change. However, the rate of change of polarisation M, that
results from a weighted average of the contributions of the a; and a populations and
is spatially averaged over the cell volume, turns out to be extremely insensitive to the
parameter A. The relative change in M is equal to — 0.1 % and + 0.5 % for A = 0.8 L
and 1.2 L, respectively.
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Figure 2.18: Influence of width A of strongly pumped velocity class on time derivative
of polarisation on Cg and Cg as a function of M. Three different values of A are
represented: A = L = 1.02 GHz (laser spectral width), A = 0.8 L and A = 1.2 L.
Computations are performed with the same input parameters as data in figures 2.7
and 2.10 (see captions).
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Comparison of pump absorptance values (Waps/Wine) for the same variations of A
leads to the same conclusion, with results that are almost independent of M and
exhibit a maximum relative difference of 0.8 %.

For Cg OP, the relative change in apparent polarisation values measured with a
Cg probe laser aligned on the optical axis (where M“value is maximal, a worst-case
upper bound in comparison with our experimental configuration) does not exceed
+ 1.5 % at M = 0 and steadily decreases with M towards 0 at M = 1. Comparison
with experimental results, as described in section 6.2 for various probe tunings (see
figures 6.19 and 6.20), indicates that the improved OP model yields realistic computed
values.

In conclusion, the dependence of characteristic MEOP quantities such as rates of
change of polarisation, pump absorptances, and apparent polarisation values on the
choice of the width A of the strongly pumped velocity class is negligible in standard
operating conditions. The OP kinetics computed with the improved OP model appear
extremely robust with respect to this free parameter.

2.10.3 Conclusion

The improved OP model still relies on a rather crude description of the
velocity-dependent optical transition rates and this potentially limits the accu-
racy of its numerical predictions. A number of systematic studies have been made
in this work to perform detailed comparisons of experimental and computed re-
sults. They are reported in the following chapters and show that this new model
actually provides a realistic description of all features of low field MEOP as well
as robust quantitative results.
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Chapter 3

Experimental setup

This chapter deals with the dedicated experimental setup that has been built and
used for the systematic measurements performed in this work to characterise MEOP
kinetics and performances, over a wide range of conditions encompassing the usual
operating parameters of *He polarisers: low magnetic field (few mT) and low pressures
(few mbar).

The central part is the optical setup (section 3.2) that includes several opti-
cal elements as well as the 3He-filled cell (section 3.1) through which pump and
probe lasers (section 3.2) pass. The optical setup is located inside a home-made,
end-compensated solenoid (also described in section 3.1) that produces a magnetic
field of B up to 30 mT. A measurement and acquisition system is used to digitalise
and record all optical and reference signals (section 3.3).

In the following, the various components of the experimental setup are presented.
Figure 3.1 provides a global overview of the entire experimental setup.

3.1 Magnetic field, cells and rf discharge

Magnetic field

For the purpose of producing magnetic field strengths up to 30 mT, collinear
with the cell and the optical axis, a 1.20 m long solenoid with end-correction coils
providing high field homogeneity over the cell length (30 cm) has been designed
and built. The solenoid has a 28 c¢m inner bore diameter and includes 3995 turns of
3.1 mm diameter enamelled aluminium wire wound in 10 layers on a single isolated
Al cylinder. End-correction coils (length: 30.07 c¢cm) include 97 turns each. The
magnetic field in the centre of this resistive magnet is 3.9 mT/A, and the ohmic
resistance amounts to 16.61 € (main coil: 15.67 €, correction coils: 0.47 €2 each).
Two 6 cm thick hollow Al flanges have been attached at the ends of the magnet
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Figure 3.1: Overview of the experimental setup: In the front: End-compensated
solenoid containing the optical setup (see figure 3.4). In the background: Left: Broad-
band 5 W fibre laser and data acquisition system. Centre: Monitoring equipment and
lock-in amplifier for transmitted pump signal. Right: Control unit and current feed of
probe laser, lock-in amplifiers for transmitted probe signals, discharge generator and
amplifier.

62



for mechanical support and for cooling of the magnet bore. We routinely use water
cooling of these Al flanges for continuous operation at B > 10 mT in controlled
steady state conditions.

In the central field area, where the glass cell containing the *He-gas is located, a
mean longitudinal relative field gradient of AB, / B = 48 ppm/cm is achieved on
axis over [ = 30 cm (max. value: AB, / B = 100 ppm/cm). The mean radial relative
field gradient was measured to be AB, / B = 33 ppm/cm over r = 3 c¢cm, and not to
exceed AB, / B =70 ppm/cm there.

Cells

For the systematic measurements in this work, cylindrical quartz glass cells with
optically polished windows made of Suprasil 1 glass were used. Prior to filling, a careful
cleaning of the glass cells is essential. The cleaning procedure comprises rinsing with
a tenside and phosphate based detergent and deionised water, bake out during several
days under high vacuum (107® mbar range), and strong rf discharges using several
batches of “He gas until only spectral lines of helium are observed in the plasma
fluorescence by a hand spectroscope.

Our three 3He cells have been prepared at Mainz University. The intended filling
pressures were 0.65, 1.3 and 2.6 mbar to achieve a 1 : 2 : 4 pressure ratio. Due
to technical problems, the pressure could only be measured with a poor accuracy
during cell filling. Therefore, the exact *He contents (see table 3.1) were determined
afterwards in the sealed cells, by means of NMR diffusion measurements at room
temperature [Bar74, Lef82, Lef84].

By comparison of absorption measurements on the resolved Cg and Dy isotopic lines,
the fractions of residual ‘He (14 = £4) in the three cells could be determined: see
table 3.1.

The outer dimensions of the cells are identical (length: 30 cm, diameter: 6 cm). The
inner dimensions (see table 3.1) feature minor variations due to slightly different values
of the wall thickness of the used quartz glass.

Rf discharge

A rf discharge is sustained in the cell using two external copper wire electrodes
(of diameter 0.5 mm) connected to a voltage transformer tuned to the rf frequency (of
order 2 MHz). Each electrode consists of a series of three (0.63 and 1.19 mbar-cells) or
four (2.45 mbar-cell) rings, and the two sets of rings (used for capacitive coupling to
the He gas) are interleaved to achieve homogeneous rf excitation. Partial amplitude
modulation of the amplified rf power (around 70 Hz) and lock-in detection are used
to improve the sensitivity of the absorption measurements.
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Table 3.1: Table of gas pressures and inner dimensions of quartz glass cells used in
this work

| *He gas pressure [mbar] [ 0.63 + 0.02 | 119 + 003 | 245 + 0.04 |
inner length [cm)] 294 £ 0.1 29.1 £ 0.1
inner diameter [cm)] 5.6 £ 0.1 5.4 £ 0.1
inner volume [cm?] 724.1 £ 26.0 666.5 + 24.8
fraction of residual “He || (0.398 & 0.011) % [ (0.184 +0.006) % | (6.84 £0.2) x 10~*

The electrode configuration has to be optimised in order to obtain uniform and
stable plasmas over a wide range of rf excitation powers, also close to the extinction
threshold. At higher 3He pressure, simply interleaved copper wire rings in consecutive
order do not yield best results according to our experiences. In the following, we briefly
describe how the electrode configuration of the 2.45 mbar-cell has been optimised.

First of all, the number of rings of each electrode was increased to four (0.65
and 1.19 mbar: two pairs of three rings were sufficient for the same cell dimensions).
Figure 3.2 is a photo of the obtained inhomogeneous plasma using just three rings per
electrode on the 2.45 mbar-cell and shows the necessity for optimisation.

Second, while keeping an interleaved electrode configuration, the distance between

Figure 3.2: Inhomogeneous plasma in the 2.45 mbar-cell produced by a non-optimised
electrode configuration using only three rings per electrode. The final optimised elec-
trode configuration for this higher pressure cell uses four rings for each electrode
and is sketched in figure 3.3. For comparison: The left photo of figure 6.2 shows the
more homogeneously distributed plasma in the same cell with the optimised electrode
configuration.

two adjacent rings and the wiring order of the rings of each electrode was modified,
which changes the order of the voltage supply feed-in.

For evaluating different electrode configurations we rely on three complementary
methods:
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Figure 3.3: Methods to evaluate electrode configurations, especially needed at higher
3He pressure.

a: Longitudinal absorption measurement (using the low power collimated monitor
output of the pump laser in our case) and transverse luminosity measurements of the
amplitude-modulated discharge at 15 different positions using a laterally adjustable
plastic fibre connected to a photodiode (P.D.) and lock-in detection. The shown elec-
trode configuration corresponds to the best solution for the 30 cm long 2.45 mbar-cell.
Indicated distances: a = 1.5 cm, b = 4 cm, ¢ = 3.5 cm. A and B designate the two
different electrodes, and numbers indicate the order of wiring. Ring A1 (B1 resp.) is
connected (only schematically drafted here) to the positive (negative resp.) pole of
the voltage transformer. A2 is directly connected to Al, A3 to A2 and so forth, and
in the same manner for electrode B. Connections between individual rings of a given
electrode (A and B) are not sketched for simplicity.

b: Transverse measurements of local absorption with laterally adjustable laser and
photodiode (15 measurement positions).
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1. Global subjective assessment by investigating e.g., whether all sectors of the
cell are illuminated and whether the visible fluorescence light is homogeneously
distributed.

2. Longitudinal laser absorption measurement to measure the total absorption
combined with transverse luminosity measurements of the fluorescence light
(see figure 3.3a). The goal is to obtain maximum absorption at given rf excitation
level with a transverse luminosity distribution as homogeneous as possible.

3. Transverse laser absorption measurements to quantify local absorption subsector
by subsector (see figure 3.3b). These transverse measurements aim at obtaining
maximum local absorption values at given rf level, distributed as homogeneously
as possible.

The final optimised electrode configuration for the 2.45 mbar-cell is sketched in fig-
ure 3.3a, and the left photo of figure 6.2 shows the obtained plasma with these elec-
trodes. The two extremal rings are close to the borders of the cylindrical cell (1.5 cm
distance to cell windows), and the remaining six rings in-between are almost equally
distributed (3.5-4 cm distance between two adjacent rings), and are thus symmetrical
concerning positions with respect of the centre line of the cell. A non-symmetrical
configuration concerning the wiring order of the rings of both electrodes yielded the
best result.

3.2 Optical setup

The optical setup is shown and sketched in figure 3.4. Two laser sources are used:
a broadband pump laser and a weak single-frequency probe laser. Both systems are
described in the following.

Pump laser

For optical pumping a 5 Watt broadband (1.7 GHz fwhm) 1083 nm fibre laser is
used (Keopsys, model YFL-1083-50-COL). The polarisation maintaining output fibre
ends with an angle polished connector (APC) and is attached to an APC fibre mount
placed at focal distance to the AR-coated f = 7 cm lens used for collimation. The
collimated Gaussian output beam is circularly polarised and expanded to illuminate
a large fraction of the transverse section of the cell for improved overlap with the
broad distribution pattern of metastable atoms (see section 6.1.2). It propagates along
the direction of the magnetic field and passes twice through the cell'. The whole

!The back-reflecting mirror is a metallic mirror (Amplivex, M.T.O.) that provides high reflectivity
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Figure 3.4: Photo and schematic of the optical setup used for low-field MEOP studies
(top view). Pump and probe laser lights are delivered to the experiment by polarisation
maintaining single-mode optical fibres. The Gaussian pump beam is collimated by a
f = 7 cm lens, circularly polarised by an AR-coated polarising beam splitting cube
(3 cm x 3 cm) and a quartz quarterwave plate (A/4, diameter: 5 cm), and expanded
to a beam diameter of 1.4 cm FWHM. The weak probe beam is split and polarised by
a mask to obtain two vertically separated adjacent beams (this is not visible in this
top view). The probe beams, with opposite circular polarisations, are separated after
double pass through the cell by a circular analyser. Photodiodes (P.D.) are used to
monitor the transmitted pump and probe beam powers.
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transmitted pump beam, deflected by the circular polariser, is entirely collected by a
lens, attenuated by neutral density filters and focussed on a monitoring photodiode
for checks of laser tuning and measurements of the pump power absorption.

The Gaussian beam diameter is determined by transverse mapping (without dis-

charge) using the dedicated experimental device for mappings of metastable densities
briefly described in section 6.1.2. Transmitted pump power is scanned at 21 radial
positions by a movable diaphragm (diameter: 3 mm) that can be precisely positioned
every 3 millimetres.
The obtained experimental data points are fitted by a Gaussian distribution with ex-
ponential term exp[—2(r/w)?], providing the width w. The input parameter needed
by the program to model MEOP kinetics (cf. chapter 2.7) is the waist of the beam di-
ameter 2a, as defined in the Gaussian exponential term exp[—(r?/a?)]. A comparison
of both expressions yields:

w
a=—= and 3.1
= 1)
FWHM = wv2In2 =2aVvIn2 (3.2)

An example of a measured distribution of spatial power is provided in figure 3.5.
At the beginning of this work, the beam diameter had been set to 2a = 2.23 cm.
The large series of systematic measurements reported in this manuscript have been
performed with a slightly re-designed setup for which the beam diameter amounted to
2a = 1.6 cm (FWHM = 1.4 c¢m, see Gaussian fit of width w = 1.16 cm in figure 3.5).

Wine designates the total incident pump laser power in Watt i.e., the integrated
light intensity over the radial beam profile. Wj,. has been measured at the entrance-
window of the cell, after pump beam collimator, polarising beam splitter cube, quarter
wave plate and beam expander. Therefore, Wj,. is determined by the laser output
power and the losses introduced by the optical elements:

Wine = (0.830 = 0.004) Wiom.

Whiom is the nominal output power of the pump laser, measured and displayed by
the laser control unit that has been repeatedly checked to provide correct values. A
measurement of pump laser power directly behind the pump beam collimator yielded:
Wine = (0.902 £ 0.002) Wyom. The remaining loss arises from the contribution of
optical elements (polarising beam splitter cube, quarter wave plate, beam expander).

In this manuscript, we will use different notations for the (total) pump laser
power W (expressed in Watts) and for the pump laser intensity I (expressed in

W /cm?), i.e. the radial power density: I(r) = ZV_Q e—r?/a®

(measured losses amount to 0.2-0.3 % at an incident angle of 0° and to 0.1-0.2 % at 45°) with negligible
alteration of the light polarisation. Good results are also obtained e.g., in gas polarisers with thick
Rax-coated mirrors.
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Figure 3.5: Spatial power distribution of the pump laser. Open squares: Experimental
data points, line: Gaussian fit of width w = 1.16 cm (2¢ = 1.6 cm, FWHM: 1.4 c¢m).
Photo on top: Control unit of 5 Watt broadband pump laser (Keopsys).
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Probe laser

A longitudinal optical detection method is used to measure the nuclear polar-
isation in the gas during experiments (see chapter 4). The W-shaped design used
for convenience (see figure 3.4) is such that the probe light experimental path inside
the cell is actually slightly tilted with respect to the cell axis. The detection method
is based on absorption measurements of two weak probe beams (15 pW /cm?) with
o and o~ circular polarisations. The two beams are generated by the same single-
frequency 1083 nm DBR laser diode (provider: Spectra Diode Labs (SDL), 50 mW
output). The laser diode has an on-chip Peltier thermal controller, which allows pre-
cise and fast temperature control of the output frequency. The laser diode output
beam is injected into an optical fibre that allows keeping this additional optical setup
(see figure 3.6) in a separate place. The Gaussian beam is collimated at the fibre out-
put, and a polarising beam splitter cube is used to achieve perfect linear polarisation.
Plastic A/4 sheets with crossed orientation (4 45°) are inserted in the 2-hole mask.

The two probe beams with ¢* and o~ circular polarisations are separately mon-
itored after double pass through the cell using two photodiodes. Photodiode signals
are proportional to transmitted powers for polarisation components o+ and o~ thanks
to the use of an additional purifying polarising beam splitter cube on the deflected
channel (crosstalk < 1073).

The measured probe signals after passage through the *He cell constitute averages of
various pump conditions (transverse Gaussian profile of progressively absorbed pump
beam, radial metastable density profile).

As described in [Talll], the two probe components should ideally overlap
exactly in order to measure absolute ratios of populations. However, in this situation,
polarisation components that simultaneously address the same 2°P Zeeman sublevel
may interact, and the ratio of absorption signals has been observed to exhibit small
frequency-dependent variations at finite nuclear polarisations (when the probe is
tuned to the Cy line in *He gas and when it is tuned to the Dy line in isotopic gas
mixtures). No such artefact has been noticed when the Cg line is used. Systematic
investigations have been made in a variety of experimental conditions and detailed
results will be reported elsewhere. Using two spatially separated beams for the
absorption measurements (¢ and ¢~ in the longitudinal configuration of this work)
has been checked to make the optical technique robust against probe detuning and
accurate at all polarisations. These probe beams still remain very close so as to
address nearly identical sets of atoms, and any small local differences (e.g., in the
number density of metastable atoms) cancel out when reduced ratios of absorption
signals are used (cf. equations (4.12) and (4.14)).

The discrepancies arising from slightly different geometrical probe paths followed by
ot or o~ light respectively, range between 0.5 and 2 %, and this ’geometrical effect’
is taken into account for the determination of metastable densities.

70



Figure 3.6: Additional optical setup: Injection of the probe laser (single-frequency
DBR laser diode) into an optical fibre. The following optical elements are used (from
top to bottom): Aluminium housing of the laser diode (with closed cover plate on the
photo), inclined neutral density filter (to avoid feedback into the laser diode and reduce
laser intensity), A/2 halfwave plate (to rotate polarisation plane for laser intensity
control), polarising beam splitting cube and \/4 quarterwave plate (serve as optical
isolator) and precisely adjustable fibre mount.
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Figure 3.7 defines the geometrical parameters of the probe paths that have to
be specified for computations using the model for MEOP kinetics among the input
parameters (see section 2.7.4).

The longitudinal gap in the standard double-pass configuration between the cell exit

a z=0 ZZLceH
(Zlin) (Zout)

‘

\4
N

I

Zgap

Figure 3.7: Geometrical parameters specifying the probe paths. a: Top view (the two
vertically separated adjacent beams are not visible in this view). b and c: Side views
onto the entrance window of the cell, in direction of the ingoing probe beams. b:
Standard case with V-shaped probe paths symmetrically centred around z = 0 (cell
axis). c: V-shaped probe paths with vertical offset dzg from cell axis.

window and the back-reflecting mirror, z,,, (see figure 3.7a), typically amounts to
2.6 cm. The radial distance xs between ingoing (or outcoming) probe beams and the
cell axis (z = 0) is defined in figure 3.7b and a typical value is 1.9 cm. The distance
in y-direction between the spatially separated o™ (or 0~) probe components and the
cell axis is designated by the parameter ys and is fixed by the used mask to 0.8 cm.
The mask also sets the surface area of each probe beam component to 0.65 cm?.
A possible offset dxg of the V-shaped configuration with respect to the cell axis is
specified in figure 3.7c, but has always been kept zero in this work.

72



For accurate absorption measurements, care must be taken in order to optimally
separate weak probe and intense pump beams. Residual pump stray light as well as a
contribution from the fluorescence light emitted by the plasma may be filtered out of
the probe signals by a double modulation scheme as illustrated in the next section.

3.3 Measurement and acquisition system

probe absorption signal

. . 4 \
pump absorption signal
Data acquisition
ing: 1 kHz) + ouT |ReF
pad numerical lock-in LIA probe 2
amplifier
! !
| | IN
) )
o] LIA pump — N LIA probe 1 LSa
\ J |
| | solenoid + end correction coils IN
(with optical setup inside)
. PD1 and PD2 -
( \ rejected *He cell with probe ( \
pump light electrodes (transmitted
PUMP: 5W fibre e cnes o) PROBE: single
. GOl frequency laser |—
pump beam
laser @1083 nm @] diode @1083 nm
PD pump llimated
. J I—d-: itir;:aslr)nimed ) p::beml::am G -
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GENERATOR laser diode feed,
current

Discharge amplitude
modulation:
70 Hz
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Figure 3.8: Schematic of the measurement and acquisition system. Details of the
optical setup inside the solenoid: see figure 3.4.

Two different modulation schemes are used in the experiment:

1/ The probe laser current is modulated at 4-5 kHz to filter out remaining stray
light from the pump laser by means of lock-in detection (alternatively a mechanical
chopper can be used).

2/ The rf-discharge is usually modulated at 70 Hz, to allow distinction between
atomic response (i.e. absorption of laser light at resonance) and power fluctuations of

pump or probe lasers.

The fast demodulation at 4-5 kHz is carried out by two identical analogue lock-in
amplifiers (EG&G model 5209), one for each probe light component o+ and o~.
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These output-signals of the two lock-in amplifiers, the transmitted probe power signals
for both light components, are recorded at a sampling rate of 1 kHz.

Furthermore, the following signals are recorded using simultaneous 16-
bit A/D conversion at a sampling rate of 1 kHz (with a Data Translation USB mod-
ule DT 9816): the transmitted power of the pump laser (output of photodiode), and
three auxiliary signals, namely the TTL output synchronised to the frequency of the
amplitude modulation of the discharge generator, the demodulated pump signal (out-
put of a third lock-in amplifier (Ithaco model 3961 B): optional as the pump signal
can be postprocessed by numerical demodulation just as applied to the probe sig-
nals, details are reported in chapter 5 and appendix E), and the rejected pump light
component that does not pass the first beam splitter cube directly behind the pump
beam collimator, but is deflected by 90° due to wrong light polarisation (not repre-
sented in figure 3.4). Recording the rejected pump light component allows to monitor
polarisation changes of the pump light, and thus transmitted pump power towards
the cell.

(Two-step) modulation of the discharge amplitude (and of the probe laser, when
the pump laser is on, resp.) and lock-in amplification of the probe absorption signals
typically improves SNR to 10000 (500-1000, resp.) e.g., statistical error on M: 0.02 %.
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Chapter 4

Optical measurement of nuclear
polarisation

In this chapter, an optical method to dynamically measure nuclear polarisation by
monitoring absorption of a weak single-frequency probe laser at 1083 nm is described
in detail. This accurate and highly sensitive method operates at arbitrary magnetic
field and gas pressure and provides information about the total number density of
atoms in the 23S state, i.e. the metastable density n,,, and about the relative popula-
tions of the probed 23S sublevels. As the distribution of populations in the 23S state
is strongly coupled to that of the ground state by metastability exchange collisions,
this optical method yields absolute values of the 1'S nuclear polarisation M. It can be
implemented into the optical setup either in a transverse configuration, perpendicular
to the magnetic field as demonstrated and precisely characterised in [Big92], or in a
longitudinal configuration with the probe beam being parallel to the magnetic field.
In this work, a longitudinal probe scheme has been chosen. Independently of the cho-
sen configuration, no calibration is needed to infer values of M, in contrast to other
methods like discharge polarimetry.

In the following preliminary remarks, the basic ideas of absorption measurements
at 1083 nm, including the transverse probe scheme, as well as two other methods to
measure M, discharge polarimetry and NMR, that were not used in this work, are
briefly introduced, and respective sensitivities are discussed in order to justify the
choice of a longitudinal probe scheme in our work. The rest of the chapter covers a
detailed description of all relevant aspects for this longitudinal probe scheme starting
in section 4.1.

Discharge polarimetry

In standard helium OP experiments, polarimetry of discharge light is often used
to assess nuclear polarisation in the ground state.
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The main principle of discharge polarimetry is the analysis of circular polarisa-
tion of a chosen helium spectral line emitted by the discharge, that transfers atoms
to various excited states preserving the nuclear spin state. Hyperfine coupling relates
nuclear to electronic orientation in these excited states. Due to this hyperfine inter-
action, the visible light emitted by spontaneous emission in the radiative cascade is
(partially) circularly polarised. The degree of circular polarisation is proportional to
the nuclear orientation (in low magnetic field).

In [Lal68], this method is proposed to monitor the nuclear polarisation of the
ground state. In [Pav70], an experimental implementation using a device with rotat-
ing quarter wave plate is described. Calibration of the circular polarisation of the
emitted light is reported e.g., in [Pin74] using absorption measurements of a probe
beam for calibration, in [Big92] with refined optical setup using a transverse probe
beam configuration and in [Lor93] where a two-step calibration method is used: cal-
ibration of a *He NMR-system by comparison to water under identical conditions
and in a second step, using the calibrated 3He NMR-system to calibrate in turn the
circular polarisation of the 668 nm-light emitted by the discharge. Most experimental
realisations use this red line at 668 nm to monitor the nuclear ground state polarisa-
tion. In [Sto96b], the possibility of using another orange line at 588 nm is successfully
implemented in a static polarimeter, and calibration and comparison measurements
are performed making use of a second static polarimeter at 668 nm and pulsed NMR
measurements.

Since hyperfine decoupling occurs with increasing magnetic field, discharge
polarimetry looses its efficiency above approximately 10 mT [Pav70, Cou02]. Further-
more, it is restricted to limited *He isotropic ratios [Cou02] and low gas pressures (<
5 mbar) [Cou02] because higher pressure increases the rate of depolarising collisions.

Nuclear magnetic resonance (NMR)

NMR techniques to infer nuclear polarisation are not well suited at low pressure
gas due to its low sensitivity. Calibration is required to know the coil filling factors.
Furthermore, the technique is difficult to implement in a MEOP setup where, in
addition to geometrical constraints (1/ cell size and shape, 2/ limited bore size of the
magnet), monitoring of OP dynamics in the plasma is especially challenging because
of rf noise due to the discharge and because of short transverse relaxation time.

Absorption measurements at 1083 nm
The main idea to relate the magnitude of an optical absorption (or fluorescence)

signal to nuclear polarisation of *He has been proposed in [Col63] and [Gre64], using
a ‘He discharge lamp as probe (and pump) source. In [Dan71c], the method has been
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refined by taking into account some imperfections of the pumping light (used as probe
as well), namely the non-parallelism of the light with respect to the magnetic holding
field and the imperfect circular polarisation. Furthermore, a narrow, weak collimated
measuring beam, plane or circularly polarised is introduced. In [Tim71], this method
is applied in OP experiments in order to examine the dependence of steady state po-
larisation and build-up times on *He pressure, pumping light intensity and metastable
density, and to compare experimental results to theoretical predictions [Dan71b].

[Wal96] and [Mil98] are examples where optical absorption measurements were
implemented in pure *He which allows to determine populations v; and to infer
absolute atom number densities.

The optical absorption method as implemented in our work requires to probe the

populations in two (sets of) 23S sublevels (reasons are explained in subsection 4.2).
In low magnetic field, at B < 50 mT, as long as the Zeeman shift remains inferior to the
Doppler width, it is possible to lock the probe laser frequency to the chosen transition
at B = 0 and to dynamically measure the absorptions for two light polarisations
simultaneously (e.g. o and 7 in the transverse probe configuration or 0% and o~ in
the longitudinal configuration).
In higher magnetic field, when two sublevels are not degenerated anymore due to
the larger Zeeman effect, and the Zeeman splittings are at least of the order of the
Doppler line widths, two absorption measurements to probe two 23S sublevels must be
performed using different probe laser frequencies. Experimental schemes to obtain such
dual-frequency measurements (e.g., sweeping the probe laser frequency) are described
in [Cou02] (0.0925 T) and [Suc07] (0.45-2 T, up to 67 mbar).

The longitudinal probe scheme is applicable to both resolved lines Cg and Cy, to

probe sublevels in F' = 1/2 or F' = 3/2, but is particularly straightforward for the
single-component line Cg as explained in subsection 4.2.1.
In a transverse probe configuration especially in long cells, the total absorption is
smaller and additional optical windows are possibly required on the transverse probe
path. This probe configuration is not applicable to Cg as o and 7 light address the same
sublevels. The fact that the transverse configuration is only applicable to the multi-
component line Cy implies the intrinsic difficulties of probing the Cgq transition: at B #
0, measured absorption rates are sensitive to probe detuning, and transition intensities
of both line-components depend on B, furthermore, traces of *He are susceptible to
affect absorption rates on Cg. These (configuration-independent) issues of Cg as probe
transition are discussed in more detail in subsection 4.2.2.

For both probe schemes, figure 4.1 shows the variations of the relevant ratios
of absorption signals (cf. section 4.2), A,/A, for the transverse probe scheme, and
Ay+ /A, for the longitudinal probe scheme, with nuclear polarisation M. For the
transverse probe scheme, Cg and Dy lines provide a comparable sensitivity for polari-
sation measurements, quite high above |M| > 0.2. The sensitivity is reduced at small
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M, with a quadratic departure of A,/A, from 1 that results from the fact that each
light component simultaneously addresses sublevels with opposite angular momenta.
In contrast, the longitudinal probe scheme has a linear response at small M for all
lines, with a higher sensitivity for the Cy and Dy lines. At high M it has a reduced
sensitivity for Cg and Dy with A,+/A,- ~ 1 — M?; the Cg line retains a linear sensi-
tivity, yet provides a limited precision since both absorption signals vanish at M=1.
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Figure 4.1: Ratios of 23S—23P; absorption signals computed for transverse (a) and
longitudinal (b) probe schemes as a function of ground state nuclear polarisation M, at
zero magnetic field and at spin temperature equilibrium. a: Transverse probe scheme:
Dy (solid line) and Cy (dotted line) provide comparable sensitivities at all M. Oppo-
site polarisations M and —M cannot be distinguished using A,/A,. b: Longitudinal
probe scheme: Cy (dotted line) and Dy (solid line) provide higher sensitivity than Cg
(dashed line) at small M, where accurate measurement can be performed in contrast
to the transverse scheme. Identical curves would be obtained by plotting the inverted
ratio A,_ /A, for negative M values. (Figure taken from [Talll]).

We perform absorption measurements of 1083 nm probe light using two lon-
gitudinal weak probe beams with o™ and o~ polarisations (see section 3.2) in low
magnetic field, and use the comparison of o+ and o~ optical signals to measure
the populations of two hf sublevels of the 23S state of He atoms. The longitudinal
configuration is chosen in this work for the good sensitivity (linear variation) at low
M which allows precise monitoring of build-up dynamics. Furthermore, absorption is
enhanced in our long cells, which yields high accuracy at very good SNR.

Section 4.1 presents the basic principles of longitudinal probe absorption measure-
ments. Section 4.2 describes how the ground state nuclear polarisation M can be
inferred from the ratio of light absorption rates, assuming that ME establishes a
spin temperature (ST) equilibrium distribution of populations between the six 23S
sublevels. Section 4.3 describes the effects of OP on the 23S and 2P populations,
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and their impact on the determination of M. Knowing the *He polarisation, we
can infer metastable atom densities from the absolute values of the light absorption
rates. Section 4.4 focuses on the data reduction strategy used to reliably obtain the
metastable density at all magnetic field strengths.

4.1 Longitudinal probe absorption measurements

In order to illustrate the conditions for the use of a longitudinal probe laser at fixed
frequency in the present work, computed absorption spectra of 3He for different light
polarisations in B = 0 — 30 mT are presented in figure 4.2.

Energies and intensities of the optical transitions in *He at B = 0 are represented
as well as computed absorption spectra at B = 30 mT for 0=, 7 and o light
polarisations. The shifts of the ¢~ and 0% spectra at B = 30 mT compared to
the transition frequencies at B = 0 are clearly visible. The Zeeman shifts up to
30 mT remain below Doppler width at room temperature, so that the low field
approach mentioned in the preliminary remarks of this chapter, namely to fix the
probe laser frequency to the transition frequency in B = 0 in order to monitor both
light polarisations simultaneously is appropriate. Furthermore, the computed spectra
show that only the two resolved lines Cg and Cq are appropriate to be used as probe
transitions.

Figure 4.3 shows experimental absorption spectra for o™ and o~ light polarisations
at B = 30 mT for M = 0 and M = 0.5 (the corresponding computed spectrum at
M = 0 is represented in figure 2.4). The difference between the ot and o~ peaks due
to Zeeman splitting of energy levels amounts to approximately 1.05 GHz or 1.45 GHz
at B = 30 mT in the Cg or Cg resonances respectively which is inferior to the Doppler
width of He gas at room temperature (cf. caption of figure 4.2). Hence, in most
of the cases throughout this work (low and intermediate field 0-30 mT), the probe
laser frequency has been locked to the transition frequency at B = 0 so that the
evolution of 0% and o~ peak intensities can be monitored as function of time which
is equivalent to polarisation during build-up. Independently of the magnetic field, it
is also possible just as well to sweep the probe laser frequency as demonstrated in fig-
ure 4.3 (more experimental examples of probe laser frequency sweeps, see section 6.2).

The probe beam components (with circular polarisations c™and ¢~) used in
our experiments are obtained from a low power monochromatic laser beam that is
substantially expanded and subsequently diaphragmed (see section 3.2). Therefore we
legitimately consider here a probe beam with uniform light intensity I that is weak
enough for the absorbed intensity to be proportional to the local intensity at any
point along the beam path (linear regime). The variation of the probe beam intensity
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Figure 4.2: Frequencies and intensities of optical transitions in *He at B = 0 (vertical
lines, from [Cou02]). Frequencies are referenced to the C; transition. The given in-
tensities correspond to the partial sums of the transition matrix elements 7;; for each
line.

In addition: Computed absorption spectrum of 3He at B = 30 mT (by Fortran-
programme developed in [Cou02] using a nominal Doppler width of 1.98 GHz (FWHM)
which corresponds to the velocity distribution of *He at 300 K. Other sources sus-
ceptible to broaden the profiles of atomic lines, especially collisional broadening, are
neglected.) Three light polarisations are represented: 7 (solid line), o (shifted to-
wards higher frequencies at B = 30 mT: dotted line) and o~ (shifted towards lower
frequencies at B = 30 mT: dashed line).
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Figure 4.3: Experimental absorption spectrum of 3He at B = 30 mT, p; = 1.07 mbar:
Intensity (same convention as in figure 4.2) as function of probe laser frequency for
M = 0 (dashed line: o, dotted line: o%) and M = 0.5 (solid lines for both ¢~ and
o™, distinguishable by peak positions: same as at M = 0). This sweep of the probe
laser frequency is recorded during a polarisation decay: the pump laser is turned off
and the decay rate of I'p = (238 s)~! is sufficiently low so that M = constant during
a complete frequency sweep from approximately 27.5 GHz to 45 GHz within 10 to 20
s typically (frequency swept at 0.05-0.1 Hz approximately, leading to a sweeping rate
of roughly 0.9-1.8 GHz/s).
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at this point can thus be written as:

dI
= k(D (4.1)

where k,(l) is the local absorption rate and [ the corresponding linear coordinate
along the straight beam path. The probe transmission coefficient T, experimentally
measured as the ratio of transmitted and incident beam powers, is therefore given by:

IT Lpath
Ts = — =exp (—/ ka(1) dl> (4.2)
[0 0

where It and Iy are the incident and transmitted uniform probe intensities (see
figure 4.4). Equation (4.2) is referred to as Lambert-Beer law.
In our experiments, both the number density of 23S atoms and the distributions of

7=0 z

i i ‘M

‘ It *-\ 
| L b <y ’
r Iy

Z Z:Ll/cell

Figure 4.4: Longitudinal probe scheme in double pass configuration: the inclined probe
beam (¢ is the tilt angle) is back reflected by a mirror (M), all other parameters are
explained in the text.

atoms between Zeeman sublevels of the upper and lower states inside the cell only
depends on the radial distance r to the cell axis. Therefore, the probe transmission
coefficient explicitly depends on the probe beam path geometry since, along the
probe beam path, the local absorption rate k,(l) varies with the radial coordinate r;
that, in turn, varies with the longitudinal coordinate z; (see figure 4.4).

The generic form of the local absorption rate is:
Fa(l) = nu(r0) hwi Tj (ai(re) — b;(r)), (4.3)
1]

where the coefficient I';; is equal to I';; = ~,;;/1 and ~;; (resp., w;;) is the optical
transition rate (resp., angular frequency) for the excited A; — B; line component of
the 23S—23P atomic transition.
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The single-frequency probe addresses atoms of a given velocity class, depending on its
exact tuning. When OP introduces correlations between velocity and populations, ab-
sorption signals depend on probe frequency as illustrated in section 6.2.1. In the frame
of the improved (2-class) OP model, populations of the strongly pumped class are the
more relevant ones for a tuned probe, but they probably underestimate population
skewing induced by the OP light in the centre of the velocity distribution.

For absorption measurements performed in the absence of pump light (i.e., during
polarisation decay), as discussed in section 2.8.2, equation (4.3) is valid with b; = 0 in
the 23P state and a; ~ a3 T (M), where a$T is the polarisation-dependent uniform spin-
temperature distribution (equations (2.59) and (2.56)) established in the 23S state. It
then reads:

k" OP (1) = nm(r) Y hwyy Ty afT (M), (4.4)
J
where F_” is the coefficient associated to the Maxwell-averaged optical transition rate
7; for the A; — B, line component (equation (2.14)):

—  rmaf (69 /D)2
T, =Y —= T, e /D) 4.5
7 mewD ¢ ’ (45)

where the prefactor /7o f / (mewD) has the value given by equation (2.13). In equa-
tion (4.5), the transition matrix elements T}; depend on magnetic field B, and 6’
designates the probe detuning with respect to the atomic transition frequency (see
section 2.3.1).

The probe absorbance in the absence of pump light is:

Lpath .

—InT,™ OF = / k" O (1) dl = Ly ny, > hwyy Ty af" (M), (4.6)

0 —

’-7

where
1 Lpath
nd = / N (1) dl (4.7)
Lpath 0

is the average 23S number density along the probe beam path, and 7, ©F the mea-
sured probe transmission coefficient in absence of pump laser light. In equation (4.6),
nS depends on plasma conditions that vary with M, a>T explicitly depends on nuclear
polarisation, and T';; depends on magnetic field and probe frequency.

We will explain in the following sections how the measurements of the light
transmission coefficients for the o™ and o~ probe beam components can be combined
to infer the value of the ground state polarisation M (section 4.2) and of the metastable
density nS (section 4.4). Actually the experimental data are combined to nS, = (nSF+
nS-)/2 since we use a split probe beam (cf. section 3.2) and the two components
o™ and o~ do not exactly probe the rf plasma at the same locations inside the cell.
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For absorption measurements performed in the presence of pump light (i.e.,
during polarisation build-up or at OP steady-state), the distributions of populations
in 23S and 2°P are expected to be strongly perturbed (see section 2.8.3 for quan-
titative description and illustrative computations) and we cannot exclude that the
23S number density is also altered by a resonant optogalvanic effect. For this reason
no similar analysis of the measured transmission coefficients can be performed.
In the absence of complementary measurements providing full knowledge of the
distribution of atoms within Zeeman sublevels in the 23S and 23P states, no attempt
is made to infer the 23S number density from our data in presence of pumping light.
The polarisation measurements described in section 4.3 refer to measurements of
the apparent nuclear polarisation M® that is obtained from the measured probe
transmission coefficients when equation (4.6) is used and the 23S number density
is assumed to be unaltered (or, at least, to be similarly altered for the otand o~
probe beam components). The adequate form of equation (4.3), valid within the
framework of the improved 2-class OP model and used, for instance, for the numerical
computations of probe transmission coefficients is given in appendix B.

4.2 Polarisation measurements in the absence of
OP light (during polarisation decay)

In section 2.8.2, it is discussed in detail, that during polarisation decay in absence
of OP, the departure of the population distribution in 23S from a ST distribution
induced by 2°S relaxation is very small. Hence the populations a*° °F can be safely
replaced by the ' ones during polarisation decay.

The measured absorption signals, A,+ and A,- in the longitudinal probe scheme,
are the amplitudes of the modulation depth (i.e., the ratios of ac amplitudes to dc com-
ponents) of the corresponding probe powers exiting the cell [Talll]. Each ratio is ro-
bust against fluctuations of the incident power [y and directly proportional to the
absorbance —InTy, with a coefficient that only depends on the plasma response to
the rf excitation [Cou02, Cou01]. Neglecting all constant prefactors, A is given by:

A(M) o n (M) Y heyy Tyg(B) e /P aST(M), (4.8)
]

By using the ratio r of the two measured absorption signals, A,+ and A,-, which will
be denoted A, and A_ for simplicity in the following

r(M) =% (4.9)



it is possible to eliminate nS (M). This elimination of nS in 7 is exact in case both
probe light components have the same path or at uniform metastable density. In our
configuration, ot and o~ components had to be spatially separated (cf. section 3.2),
and the resulting small geometrical effect is taken into account for determinations of
absolute values of metastable densities (cf. section 4.4). Furthermore, in the ratio r,
the coefficient depending on plasma response to rf excitation, as well as Ly and
the prefactor of equation (4.5) cancel out exactly. (In equation (4.8), they did not
explicitly appear (“o” instead of “=") for clearness).

Thus, the ratio r of ¢ and o~ probe absorption signals only depends on nuclear
polarisation M (and detuning and B).

The comparison with A-values measured at M = 0 yields the normalised, reduced

ratio R of absorption signals:

(M) ALA(0)
S r(M=0) A_A.(0)

(4.10)

As a matter of course, reduced ratios can be determined for absorption signals on
Cg and Cg transitions, denoted Rg and Ry. Details will be provided in sections 4.2.1
and 4.2.2; here, we will limit the discussion to some general remarks.

For the single-component transition Cg, no sum appears in equation (4.8), and there-
fore, the B-dependent transition intensities as well as the spectral factor exactly cancel
out in each contribution of the reduced ratio Rg: in AA—+0) and in Afﬁ.
For the two-component transition Cy, the reduced ratio Ry depends on detuning due
to the Zeeman shift: o), = (w(B =0) — w;;(B)) /27. Detuning is different for each
component at given light polarisation, and also different for o+ and o~. For the mod-
erate magnetic fields used in this work up to 30 mT, the probe laser frequency wy,
was fixed to the transition in B = 0: wy, = w(B = 0). In case wy # w(B = 0), an
additional detuning has to be taken into account. The transition intensities T;;(B)
also do not cancel out, since in A, and A_ as well as in A, (M = 0) A_(M = 0),
a sum of both transition components has to be considered in each case. A small ef-
fect of dependencies on B and detuning remains in Ry, it is discussed in detail in
section 4.2.2.

In practice, for all analyses throughout this work, the reduced ratios Rg and Ry
are used to determine Mg and My respectively. Disadvantages of taking the simple
ratio r for Cg and Cy as well as dependencies of the reduced ratio on magnetic field
and detuning are illustrated by computed absorption signals in sections 4.2.1 and 4.2.2.

Figure 4.5 represents each contribution to the reduced ratio R separately: the
reduced probe absorption signals A, / A, (0) and A_ / A_(0).
The variation of computed reduced probe absorption signals with nuclear polarisa-
tion M is shown in the spin temperature limit (cf. section 2.8.1), both for Cg (left)
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Figure 4.5: Reduced probe absorption signals (A1 / A+(0)) in spin temperature limit
as a function of nuclear polarisation M. (Negative values of M can be obtained by o~
pump light, positive M values by o pump light). Solid lines: o™ probe light, dashed
lines: 0~ probe light. Left: Cg transition, right: Cq transition (note the different y-scales
of Cg and Cy probe absorption signals). Computations are based on three simplifica-
tions: 1/ metastable density assumed to be independent of M: n3 (M) / nd (0) = 1;
2/ populations in 23P assumed to be negligible: b; = 0 and 3/ 75 = 0.

and Cg (right), for the simple case where the metastable density is assumed to be
independent of M: n5 (M) / n5(0) = 1. In the experiments, metastable density is
observed to change with M (see section 6.1.3). However, as discussed above, the po-
larisation is inferred from reduced ratios of o™ and o~ absorption signals for which
the prefactor nS (M) /nS (0) cancels out. This is one reason for the necessity to record
two different absorption signals in order to provide the ratio of two absorption signals,
that is independent of metastable density as function of polarisation.

Figure 4.5 thus merely provides a qualitative impression of the relation between
calculated reduced probe absorption signals and nuclear polarisation, and hence is
not intended to determine M quantitatively from measured probe absorption signals.

We now briefly sketch how the nuclear polarisation M can be determined from
the ratio of probe absorption signals, and we infer a general formula.

In the spin temperature limit (introduced in section 2.8.1), the ratio of popula-
tions of two adjacent sublevels is known and can be expressed by equation (2.58) that
we recall here for improved readability:

agT agT aET a%T 5 1+ M

ait  afT afT T 1—-M

It is thus required to probe more than one relative population in 23S in order to
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determine a ratio of adjacent populations, which constitutes the second reason for
probing two different sublevels of the 23S state.

The nuclear ground state polarisation can then be deduced from a ratio of adja-
cent populations given by a measured ratio of two absorption signals using
B e’ —1
el
In the following two sections 4.2.1 and 4.2.2, this general formula will be refined
for measurements with the probe laser tuned to Cg and to C,.

(4.11)

4.2.1 Determination of M by Cg probe

For the single-component transition Cg, the determination of nuclear polarisation Mg
is a straight forward procedure. Knowing that Cg o% is a transition from the 23S
sublevel Aj to the 23P sublevel By; and Cg 0~ from Ag to Big respectively, and using
equations (4.10), (4.8) and (2.58), the reduced ratio Ry is given by:

CALA(0)] as(M) 11— My
N A_A+(0) N CZG(M) N e’B(Cg) N 1+M87

Rs (4.12)

Cs

where Mg designates the nuclear polarisation measured by a Cg probe laser in absence
of OP light. a?” (M = 0) equals 1/6, but cancels out in the reduced ratio anyway. For
simplicity we write only a; for a$T here and in the following. Solving equation (4.12)
for My yields:

1 - Z_Z 1 — Rg

T 1+%  1+Ry

Mg (4.13)
Equation (4.13) shows that Mgy determined from the reduced ratio Rg is exact in
all conditions, i.e. completely independent of probe detuning and of magnetic field
(T};(B)-values cancel out).

Therefore, we do not distinguish the cases B = 0 and B # 0 for probe Cg.

Figure 4.6 represents computed Mg values (more details on methodological
aspects concerning these computations are given in the paragraph about Cg probe
at B # 0 in section 4.2.2) and illustrates the exactness of Mg values inferred from
the reduced ratio Rg in B = 30 mT and the independence of probe detuning within
reasonable limits (as long as other transitions play no role). For comparison Mg
inferred from rg is added as a function of probe detuning.

The advantage of taking the reduced ratio Rg instead of the ratio rg for probe Cg is
clearly demonstrated in figure 4.6.
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Figure 4.6: Computed nuclear polarisation Mg for a probe laser tuned to the Cg
transition in spin temperature limit as a function of probe frequency at B = 30 mT
and given M = 0.7 (dashed straight line). My is either determined from the reduced
ratio Rg of absorption signals (solid line) or from the ratio rg of absorption signals
(dotted line). The lowest dashed line is the absorption profile of the Cg transition at
B=0.
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4.2.2 Determination of M by Cy probe
Cy probe at B=0

No simple analytical formula exists for the Cy line for which each polarisation
component addresses simultaneously two Zeeman sublevels. The reduced ratio Ry of
absorption signals can be expressed using equation (4.8) for B = 0, and equation (2.59)
in order to express Ry in terms of e”:

ALA(0) Tiigar +Toaran

 A_AL(0)  Tugras+Tsisaz
_ Thas e 28 4 Ty g e 2P _ e 2F + e3P
- Tyi7 e2P + Ty 5 27  3e28 fe3f

Ry

, (4.14)

which takes into account the different transition intensities 7;; of the two compo-
nents constituting Co: 1118 = Ty17 = 0.28111 and 7517 = T35 = 0.0937 in zero
magnetic field. The ratio of transition intensities of the two components of 3 : 1
(Thas : Tonr =Tyar ¢ Ts1s) is strictly valid at B = 0 only. (The effects of mag-
netic field on probe measurements on the Cq transition are discussed in the following
paragraph below.)

The reduced ratio Ry can also be expressed as a function of My (nuclear polarisa-
tion measured by a Cg probe laser in absence of OP light). Using ¢ = (1+M)/(1—M)
(cf. equation (2.58)) in equation (4.14) yields after simplification:

2— M\ [1— My\?>
Ry = . 4.15
? <2+Mg) <1+Mg) (4.15)
This relation has to be solved (e.g., finding the root of a cubic polynomial, numeri-
cally, or using polynomial fits...) to infer My from Ry.

We solved equation (4.14) for e” :

1 94 Ry = f(Ry)
B ==[(-1 4.1
where f(Ry) is given by:
1/3
f(Ry) = (351R§ — R34+ 9V3 Ry \/_RQ(B — 506 Ry + 3R§)> . (4.17)

Using equations (4.16) and (4.17) in equation (4.11) allows to determine the nuclear
ground state polarisation Mj.
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This analytic formula is applicable in the range of Ry > 0.006, which in terms
of nuclear polarisation corresponds to M-values < 0.79. At higher polarisation, i.e.
lower values of Ry, the radicand of the second square root in equation (4.17) becomes
negative.

Another possibility to infer M from the reduced ratio Ry is to implement
equation (4.15) in a dedicated programme in order to compute Ry at given My and to
compare this computed RY* to the experimentally measured Rg™. Efficient numerical
dichotomy with 20 steps rapidly provides 1076 accuracy.

Furthermore, an approximation of My as function of —In (R; 1) can be used to
_ A_AL(0),

infer My from the inverse reduced ratio Ry' = T A0

My = —0.2035 In (Ry') — 0.00439 (In (Ry1))” +0.00105 (In (RgY))*.  (4.18)

For My < 0.75, this cubic function constitutes a good approximation for practical
use with residuals below 0.2 %.

Our standard procedure to infer My consisted in using a dedicated programme
into which the described dichotomic approach was implemented. Over the whole
range of —1 < My < 1, residuals are below 2 x 1074

C,y probe at B # 0

When Cy is used as probe transition, each beam component ot and ¢~ simulta-
neously probes two 23S sublevels. In B # 0, this fact automatically entails a tuning
issue, as it is impossible to keep detuning zero for both components at the same time.
Cgy has a residual B dependency due to Zeeman shifts and due to the sum of the
transition intensities of both components, different for o and ¢~, that do not cancel
out in the reduced ratio.

The effects of B on Cy probe measurements are presented here for pure *He
first, before in the next paragraph the influence of residual “He at B = 1 mT and
B =30 mT is investigated.

In order to examine the influences of B on Cgy probe measurements, the model
for MEOP-kinetics is used to compute absorption signals for the three light polar-
isations T, ¢~ and 7 as function of the probe frequency at given value of nuclear
polarisation M defined by the user (7 light is not required for our longitudinal probe
scheme). The ratio of absorption signals 7 is computed for the given value of M and
at M = 0, so that the reduced ratio R can be inferred as well. My is then determined
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either from the ratio r or from the reduced ratio R by dichotomy as described above,
in the paragraph about Cy probe at B = 0 on page 90, for two different assumptions:

1/ Either using a fixed ratio of transition intensities 7;; of the two components
of 3 : 1 (equation (4.14)) in order to evaluate whether the introduced error remains
low enough in B # 0 to justify the use of this 'simplified approach’; or

2/ taking into account the modified values of T;;(B) and the Zeeman shifts
of o7 and o~ components to determine My more precisely (‘exact approach’). In
non-zero magnetic field, the transition intensities of the o™ and o~ components of Cqy
are no longer equal as in B = 0, and each T;;(B = 0) value in equation (4.14) has to
be replaced by

wy(B =0) - wz-j(B))2 | (4.19)

Ty(B) exp [— ( 0

with wg(B = 0) = 39.3442 GHz: frequency of the Cy-transition in B = 0, w;;(B):
transition frequency of each line component in B # 0 and D: Doppler width of 3He,
approximately 1.19 GHz at room temperature (7" = 300 K). Furthermore, in order to
normalise equation (4.14) at B # 0, it has to be divided by the ratio of sums of tran-
sition intensities of both Cy components: (T715(B) + T217(B)) / (Tu17(B) + T315(B))
(at B = 0, this ratio equals 1).

All figures in the following up to the end of this section 4.2 are based on computed
probe absorption signals as explained above.

Figure 4.7 illustrates the influence of magnetic field on the determination of
nuclear polarisation on the Cg transition at given M = 0.7 in pure 3He using
(computed) reduced probe absorption ratios.

The solid lines representing My as function of probe frequency for different values
of B are determined using a fixed ratio of transition intensities 7j; of the two line
components within Cy of 3 : 1 (see equation (4.14)) and neglecting Zeeman shifts of
the ot and o~ polarisation components.

The relative errors introduced by this simplified approach lead to an underestimation
of M and amount to 0.03 % at B =1 mT (curve 1r), 0.1 % at B =3 mT (curve 2r),
0.8 % at B = 10 mT (curve 3rb) and 6 % at B = 30 mT (curve 4rb), supposing in
all cases the probe laser tuned to resonance in B = 0. For B = 1 and 3 mT, the
errors are negligible and this simplified approach is justified. At higher B however,
taking into account a possible detuning of the probe laser of up to £+ 0.38 GHz,
corresponding to a 10 % loss in absorption amplitude, the relative errors introduced
by the simplified approach vary between 0.4 % and 1.2 % at B = 10 mT and between

5.4 % and 7 % at B = 30 mT, and are thus non-negligible for B > 10 mT, as they
increase non-linearily with increasing B.

Taking into account the exact T;;(B) values and the Zeeman shifts of the o and
o~ components to determine My from the reduced absorption ratio in B # 0 - this
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Figure 4.7: Nuclear polarisation M, in pure 3He for a probe laser tuned to the Cy
transition in spin temperature limit as function of probe frequency for different mag-
netic field values B. My is determined from computed probe absorption signals at
given M = 0.7 (straight dashed line) by the model for MEOP-kinetics. The determi-
nation of My is based on the reduced ratio R of probe absorption signals here (see
text, indicator ”"r” on each curve). Curved dashed line (bottom): Absorption profile
of Cy transition as function of frequency (not to scale) at M =0 and B = 50 uT.
Solid lines: Fixed ratio of transition intensities of the two line-components within Cy
used and Zeeman shifts neglected: 1r: B = 1 mT, 2r: B = 3 mT, 3rb: B = 10 mT,
4rb: B = 30 mT; vertical solid line: wy(B = 0) = 39.3442 GHz, frequency of the
Co-transition in B = 0.

Dash-dotted lines: T;;(B) and Zeeman shifts of o™ and ¢~ components taken into
account: 3ra: B = 10 mT, 4ra: B = 30 mT. Note the zoom on the y-axis with respect
to figure 4.8.
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is a less straight forward but more precise analysing procedure - solves the problem
of residual errors on My at B = 10 mT (curve 3ra) and B = 30 mT (curve 4ra), but
only exactly in resonance of B = 0. Within a possible probe detuning of £+ 0.38 GHz,
these systematic relative errors amount to + 0.4 % at B = 10 mT and + 0.8 % at
B = 30 mT. These relative errors of less than 1 % are acceptable, but care has to be
taken in tuning the probe laser, so as to not exceed the above mentioned detuning
limit, especially as detuning towards higher frequencies than wy(B = 0) can lead to
an overestimation of My compared to the given M of 0.7 in this case.

Figure 4.8 presents My values determined from the ratio r of probe absorption
signals (dotted lines) for different B values, either assuming a fixed ratio of 7;;(B = 0)
values and neglecting Zeeman shifts, or taking explicitly into account T;;(B) values
and Zeeman shifts of o™ and ¢~ components. For comparison, four curves at different
values of B from figure 4.7 (determination of My based on reduced ratio R, for fixed
ratio of 7;;(B = 0) and Zeeman shifts neglected) are added.

Obviously, even at lower B (curves 1 and 2 for B = 1 and 3 mT respectively), it is

better to base the determination of My on the reduced ratio R of probe absorption
signals to limit systematic errors, especially in case of possible probe detuning. At
higher B (curves 3b and 4b for B = 10 and 30 mT respectively), even in resonance,
the nuclear polarisation is underestimated by 1 % at 10 mT and by more than 7 %
at 30 mT. Taking into account the exact T;;(B) values and the Zeeman shifts of the o
and o~ components in the considered magnetic field, solves this issue in resonance,
but within a realistic possible probe detuning of + 0.38 GHz, My varies by F 4 %
at B =10 mT and by F 14 % at B = 30 mT.

These results clearly show that it is preferable to always use the reduced
ratio Ry (see equation (4.14)) in order to determine nuclear polarisation values
with the help of probe absorption measurements on the Cq transition.

However, the previous graphs for probe Cqy also show that even the best
possible analysing method (based on the reduced absorption ratio and taking into
account exact transition intensities and Zeeman shifts of o and o~ polarisation
components in B # 0) does not eliminate the effect of a possible uncontrolled
probe detuning in B. This constitutes one intrinsic difficulty of using Cq as probe
transition.

All previous graphs and corresponding observations concerning a probe laser
tuned to the Cy transition in pure *He, are valid for a given value of nuclear polarisa-
tion of M = 0.7. To conclude the discussion of effects of magnetic field on Cgy probe
measurements, the ratios of different values of given M divided by the corresponding
My as function of the probe frequency are presented in figure 4.9 at B = 30 mT.
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Figure 4.8: Dotted lines: My of pure *He in spin temperature limit determined from
ratio r of probe absorption signals at given M = 0.7 as function of probe frequency
for different values of B. 1: B=1mT, 2: B=3 mT, 3b: B=10mT, 4b: B =30 mT.
At all B: fixed ratio of transition intensities of the two line-components within C,
used and Zeeman shifts neglected.

Dash-dotted lines: T;;(B) and Zeeman shifts of ¢™ and o~ components taken into
account: 3a: B = 10 mT, 4a: B = 30 mT (My determined from ratio r in both cases
as well).

Solid lines: Curves 1r, 2r, 3rb and 4rb (top down) from figure 4.7 for comparison
(determination of My based on reduced ratio R, for fixed ratio of T;;(B = 0) and
Zeeman shifts neglected); vertical solid line: wy(B = 0)

Dashed lines: M = 0.7 constant and absorption profile (not to scale) of Cy (M = 0,
B = 50 uT).

Note that the vertical scale is different from figure 4.7.
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B =1 mT is not represented here since the M-dependence in very low field is negli-
gibly small (for pure 3He).

All values of My in this paragraph are based on the reduced ratio R of probe absorp-
tion signals.

Two cases are shown for four different values of nuclear polarisation each: either
using exact transition intensities and Zeeman shifts of o and o~ polarisation com-
ponents at B = 30 mT (dash-dotted lines: ’exact approach’) or using a fixed ratio
of T;; values of the two line-components of 3 : 1 and neglecting Zeeman shifts (solid
lines: 'simplified approach’) for the transformation from the reduced ratio R of probe
absorption signals (in both cases) into My values. The chosen values of nuclear polar-
isation are from top to bottom: M = 0.01 (a/A), M = 0.3 (b/B), M = 0.7 (¢/C) and
M =0.99 (d/D).

The main observed features in figure 4.9 at B = 30 mT of the ratio of given polar-
isation divided by the determined My values are the following: In both cases, either
using exact T;; values and corresponding Zeeman shifts or a fixed ratio of transition
intensities of 3 : 1, the highest discrepancies between M and My appear generally at
low nuclear polarisation values and increase with increasing probe detuning. Using
exact transition intensities and Zeeman shifts for the given magnetic field value elim-
inates the dependency of M in resonance of B = 0.

Within a possible realistic detuning range of Aw = + 0.38 GHz, the exact approach
qualitatively underestimates nuclear polarisation (ratio of M /My > 1) below reso-
nance and overestimates M above resonance (ratio of M /Mg < 1, except for M = 0.01,
the ratio passes to slightly higher values than 1 at 4+ 0.186 GHz above resonance).
Using the simplified approach of fixed 7;;(0) values, the determined My generally un-
derestimates M. The ratios of M /My are always above 1, for detuning towards lower
and higher frequencies, and also # 1 in resonance.

For the exact approach, the quantitative discrepancy between M and My amounts to
0.04 % (for M = 0.99) up to 0.9 % (for M = 0.3) at Aw below resonance, and ranges
between - 0.65 % and + 0.17 % (for M = 0.7 and M = 0.01 respectively) at Aw above
resonance, the dependency of nuclear polarisation is thus weak and not exceeding 1 %
anyway.

For the simplified approach, the qualitative discrepancies are overall higher, and also
the dependency of M is more pronounced (see figure 4.9).

In conclusion it is preferable to use the exact transition intensities and Zeeman
shifts to transform the reduced ratio of absorption signals of a probe laser tuned
to the Cq transition to nuclear polarisation values My at given B. However, an
intrinsic advantage of using Cg as probe transition instead of Cy consists in the
possibility to completely eliminate the effect of detuning in magnetic field.
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Figure 4.9: Ratios of different given nuclear polarisation values divided by the de-
termined My (based on the reduced ratio R of probe absorption signals) as function
of probe frequency in pure He at B = 30 mT: M = 0.01 (a/A), M = 0.3 (b/B),
M =0.7 (¢/C) and M = 0.99 (d/D).

Dash-dotted lines (legend in lower case letters in the inset): Determination of My
using exact T;;(B) values and Zeeman shifts.

Solid lines (legend in capital letters in the main graph): Determination of My using a
fixed ratio of transition intensities of 3:1 and neglecting Zeeman shifts.

Central vertical line ("I” for 'tuned’” at B = 0): wg(B = 0), two lighter vertical
lines (D ("down’): Aw below resonance and U (*up’): Aw above resonance): Aw =
+ 0.38 GHz (possible realistic probe detuning up to 10 % loss in the absorption am-
plitude).

Inset lower part: Global view over a larger frequency range of the same quantities as
plotted in the main graph.

Inset upper part: Dashed line: Cg absorption profile (not to scale) at M = 0,
B =50uT.

96



In the last part of this paragraph concerning intrinsic issues of using Cq as probe
transition in pure *He, the ratio of given M divided by the determined Mj is discussed
at fixed probe frequency as function of nuclear polarisation M. As in the paragraphs
above, My is inferred from computed probe absorption signals by the model for MEOP-
kinetics, and its determination is only based on reduced ratios R of absorption
signals in the following.

Figure 4.10 represents M /My at B = 30 mT as function of M at three different
fixed probe frequencies: at wg(B = 0) (curves 't’ for exact approach and T’ for
simplified approach, explanations of approaches see page 91), at wo(B = 0) + Aw
(curves 'u’ and 'U’), and at wg(B = 0) — Aw (curves 'd’ and 'D’). With respect to
figure 4.9, the presented curves in figure 4.10 correspond to vertical cuts along the
three vertical lines representing the resonance frequency and the borders of a realistic
maximum possible detuning range to higher and lower frequencies.

Concerning the dependence of M /My on nuclear polarisation M, figure 4.10 clearly

shows that for the simplified approach (solid lines), the highest relative error is
obtained at small absolute values of M, and it is decreasing with increasing absolute
value of M. The maximum relative error of approximately 10 % is consistent with
the value determined in figure 4.9. For the exact approach (dash-dotted lines),
the relative error vanishes in resonance for all possible nuclear polarisation values
between -1 and 1, and remains small (up to 1 %) within the possible assumed
detuning range. As already observed in figure 4.9, for positive polarisation values,
the relative error of My with respect to the given M is higher when detuned below
resonance (curve 'D’) and lower when detuned above resonance (curve "U’) compared
to the probe frequency exactly in resonance at wq(B = 0). This tendency is confirmed
by the different representation in figure 4.10.

Effect of “He on Cy probe at B=0 and B # 0

The second intrinsic issue when using the two-component line Cy as probe
transition is the influence of possible residual traces of “He (remaining from the cell
cleaning process prior to filling, see section 3.1) on the absorption measurements.
Since the D; and D, resonances of *He are very close to the Cy resonance of
3He (about 1.5 GHz above and 0.8 GHz below, see tables A.1 and A.2), possible
absorption of probe laser light by *He atoms thus leads to an error in the inferred
nuclear *He polarisation. This error varies with the fraction z, of *He to 3He partial
pressures.

In the following, the influence of residual “He is discussed at given M = 0.7,
for B =1 mT and B = 30 mT. Like in the previous paragraphs, the model for
MEOP-kinetics is used to compute o and o~ absorption signals as a function of
probe frequency at given value of nuclear polarisation M and given ratio x4 (M and
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Figure 4.10: Ratio of given polarisation M divided by determined My (based on
the reduced ratio R of probe absorption signals) at fixed probe frequency as func-
tion of M in pure *He at B = 30 mT: t/T: 39.34422 GHz = wq(B = 0) ("tuned’),
u/U:39.72 GHz = wy(B = 0)+Aw ("up’), d/D: 38.96 GHz = wy(B = 0)—Aw ("down’).
Dash-dotted lines (legend in lower case letters): Determination of My using exact
T;;(B) values and Zeeman shifts.

Solid lines (legend in capital letters): Determination of My using a fixed ratio of tran-
sition intensities of 3 : 1 and neglecting Zeeman shifts.
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x4 are defined by the user).

Figure 4.11 represents computed nuclear polarisation values for probe on Cq for
different fractions of *He at given M = 0.7 and B = 1 mT. The determination of M,
is based on the reduced ratio R of probe absorption signals.

Obviously, the discrepancies between the given value of M and the measured value
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Figure 4.11: Influence of residual *He traces on measurement of nuclear polarisation
by probe Cg at B =1 mT and M = 0.7 as function of probe frequency. My is inferred
using reduced ratios R of computed absorption signals for all different fractions x4 of
“He: curve I (corresponds to curve 1r of figure 4.7): pure 3He, curve II: 2, = 0.1 %,
curve III: 2, = 0.2 %, curve IV: 24 = 0.5 %, curve V: 24, = 1 %. Dashed lines:
Top: Fixed M = 0.7; Bottom: Cgy absorption profile (not to scale) at M = 0, B =
50 uT. Vertical solid line: wy(B = 0).

of My increase with increasing fraction of *He: My underestimates the given nuclear
polarisation in all cases, and the relative errors in resonance range from 2.5 % for
zy = 0.1 % to almost 21 % for 2z, = 1 % of “He. These discrepancies are even
higher in case the probe is detuned to lower frequencies, and lower up to approxi-
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mately 40.2 GHz, where a local minimum of relative errors is found. At this probe
frequency the discrepancies vary between 1 % (for 4 = 0.1 %) and 9 % (for x, = 1 %).

At higher magnetic field, residual traces of “He have an even stronger impact on
probe absorption measurements of M on the Cy transition. In figure 4.12, the influence
of He on My at given M = 0.7 and B = 30 mT is shown. For different fractions of
“He, M, is plotted as function of probe frequency. In all cases, the determination of
My is based on the reduced ratio R of computed probe absorption signals.

Furthermore, for 2, = 0 and z4 = 1 %, the simplified approach (using a fixed ratio

of transition intensities of both Cgy line components of B = 0 and neglecting Zeeman
shifts when transforming the reduced ratio of probe absorption signals into values
of My) is compared to the exact approach (using the exact T;; values and Zeeman
shifts at B = 30 mT).

Under the influence of residual “He traces, even the exact approach is unable
to yield exact My values in resonance. However, it is capable of reducing the
discrepancy between given M and My from 45 % using the simplified approach
to 34 % using the exact approach for a fraction of 4 = 1 % of *He in resonance.
For less important fractions of “He, the relative errors of My with respect to the
given M of 0.7 in this example decrease to 27 % for x4 = 0.5 %, almost 13 % for
x4 = 0.2 % and more than 7 % for x4y = 0.1 % (in B = 30 mT using the exact
approach), but do not vanish for x4 > 0.1 %. For x4 = 0.1 %, it is possible that My
matches the given value of M in case the probe is detuned to higher frequencies.
A local minimum of relative errors is observed at approximately 40.7 GHz, but
the discrepancy of My compared to M for x4 = 1 % still amounts to almost 10 % there.

The experimentally determined fractions of residual *He in the three cells used
throughout this work vary between x4 = 0.07 % and 0.4 % (cf. chapter 3.1).

In the following paragraph, still for the case of residual traces of *He, the
polarisation dependence of the ratio of a given value of M divided by the determined
My from computed probe absorption signals on Cg is discussed. As fraction of *He,
x4 = 0.4 % - the highest measured value in one of the cells used in this work - is
chosen to give a realistic upper bound of the effect.

Figure 4.13 represents the ratio of M /M, as function of probe detuning in B = 1 mT.
It clearly shows that the relative error introduced by using the probe laser on the
Cy transition is higher than in pure *He (at B = 1 mT, this effect does not play
any role yet in pure *He), and the general tendency with traces of *He is different
from the behaviour in pure 3He. In the frequency range between 38.96 GHz and
39.72 GHz, corresponding to a realistic maximum possible detuning, the relative
error now increases with increasing M (in contrast to pure 3He, see figure 4.7).
Below resonance (at 38.96 GHz), the relative error is higher than above resonance
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Figure 4.12: Influence of residual *He traces on measurement of nuclear polarisation
by probe Cyg at B = 30 mT and M = 0.7 as function of probe frequency. My is
inferred using reduced ratios R of computed absorption signals for all different frac-
tions x4 of *He.

Dash-dotted lines: Exact approach using T;;(B) values and Zeeman shifts of B =
30 mT: Ia (corresponds to curve 4ra of figure 4.7): pure *He, II: 4 = 0.1 %,
II: 24 =02 %, IV: 24, = 0.5 %, Va: 2, =1 %.

Solid lines: Simplified approach using a fixed ratio of transition intensities of 3 : 1
and neglecting Zeeman shifts: Ib (corresponds to curve 4rb of figure 4.7): pure 3He,
Vb: 24 =1 %.

Dashed lines: see caption of figure 4.11.
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Figure 4.13: Ratios of given nuclear polarisation values divided by the determined My
as function of probe frequency in 3He with residual *He (x4 = 0.4 %) at B = 1 mT:
M =0.01 (A), M =0.3 (B), M =0.7 (C) and M = 0.99 (D). The exact approach
yields no difference from the simplified approach (definitions see page 91) in this case,
since the transition intensities are not much different from B = 0 and Zeeman shifts
remain very small (see appendix A) in low magnetic field.

Vertical lines and dashed line: see caption of figure 4.9, note the different vertical
scale.
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and ranges between almost 5 % (at M = 0.01) and almost 40 % (at M = 0.99). At
39.72 GHz, the relative error amounts to almost 2 % at very small M and increases
up to approximately 21 % at very high M.

At B = 30 mT (figure 4.14), the qualitative behaviour with residual *He of
x4 = 0.4 % is the same as in low field, but relative errors quantitatively increase with
increasing magnetic field, at least in the examined range up to 30 mT.

Figure 4.14 shows ratios of given polarisation divided by My as function of probe
frequency at B = 30 mT.
Just as in low field, with residual traces of *He, it is impossible to obtain agreement
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Figure 4.14: Ratios of given nuclear polarisation divided by the determined My as
function of probe frequency in *He with residual *He (z4 = 0.4 %) at B = 30 mT:
M =0.01 (a/A), M =0.3 (b/B), M = 0.7 (¢/C) and M = 0.99 (d/D).

Dash-dotted lines (legend in lower case letters): exact approach.

Solid lines (legend in capital letters): simplified approach (descriptions of both ap-
proaches: see page 91).

Vertical lines and dashed line: see caption of figure 4.9, note the different vertical
scale.
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between M and My, i.e. ratio = 1, in resonance, even not by the exact approach using
accurate T;;(B) values and taking Zeeman-shifts into account. The exact approach
yields smaller relative errors though (see figure 4.14).

In the last part of this subsection concerning intrinsic issues of using Cqy as probe
transition with residual traces of *He, the ratio M/My is discussed at fixed probe
frequency as function of nuclear polarisation M.

Figure 4.15 shows the ratio of M/My for *He with x4 = 0.4 % of residual
“He traces at B = 1 mT. In low field, there is no observable difference between the
exact approach and the simplified one.

It confirms the tendency observed in figure 4.13: The ratio of M /Mg never equals 1,
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Figure 4.15: Ratio of given polarisation M divided by determined My at fixed
probe frequency as function of M in 3He with 0.4 % of *He at B = 1 mT:
T ("tuned’): 39.34422 GHz, U ("up’): 39.72 GHz, D ("down’): 38.96 GHz. No observable
difference between exact and simplified approach in this case.

meaning that in presence of residual *He, the actual polarisation is never exactly
measured by a probe on the Cg line. Furthermore, with traces of ‘He, the polarisation
dependence of the ratio M/My is different than in pure *He. With residual ‘He,
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it increases with increasing absolute polarisation value (curves facing upwards at
high M), whereas in pure *He, the M dependence is the opposite: small relative
errors at high M as illustrated in figures 4.10 (curves facing downwards at high M)
and 4.9. Besides, the relative error of My is higher when detuned to lower frequencies
(w < wy(B = 0): curve 'D’) than above resonance (w > wo(B = 0): curve 'U’) in
accordance with figure 4.13. Furthermore, the maximum relative error at high M and
Aw below resonance in the latter figure is quantitatively confirmed in figure 4.15.

In figure 4.16, M /My is plotted for 2, = 0.4 % of residual *He at B = 30 mT as
function of M.

The behaviour of M /My is qualitatively the same as at 1 mT (see figure 4.15): the
relative errors of My compared to the given value of M increase with increasing M,
and the highest errors are observed when the probe laser is detuned to frequencies
below resonance (curves ‘D’ or 'd’ for simplified or exact approaches respectively).
As expected, the exact approach is better suited to minimise discrepancies between
Mg and M, but the fact that it is impossible to reduce the relative error to zero with
residual traces of *He in B = 30 mT is confirmed.

Two general observations should be retained:

Independently of the magnetic field, shown here for the two extreme cases of B =1mT
and 30 mT relevant for our work, for *He with residual traces of “He, the ratio of M /My
is always > 1 i.e., in all cases with residual *He, My underestimates M. That is also
the case for pure 3He at B = 30 mT, but only using the simplified approach. The
exact approach in pure *He is capable to reduce relative errors of My with respect
to M to zero at B # 0 in resonance. But as soon as residual *He plays a role, a ratio
of M /My of exactly 1 can never be obtained.

In summary, the use of Cy as probe transition raises two main intrinsic issues:
First, the influence of magnetic field: In pure *He and in resonance only, this
influence can be eliminated using the reduced ratio R of probe absorption signals
and exact T;;(B) values and Zeeman shifts to transform this reduced ratio into
values of nuclear polarisation. It is impossible though to purge the influence of
magnetic field on probe measurements on Cy9 when the probe is detuned by an
unknown amount.

Second the influence of residual traces of *He: In resonance, it is impossible to
eliminate this influence, not even in low magnetic field. In higher magnetic field,
the impact of residual *He is actually more important.

Throughout this work, almost all of the experimental recordings were per-
formed with the probe laser tuned to the Cg line since probe measurements on Cg
are exempt of these limitations. My is independent of magnetic field and possible
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Figure 4.16: Ratio of given polarisation M divided by determined My at fixed
probe frequency as function of M in *He with 0.4 % of *He at B = 30 mT:
t/T ("tuned’): 39.34422 GHz, u/U ('up’): 39.72 GHz, d/D (‘"down’): 38.96 GHz.
Dash-dotted lines (legend in lower case letters): Determination of Mgy based on the
reduced ratio of probe absorptions using exact T;;(B) values and Zeeman shifts.
Solid lines (legend in capital letters): Determination of My based on the reduced ratio
of probe absorptions using a fixed ratio of transition intensities of 3 : 1 and neglecting
Zeeman shifts.
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probe detuning when its determination is based on the reduced ratio R of probe
absorption signals.

However, despite these intrinsic difficulties of Cg as probe transition, it should
not be completely discarded since in some experimental situations, it can constitute
an advantageous compromise e.g., for monitoring OP dynamics with intense pump
laser on Cg in low field. In this case, probe measurements on Cq are less perturbed
by processes affecting the 23S and 2P populations. These processes are presented in
section 4.3.

4.2.3 Influence of residual 7-light on longitudinal probe ab-
sorption measurements

The considerations in this subsection are generally relevant for probe absorption sig-
nals, independently of the chosen transition Cg or Cy: The influence of a small fraction
of m-polarisation within the probe light, originating on the one hand from the non-
parallel probe beam incidence compared to the magnetic holding field axis (inclined
probe configuration, see chapter 3.2), and emerging on the other hand from field com-
ponents of the terrestrial magnetic field non-parallel to the holding field. This influence
of the earth field results in a slight change of the overall magnetic field axis compared
to the pump and probe laser beams. Here, only the impact on the determination of M
by the probe beam is presented.

A ’contamination’ of the measured o*- and o~ -probe absorption signals by a
small fraction of 7-light signifies that not only one 23S sublevel (or one set of sublevels
for probe Cy) is monitored, but also a second one (or a second, different set of sublevels
for probe Cy).

In order to quantify the error arising from this effect, computed absorption sig-
nals for the three light polarisations o*, o~ and 7 by the model for MEOP-kinetics
at given probe frequency and magnetic field as function of polarisation are used to
create ’contaminated’ o*- and o~ -probe absorption rates by different fractions of -
light, keeping the overall beam intensity constant. Using these 'contaminated’ probe
absorption rates to infer Mg and My in the habitual way (see sections 4.2.1 and 4.2.2)
yields the following relative errors in the determined nuclear polarisation presented in
figure 4.17 for probe Cg and Cy in resonance (B = 0) as function of M, at B =1 mT
and 30 mT.

Independently of the fraction of w-light, its presence generally leads to an underes-
timation of the determined nuclear polarisation by probe absorption measurements
on Cg or Cy (ratios M /Mg and M /My always > 1). For the (unrealistic) high fraction
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Figure 4.17: Influence of w-light on the determination of M by probe absorption
measurements on Cg (left) and Cqy (right) using computed probe absorption signals
by the model for MEOP-kinetics as function of M. The ratio of given M divided
by the determined Mg or My is represented as function of M at B = 1 mT (solid
lines) and at B = 30 mT (dotted lines) for different fractions of w-light. H: high
fraction of 7-light: 3.3 % (which corresponds to the influence of the terrestrial field
in a very low holding field of B = 0.15 mT), E: realistic fraction of 7-light due to
earth magnetic field in B =1 mT (minimum B in this work): 8.05 x107*, T: realistic
fraction of 7-light due to inclined probe configuration: 4.2 x10~%.

of m-light, the relative error ranges between 3 and 5 % depending on the transi-
tion and the applied magnetic field. For the Cg probe transition, the relative error
at B =1 mT is higher than at B = 30 m'T, whereas for Cy, the relative error is higher
at 30 mT compared to 1 mT. For the realistic fractions of 7-light, 8.05 x10~* (due
to the earth magnetic field in a holding field of B = 1 mT) and 4.2 x10™* (due to
the probe inclination) there is almost no difference observable between 1 and 30 mT:
on Cg, mean relative errors amount to 0.08 % due to terrestrial field influences ("E’ in
figure 4.17) and to 0.04 % due to probe inclination respectively ('I’ in figure 4.17),
both at 1 and 30 mT. On Cy, mean relative errors at 1 mT are slightly smaller
than at 30 mT. They amount to 0.1 % ('E’) and 0.05 % (') at 1 mT, and range
between 0.12 % ("E’) and 0.07 % (') at 30 mT.

Under typical conditions of this work, the influence of additional 7-light com-
ponents on the determination of nuclear polarisation by probe absorption mea-
surements is thus negligible.
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4.3 Polarisation measurements with OP light (dur-
ing polarisation build-up)

As discussed in section 2.8.3, the distribution of metastable atoms between 23S sub-
levels is deeply modified when a pump laser drives 23S-23P transitions. Moreover, a
significant fraction of He atoms are promoted to the 23P level.

These two effects simultaneously occur and both contribute to change the probe light
absorption signals:

1/ The populations a; are no longer distributed according to the spin temperature
distribution associated to the current nuclear polarisation M.

2/ The absorption rate for the A; — B;j component varies, since it is proportional
to (a; — b;) and b; # 0.
We introduce the apparent polarisations M§ and M§ as defined by the values inferred
from the reduced ratios Rg and Ry using the spin-temperature formulas (equa-
tions (4.13) for probe Cg and (4.15) for probe Cy). Due to the two above-mentioned
effects, these apparent polarisations can significantly differ from the actual nuclear
polarisation M of the ground state. They depend on various experimental conditions
(pump laser tuning, polarisation, power, transverse profile; probe line; gas pressure).

In figure 4.18, the effect of OP-light on 23S and 2P populations of the strongly

pumped velocity class is illustrated for 5 W of incident laser power for Cg o pumping
at a pressure of p3=1.33 mbar (further parameters, see caption).
With the help of the model for MEOP-kinetics, all a; and b; populations are explicitly
computed in the spin temperature limit (no perturbations of populations), and under
the influence of OP light for a fictitious probe exactly on the cell axis to show the
maximum possible impact and for an inclined longitudinal probe path corresponding
to the experimental situation. The impact on the tilted longitudinal probe path is
smaller due to the radial Gaussian intensity distribution of the pump laser.

At M = 0 (left part of figure 4.18), in the spin temperature limit, the 2°S pop-
ulations are uniformly distributed and the 2°P populations are exactly zero (b;=0).
Under the influence of pump light, significant populations are created in 2°P, and a
strong "overpolarisation’ in 23S is induced. ’Overpolarisation’ in the case of o™ pump
light implies smaller a} for negative mp Zeeman levels and higher a} for positive
mp Zeeman levels respectively, compared to the spin temperature limit. Determining
the 23S polarisation averaged over the whole cell volume according to equation (2.31)
taking into account all af and ] sublevels influenced by the pump laser (cf. equa-
tion (B.45)) yields MS = 0.039. This result shows that under the influence of intense
OP light, M = MS is no longer valid.

Determining M either by a probe tuned to Cg or Cg - by the formulas presented
in sections 4.2.1 and 4.2.2 valid for the spin temperature assumption - reveals that
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Figure 4.18: Computed OP light-induced changes in 23S and 23P, populations of the
strongly pumped velocity class at p3 = 1.33 mbar and B = 50 uT, for two values
of M: On the left: M = 0, on the right: M = 0.5. Lower plots: 23S populations a}
to aj (F = 3/2), upper plots: 23S populations a and a (F = 1/2). Insets: 23P
populations bjg and bj,. Black (left) bars: ST populations in the absence of OP. Blue
(right) bars: Example of modified populations on the axis of the Gaussian pump beam
(Cg ot pumping, Wi,e =5 W, 1.33 cm FWHM diameter, 1.7 GHz FWHM spectral
width; uniform n,, = 3.2 x 10'% at/m?, Lyun = 2 x 30 cm). Magenta (central) bars:
Modified populations along the inclined probe path at otherwise identical conditions.
For the two examples of modified populations in 23S (on axis and along the inclined
probe path), af (open bars) and differences ai — b} (filled bars) are represented. Dif-
ferences are most visible for As, the sublevel addressed by the o pump.
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the changed probe absorption signals due to intense pump light yield higher appar-
ent polarisation values compared to the actual polarisation. At M = 0, the following
apparent polarisation values along the inclined probe path are obtained from popula-
tions a; —0bj in the strongly pumped velocity class for the probe transitions Cg and C:
M$¢ = 0.377 and M§ = 0.077.

At M = 0.5 (right part of figure 4.18), the OP light-induced populations in 23P
are less significant than at M = 0, and the difference between 23S populations under
the influence of OP light compared to the spin temperature limit is less important
which is reflected in the determined polarisation values: MS = 0.513, Mg = 0.714 and
M = 0.539.

To sum up, the perturbations of intense OP light are less important at higher M,
and a Cg probe is more affected than a Cy probe, when the Cg line is used for OP,
since the same sublevels are pumped and probed. In the same way, for OP on Cy,
the influence of pump light on the Cy probe is more important than on the Cg
probe. Apparent polarisation M? and 23S polarisation MS are two quantities that
are both affected by OP light, but the impact is different due to the different linear
combinations of affected a; sublevels that are used to determine either MS or M? (for
probe Cg or Cy). In order to infer Mg for example, only the populations of magnetic
sublevels of the hyperfine state F' = 1/2 for the strongly pumped atoms, a; and ag,
are needed, whereas MS constitutes a linear combination of all af and a] sublevels.
Moreover, apparent polarisations M? involve spatial integration along the probe
beam path, whereas MS involves an average over the whole cell volume.

The variation of M?* with M was illustrated for Cg and Cg probe in figure 2.12,
where M?* has been computed for typical MEOP conditions at p3 = 1.19 mbar, using
the model for OP kinetics. It was shown that the major contribution arises from the
skewing of the 23S distribution, and that already at pumping power Wi, = 1 W, the
contribution of populations in the 23P state was noticeable. The effects are higher at
lower pressure and/or higher pump laser power.

Given the intrinsic limitations of this OP model, for accurate measurements
of nuclear polarisation, we rely on experimental results rather than on computed
results to have the one-to-one correspondence between the inferred apparent po-
larisation M? and actual polarisation M. To this aim, dedicated experiments were
performed to compare, during polarisation build-up, the absorption-based values
with and without OP light. The method is described in section 5.3. The results
and their analysis are presented in section 6.2.

Such dedicated experiments have been performed in each gas cell, for the various
investigated plasma conditions and pumping conditions.

We note here that, for improved accuracy, the values of the steady state nuclear
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polarisation M., can be obtained from the analysis of polarisation decay (i.e., the
unperturbed Mg or My value - measured just after the OP beam is stopped - is used).

4.4 Measurements of metastable density n>

In the previous sections of this chapter, the main focus was on information that this
optical method provides about relative populations of the probed 23S sublevels. In
the present section, we discuss how probe absorption measurements yield information
about the total number density of atoms in the 23S state, i.e. the metastable
density n,.

4.4.1 Determination of n° for single-component and multi-
component transitions: Examples of Cs and Cy probe
Solving equation (4.6) (that uses optical transition rates 7;; from A; to B; given

in section 2.3) for n° directly yields the following expression for single-component
transitions:

—InT, 1
S () = - (£ — (1.20)
Lpath CLZ(M) T‘ij e_(5L /D)
with &= ﬁwfjg (4.21)
where 1 = 1.47105 x 1/T/300 x 10" m~2. (4.22)

The parameter ¢ is an optical cross section that can be used to express absorption
as a product of this cross section with length and density of the optical medium (as
used for instance by [Wal96] and [Mil98]).

For the more general case of multi-component transitions, the contributions of
all components have to be taken into account, and nS is given by:

~ 4 (—=InTy) 1
path ZCLZ(M> Eje (65 /D)

]

(4.23)

Equations (4.20) and (4.23) are exclusively used during polarisation decay in
absence of OP light in this work, where 23S populations can be safely described by the
spin temperature populations a$T (cf. section 4.2). Furthermore, 2°P populations b;
are strictly zero. During polarisation decay, it is not only possible to determine n>
at M = 0 from transmitted probe signals, but also to monitor the variation of n

m

S
m
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with nuclear polarisation M. Details are specified in the example of probe Cg below.
During polarisation build-up in presence of the pump laser, 23S and 23P popula-
tions are strongly perturbed with respect to ST (a; # ' and b; # 0), and an
experimentally reliable determination of metastable densities is therefore not possible.

nS inferred from measured probe transmission coefficients on Cg

m

We use equation (4.20) here to illustrate in detail, how the metastable density n2,
along the inclined probe path can be determined using probe Cg in longitudinal con-
figuration with o™ and o~ light polarisations. We also use this example to discuss the
issue of small geometrical differences due to spatially separated ot and o~ beams,
and the difficulties introduced in B # 0 by Zeeman shifts.

For improved readability, we introduce the following notations:
The transition frequency in B = 0 is denoted wgg; in B # 0, the notations wg, and wg_
are used for the angular frequencies of o and o~ transitions respectively. With these
notations, reduced (dimensionless) frequency shifts are defined:

0= (w—ws) /20D (4.24)
Z+ = (w8+ — u)go) /27TD (425)
Z_ = (wgg —ws—) /21D, (4.26)

where ¢ characterises the detuning of the probe laser compared to the Cg line in zero
magnetic field and Z; designate the Zeeman shifts of the o+ and o~ absorption lines
in B # 0. For simplicity, the transition intensities as function of B are denoted Ty,
for o light and Tg_ for o™ light. In B = 0, the transition intensities are equal for
both light polarisations and are therefore named by a single term: Tgy = 0.29185
= T517 = Tg,18 in conventional terminology.

Zy, Z_,Tg, and Tg_ are B-dependent, their numerical values in the applied range of
B in this work are compiled in table A.4.

With these notations, the metastable densities deduced from absorption measurements
on Cg along the inclined probe path with o or o~ light polarisations are given by
re-written expressions of equation (4.20):

st~ (-InTF) 1

n¥t =5 exp (Zy —0)° 4.27
Town aoTor p(Zy —9) (4.27)

., (=lnT7) 1
n =51 (=InT,) exp (Z_ +6)%. (4.28)

Lpath agly—

Since radial metastable density distributions are non uniform, and as spatially sepa-
rated o and o~ components do not probe exactly the same paths, measured probe
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absorbances —In7T." and —In7;, in equations (4.27) and (4.28) are not necessar-
ily exactly identical. This geometrical effect is observed to yield relative differences
between 0.5 and 2 % in the experimental conditions of our work.

In the following, we describe the chosen strategies to determine n® and dis-
tinguish between B = 1 mT, where the detuning parameter ¢ in equations (4.27)
and (4.28) has little impact, and higher values of magnetic field where ¢ has to be
explicitly determined.

Determination of n® in B=1mT

The exponential terms of equations (4.27) and (4.28) can be rewritten as follows:
exp (Z+ T 6)? = exp(Z2) exp (F27+6) exp(6?) = exp(Z2) {1 F 22 + 6+ ..},  (4.29)

where the term exp (F2746) is replaced by the corresponding Taylor expansion ne-
glecting higher orders, and ¢ is assumed to be small so that exp(6?) ~ 1. (This assump-
tion is realistic, since the mean value of d observed in our experiments at B =1 mT
for the 2.45 mbar-cell for instance amounts to 0.125 and thus 1 < exp(d?) < 1.016.)
Taking the mean value (n8F +n8-)/2 using equation (4.29) for the exponential terms
in equations (4.27) and (4.28) then yields:

~1 - 2 + 2
F_ 0 {—lnTS epo_+—1nTs exp 27
" 2Lpatm agTs— asTsy
~InT; Z_expZ* —InT)Z expZ?
26 - - : e 4.30
* ( agTg— asTsy " (4.30)

For the routine analysis in this work at B = 1 mT, only the first line of equation (4.30)
was used to infer n8 which does not require to determine 4.

The error introduced by this approximation has been evaluated by comparing the
exact value of n8, (line 1 + line 2 of equation (4.30)) to its approximation (only line 1
of equation (4.30)) as function of ¢ for different values of B. At 1 mT, there is no
detectable difference between the exact value and its approximation. At higher B,
the detuning 0 has to be explicitly determined as described in the following.

Determination of n¥ in 1 < B <30 mT

In order to determine the detuning parameter § that we consider essential for the
determination of n® in B > 1 mT, the ratio n3~ / n' is expressed using equa-
tions (4.27), (4.28) and (2.58), and set to 1:

1—M T Ty
1+ M InT+ Ts

exp (20 (Zy + Z_)|exp (22 — Z7) =1, (4.31)

114



which provides § when the nuclear polarisation M is known (e.g., at M = 0):

1 1+M TS Tol Z.-2,

5 = ] _
2(Z+Z) " |1-M InT- T 2

(4.32)

(The last term of equation (4.32) arises from the slight asymmetry of the Zeeman shifts
for o or o~ light (cf. table A.4) and can in most cases be neglected. In B = 30 mT
for example, (Z_ — Z,) / 2 equals 0.016 (and less in lower field), corresponding
to 19.2 MHz with respect to the Doppler width of 1.19 GHz.)

Due to the geometrical effect of spatially separated probe beam components, the
assumption used in equation (4.31) to set the ratio n® / n®F = 1 is not exactly
fulfilled. At higher B, we consider the ratio of probe absorbances to be a product
of this geometrical effect and an additional effect of magnetic field. For this reason,
one of the probe absorbances is multiplied by the ratio of signals in B = 0 in order
to account for the geometrical effect, and the detuning parameter ¢ is then in turn
explicitly determined using equation (4.32).

The determined value of § is then used in equation (4.27) or (4.28) to determine
the exact value of n® accordingly. (Both equations, based on o™- or o~ -probe
absorption signals, yield exactly the same value of metastable density when the
geometrical effect is taken into account.)

In practice, the above described procedures were applied at M = 0, where
as = ag = 1/6 in ST distribution, to directly determine metastable densities along
the inclined probe path from measured probe transmission coefficients. Results are
presented in section 6.1.1.

The variation of metastable densities with nuclear polarisation (during decay) was
then assessed by investigating relative variations of n° using equation (53) of [Cou02]
that (corrected by its typographic errors, cf. equation (2.59)) reads as follows:

nS (M) A /2 4 268/2 4 2e7P/2 4 o738/2

m —

nS (0)  A(0) Gefmr

(4.33)

This formula can be applied to ot probe absorption signals as function of M with
mg = —1/2 for as or to o~ probe absorption signals using mp = +1/2 for ag.
We routinely used both possibilities and determined the mean values of relative
variations of n with M. Results are presented in section 6.1.3.
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nS inferred from measured probe transmission coefficients on C,

m

The Cy transition was only used in some rare cases (up to B = 2 mT) to determine
metastable densities. For completeness, we provide here the used formulas based on
equation (4.23), that reads for o™ probe absorption signals on Cy:

—InTs
1
ndt =1 ( - s ) - 5T (4.34)
B)— B)-
bh gy 7y 1a(B) exp {, (22as(B)e }Hg To17(B) exp {f (2527) }

In analogy to Cg, the reduced Zeeman shifts in B # 0 and the detuning of the probe
laser with respect to the Cy components in zero magnetic field can be defined for the
Cy o™ components:

9118 = (w —w1,18(0)) /27D (
9217 = (w — w217(0)) /27D (
Zi1g = (w118(B) — w1,18(0)) /27D (4.37
Zf 17 = (w2,17(B) — wa,17(0)) /27 D. (

Using these definitions, the arguments of the exponential functions in equation (4.34)
can be simplified:

wig(B) —w w1 1s(B) —wi,18(0) — (w — w1,18(0))

oD 27D = Zi{15 — 018 (4.39)
w217(B) —w  w217(B) —w2,17(0) — (w — w2.17(0))
= I s 200 7 g = Sanr, (4.40)
so that equation (4.34) is reduced to:
_ +
9+ _ =—1 ( InTs ) 1 4 )

Ny, =0

I3 2 2
path a1 T1,18(B) exp {— (Zf:18 — 51,18) } + ag Tr,17(B) exp {— (Z;17 — 52717> ]

Neglecting the detuning of the probe laser with respect to the Cg components in zero
magnetic field, equation (4.41) further simplifies to the final form used in this work:

0+ _ ~—1 (=InT) 1

ny =0

e _ . (4.42)
pa a1 T1 18(B) exp [— (Zf:lg) ] + ap Th,17(B) exp [— (Z;n) ]

In exact analogy to the formulas derived for Cy ot above, we provide just the
final form used for determinations of n° by using the Cy 0~ component:

9- _~—1 (=InTy) 1

n, =0c
Lpath — 2 _ 2
as Tya7(B)exp |— Zya7 + a3 T518(B) exp | — Z318

. (4.43)
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(The B-dependent values of Z* and Tj; for all components of Cy o™ and o~ are
listed up to B = 30 mT in tables A.5 and A.6).

In order to infer nj,, equations (4.42) and (4.43) were used to determine n" and
nY~ that in turn served to calculate the mean value n?,.

4.4.2 Influence of collisional broadening and lifetime

Formulas (4.20) for single-component transitions and (4.23) for multi-component tran-
sitions are only valid in a low pressure limit. The precondition of a small damp-
ing rate of the optical transition coherence for equation (2.12) is only valid at low
pressure where I mainly comprises the radiative decay rate 7 of the 23P state
(v =1.022x 107 s [Cou02]); at higher pressure, atomic collisions contribute to I by
a pressure-dependent amount of order 10® s /mbar [Blo85]. Hence equation (2.12)
constitutes a low pressure approximation.
Due to Lorentzian shaped collisional line broadening at higher pressure, the line shapes
can no longer be approximated by Gaussian profiles as for pure Doppler broadening,
but can be characterised by Voigt profiles (emerging from a convolution of Gaussian
and Lorentzian profiles).
For the conditions of the present work (ps = 0.63-2.45 mbar, B = 1-30 mT), the effect
of pressure broadened line profiles on the determination of n,, is quantified in the fol-
lowing. This quantification is based on methods and dedicated programmes developed
in the context of high pressure OP in high magnetic field [Nik10, Nik12], where exact
formulas for high pressure use are given, and consequences on the determination of
metastable densities are discussed in detail.
An empirical dependence of the Lorentz width w; from pressure is established
in [Nik10] and [Nik12] by comparison of experimental profiles of a given probe transi-
tion with computed Voigt profiles at given magnetic field, polarisation, pressure and
temperature. The FWHM of the Doppler width wq is independent of pressure and
computed by the programme according to the entered temperature by the user (wg =
1.978 GHz at T' = 300 K). The input parameter wy, is varied until the experimentally
recorded profile is matched best. This procedure is repeated for several pressures and
the dependence of wy, from pressure is found to be linear. The estimation whether
pressure broadened line profiles are already relevant for the determination of n,, in
the present work is based on computations of Voigt profiles at 2.67 mbar (slightly
higher than the highest pressure in the systematic investigations of this work), the
Lorentz width wy, at 2.67 mbar amounts to 36 MHz (FWHM).

The dedicated programme that computes Voigt profiles provides transition
intensities S(w/27) as function of probe frequency w/27. In figure 4.19, S(w/27) is
represented as function of probe frequency in the range of Cs and Cy for B =1 mT
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(central profiles), for B = 30 mT, o~ light (profiles on the left) and for B = 30 mT,
o™t light (profiles on the right). Two cases are shown over the complete frequency
range: the low pressure limit of unbroadened Gaussian profiles (wy, = 1 MHz) and the
slightly broader Voigt profiles with lower amplitude in resonance for p; = 2.67 mbar
(wr, = 36 MHz).

Figure 4.19 illustrates qualitatively how pressure broadening influences the determi-
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Figure 4.19: Transition intensities S(w/27) as function of probe frequency. The peaks
between approximately 32 and 34 GHz correspond to the Cg resonance, the peaks
in the range of roughly 38 to 41 GHz to the Cy resonance respectively. Solid lines:
B =1 mT, dashed lines: B = 30 mT, o, dotted lines: B = 30 mT, 0. Two cases
are represented over the complete frequency range: low pressure limit of unbroadened
Gaussian profiles (wy, = 1 MHz, slightly higher amplitudes in resonance peaks) and
slightly broader Voigt profiles with lower amplitudes in resonance for p;3 = 2.67 mbar
(wy, = 36 MHz).

nation of the metastable density: The term ) a;(M) T}; e=G'/D)* in the denominator
0,

of equation (4.23), which is valid in the low pressure limit only, has to be replaced by

the corresponding transition intensity S(w/27) of the pressure broadened Voigt profile
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(S(w/2m) contains appropriate normalisation constants). Since S(w/27) is lower in
resonance than the transition intensity of the Gaussian Doppler profile, the resulting
metastable density using correct transition intensities S(w/2m) is higher than if the
determination was based on a pure Gaussian profile (see equation (4.23)). This means
that values of n,, neglecting effects of pressure broadening are underestimated.
Figure 4.20 quantifies relative systematic errors of n, when neglecting effects of
pressure broadening. For the same frequency range as chosen in figure 4.19, the
ratio of pure Gaussian transition intensities S(w/27) with wy, = 1 MHz divided by
Voigt transition intensities is represented for B = 30 mT, ¢ and o~ at a pressure
of 2.67 mbar and for B = 1 mT at p; = 1.33 mbar (w;, = 18 MHz) and 2.67 mbar
(wy, = 36 MHz).

At B =1 mT, figure 4.20 shows that the relative error on the metastable density n,,
arising from pressure broadened Voigt profiles is linear with pressure, implying
the highest relative errors in this work for the 2.45 mbar cell. Furthermore, the
ratio of Gaussian divided by Voigt transition intensities at B = 1 mT is higher or
equal to the ratio at B = 30 mT. On the Cg resonance, the relative error of n,, at
B = 1 mT amounts to 0.78 % at p3 = 1.33 mbar and 1.6 % at p3 = 2.67 mbar.
There is no significant difference for B = 30 mT, o~ and o* at 2.67 mbar on Cg.
On the Cy resonance, the highest relative error is observed at B = 1 mT: 1.63 % at
2.67 mbar. Here, the relative errors at B = 30 mT are smaller and slightly different
for the two light polarisations, ranging between 1.54 % for o™ and 1.55 % for o~
light. For both resonances and independently of the magnetic field, the relative error
decreases when detuned. It decreases by up to approximately 0.2 % when the probe
is detuned by Aw = =+ 0.38 GHz, which is estimated to be a realistic possible probe
detuning in section 4.2.

To conclude, the relative error on metastable densities arising from pressure
broadening does not exceed 1.63 % in the conditions of the present work. This
effect decreases with decreasing pressure, for the 1.19 mbar cell, it amounts to
approximately half of the above mentioned value (0.79 %), and for the 0.63 mbar
cell, it is almost negligible. The values of n,, are slightly underestimated when
collisional broadening is not taken into account.

A comparison of the effect of pressure broadening on n, with the relative
geometric difference between n,, derived from o or o~ probe absorption rates (both
light polarisation components are spatially separated, see chapter 3.2), indicates that
the effect of pressure broadening is smaller than the relative geometric difference, of
the same order of magnitude however.

At B =1 mT, where differences between values of n,, derived from one or the other
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Figure 4.20: Ratio of transition intensities of Gaussian line shape divided by S(w/27)
of pressure broadened Voigt profile as function of probe frequency. Solid lines:
B =1mT, p3 = 1.33 mbar (w;, = 18 MHz) and 2.67 mbar (wy, = 36 MHz). Dashed
lines: B = 30 mT, o~ p3 = 2.67 mbar, dotted lines: B = 30 mT, ", p3 = 2.67 mbar.
T ("tuned’): The two dark vertical lines designate the resonance frequencies Cg (left)
and Cg (right); D ("down’) and U ("up’): the two lighter lines below and above each
resonance frequency mark a possible realistic detuning range of 4+ 0.38 GHz. In ad-
dition, Gaussian profiles at B = 1 mT, B = 30 mT, ¢~ and B = 30 mT, o from
figure 4.19 are plotted above the main graph.
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probe absorption rate are mainly geometric since Zeeman shifts remain small (see
appendix A), the relative discrepancy between n! and n; ranges between 0.5 % and
2 % for the different utilised cells.

Summing up, the relative error due to the neglected effect of pressure broadening
leading to Voigt profiles instead of pure Gaussian Doppler profiles attains up to
approximately 50 % of the relative geometric difference between nf and n_ . Whereas
the geometric difference is an intrinsic property of the optical setup, the relative error
due to pressure broadening can be eliminated by taking into account the transition
intensities of the Voigt profile in all cases where the metastable density has to be
known very precisely. For the routine analysis throughout this work it has not been
taken into account by default.
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Chapter 5

Methods of data processing and
data reduction

In this chapter, we describe in detail which physical quantities can be deduced from
the experimentally measured signals, and how the data is processed and analysed.
One objective of this data reduction process is to directly compare experimental
and computed OP results, as for example polarisation M, the time derivative of
polarisation M during build-up, or pump and probe absorption signals.

The chapter is subdivided into several parts: After a short introduction (section 5.1),
the mainly used experimental protocol in this work including data processing of all
probe output signals is addressed in section 5.2. Then, all principles needed to analyse
dedicated experiments to account for perturbations of 23S- and 23P-populations in
presence of the pump laser are described in section 5.3. A short follow-up section
(5.4) explains how the results of these dedicated experiments are used to infer
actual polarisation values during polarisation build-up in presence of the pump laser.
Afterwards, section 5.5 describes methods used to analyse polarisation build-up
kinetics. In section 5.6, pump output signals are presented and uncertainties are
discussed. The last part of the chapter covers developed strategies in the context of
OP-enhanced relaxation in section 5.7.

5.1 Introduction to data reduction

All transmitted laser signals (having passed the cell with the gas discharge) recorded
by the data acquisition system described in chapter 3.3 are still modulated at ~ 70 Hz.
These pump and probe signals are post-processed after data acquisition. The signals
are demodulated numerically using a specially designed programme described in
appendix E. It provides three demodulated output signals: two demodulated probe
signals divided by the averaged transmitted signals for o~ and o~ -probe light com-
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ponents and the demodulated pump signal divided by the averaged transmitted pump
signal', and five additional output signals, averaged with the same time-constant
as the one chosen for the demodulated channels: transmitted light powers of both
probe components and of the pump laser, smoothed demodulated pump signal of the
analogue lock-in amplifier and the rejected pump light component.

Acquiring the rejected pump light signal allows to control light polarisation and
power of the pump laser at all times.

Recording the demodulated pump signal by the analogue lock-in amplifier is not
required in fact, as the transmitted pump signal is also demodulated numerically.
However, for the the purpose of checking and comparing the outputs of the numerical
demodulation and the analogue lock-in amplifier directly, the acquisition of this aux-
iliary channel is useful. An example of a direct comparison is presented in appendix E.

This first step of data processing, the numerical demodulation of signals, is com-
mon to all experimental protocols. Basically, three different kinds of experimental
protocols are performed in order to acquire data from which all relevant information
can be extracted.

The mostly used protocol in this work consists of a complete polarisation build-
up in presence of the pump laser and a period of polarisation decay without pump
laser. This protocol is described in more detail in subsection 5.2. It is performed with
recording of two light polarisations of the probe laser (see sections 3.2 and 4.1) at
fixed frequency tuned to resonance (Cg in most cases, see conclusion of section 4.2.2).
The pump laser is also tuned to resonance (mostly Cg or Cy, in some cases Cg). The
choice of the pump transition yielding best OP performances depends on experimental
conditions like gas pressure.

As described in section 4.3, the intense pump laser affects the polarisation mea-
surement performed by the probe laser. Therefore, dedicated experiments to account
for these perturbations of the 23S- and 23P-populations by the pump laser have to be
performed. This auxiliary protocol permits to reliably relate actual polarisations M
to apparent polarisations M*® during polarisation build-up and is explained in sub-
section 5.3. Results from this auxiliary protocol are used in the polarisation build-up
protocol to correct apparent polarisation values when the pump laser is switched on.

The third protocol consists in sweeping the probe laser frequency at a given
polarisation value. It can be realised for example during a polarisation decay if
the frequency sweep is fast enough compared to the nuclear relaxation time in the
discharge. This way, the measurement can be carried out at temporally stationary M,
and in addition, for different polarisation values during the decay. Furthermore,
performing the sweep-protocol without pump laser during the acquisition has the

1 As described in [Cou01] and in section 4.2, taking the ratio of the demodulated signal divided by
the averaged power to infer probe and pump absorbances strongly reduces effects of laser intensity
fluctuations and of optical thickness of the gas on the measured absorptions.
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advantage of avoiding perturbations of 23S- and 23P-populations. However, it can
also be performed on purpose in the presence of the pump laser to study systematic
effects (at zero nuclear polarisation for example).

The probe laser frequency is typically swept over a range covering Cg and Cg. It
is sufficient to record one probe light polarisation only. In this case, the nuclear
polarisation can be deduced from the ratio of the peak heights of Cg and Cgy in the
recorded absorption spectrum (either o*- or ¢7). Having recorded two light polari-
sations in the sweep-protocol, the nuclear polarisation can be deduced from the peak
heights of o~ and o~ -components, either on the Cg-resonance or on the Cy-resonance.

5.2 Polarisation build-up and decay

This experimental protocol - including a complete polarisation build-up in presence
of the pump laser as well as (parts of) the polarisation decay in presence of the rf dis-
charge without pump laser - is the most commonly used protocol for the systematic
studies of 23S-23P pumping below 30 mT. As described in detail in the following,
this protocol allows to determine many important characteristic parameters for the
OP process depending on the chosen settings, and thus contributes to gain deeper
insight into the complex relaxation mechanisms in *He plasmas and to ultimately
understand current limitations of He MEOP.

In table 5.1, an example of a typical timing for the polarisation build-up and
decay protocol is given. Before starting the data acquisition system, discharge and
probe laser are switched on, whereas the pump laser is still blocked.

The given OP timing in table 5.1 is suitable for intermediate laser powers of order
1-2 Watts.

For weak discharges with decay times in the plasma of several hundred seconds,
the recorded decay time given in table 5.1 corresponds to only a part of the complete
decay. If the discharge parameters have not been changed during a given experimental
run, this recorded part of the decay is long enough to check whether the plasma
relaxation time has not changed from one experiment to the other (with lower accuracy
on the exponential fit of the plasma relaxation time than if the acquired decay time
is longer).
During routine data acquisition at given discharge parameters, a longer fraction of the
complete decay has only been acquired once or twice per day. For acquiring a longer
fraction of the decay, as a rule of thumb, the recorded decay time without pump laser
in presence of the discharge was chosen to be of the order of the expected decay time
FBI, so that approximately one FBl was acquired in order to have a high accuracy on
the exponential fit of the decay time I'g'.

For stronger discharges with decay times in the plasma below 100 s, the
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Table 5.1: Typical timing for the protocol of polarisation build-up and decay (given
here for typical values of laser power and discharge intensity, cf. text). Beginning and
end of the different acquisition periods are indicated in the following time format:
e.g. 1’307 is equivalent to 1 minute and 30 seconds after the beginning of the data
acquisition. Experimental changes at the beginning of each acquisition period are
written in capital letters.

start stop | probe pump discharge remarks

0 0’307 on off on recording of zero-level
0’30” 1’007 on off OFF discharge off at M=0
1’00”  1°30” on off ON stabilisation of discharge at M=0
1’30" 4’007 on ON on polarisation build-up
400" 4’307 on on OFF discharge off at M.,
4’30 6’007 on on ON polarisation build-up continued
6’00” 10’00~ on OFF on decay of nuclear polarisation
10°00” 10’307 on off on MAGNET is moved around close to cell
10’30 11’00~ on off on recording of zero-level WITHOUT magnet
11°00” 11’30” | OFF off on probe offsets without pump at M =0
11°30” 12’007 off ON on probe offsets with pump + magnet (M=0)

recorded decay time given in table 5.1 corresponds to a long fraction of the de-
cay as more than one 'y is recorded, leading to a good accuracy of the exponential fit.

If the incident laser power is higher (2 2 W), the recorded OP time can be
reduced as polarisation build-up is faster. The same applies for low gas pressure
where polarisation build-up is also usually faster (see figure 6.40 for instance).

If the incident laser power is lower (< 0.25 W), the recorded OP time has to be
increased up to approximately 30 minutes at very low incident pump powers of less
than 10 mW. In these cases, two short additional acquisition periods (15 seconds
cach) are added before the discharge is turned off at steady state polarisation M.,
while the discharge is still switched on, the pump is switched off and on again in order
to have the actual steady state polarisation without pump laser and the apparent one
with pump laser on. Afterwards, the acquisition period with the discharge switched
off at M., remains unchanged with respect to the typical protocol given in table 5.1,
but the following second part of the polarisation build-up is restrained to 30 seconds
only, because the incident laser power is too low to reach M., again in due time.
Hence, the exponential fit of the polarisation decay does not start at M,,, but this
has no consequence on the extracted decay time I'p'.

These two additional acquisition periods are not necessary at higher incident pump
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laser power, because the steady state polarisation is reached again at the end of
the second polarisation build-up period (4’30” - 6°00”), so that the apparent steady
state polarisation (with pump on, at the end of polarisation build-up) can be directly
compared to the actual steady state polarisation (with pump off, at the beginning of
polarisation decay).

In order to illustrate the typical timing of the polarisation build-up and decay
protocol given in table 5.1, the right graph of figure 5.1 shows an example of averaged
transmitted probe power signals. The example has been acquired at p; = 0.63 mbar
(®*He-pressure), using a strong discharge and 0.42 W of incident pump laser power on
the Cg-transition. The left graph of figure 5.1 presents the recorded TTL reference
signal and shows two small sections of the raw transmitted probe powers in which the
modulation of the absorption is clearly seen.

Initially (left section in left graph of figure 5.1) the gas is not polarised (M = 0)
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Figure 5.1: Example of raw and averaged transmitted probe power signals as function
of time in the experimental protocol of polarisation build-up and decay.
p3 = 0.63 mbar, pump: Cg, Wi, = 0.42 W, probe: Cg, B = 1 mT, I'p = (69s)7",

nS (M = 0) = 3.34 x 10'% atoms/m?, data acquisition frequency: 1 kHz.

Left: Two subsections of raw PD voltage recordings (upper traces, modulated at
~ 70 Hz) and TTL reference signal (lower trace). In the left section of the graph,
discharge is on, pump is blocked, and transmitted probe powers are recorded at
M = 0, showing nearly equal modulation depths. In the right section of the graph,
after 150 seconds of MEOP, the ratio of the modulated absorptions is significantly
modified.

Right: Time averaged transmitted probe power signals as function of time. Timing
details: see table 5.1; signals are averaged by the time constant of the numerical de-
modulation: 7774 = 30 ms. Upper line at ¢ = 0: o~ -component of the probe laser;
Lower line at ¢t = 0: o"-component of the probe laser.

and the modulation depths of the o+ and o~ components are nearly equal, of order
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~ 40 %, which is higher than in most other experiements where the modulation depth
usually did not exceed 30 %; later (right section in left graph) the gas is polarised
(Meq = 0.682 as will be seen later, cf. right graph of figure 5.9) and both, absorption
rates and modulation depths are different for the two components. The right graph
of figure 5.1 shows the time evolution of the averaged absorption signals in the exper-
imental protocol of polarisation build-up and decay. In the following, we explain for
which purpose and in order to extract which experimental parameters the different
acquisition periods shown in table 5.1 and figure 5.1 are needed.

The tool to numerically demodulate signals provides six types of output signals
(cf. introduction in section 5.1). Within the present chapter, it is described in
detail for every output signal which physical parameters can be deduced from it
and how. The probe output signals of the numerical demodulation are discussed
in subsections 5.2.1 and 5.2.2. The pump output signals are presented later, in
subsections 5.6.1 and 5.6.2. One output signal, the demodulated pump signal of the
analogue lock-in amplifier (Ithaco model 3961 B) is only averaged by the numerical
demodulation and is subject to further investigations summarised in appendix E. The
time constant used for the numerical demodulation is 774 = 30 ms in all examples
of output signals shown in sections 5.2 - 5.4 and 5.6.
Like for the transmitted probe power signals shown in figure 5.1, all further expla-
nations concerning the analysis of the polarisation build-up and decay protocol are
given for an acquisition with the probe laser tuned to Cg. For acquisitions with the
probe laser tuned to Cy, all steps of the analysis can be processed in a similar manner,
the equations to determine nuclear polarisation and metastable density are given
in chapter 4 (equations (4.13) and (4.30) for probe Cg, and equations (4.15), (4.42)
and (4.43) for probe Cy).

5.2.1 Transmitted probe signals

The averaged transmitted probe power signals (right graph of figure 5.1) are first
of all used to determine the electrical offsets of both probe components when the
probe laser is switched off (acquisition period: 11’ to 12’), and it is checked whether
these offsets change when the pump laser is switched on, the probe laser remaining
switched off (11'30” to 127). In the investigated cases, the offsets of the probe signals
did not change in presence of the pump laser, at high incident laser powers the
noise level of the probe component with the same circular light polarisation as the
pump laser is increased though. These offsets have to be considered for all steps of
the analysis directly based on the transmitted probe power signals, and also when
determining the polarisation with the help of the demodulated signals divided by the
average transmitted probe power signals.
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Probe transmission

In a second step, the transmitted probe power signals are used to determine the
ot and o~ probe transmission coefficients T, and T, , which equal 1 at maximum
transmission (e.g. when the discharge is switched off) and 0 when the probe laser
is turned off. In order to obtain 7.f and T, the average transmitted probe signal
with offset subtracted as function of time of each probe component is divided by its
value when the discharge is turned off (¢ = 0’30”-1'00” and 4°00”-4’30"). In general,
the value of the first discharge off-period (pump off, M = 0) was used to determine
the probe transmission coefficients. In practice, imperfect rejection of pump stray
light is found to slightly affect transmission measurements on the o channel at high
pump powers. This can influence the determination of the nuclear polarisation as
function of time in case it is based on probe absorbances -In(7.") and -In(7}). It
has no influence on the determination of the nuclear polarisation when it is based
on the demodulated probe signals as done throughout this work and as described in
section 5.2.2.

In figure 5.2, the probe transmission coefficients 7., and 7, are represented as
function of time for the chosen experimental example. In this case, the values of
transmitted probe power signals were identical during both periods with discharge
switched off, at M = 0 and M., respectively.

Metastable density at M =0

In a third step, the probe absorbances -In(7.") and -In(7,) at M = 0 (see
indicated period (M = 0, discharge ON) from ¢t = 30 s to 60 s in figure 5.2) are used
to determine the integrated metastable densities at M = 0 along the inclined probe
paths, n>* (M = 0), using equations (4.30), or (4.27) and (4.28) for probe Cs. Details
are described in section 4.4, where formulas to infer nS (M = 0) for probe Cy are
provided as well (equations (4.42) and (4.43)).

Three contributions have to be taken into account to quantify the error of n° at
M = 0: the geometric difference of the two probe paths, the errors of the transmitted
probe power signals (cf. figure 5.1), discharge off, and the errors of probe transmission
coefficients T;" and T, at M = 0 (cf. figure 5.2), discharge on. Typical relative errors
of nS (M = 0) range between 0.4 % and 4 %.
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Figure 5.2: Probe transmission coefficients 7.7 and T, as function of time in the
experimental protocol of polarisation build-up and decay. Timing and experimental
details: see caption of figure 5.1. T, increases from ¢ = 90 s on (pump laser released)
up to a maximum value of 0.93, whereas T, first decreases down to 0.46 and then
increases up to a maximum value of 0.59. The two periods with T.;F = T, = 1
(t =30-60 s and ¢t = 240-270 s) correspond to the periods during which the discharge is
switched off (at M = 0 and at M., respectively); during the period with 7, =T, =0
from ¢ = 660 s up to 720 s the probe laser was switched off. 7.t and 7', values of the
indicated period (M = 0, discharge ON) from ¢ = 30 s to 60 s are used to determine
the metastable density at M = 0 (see next paragraph).
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5.2.2 Demodulated probe signals

Probe absorption signals

The second type of output signals of the numerical demodulation are determined
by using the demodulated probe signals (i.e., raw signals shown in the left graph
of figure 5.1 that are demodulated) and dividing them by the average transmitted
powers (shown in the right graph of figure 5.1) for each probe component, so that
the o and o~ probe absorption signals, A, and A_ (see sections 4.1 and 4.2), are
obtained. Whenever necessary, electrical offsets in the probe signals are corrected after
numerical demodulation, automatically or manually depending on situations.

On the left of figure 5.3, the measured probe absorption signals A, and A_ are
represented as function of time for the same example as in figure 5.1.

Subsequently, the reduced ratio of probe absorption signals is built R = A+A-(0)

A_A5(0)
(cf. equation (4.10)). As described in detail in section 4.2, when using Cg as probe

transition, the reduced ratio Rg is independent of probe detuning and of magnetic
field.

On the right of figure 5.3, the reduced ratio Rg is shown as function of time for the
chosen example.
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Figure 5.3: Left: Probe absorption signals A, and A_ as function of time; experimental
settings: see caption of figure 5.1, timing details: see table 5.1. Right: Reduced ratio
Rg = ﬁfﬁ;gg; as function of time. The two breaks in the curve (between ¢ = 30 and
60 s and ¢ = 240 and 270 s) correspond to the acquisition periods with discharge off.
Building the ratio of both probe absorptions during these discharge off-periods leads
to a division by a very small value close to zero. The obtained values have no physical

sense and are thus not represented in the right graph during these periods.
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Nuclear ground state polarisation

The deduction of the nuclear ground state polarisation M in the case of a Cg-
probe is then a straight forward procedure (see equation (4.13)):

_1- Ry

My = .
* T 1+ R

(Formulas to infer nuclear polarisation from measured probe absorption signals on Cg
are provided in section 4.2.2).

An example of Mg as function of time is given in figure 5.4. Note that equa-
tion (4.13) yields apparent polarisation values for periods when the pump laser is on
(t =90 s to 360 s), and the actual polarisation for all other periods when the pump
laser is off.

During the period when the pump laser is off (t = 361-600 s), the polarisation decay
is fitted by a an exponential decay: M = M., - exp(—(t — to) I'n). With given ¢, this
exponential fit yields the decay rate I'p and the steady state polarisation M, in the
case of intermediate and high laser powers for which the timing of the experimen-
tal protocol is compliant to table 5.1, i.e. for which the steady state polarisation is
reached again in the second part of the polarisation build-up (¢ = 270 - 360 s in the
given example). In the case of low incident laser power, when two additional acqui-
sition periods are introduced before switching off the pump laser (see page 125), the
polarisation decay does not start at M, and therefore cannot be determined by the
exponential fit, but directly on the polarisation curve. The fact that the exponential
fit in these cases does not start at M, does not affect the determination of the decay
rate I'p.

Relative errors of extracted M, values amount to approximately 0.5 %, relative
errors of extracted I'p-values are up to a factor of 5-10 smaller (depending on the
signal-to-noise-ratio of the demodulated probe signals from which nuclear polarisation
is inferred and on the length of the recorded decay period with respect to I'p) and are
therefore negligible in this work.

In stationary conditions at zero nuclear polarisation and steady state polarisation,
at the instants when the pump laser is switched on and off again, the shown build-up
curve in figure 5.4 provides three important polarisation values: apparent polarisation
at zero nuclear polarisation (M = 0), M§ (see left inset of figure 5.4), as well as actual
and apparent polarisation at steady state polarisation, M., and Mg, (see right inset
of figure 5.4). In the chosen example, they have the following values: M§ = 0.158,
M., = 0.682 and Mg, = 0.758.

In order to reliably relate actual polarisations M to apparent polarisations M
during polarisation build-up in presence of the pump laser, results of an auxiliary
measurement, protocol, which is explained in detail in the following section 5.3, are
required.
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Figure 5.4: Build-up and decay of nuclear polarisation as function of time; experimen-
tal settings: see caption of figure 5.1, timing details: see table 5.1; time constant of
the numerical demodulation: 7p1a = 30 ms; ¢ = 90.8-360.8 s: pump laser on: apparent
polarisation, ¢ = 0-90.8 s and 360.8-660 s: pump laser off: actual polarisation. The
two breaks in the curve correspond to discharge off-periods, see caption of figure 5.3.
Exponential fit of polarisation decay (t = 361-600 s): M = M., - exp(—(t — t9) I'p)
with ¢y = 361 s yields a steady state polarisation M., of 0.682 at the beginning of the
decay and a decay rate I'p of (69s)~!. Left inset: Detail at M = 0 to determine the ap-
parent polarisation (pump on) at zero nuclear polarisation: M§ = 0.158; Right inset:
Detail at M = M., to determine the apparent polarisation (pump on) at steady state
polarisation: Mg, = 0.758. The vertical scale is the same in both insets (AM = 0.45,
but different starting and end points), whereas the horizontal scale is not the same in
both insets (left: At = 3 s, right: At =80 s).
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5.3 Dedicated experiments to account for pertur-
bations of 2°S- and 2°P-populations in presence
of the pump laser

OP light from the pump laser depletes selected 23S sublevels so that populations are
driven significantly away from the spin temperature distribution. Furthermore, it cre-
ates significant populations in the 23P state. Physical background information is given
in section 2.8.3, consequences on the measurement of polarisation during polarisation
build-up are described in section 4.3, and results of these dedicated experiments over
the whole range of experimental conditions in comparison to computations by the
model of MEOP-kinetics are presented in section 6.2. Here, the focus is on the de-
scription of how a reliable one-to-one correspondence between the inferred apparent
polarisation M?® and actual polarisation M is established.

Hence, the main objective of this experimental protocol is to compare probe
absorption signals without pump laser and in presence of the pump laser at different
nuclear polarisation values during a build-up process. Therefore, the pump laser is
periodically turned on and off (by blocking the pump beam between collimator and
polarising beam splitter cube) during the polarisation build-up; the probe laser as
well as the discharge have to remain switched on during the complete experiment.

Before starting the experiment, pump and probe lasers are tuned to the required
transition, the pump laser power is chosen, and the discharge is set to the desired
rf level. As it is possible that the gas is still polarised from earlier experiments, it also
has to be made sure prior to starting the experiment that the nuclear polarisation
M is zero. In the given magnetic field range of 0-30 mT, this can be conveniently
achieved by moving around a small permanent magnet close to the cell and removing
it before starting the experiment.

Timing details of this experimental protocol are given in the following as guiding
values for typical pump laser power values of a few Watts and a weak discharge (decay
time in the plasma of several hundred seconds); when the pump laser power is smaller
(< 0.5 W), the pumping intervals are extended.

The data acquisition system is started and the pump beam remains typically
blocked during the first 30 seconds of the experiment while probe laser and discharge
are already switched on. This acquisition of the M = 0 level is necessary to obtain
the ratio of both probe absorptions at zero nuclear polarisation (required in the
determination of M, see equation (4.12) for probe Cg, or chapter 4 for a general
description of the principle of measuring nuclear polarisations in this work).

After 30 seconds of zero-level recording, the pump laser is opened for five times
1 second approximately at the beginning of the pumping process, when nuclear
polarisation builds up very fast, then five times 2 to 3 seconds approximately, after
that, five times 5 to 6 seconds and finally, once 15 seconds to get close to the steady

133



state polarisation value at the end of the build-up process. The time intervals when
the pump laser is blocked - in between these 16 pumping intervals - are always about
4 to 5 seconds long. This sequence of intervals with and without pump laser leads to
a total acquisition time of about 3 minutes for one pump transition at fixed probe
transition. If two different pump transitions are recorded at fixed probe transition,
the acquisition time is doubled.

Concerning the analysis of this experimental protocol, the first step consists in
extracting the nuclear polarisation from the ratio of measured probe absorption sig-
nals in the same way as described in detail for the polarisation build-up protocol
(section 5.2). Therefore, the output signals of the numerical lock-in amplifier, namely
the demodulated signal divided by the average power for both probe components, are
used. As specified in chapter 4, this procedure can be performed either with the probe
laser on Cg or on Cy, using equations (4.13) or (4.15) respectively.

In figure 5.5, a typical temporal evolution of the nuclear polarisation (complete

evolution on the left, selected detail on the right) is shown for this experimental pro-
tocol. The represented example is recorded at p3 = 1.19 mbar, B = 1 mT, with pump
and probe lasers on the Cg transition, incident pump laser power of 1.66 W, decay
rate I'p = (617 s)~! and metastable density n5 (M = 0) = 1.35 x 10'® atoms/m?3.
(This is not the corresponding dedicated experiment to the example presented in sec-
tion 5.2, but for all different experimental conditions, such dedicated experiments to
account for perturbations of 23S- and 23P-populations in presence of the pump laser
were performed.)
In this chosen example, the perturbations of the 23S- and 2°P-populations in presence
of the pump laser are of intermediate extent: the perturbations are more important at
lower pressure and/or higher pump laser power, and less important at higher pressure
and /or lower pump laser power. Moreover, the perturbations are also generally less
important when the probe laser is used on a different transition than the one that is
pumped. These dependencies are presented in detail in chapter 6, section 6.2.

This polarisation build-up shows parts - during which the pump laser was switched
off - where using the formulas valid in the spin temperature limit to infer the nu-
clear polarisation (cf. chapter 4) leads to correct actual polarisation values (examples
in the plot named M; to M,). Whenever the pump laser is switched on, using the
formulas valid in the spin temperature limit leads to higher apparent values of the
nuclear polarisation (examples in the plot named M$ and My). This discrepancy be-
tween actual and apparent polarisation values results from perturbations of the 23S-
and 23P-populations due to the intense pump laser, its extent depends on the chosen
transitions for pump and probe lasers, on the incident laser power and on the gas
pressure.

The goal of these dedicated auxiliary experiments is to find a correction function
for the given experimental conditions (pump and probe transitions, incident pump
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Figure 5.5: Temporal evolution of the nuclear polarisation in a dedicated experi-
ment to account for perturbations of 23S- and 23P-populations due to the pump
laser: the pump laser is switched on and off periodically (timing details: see text);
p3 = 1.19 mbar, pump: Cg, Wi, = 1.66 W, probe: Cg, B = 1 mT, I'p = (617s)7",
nS (M =0) = 1.35 x 10'° atoms/m3. Left: Complete evolution, Right: Detail of

m

selection (t = 61-74 s).

power, gas pressure and discharge intensity) that can be used for the main experi-
mental protocol described in subsection 5.2 in order to reliably relate actual polar-
isation values to apparent ones at any instant of the polarisation build-up. This is
very important for studying dynamics of OP-processes. Furthermore, these dedicated
experiments provide information about the time derivative of polarisation (M ), that
can be compared to corresponding M-values extracted from the main experimental
protocol. Selected comparisons of data derived from different experimental protocols
in given experimental conditions are discussed in section 6.3.1.

In the following, it is described how the correction function, that relates M* to
M, is extracted from the experimental data, and how M is deduced.
In order to determine the time instants when the pump laser is turned off and on,
the average transmitted pump signal is differentiated with respect to time ¢, and the
x-positions of the peaks are determined on this first-order derivative (see figure 5.6).
Positive peaks correspond to the instants when the pump has been turned on and
negative peaks to the instants when the pump has been turned off respectively.
These positive and negative peak positions and the complete polarisation curve as
function of time shown in figure 5.5 are used as input by a Fortran-programme?. This
programme reads in the values for time and polarisation during the periods when
the pump laser is turned off (e.g. between M, and Mj in figure 5.5). During these
periods, the nuclear polarisation starts to decay exponentially. In order to determine

2All programmes used for data reduction were developed at LKB by P.-J. Nacher.
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Figure 5.6: Top: Transmitted pump signal in a dedicated experiment to account for
perturbations of 23S- and 23P-populations due to the pump laser (settings: see fig-
ure 5.5); Bottom: First-order time derivative of the transmitted pump signal, crosses
mark the x-positions of the peaks which correspond to the instants when the pump
laser has been switched on (positive peaks) and off respectively (negative peaks).
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time- and polarisation-values at the end of each pumping period (e.g. My and M,)
and at the beginning of each pumping period (e.g. M; and M3), the programme
performs linear fits on log(M) during these short periods of polarisation decay.

The apparent polarisation values at the end of each pumping period (e.g. Mg and
My{) are determined manually (this was found to be more reliable).

By this procedure, a table with pairs of time instants and actual polarisation values
M (without pump laser) at the end of each pumping period is obtained, as well as
the corresponding apparent polarisation values M (with pump laser switched on).
Furthermore, the programme determines the time derivative of polarisation: for

example 8M = Ma=M, {41 two of the specified actual polarisation values in figure 5.5.

A —

In the same way, the programme determines AA—]‘f for all recorded pumping intervals.
As it is convenient to plot the determined values of % as function of M so as
to possibly compare them to other experiments, the programme also determines
the average polarisation value M,, in each AA—Af interval: M, 12 = (M; + Ms)/2 for
example.

Figure 5.7 shows the obtained values o
example.

In order to obtain the desired correction function for use in the main experimental
protocol described in subsection 5.2, the inferred actual polarisation values M are
plotted versus the apparent polarisation values M“. For the purpose of relating
the apparent polarisation values to the actual ones during the entire build-up, the
experimental curve is fitted by a second-order polynomial, which empirically turned
out to best fit experimental data.

For the chosen example (settings: see figure 5.5), this is represented in figure 5.8.
In addition to the data points from the dedicated experiment, two experimental
points from the corresponding polarisation build-up protocol are shown in the
graph. In this standard protocol, pairs of apparent and actual polarisation values are
directly obtained when the OP laser is released (M = 0) and blocked (M = M.,
unperturbed value, measured during polarisation decay, just after the OP beam is
stopped, cf. section 5.2). These two data points taken from the polarisation build-up
protocol are in very good agreement with the experimental points and the correction
function of the dedicated experiment. From this fact, it follows that the correction
function determined in the dedicated experiment is well suitable to infer the actual
polarisation value M for each apparent polarisation value M in this example.
Dedicated experiments are acquired for all different experimental conditions (e.g.,
different incident pump powers, pump and probe transitions, rf excitation levels, gas
pressures) used in the polarisation build-up protocol, and it is checked for each of
these settings that data points at M = 0 and M., from this main protocol are in
good agreement with experimental points obtained in the dedicated experiments.

f AM

A; as function of M,, for the chosen

In cases where the agreement is not as good as shown in the example of
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Figure 5.7: AM / At values as function of the average actual polarisation value M,
within a pumping interval, deduced from a dedicated experiment to account for per-
turbations of 23S- and 2°P-populations due to the pump laser (settings: see figure
5.5). The two examples of M,,-values correspond to the ones of figure 5.5 (detail).
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Figure 5.8: Filled squares: Actual polarisation M as function of apparent polarisa-
tion M? in a dedicated experiment to account for perturbations of 23S- and 23P-
populations due to the pump laser (settings: see figure 5.5). Open circles: Appar-
ent polarisation values at beginning and end of OP period of corresponding OP
experiment (same settings, but different experimental protocol, see subsection 5.2).
Line: Polynomial fit on the data points of the dedicated experiment to determine
the correction function for use in the protocol of polarisation build-up and decay:
M = —0.358 + 1.059 - M* + 0.289 - (M*)2.
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figure 5.8, it is possible to proceed in the following way: A second-order polynomial,
which empirically turned out to best fit experimental data has 3 free parameters:
curvature, slope and axis intercept. Actually the curvature is constrained as it can
be expressed as a function of absorbed pump laser power. Thus, the fit is reduced
to 2 free parameters, and given the 2 measurements at M = 0 and M., from the
standard protocol, a reliable transformation function that relates actual polarisation
to apparent polarisation can be inferred.

To conclude, the possibility of accurately relating M to M® during the entire
polarisation build-up and for different experimental parameters and settings allows to
reliably study OP dynamics over the whole range of experimental conditions.

5.4 Inferring actual M-values during polarisation
build-up in presence of the pump laser

Using the results of this auxiliary measurement protocol described in section 5.3 allows
to infer actual polarisation values M during polarisation build-up in presence of the
pump laser in the most commonly used protocol for our systematic studies of 23S-
23P, pumping below 30 mT. For all different experimental conditions, such dedicated
experiments to account for perturbations of 23S- and 2*P-populations in presence of
the pump laser were performed.

In the following, we resume the discussion of the example of apparent polarisation
as function of time represented in figure 5.4. The determined important polarisation
values in stationary conditions (Mg, M, and M, see caption of figure 5.4) are now
used in the following way: The actual polarisation values at zero and steady state
polarisation for the polarisation build-up and decay experiment are plotted as func-
tion of the apparent polarisation values (open circles in the left part of figure 5.9).
Afterwards, the correction function extracted from the corresponding dedicated ex-
periment (used methodology see section 5.3) is applied to the apparent polarisation
values during the complete build-up and also included into the plot that represents
the actual polarisation as function of the apparent one (line in left part of figure 5.9).
The correction function meets the requirements?® if it passes by the upper and lower
borders marked by the pairs of actual and apparent polarisation values extracted from
the polarisation build-up and decay protocol in stationary conditions.

The right part of figure 5.9 represents the entire polarisation curve as function
of time for the chosen example. During the period of the polarisation build-up
(t = 90.8 - 360.8 s), the temporal evolution of the apparent polarisation (upper curve)
as well as of the actual polarisation (obtained by applying the adapted correction

3If that is not the case, see last paragraph of section 5.3, page 140, for an alternative strategy to
infer a reliable transformation function that relates actual polarisation to apparent polarisation.

140



function to the apparent polarisation values, lower curve) are plotted. The actual
polarisation as function of time (lower curve) exhibits no signs of overpolarisation
effects at the beginning of the polarisation build-up (as shown in the left inset of
figure 5.4 and explained in detail in section 4.3) and, what is more clearly observable
without zooming into the plot, shows no difference in the transition region around
t = 360 s between the corrected actual polarisation at M., in presence of the pump
laser and the steady state polarisation value at the beginning of the decay without
pump laser.
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Figure 5.9: Correction of apparent polarisation values during polarisation build-up to
obtain actual polarisation values; experimental settings: see caption of figure 5.1. Left:
Actual polarisation M as function of apparent polarisation M%; open circles: values
from polarisation build-up and decay protocol obtained in stationary conditions (M,
and M,,), line: correction function from corresponding dedicated experiment applied
to apparent polarisation values (used correction polynomial: M = —0.157 + 0.999 -
M® +0.139 - (M%)?); Right: Complete polarisation curve as function of time; during
polarisation build-up (¢ = 90.8 - 360.8 s): apparent polarisation M® (upper curve) and
actual polarisation M (lower curve). Obtained steady-state polarisation: M., = 0.682.

5.5 Analysis of polarisation build-up kinetics

In the next paragraphs, the analysis of the polarisation build-up kinetics will be
discussed and described. A general introduction explains the chosen strategy due to
highly non-linear characteristics of the build-up process. A validation of the chosen
method to process and analyse the build-up process using synthetic data generated
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by the model of MEOP-kinetics (see chapter 2) is presented in appendix F.

The highly non-linear character of the MEOP-process can be well illustrated by
examples of experimental data. Figure 5.10 shows an example of a polarisation build-
up (27-176 s) towards the steady state polarisation M., = 0.682 (dotted line) and a
decay (176-416 s) at a He-pressure of 0.63 mbar.

0-8 T T T T T T T T T T T T T T T T T T T

nuclear polarisation

T T * T * T '+ T T T T 1T 7 1
0 50 100 150 200 250 300 350 400 450 500

time [s]

Figure 5.10: Polarisation build-up and decay at p3 = 0.63 mbar, pump: Cg, Wi, =
0.42 W, probe: Cg, B =1 mT, I'p = (69s)~!, n® (0) = 3.34 x 10! atoms/m?, data
acquisition frequency: 1 kHz, signals averaged by the time constant of the numerical
demodulation: 714 = 300 ms; no periods with discharge switched off during this ac-
quisition; arrow at ¢ = 27 s: pump switched on, arrow at ¢t = 176 s: pump switched off,
dotted line: M., = 0.682, nuclear polarisation during build-up = actual polarisation
(i.e., corrections to account for perturbations of 23S- and 23P-populations due to the
pump laser are already applied, cf. subsection 5.3). At ¢t =417 s (up to t = 447 s), a

magnet has been positioned close to the cell in order to record the final M = 0 level.

In figure 5.11, details of build-up and decay are represented separately and in
the following way: On the left, the difference M, — M is plotted in semi-logarithmic
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scale as function of time during build-up, on the right, the nuclear polarisation M is
also plotted in semi-logarithmic scale as function of time during decay. It is clearly
observable, that the build-up is mon-exponential. In contrast to the build-up, the
polarisation decay is always mono-exponential as indicated by the straight line over
the whole range of polarisation values.

The time constant characterising the exponential decay, namely the decay rate I'p

1 T T 13 L T T T T T

0.1 1

L
nuclear polarisation

0.01 4 4 0.01 4 4

T T T T T T
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20

Figure 5.11: Left: Polarisation build-up: M., — M is plotted as function of time (i.e.,
high ordinate-values correspond to small M-values); Right: M as function of time
(i.e., high ordinate-values correspond to high M-values); dotted straight lines in both
semi-logarithmic graphs: mono exponential guides for the eye. The build-up is non-
exponential for M., — M > 0.06, i.e. for M < 0.622, the decay is always mono
exponential. Experimental parameters: see caption of figure 5.10.

in presence of the discharge, can thus be determined by an exponential fit (in linear
representation of the ordinate) of all polarisation values recorded after the pump laser
has been switched off as function of time, as it is constant during the entire decay.
For the polarisation build-up, however, the fact that it is clearly non-exponential as
shown in figure 5.11 and therefore cannot be characterised by one single time constant,
has consequences on the strategy used to determine the characteristic parameters.
Several exponential fits during polarisation build-up are performed on suitable time
intervals in order to characterise polarisation growth, details are given in the next
paragraphs.

A series of M-dependent build-up time constants T,(M}) is thus obtained, with
the corresponding time derivatives

. Meq — My,

M (M) = T, (5.1)

Characterising OP build-up by M = dd—]\f instead of 7} is more appropriate as it is

a stand-alone significant parameter. This is in contrast to Tj, that is meaningful
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only when M., is known and specified as well. Basing discussions of OP-dynamics
only on T,(M = 0) can be misleading: the same 7,(0) in two different experiments
for example is no indication that OP dynamics are identical. One experiment could
possibly have a high initial M (M = 0) (steep slope in the beginning of the build-up
process) and a high M,,, whereas the other one has a lower M (M = 0) (flat slope in
the beginning of the build-up process) and a lower M.y, both with the same ratio of

eq
]\].\4/[(53), i.e. the same T3(0). In low field and low pressure MEOP, this can be the case

for Cg-pumping at high laser power and Co-pumping at lower laser power.

Time derivatives M as function of M

In order to determine M and T}, as function of nuclear ground state polarisa-
tion M, a dedicated Fortran-programme is used to process the data. As input, the
programme reads in all actual values of M as function of ¢ during build-up, and
furthermore prompts for the steady-state polarisation value M.,. When processing
experimental data, the polarisation build-up starts at approximately ¢ = 90 s due
to the experimental protocol (see table 5.1). The exact value is determined in each
data-file and subtracted as offset, so that for further data processing of the build-up
process, t equals 0 s at the initial moment of the polarisation build-up process.

The programme then executes linear regressions on short sliding intervals of the nat-
ural logarithm of the difference between the entered asymptotic value M., and the
current polarisation value M (¢) and thus determines in each interval the characteristic
time constant 7. This procedure of linear fits on In(M., — M) is in most conditions
completely equivalent to exponential fits on M(t). This aspect is discussed in detail
in appendix F.

An experimental example of the quantity In(M,, — M) is shown figure 5.12, which
serves in the following to illustrate several details of data processing by the dedicated
programme.

In a first step, the programme determines the total variation span of polarisation dur-
ing build-up by building the difference between M., and the value of M in the first
row of the input file. Based on this total variation span of polarisation, the length
of the fit intervals and the number of fit intervals can be defined. The number of fit
intervals is indirectly defined: after finishing the fit procedure on one interval, the
initial M-value of the next fit interval is obtained by adding a certain fraction of the
whole variation span to the initial M-value of the previous interval. For most of the
investigated cases in this work, viable values were the following: % of the total varia-
tion span to define the length of a fit interval and % of the total variation span to be
added to the initial M-value of the previous interval. In the example of figure 5.12,
the total variation span of polarisation amounts to 0.68, the length of each fit interval
is 0.068 (expressed in units of the ordinate), and the difference between the starting
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Figure 5.12: Difference between the asymptotic steady state polarisation M, and the
current polarisation value M (t) (logarithmic scale) as function of time to determine
T, and M (details see text, experimental settings: see caption of figure 5.1). Only the
main part of the polarisation build-up is shown (up to t=140 s). It is characterised by
fast changes in polarisation, and 99% of M., is reached. The long dotted straight line
represents an exponential adjustement in the zone around M = 0 with M,,=0.682.
This adjustment yields 7}, = (6.39£0.04) s. Inset: Illustration of first two fit intervals
used by the dedicated programme (details how length and starting points of the fit
intervals are determined: see text). The linear regression in the second interval yields
T, = (6.54+0.02) s.

145



points (ordinate-values) of two adjacent fit intervals equals approximately 0.014.
The consequences on ‘Z—Af when varying the length of the fit interval are discussed in
appendix F.

In each of these short fit intervals, the polarisation build-up is modelled by an expo-

nential function:

M(t) = M,, — C exp(—=—). (5.2)

As the programme takes In(M,, — M(t)) as Y-parameter of the fit, the problem is
simplified to a linear fit:

Y = P+PX (5.3)
lIl(Meq—M(t)) = Pl‘I—PQt

with In(M,, — M(t)) as dependent parameter, time ¢ as independent parameter and
coefficients Py, P, and C' (P, = In(C), which follows from rearranging equation (5.2),
building the natural logarithm on both sides of the equation and comparing it to
equation (5.4)).

In each short fit interval, the characteristic parameters of the polarisation build-up
can be determined from each linear fit. The build-up time T} results as well from the
described comparison of equations (5.2) and (5.4):

1

Ty=——.
b 2

(5.5)
The inset of figure 5.12 clearly shows that two adjacent fit intervals do have slightly
different T;, and this fact underlines the necessity to carefully limit the length of each
fit interval, in order to determine the build-up time variation precisely.

% can be expressed using parameters of the linear fit as follows:
dM M., — M,
=Py (M., — M,)="—"2_"¢ 5.6
dt 2 ( q ) Tb ( )

with M.: the polarisation value in the centre of the current fit interval defined by:
M. = M., — exp(a), (5.7)

with a = In(M., — M.). As M, is the searched quantity, a has to be determined by the
programme in the following procedure: In each fit interval, the central time instant
is determined by adding lower and upper borders and dividing the sum by 2. This
central time instant is then subtracted from each time-value. The time-values are thus
moved in a way that the shifted time variable in each fit interval is centred around
zero and varies from a negative value to the same positive value. This shifted time
variable serves as x-variable, In(M., — M) is used as y-variable in the linear regression
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yielding the slope P, in each fit interval. The auxiliary variable a is then obtained as
follows:
Sy — Sg - P

(5.8)

a =
n

with s,: sum of all y-values, s,: sum of all x-values in the fit interval consisting of n
data pairs.

The number n of data points per fit interval is not the same for all intervals within
the complete polarisation build-up, as the length of the intervals is fixed in units of
the ordinate (In(M., — M)) and not in units of the abscissa (shifted time): In the
beginning of the build-up process, the intervals are short and then become longer as
the pumping process slows down with increasing nuclear polarisation M.

The sum s, is a very small positive or negative number close to zero and characterises
to what extent the data points are shifted from the centre of the fit interval. Hence
the second term in the numerator of equation (5.8) is a sort of “correction” term to
precisely determine the centre of the fit interval in units of the ordinate and thus M,
with the help of equations (5.7) and (5.8).

To summarize, the dedicated programme yields values of the time derivative of
polarisation M and of the build-up time constant 7T}, both as a function of nuclear
polarisation M. These results are then used to extrapolate the value of M at zero po-
larisation (M = 0) by applying an empirical 2°4 or 3" order polynomial fit. M (M = 0)
is given by the intercept with the ‘ii—ﬂf—axis, i.e. by the constant parameter of the poly-
nomial fit function (details see appendix F).

The reason why we prefer to extrapolate M (M = 0) instead of Ty(M = 0) is explained
on page 143 and briefly recalled here: M (0) is independent of the steady state polar-
isation value M., and therefore a significant physical parameter in contrast to 73(0),
which is only meaningful when M., is known as well, since 7;(0) can be expressed
using equation (5.6) by:

M.,

T,(0) = Vo)

(5.9)

Example of experimental polarisation growth

In order to complete the description of the polarisation build-up analysis,
the developed methods are applied to the same experimental example as used in
section 5.2. The results are presented and reviewed in the following. In appendix F,
the chosen methodological approach is discussed and validated on synthetic data.

First of all, the acquired data (experimental parameters and settings, see caption

of figure 5.1) were processed using the dedicated programme with standard intervals
(spanning % of the total variation of M during build-up) to determine T, and M,
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and additionally with short intervals (45
intervals (% of the total variation of M). In figure 5.13, M values as function of M

are represented for each used length of fit intervals in the programme.
Data illustrate that the influence of the length of fit intervals in the programme to

of the total variation of M) and with long
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Figure 5.13: M as function of M of experimental example (settings and parameters,
see caption of figure 5.1) for different lengths of fit intervals used in the dedicated
programme. Left (filled squares): Standard intervals, dotted line: 3'4 order polynomial
fit to extrapolate M (0) from M-values stemming from the Fortran programme using
standard intervals. This fit function is plotted in the two other graphs as well as
guide for the eye. Centre (open downward triangles): Short intervals, solid line: 37
order polynomial fit on M-values obtained by using short intervals in the dedicated
programme. Right (open triangles): Long intervals, solid line: 34 order polynomial fit
on M-values stemming from the dedicated programme using long intervals.

determine T, and M on this experimental example is not as important as on synthetic
data with a higher noise level shown in appendix F. As expected, the shorter the
used fit intervals in the programme, the higher the vertical scatter of %—values,
and the more values close to M = 0 the programme yields. Performing a 3" order
polynomial fit on the whole range of %—values obtained using standard intervals in
the programme yields M (0) = 0.1052(2) s—'. The extrapolated 44 (0)-value on long
intervals by a 3¢ order polynomial fit as well is less than 0.1 % higher and included
within the error of the extracted 41(0)-value from standard intervals. The ratio of
4(0) from short intervals divided by %£(0) from standard intervals amounts to
1.013 which shows that the discrepancy is higher than compared to long intervals,
but still quite moderate on this experimental example with good SNR. The observed
tendency is in accordance with conclusions from appendix F (example of synthetic
data): too short fit intervals in the programme should be avoided, especially on data
with low SNR.

In the following, for the same selected example of experimental data, the

input-parameter of M., in the programme is varied and the influence on build-up
time constants is examined. Figure 5.14 represents Tj, as function of M for different
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M.q-values.
Just like for synthetic data (cf. appendix F), figure 5.14 - based on an experimental
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Figure 5.14: T}, as function of M of experimental data set (parameters and settings,
see caption of figure 5.1) for different input-values of M, (see legend) in the dedicated
programme. The actual M., is 0.682, the error bars for M., = 0.690 and 0.674 (not
exceeding the errors for other M.,-values) are not represented in the graph for a better
legibility. Inset: M as function of M for M., = 0.682, 0.683, 0.690 and 0.674 (last two
values: plotted without errors).

data set - illustrates that the choice of M, in the dedicated programme has an
influence on build-up time constants mainly at high M. The actual M., is 0.682 and
was determined in two different ways: first, by exponential fit during polarisation
decay (pump laser off) which yields the initial M-value at the beginning of the decay
and second, by determining the asymptotic value of actual polarisation obtained
at the end of the build-up curve. The determined M.,-values of both methods
should of course be identical, if not, this can be an indication of a possible problem
concerning the correction of M during build-up, cf. subsection 5.3. The agreement of
both determined M,,-values can still be delusive though, e.g. at low incident laser

149



power, when the OP time was not long enough to reach M,,. In cases like this, it
is easy to check whether the determined M., is reasonable by using different values
of M, as input-parameter in the dedicated programme and verifying whether the
resulting build-up times especially at high M vary regularly, without inflexion and in
a monotone way when passing M = M., as the MEOP-model predicts. Figure 5.14
shows that in this case, the determined M., of 0.682 is correct as it meets best
the predictions of the MEOP-model concerning the behaviour of 7, when passing
M = M,,.

The relative error of 7j, with respect to Tj of the correct M., when choosing a less
appropriate input-value of M., in the programme amounts to 3 % at 0.9 M,, and
62 % close to M., when varying M., by £+ 0.3 %. When varying M., by + 1.2 %, the
relative error of T} increases to 12 % at 0.9 M., and 81 % close to M,,. On synthetic
data (see appendix F), varying M., by £ 0.6 % led to AT? of 8 % at 0.9 M., and
30 % close to M,,. At 0.9 M,,, the relative error of T} of the experimental dataset is
in good agreement with synthetic data; close to M., AT?) of the chosen experimental
example is higher than on synthetic data. However, not too much importance should
be attached to this observation since build-up time constants at the beginning of the
polarisation build-up are interesting and more pertinent values than towards the end
of the polarisation build-up where T, is tainted with higher uncertainties than at
lower M, mainly due to the choice of M, in the dedicated programme.

The inset of figure 5.14 demonstrates that the consequences of the choice of M., on
p :

d—]‘f in the programme is negligible as expected, as M values are independent of M.,

in contrast to build-up times (cf. page 143).

With this experimental example which turns out to be concordant with the con-
clusions drawn from the example of synthetic data presented in detail in appendix F,
the discussion of analysing procedures of the polarisation build-up process which is
of great importance to characterise OP dynamics is concluded.

5.6 Pump output signals

5.6.1 Transmitted pump signals

An absolute value of the pump light transmission coefficient 7}, is measured at steady
state polarisation M, from the ratio of the directly transmitted pump power signal
in presence of the discharge divided by the corresponding signal without discharge
(offsets (pump laser blocked) subtracted in both cases).

We designate by Aeq = 1 — T),(Meq) the fraction of absorbed pump power at steady-
state nuclear polarisation.

An experimental example of a directly transmitted pump power signal .S, is provided in
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figure 5.15 for the same experimental example as already shown earlier in section 5.2.
The period during which the discharge is switched off (¢t = 240 — 270 s) is clearly
distinguishable. Laser intensity fluctuations are also visible.

Using the transmitted pump power signals at steady state polarisation (S,(Meq))
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Figure 5.15: Transmitted pump power signal .S, as function of time. Same experimental
example as represented for instance in figures 5.1 and 5.4. Signals are averaged by the
time constant of the numerical demodulation: 77,74 = 30 ms; p3 = 0.63 mbar, pump: Cg,
Wine = 042 W, B = 1 mT, nd (M = 0) = 3.34 x 10'° atoms/m3. ¢ = 240 — 270 s:
discharge switched off.

and when the discharge is switched off (Sp(’ff), the fraction of absorbed pump power
at steady-state nuclear polarisation is determined as follows:

S, (M, Soft — S, (M)
wq=1— péoﬁq>: £ Soff . (5.10)
p




The uncertainty dA. is obtained according to error propagation principles by quadrat-
ically adding up the non-correlated error contributions:

0Aeq
dAug =6 \/‘ a5

where J is the uncertainty on the measured PD voltage of the transmitted pump light.
Building the partial derivatives and simplification leads to:

2
i+ (o)
=4 )

Soff

p

2 2

04 : (5.11)

95p(Meq)

i

dAeq (5.12)

The relative uncertainty 34—:; is observed to range between 0.5 % and 4.4 %,
(1.94+0.4) % on average, in our analysed data.

5.6.2 Demodulated pump signals

Pump transmission values for all M during polarisation build-up are obtained by
monitoring the demodulated pump signal P, in a similar way as for the probe. The
extrapolated value at M, is used for normalisation in the following way:

—InT,(M) _ (B/Sp)(M)

TN, (M) (o)) (Ma) (5-13)

where — In 7}, is the absorbance for the pump laser, P, is the demodulated pump signal
(in-phase component, which is the safest option instead of basing the data analysis
on the magnitude, since Rician noise (cf. appendix E) can be an issue for pump
absorption signals) and S, is the average transmitted pump signal, as function of M
and at M., respectively. Taking the ratio of P,/S, reduces effects of laser intensity
fluctuations and of optical thickness of the gas on absorption [Cou01] as described in
the introductory section 5.1 of this chapter. We designate this ratio of P,/S, by A4,
(pump absorption signal) in the following. Pump transmission coefficients can then
be expressed as a function of M:

Ap(M)

Tp(M) = €xXp hl Tp(Meq)m
4 eq

(5.14)

The pump transmission coefficient constitutes a very important quantity for deter-
mining Waps = (1 — T),) Wiy, the absorbed pump laser power that is essential for
data analysis: along with M, W, is needed to obtain photon efficiencies, that in
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turn are required to quantitatively investigate total relaxation rates I'p (cf. sec-
tions 6.3.3, 6.3.4, 6.4 and 6.5).

The left graph in figure 5.16 represents an experimental example of the pump trans-
mission coefficient 7T}, as function of M during polarisation build-up for the same
experimental example as in figure 5.15. The strong discharge in this example is the
reason for the relatively high variation of 7,,(M) between roughly 0.7 and 1.

The absorbed fraction of pump power at M = 0, denoted Ay, is determined with

1.0 T T T T T T T T T T T T T T
. 0.4
0.8 4 -In (T, )(M=0): 0.365 + 0.002
1 g, -0.3
0.6 ] ‘ —
S =
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1
0.2_ '01
experimental data
- - - -cubic fit
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00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 0.7

M M

Figure 5.16: Left: Pump transmission coefficient 7}, obtained from the pump absorp-
tion signal (time constant of numerical demodulation: 7174 = 30 ms) as function of M
during polarisation build-up. Experimental settings: see caption of figure 5.15. Right:
Absorbance for the pump laser —In7), as function of M during polarisation build-up
of the same experiment. An empirical fit (3'¢ order polynomial here) is applied to
extrapolate —In T, (M = 0) = X, £ AXj. Using this value to determine the absorbed
fraction of pump power at M = 0 (see text) yields: Ay = 0.306+0.006 in this example
(including error contributions from M., see text).

the help of equation (5.13), written in a different way here (X being just a compact
notation needed later in equation (5.17)):

In T)(Meq)
Ap(Meq)
In practice, the quantity —In7), is plotted as a function of M (see right graph of
figure 5.16). An empirical second or third order polynomial fit is applied and the

axis intercept at M = 0 yields —In7,(M = 0). Using this extrapolated value of
—InT,(M = 0) = Xy, the pump absorptance at M = 0, Ay, is given by:

Ay =1—exp[InT,(M = 0)]. (5.16)

X(M):=—InT,(M) = A, (M), (5.15)

This procedure simplifies the error discussion since on the right hand side of equa-
tion (5.15), it is possible to separate individual errors on determined values at M,
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and on the pump absorption signal (here at M = 0).
The uncertainty d.Xg is obtained by quadratically adding up the different error contri-
butions, using compact notations (T, = Tp,(Meq), Ay = Ay(Meq), A) = Ap(M = 0)):

B OX |rr=o| nrp )’ 0X|—o| « 15\ OX | nr—o
dX, = \/(’ 3T ATP)+ DA% AAE) + 947

B A arm > /InTE A A > /InTP Ao 2
-y NaErE ) e ) T B

AON? [ ATEN? L AARN? 7P =\’

The last error contribution in equation (5.17) corresponds to the error AXj of the
extrapolated fit parameter Xo = —In7T,(M = 0). The other terms constitute error
contributions from the pump transmission coefficient and the pump absorption signal,
both at Mey. In most cases, the sum of error contributions from M, in our data exceeds
the error of the extrapolated fit parameter by a factor of 5 to 15 approximately.

dXo _ dAg

Assuming equality of relative errors S = 4, the absolute uncertainty dAy of the

pump absorptance at M = 0 is given by:

2
AAg)

dXo
dAy = — Ay. 5.18
o= 224 (518)
The relative uncertainty 9 is observed to range between 1.2 % and 5.2 %,

A
(2.6 £0.4) % on average, in our analysed data.
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5.7 Laser-enhanced relaxation

Relaxation phenomena play a key role with regard to OP performances. Being able
to quantify polarisation losses during build-up is an important precondition for a
better understanding of relaxation mechanisms and can contribute to ultimately
overcome current limitations. Comparing experimental steady-state polarisations or
rates of change of polarisation M (obtained as described in subsection 5.2) with
the corresponding values computed using the MEOP-model can be used to derive
relaxation rates.

Figure 5.17a displays an example of steady state polarisation values measured for
various incident pump laser powers as well as the corresponding expected values com-
puted for the same MEOP conditions using the improved OP model (cf. section 2.5).
The measured steady state polarisation values are observed to be systematically lower
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Figure 5.17: a - Experimental (filled squares) and computed (open circles) steady state
polarisation values for a series of incident pump laser powers W;,.. Computations
are made for a pure o+ polarised pump (upper data) and for imperfect circular
polarisation (lower data). Dotted lines through computed values are guides for the
eye. b - Experimental (symbols) and computed (line) M are plotted as functions of
M for Wi,.=1.66 W. (MEOP conditions for all data: p3 = 2.45 mbar, pump: Cy, probe:
Cs, B =1 mT, weak discharge: T'p = (835 s)™", nS (M = 0) = 1.73 x 10'6 atoms,/m?,

a=1.5). For the computations, I'y = I'};; = I'p/2, see equation (2.71).

than predicted when the experimental value of the decay rate I'p is used to constrain
the input relaxation parameters for the computations (see caption). Even a rather
poor polarisation of the OP light cannot account for the observed polarisations.
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Figure 5.17b shows the comparison of experimental and computed M as function
of M in the same cell and discharge conditions. They are in good agreement at M = 0,
but experimental values decrease faster than predicted using I'p as relaxation parame-
ter. The intercepts with the M-axis in figure 5.17b are the steady-state values plotted
in figure 5.17a for this value of the laser power. The systematic discrepancies indicate
that polarisation losses are underestimated during polarisation build-ups (except at
M = 0) when only taking into account the relaxation rates measured during decays
(i.e., without pump laser).

The next parts of this section describe two methods used to infer polarisation
losses during build-ups. The first one makes explicit use of the MEOP model, while
the second relies on angular momentum budget considerations.

5.7.1 Deriving polarisation loss rates 'y using the MEOP
model

In the examples of figure 5.17 the improved OP model is used to compute M according
to equation (2.51) as the balance of the volume-averaged ME-driven growth and of the
loss term —I'; M. In these examples, the rates 7> (for relaxation in the 23S state) and
'y (for direct relaxation of atoms in the ground state) are chosen to be consistent with
the observed decay rate I'p as described in section 2.8.2. The global polarisation loss
rate I'g introduced in equation (2.77) pragmatically combines losses resulting from
relaxation in the 23S state and in the ground state. It is simply equal to the decay
rate I'p measured in the absence of pumping. The difference between computed and
measured M data is attributed to an additional, laser-induced loss rate I'j, such that:

MEP(M) = M™% (M) — T, M. (5.19)

In that frame, relaxation is enhanced during MEOP and the global loss rate is in-
creased with respect to the decay rate:

I'g =Tp+TL. (5.20)

This is illustrated in the following for the example of Cy pumping already displayed
in figure 5.17b. Figure 5.18 shows two different computed M values for identical input
parameters except the value of the radial n,, parameter a.. Both values are reasonably
close to those measured by mapping of the radial metastable distributions, reported
in section 6.1.2. The resulting M-curves differ primarily at small values of M, and
tend to collapse at high M (the relative difference is of order 7-10 % for M < 0.6).
The small differences between experiments and computations observed at M = 0
may result from various experimental uncertainties and from the coarse description
of two velocity classes in the MEOP model. Similar behaviour of computed M-curves
is observed when slightly changing other parameters, e.g. the beam diameter.
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Figure 5.18: Experimental (open squares) and computed (lines) M are plotted as
functions of M. Computed results are displayed for a=1.5 (solid line) and a=2 (dotted
line). Inset: Additional relaxation rates I';, derived from equation (5.19) for the two
values of a. (Same MEOP conditions as in figure 5.17b, with W, = 1.66 W).

When using the difference between M™°%(M) and M®®(M) point by point to infer
I'L values (inset), the influence of the choice of parameters on the obtained results
can be estimated. At small M, the effect AT, = AM™°% /M of a change of model
parameters is artificially high (due to division by small M), and one is led to select
parameters to avoid unphysical divergences. Nevertheless, reduced errors are observed
at higher M, and the extracted I'y, values become quite insensitive to this choice at
Meq (here AT'L /T, = 16 %). We thus believe that this approach based on the OP
model produces robust results at or near M,,. For the results of our work presented in
chapter 6.3.4, it is only used at M., mainly for the Cy transition (where this method
is the only possibility to infer laser-induced relaxation rates).

A slightly different (graphical) way to use computed results to infer 'y, values from
measured steady-state polarisations M., has been described in [Bat11]. In experimen-
tal steady-state, equation (5.19) simply reads I'p Meqg=M™°%!(M,,,). This corresponds
to the intersection of the curves plotted in figure 5.19, that displays computed values
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of M™edel for Cg and Cy OP. For these calculations, 2°S and ground state relaxations

ME
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0.0 0.2 0.4 0.6 0.8 1.0

Figure 5.19: ME contributions to the evolution of M (equation (2.24)) are computed
as a function of M for OP on Cy (solid black line) and Cg (dotted red line) lines. The
semi-log scale in the bottom graph is used for convenient comparison of small values at
large M (see linear plots a and b). In this representation, the linear functions are not
straight lines (upper curve: 'y, + I'p/2=0.033 s7!; lower curve: I'p/2=1.83x1073 s71).
The vertical arrows point at the corresponding steady-state values (M =0) on the
M-axis. (MEOP conditions: Wi, = 1.66 W, p3 = 1.19 mbar, probe transmittance
T =048 at M =0, I'p = 3.667x1073 s71).

are assumed to equally contribute to the measured polarisation decay in presence of
a plasma: I'yjz= I'y=I'p/2. If one assumes that nuclear relaxation of ground state
atoms is not affected by the presence of the OP light, M., is graphically found to
be of order 0.9 in figure 5.19 (at the crossing of M™odel with the lower of the two
curves y=I'; M). This value is found to be almost independent (£0.03 at most) of the
chosen 23S relaxation rate, provided that I';z+I's=Ip. It is much higher than the
steady-state polarisation measured in the 1.19 mbar cell, M.,=0.67. This experimen-
tal value can be obtained at steady-state using the MEOP model only by assuming
that Iy is much larger (here, 0.033 s™!, corresponding to the upper of the two curves
y=I'y M) with the OP beam than without it, which corresponds to an additional loss
rate I',=0.031 s!. Figure 5.19 clearly illustrates the high OP-enhanced relaxation
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rate that is required to significantly reduce the computed steady state polarisation
and make it equal to its experimental value M,,. However an M-independent loss rate
is assumed for simplicity, whereas our experimental findings reveal a more complex
situation (see section 6.3.4).

5.7.2 Deriving polarisation loss rates I'y from a detailed bal-
ance of angular momentum

One may use the global angular momentum budget introduced in section 2.8.4 to
directly relate the rates of change of polarisation M to the absorbed polarised light
power Wa,s by equations that do not depend on specific features of the 2-class MEOP
model, and are thus expected to be more robust than the approach of the previous
section. We recall for instance equation (2.77) that only involves two parameters, the
photon efficiency 7 and the global polarisation loss rate I'g:

Wabs

M =2
TN Vol

—I'r M.

For Cg pumping (the photon efficiency is insensitive to M and to pumping intensity
at fixed gas pressure), a simple method can be used to infer I'g from experimentally
measured quantities only, based on equations (2.81) (during buildup) and (2.82) (at
steady-state) recalled here for convenience:

o i Wabs(M> : Y
Ta(M) = - <—Wabs G 0) M> (5.21)
Pr(Mag) = — VarsMea) ) (5.22)

B Meq Wabs<0)

These equations, extensively used in the next chapter 6, are here used for a brief
discussion of the uncertainties and errors on I'g values produced by data processing.
The right hand side of equation (5.22) can be rearranged in the following way:

M (0) WihomAeq

FR(MB ) - WnomAO 8 Meq

(5.23)

where Ag=1-T},(0) is the pump absorptance at M=0 and A,=1-T,,(M.,) the absorp-
tance at Mey. The nominal pump laser power Wy, is used instead of the less-precisely
known Wi,., which is legitimate since the power loss factor k; of optical elements
cancels out. The first term on the right hand side corresponds to a scaling factor,
with different values for each pressure, that is proportional to the photon efficiency:

M(0)/(WhomAo) = 2nki/(NgV. hw). Since the photon efficiency for Cs is constant,
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we take the mean value C' of this first term for several experiments at given pressure
instead of the individual values in order to decrease the corresponding statistical error:

M, WnomAO

eq

Lr(Mey) =C VVHLAeq, where C' = <w> (5.24)

For this global pressure-dependent scaling factor, the total error AC on the mean
value C'is given by:

. 2 . 2 . 2
YN M(0)AW,om M(0)AA,
AC - (WmAO) +( QA ) | (MOAL)

nom

The third term on the right hand side of equation (5.25) yields the largest contribu-
tion to the total error AC' and the second term the smallest one.

For the remaining individual data involved in the determination of the value of

FR<Meq) _ WnomAeq
C M.,

'R (Mey) = (5.26)

assuming uncorrelated errors on the various measurements, the statistical error AI'y
can be estimated using

Ac™AWiom > ( WaomAAeq > ( WaomAeqAMeg \
AT :\/(—qM ) +(—M q) +( Megq q) (5.27)

eq eq

This individual error AI'; is dominated by the second term. More generally we
observed that errors on pump absorptances at M = 0 and M., give the most
important contributions, followed by errors on M values. Errors on nominal laser
power and steady state polarisation are smaller. Global and individual errors are
approximately of the same order of magnitude, typically ranging between 1 % and 5 %.

Extensive error considerations were made for the above presented case of total
relaxation rates for Cg at M,.,. These considerations fully validate the presented
results in sections 6.3, 6.4 and 6.5. Similar considerations have to be done for
obtained relaxation rates as a function of nuclear polarisation during complete
build-up kinetics. They will be provided in the final published version of data.

In the derivation of laser-induced relaxation rates at arbitrary M values (equa-

tion (5.19)), the error on each value of I'y, only arises from the statistical error due to
SNR of M. In this case it is not possible to take advantage of the same averaging of
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a part of the involved quantities that is valid for the case of Cg pumping at M, as
described above. As a consequence, the individual error is higher. Another potential
systematic bias that is not taken into account in the reported error bars is due to the
fact that the model for MEOP kinetics - comprising necessarily simplifications and
approximations discussed in chapter 2 - is used here to infer I';,. The direct approach
based on global angular momentum conservation appears more robust, in particular
at M., where pertinent averaging is susceptible to reduce errors.

One last important aspect has to be mentioned in this discussion of experimental
errors: for the analysis of data, the potential correlation between errors on the
involved quantities must be carefully taken into account. For instance, in the graphs
where polarisation loss rates I'r are plotted against absorbed pump laser powers,
the errors on the axes of abscissae and of ordinates are not statistically independent.
Overlooking this point would lead to erroneous linear fits while weighting data points
by statistical error bars, since the same error on W, appears in equations (5.25) and
(5.27) in the determination of I'g. In contrast, this is not the case for the derivation
of T'y, rates based on the OP model: W, is not involved in the computation of M
values and thus W,,s and I', are statistically independent.

Figure 5.20 shows global polarisation loss rates I'p determined using equa-
tion (2.81) for p3 = 0.63 mbar during polarisation build-up at fixed incident pump
laser power of 0.415 W and in strong discharge conditions (see caption). I'g is repre-
sented as function of polarisation (on the left) and as function of absorbed laser power
(on the right) that decreases during polarisation build-up while M increases.

The determination of the necessary experimental parameters for equation (2.81) is
described in detail in subsection 5.2, some essential aspects are quickly recalled: The
determination of M is based on absorption measurements of a weak probe laser and
M is obtained by a dedicated programme executing sliding linear fits on In(Meq— M).
The absorbed laser power W, as function of M is obtained using pump transmission
coefficients 7T}, a polynomial fit serves to extrapolate the value of W,,s at M = 0. For
M and M, exact values are taken for the determination of I'y whereas for W, the
values of the polynomial fit enter into equation (2.81). This choice is based on the
lower SNR of the intense pump laser compared to the weak probe laser (typical signal-
to-noise-ratios of pump and probe signals: see for example page 344 in appendix E).
In the left graph of figure 5.20, the extracted total relaxation rate I'g is represented
as a function of increasing nuclear polarisation M during build-up. The global de-
pendency of I'g is linear with M apart from scatter at low polarisation values. This
scatter can be imputed to the initial values of M during the fast pumping process
at the beginning of the polarisation build-up, the values of W,,s in equation (2.81)
being taken from a polynomial fit. Less scatter of ' in the beginning of the build-up
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Figure 5.20: Total relaxation rates I'g during polarisation build-up for Cg pumping
as function of polarisation (left) and as function of absorbed laser power (right).
['r is determined using only experimentally measured parameters from the balance
of angular momentum (equation (2.81)). The dotted horizontal line indicates the
decay rate I'p measured in absence of the pump laser. Experimental parameters:
p3 = 0.63 mbar, pump: Cg, Wi, = 0.42 W, probe: Cg, B = 1 mT, strong discharge:
I'p=(69s)7% n (M =0) = 3.34 x 10'° atoms/m?, a = 1.7 .

m

process is observed at lower values of incident pump laser power, and systematically in
the second half of the polarisation build-up approximately, when the pumping process
slows down.

In the right graph of figure 5.20, the total relaxation rate is plotted as a function of
absorbed laser power during polarisation build-up. At the highest value of absorbed
power corresponding to the beginning of the polarisation build-up, the total relaxation
rate amounts to approximately 5 times the measured decay rate I'p in this example
of a strong discharge.

In figure 5.21, I'p is subtracted from I'g, and resulting additional laser-induced
loss rates I', (cf. equation (5.20)) are represented as a function of absorbed pump
laser power. We observe a linear increase of OP-induced relaxation rates with
absorbed laser power.

In such examples of laser-induced loss rates I', (or total loss rates I'g) as a function
of absorbed pump laser power, the case of M., is comprised as limiting point at the
smallest value of W,,s within each build-up.
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Figure 5.21: Additional laser-induced loss rates I';, (inferred using global angular mo-
mentum conservation, equation (2.81)) for the same example of Cg OP as represented
in figure 5.20 as a function of absorbed pump laser power.
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Chapter 6

Results

This chapter presents the main achievements of the present work and is organised
in five sections: In section 6.1, relevant plasma characteristics (metastable density
ny, and polarisation decay rates I'p) in absence of OP light are described. OP light
promotes a significant fraction of 23S atoms to the 2°P state and redistributes
23S atoms between Zeeman sublevels. These perturbations introduced by OP light
have been measured in dedicated experiments. Method and results are presented
in section 6.2. Section 6.3, the main section in this chapter, presents OP results at
1 mT. Effects of magnetic field on OP performances are discussed in section 6.4. The
chapter ends with section 6.5, where laser-enhanced relaxation effects are discussed.

6.1 Characterisation of the plasma without OP
light

All data presented in this section have been collected to characterise plasmas in the
absence of OP light. The section includes results as function of nuclear polarisation
M and for different magnetic fields B. The first two subsections describe results
obtained at zero nuclear polarisation: average number densities n, are reported
in subsection 6.1.1, and examples of radial distributions are presented in subsec-
tion 6.1.2. Subsection 6.1.3 focuses on changes in n, observed during polarisation
decays.

Plasma characteristics at low magnetic field (B = 1 mT) are completed by corre-
sponding results at higher B.
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Impact of magnetic field on rf plasmas in low pressure *He gas

The impact of magnetic field on *He plasmas at low pressure is qualitatively
illustrated in figure 6.1.
Pictures show the same *He cell twice (5 cm x 5 cm cylinder, p3 = 1.33 mbar) with

Figure 6.1: Impact of magnetic field on rf plasmas in low pressure 3He gas. Left: Low
magnetic field: B = 1 mT. Right: High magnetic field: B = 0.1 T. Cylindrical cell
with outer dimensions: 5 cm X 5 cm, ps = 1.33 mbar (photos by G. Tastevin, LKB).

a pair of external wire electrodes (cf. section 3.1) lying in the bore of a resistive
water cooled magnet, for identical rf excitation. A spectacular change in the spatial
distribution of plasma brightness is observed when B is varied from 1 mT (left) to
0.1 T (right).

Impact of gas pressure on rf plasmas at low magnetic field

Figure 6.2 shows photos of *He plasmas taken in earth magnetic field at higher
gas pressures (left: 2.45 mbar, right: 66.7 mbar).
A similar trend is observed: at high gas pressure, the fluorescence light is much more
intense in the close vicinity of the outer electrodes whereas at low pressure (and low
magnetic field: cf. left part of figure 6.1), it is quite homogeneously distributed over
the whole cell volume.

Bright regions in the plasma indicate locations where radiative cascades
contribute (most) to the creation of the 23S metastable state. Actual metastable
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Figure 6.2: Impact of gas pressure on rf plasmas at low magnetic field. Left:
p3 = 2.45 mbar, cylindrical cell with outer dimensions: 30 cm X 6 cm. Right:
p3 = 66.7 mbar, cylindrical cell with outer dimensions: 5 cm x 5 cm. Both photos are
taken in earth magnetic field (photo on the right: G. Tastevin, LKB).

density n,(7) results from the balance of creation, diffusion and destruction by
various processes, hence the map of n,,(7) does not directly reflect plasma brightness.
However, mapping of n,,(7) in high-pressure cells reveals an inverted distribution
(with a minimum on cell axis) correlated to plasma localisation near the cell wall.

The photos of figure 6.1 and 6.2 are shown to give a qualitative impression of
gaseous helium plasmas. In the following subsections, a quantitative characterisation
of average metastable atom densities and of radial distributions is provided for
experimental conditions met in the present work: 0.63-2.45 mbar *He pressure and
1-30 mT magnetic field. Comparisons to other published work in different conditions
are made.

6.1.1 Key plasma parameters for MEOP: n, (M = 0) and I'p

Metastable densities at M =0

One important parameter to characterise the plasma for OP applications is the
value and spatial distribution n,(7) of the 23S metastable atom number density.
For simplicity, given the axial symmetry of our OP experiments in long longitudinal
cells, we will neglect the longitudinal dependence of the density, and write the spatial
distribution as n,,(r), where 7 is the radial distance to the cell axis.

Throughout this work, metastable density values have been determined from
absorption measurements, usually along an inclined probe path. The averaged
metastable density along the probe path, n3 differs from the density on cell axis,

n2 = ny,(r = 0), whenever the density is non-uniform (see section 6.1.2).

m

When comparing metastable densities of different works to each other, different
probe configurations and possibly different definitions of n, should be taken into
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account for a precise comparison of absolute n,-values. Figure 6.3 illustrates three
common probe configurations used in the different works of which metastable densities
are presented later in this subsection.

A
c

Figure 6.3: Different probe configurations for determination of metastable densities,
the gas-filled cell and a mirror (M) are represented. Path A (dashed line): longitudi-
nal on axis configuration (also possible in single-pass-configuration without mirror),
path B (solid line): inclined, longitudinal configuration (used for example when pump
and probe have to be implemented on the same optical setup for simultaneous mea-
surements), path C (dotted line): transverse configuration (allows simultaneous probe
and pump measurements as well, and is also possible in double-pass-configuration with
additional mirror). The indicated r-direction is used in subsection 6.1.2 to represent
radial n,,-distributions.

All presented probe configurations yield identical values of n,, in case of a uniform

radial distribution of metastable atoms. Moreover, in low pressure, path A provides
the maximum value of n, on the optical axis, independently of the actual radial
distribution. In the usual case of non-uniform radial repartition of n,,, the average
absorption signal along the probe path is smaller than the maximum value in the
centre of the distribution (in low pressure; in high pressure cells, the situation is
different as n,,(r) distributions are inverted, with a minimum on cell axis). In case of
low absorption, paths B and C yield identical values if the angle of path B is chosen
as wide as possible so that incoming and outgoing beam are located directly at the
edge of the cell wall.
Normalising the maximum value for a uniform distribution to 1, the average absorption
rates on probe paths B and C are quantified in table 6.1 for different assumptions of the
radial ny,-parameter a. Complete radial ny,-distributions of type cos®, experimentally
measured and theoretical ones, are presented and discussed in subsection 6.1.2.

The experimentally measured values of « in p3 = 0.63 — 2.45 mbar and B =
1 — 30 mT range between 0.75 and 2.35 (details, see subsection 6.1.2). In this range
of a, the relative discrepancy between values of absorption rates on probe paths 'B’
and 'C’ listed in table 6.1 amounts to 15 % maximum at low « down to 0.5. At
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Table 6.1: Average normalised probe absorption rate A along the probe path in con-
figurations ‘B’ and 'C’ of figure 6.3, for different values of the radial n,,-parameter a.

a | A(B)/A(A) | A(C)/A(A)
0 1 1
05| 083 0.71

1 0.69 0.59

15| 059 0.52

2 0.50 0.47
25| 044 0.43

higher o = 2.5, this relative discrepancy diminishes to 2 % only.

As expected, the relative difference of path 'B’ (or ’C’ respectively) with respect to
path ’A’ increases with rising « as the radial n,,-distribution departs from a uniform
shape.

The probe configurations used in different works to infer absolute values of ny,
are the following: [Abb05b]: inclined, longitudinal probe ('B’) in low B and transverse
probe ('C’) in high B; [Wol04]: longitudinal probe ("A’) in single-pass-configuration;
[Cou01]: inclined, longitudinal probe ('B’); this work: inclined, longitudinal probe
(’B’). These works are used later in this subsection to give an overview of all in-
vestigated ranges of metastable densities and corresponding decay rates I'p. As no
information about radial n,, distributions is provided in the mentioned other works,
it is impossible to further take into account the different probe configurations, but
this aspect is essential in case comparisons with high precision are required.

All the above discussed values of probe absorption rates refer to single-frequency
lasers (as used in all cited works). If a less appropriate, spectrally broad laser is
used instead to infer metastable densities, an additional spectral matching coefficient
has to be taken into account by using the appropriate optical transition rate for
broadband laser light (see equation (2.16)).

Decay rate I'p, in the absence of OP

The decay rate I'p that characterises the mono-exponential decay of M in the
absence of OP can be precisely determined on recorded polarisation decays in absence
of the pump laser by exponential fit. In this manuscript, we use the expression decay
rate to designate I'p, that depends on plasma characteristics like rf excitation level
and metastable densities as will be illustrated in the following. The relative error of
extracted I'p-values is almost negligible in this work (cf. section 5.2.2) and therefore
not represented in the graphs of the following paragraphs.
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As we shall see here, I'p is actually strongly correlated to n, with a clear
monotonic trend at fixed gas pressure: higher I'p rates are systematically
measured at higher n,. 'p is a pertinent quantity in absence of OP (cf. sec-
tion 2.8.2), and at low incident pump laser powers. It has long been the key
parameter that determined M., when powerful laser sources were not available
[Col63, Gre64, Dan7la, Dan71b, Dup73, Nac85]. In the present work, as will be
shown in sections 6.3.3 and 6.3.4, the relaxing processes at play in the plasma in
the absence of OP light that induce a decay with the rate I'p are not the dominant
phenomena limiting M., in strong OP conditions.

Plasmas at low magnetic field and low pressure

Figure 6.4 represents an overview of compiled measured polarisation decay rates
in discharges as function of metastable density at M = 0 from different works in low
magnetic field (B =1—2 mT) and low pressure (most data between p; = 0.5 and 2.5
mbar, one dataset at 8 mbar).

It is intended as visualisation of a wide range of possible discharges at low field and
low pressure and therefore, a logarithmic presentation is chosen. Data of this work,
where n5 (M = 0) is plotted on the axis of abscissae, are represented by filled symbols
and are well embedded within the experimental range of former works. Two differ-
ent regimes of discharges can be distinguished: The regime at low and intermediate
metastable densities up to approximately 5.5 x 101® atoms/m? and small decay rates
up to approximately 0.02 s! is particularly suitable for optical pumping. All relevant
data of this regime are discussed in more detail based on figures 6.5 (low field data of
this work only) and 6.6 (pressure selective comparison to other works), and enhanced
by moderate and high field data in figures 6.7 and 6.8.

In the special regime of very intense discharges, mainly explored at p3 = 2.45 mbar
in the present work, it is impossible to further increase n,,(0), only decay rates I'p
continue rising. In [Cou01] and [Wol04], a change of regimes is less pronounced.

Later in this chapter, we use the terms “weak” and “strong discharges”. “Weak”
and “strong” refers to the level of rf power. When it is increased, higher metastable
densities can be obtained, but decay rates increase at the same time. “Weak
discharges” are close to the threshold of ignition and thus characterised by low I'p
rates and low n,, values around 1 x 10'® atoms/m?® and below (towards the left side
of figure 6.4), “strong discharges” constitute the opposite limiting case with high I'p
and n,, values around 5 x 10'¢ atoms/m?.

In figure 6.5, low field data at B = 1 m'T of the present work are presented for
the three investigated pressure-values, 0.63, 1.19 and 2.45 mbar. Data from different
experimental runs are discerned (phase I: 2005-2006, phase II: 2007-2008: electrode
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Figure 6.4: Compiled decay rates in a discharge as function of metastable density at
M = 0 at low magnetic field and low pressure. Source, p3, Lpan and B: see legend.
Two regimes of discharges (see text) are separated by the dotted line. Experimental
error bars of this work (filled symbols) are smaller than the size of the symbol in most
cases. All metastable densities of [Wol04] have been corrected based on original single-
frequency absorption measurements in agreement with the author: correct n,-values
are higher than presented in [Wol04] by a factor of 1.67.
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configurations of 0.63 and 1.19 mbar cells changed compared to phase I, electrode
configuration of 2.45 mbar cell: unchanged).
On the left hand, only data of measurement phase I are represented. A general
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Figure 6.5: Decay rates in a plasma as function of metastable density from the present
work, at M =0, B =1 mT and p3s = 0.63 mbar (triangles), 1.19 mbar (circles) and
2.45 mbar (squares). Left: Results from data-acquisition phase I only. Right: Results
from data-acquisition phases II (big symbols) and I (small symbols). Experimental
error bars are only visible on small symbols, in all other cases, their size is of the same
order as the symbol size.

tendency observed at all pressures separately is an increasing decay rate I'p with
increasing metastable density n,, at M = 0. The highest absolute decay rates are usu-
ally found at lowest 3He-pressure. Comparing 0.63 mbar- to 1.19 mbar- or 2.45 mbar
data, this trend is confirmed. At higher metastable densities, above approximately
3 x 10'6 atoms/m3, T'p of 2.45 mbar departs from this expected trend however, and
yields higher decay rates in comparison to 1.19 mbar. At least partly, this behaviour
might be imputed to beginning difficulties to produce perfectly homogeneous dis-
charges above 2 mbar (see photo of optimum electrode configuration on 2.45 mbar-cell
on left part of figure 6.2).

Comparing metastable densities of different pressures with each other, it appears that
the highest pressure does not yield the highest n,-values. [Ich80] for example also
measured a decrease of the 23S, density in helium as gas pressure increases.

Actual metastable densities arise from a complex balance of creation, diffusion
(with a diffusion rate inversely proportional to pressure [Fit68]) and destruction by
e.g., Penning collisions (described in section 6.1.3) or formation of a metastable
molecule He} [Emm88, Zha93] in a 3-body process involving two ground state atoms
and one metastable helium atom: He* + 2 He(1'Sy) — Hej + He.

On the right hand side of figure 6.5, data of measurement phase II are added for
all three investigated pressure-values. For comparison, data of measurement phase
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I are kept as well at smaller symbol size. At all pressures, two groups of discharges
can be distinguished. At 0.63 and 1.19 mbar, this change of I'p at given ny is
associated to a change in the electrode configurations leading to higher decay rates
at comparable metastable densities.

In the following four graphs of figure 6.6, already presented low field and low
pressure data of different works in figure 6.4 are compared to our work (nS (M = 0)
values on x-axis) within different pressure ranges separately.

Graph 1 in figure 6.6 compares low pressure data of this work to metastable densities
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Figure 6.6: Decay rates in presence of a discharge as function of metastable density at
M = 0, compiled from different works (open symbols, see legends) compared to this
work (filled symbols), in low magnetic field (1-2 mT) and different pressure ranges.
1: p3 = 0.53 — 0.63 mbar, 2: p3 = 2.13 - 2.45 mbar and comparison to one higher
pressure value: 8 mbar, 3 and 4: p3 = 1.04 - 1.33 mbar. Concerning data of [Wol04]:
see comment in caption of figure 6.4.

and corresponding d