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Abstract

The doublet neutron-deuteron (nd) scattering length by q, which is at present only
known with an accuracy of 5%, is particularly well suited to fix three-body forces in
novel effective field theories at low energies. The understanding of such few-nucleon
systems is essential, e.g. for predictions of element abundances in the big-bang and
stellar fusion. by 4 can be obtained via a linear combination of the spin-independent
nd scattering length b. 4 and the spin-dependent one, b; 4.

The aim of this thesis was to perform a high-accuracy measurement of the latter to
improve the relative accuracy of by q below 1%. The experiment was performed at
the fundamental neutron physics beam line FUNSPIN at the Paul Scherrer Institute
in Switzerland. It utilises the effect that the spin of a neutron passing through a
target with polarised nuclei performs a pseudomagnetic precession proportional to
the spin-dependent scattering length of the nuclei. An ideal method to measure this
precession angle very accurately is Ramsey’s atomic beam technique, adapted to
neutrons.

The most crucial part of the experimental setup is the so-called frozen spin
target, which consists of a specially designed dilution refrigerator and contains a
sample with dynamically polarised nuclear spins. The polarisation of the sample
is determined by nuclear magnetic resonance (NMR) techniques. It turned out
that the relaxation of the nuclear spins during the necessary "cross-calibration" of
the two employed NMR systems is ultimately limiting the achievable accuracy of b; 4.

During the extensive use of the Ramsey resonance method in the neutron-deuteron
experiment, an idea emerged that the applied technique could be exploited in a com-
pletely different context, namely polarised neutron radiography. Hence, the second
part of the thesis covers the development of a novel neutron radiography technique,
based on the spin-dependent interaction of the neutron with ferromagnetic samples
and magnetic fields. For the first time, quantitative imaging of such samples could
be performed using a dedicated compact Ramsey apparatus. First results of this
spin-off project as well as the principle idea of the imaging technique are presented.






Zusammenfassung

Die doublet Neutron-Deuteron (nd) Streuléinge b 4, welche zurzeit nur mit einer
Genauigkeit von 5% bekannt ist, eignet sich besonders gut um Dreikorperkrafte
in Effektiven Feldtheorien zu beschreiben. Das Verstehen derartiger Systeme mit
wenigen Nukleonen ist von essentiellem Interesse zum Beispiel fiir die Vorhersage
von Isotopenhaufigkeiten wéhrend des Big-Bang und der Kernfusion in Sternen. by 4
kann aus der Linearkombination der spin-unabhéngigen b. q und der spin-abhéngigen
bi,q Neutron-Deuteron Streuldnge gewonnen werden.

Das Ziel dieser Arbeit bestand darin Letztere mit hoher Prézision zu messen, um
insgesamt eine relative Genauigkeit von by q von unter 1% zu erzielen. Das Exper-
iment wurde an der Strahllinie fir fundamentale Neutronenphysik FUNSPIN am
Paul Scherrer Institut in der Schweiz durchgefiihrt. Es verwendet den Effekt, dass
der Spin eines Neutrons, welches eine Probe mit polarisierten Kernen durchdringt,
eine pseudomagnetische Prézession vollfithrt, welche wiederum proportional zu b; 4
ist. Eine ideale Methode um eine derartige Prazession moglichst genau zu vermessen
ist die auf Neutronen adaptierte Atomstrahl Technik nach Ramsey.

Der wichtigste Bestandteil des Experiments ist das sogenannte "frozen spin target",
welches aus einem speziellen Mischkryostaten besteht in dem eine Probe mit Hilfe
der Methode der dynamischen Kernpolarisation polarisiert werden kann. Die
Polarisation der Probe wird mittels Kernspinresonanz untersucht. Es stellte sich
jedoch heraus, dass die erreichbare Genauigkeit von b; 4, aufgrund der Relaxation der
Kernspins wéhrend der notwendigen "Kreuz-Kalibration" der beiden verwendeten
NMR-Systeme, limitiert ist.

Waéhrend der umfangreichen Arbeit mit der Ramsey Resonanzmethode fiir das
Neutron-Deuteron Experiment, entstand die Idee, dass die angewandte Technik
auch in einem vollig anderen Zusammenhang genutzt werden konnte, namlich der
Radiographie mit polarisierten Neutronen. Der zweite Teil der Arbeit beschreibt
deshalb die Entwicklung einer neuartige Neutronenradiographie-Technik, welche auf
der spin-abhéngigen Wechselwirkung von Neutronen mit ferromagnetischen Materi-
alien und magnetischen Feldern beruht. Damit konnten zum ersten Mal quantita-
tive Bilder von derartigen Materialien und Feldern durchgefiihrt werden. Es werden
sowohl erste Ergebnisse als auch die zugrundeliegende Methodik dieser Radiographie-
Technik vorgestellt.
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1. Preface

The quantum mechanical property of the spin of a particle plays an important role
in almost all areas of modern physics:

In condensed matter research the spins of the electrons give rise to new phenomena
and interesting properties in semiconductors, magnetic materials and superconductors
etc.

The nuclear spins and the shifts of their resonance frequency due to chemical bindings
are used in nuclear magnetic resonance (NMR) to identify chemical substances and
element isotopes. The effect of nuclear magnetic resonance of liquids and solids was
first observed by Bloch in Stanford [Blo46] and by Purcell in Harvard [Pur46] both
in 1946. On the other hand, Rabi already discovered the nuclear magnetic resonance
in atomic beams in 1938 [Rab38].

In medicine magnetic resonance imaging (MRI) employs the nuclear spins, mainly of
the protons, to obtain visual information, which is complementary to X-ray imaging.
MRI is especially suited to perform metabolic imaging and to image human tissue
and organs, e.g. ligaments and the brain (see Fig. 1.1). Also polarised noble gases,
as 3He and Xenon, can be utilised for medical purposes in the diagnostic of lung
diseases (e.g. Ref. [Alb94]).

In nuclear and particle physics the spin provides another degree of freedom, which
can for instance lead to a distinctive behaviour of reactions depending on the initial
spin-states of the nuclei and/or particles (e.g. spin-dependent absorption of neutrons,
spin-dependent scattering of nuclei due to spin-orbit coupling, the muon decay, the
charged pion decay etc.).

High energy experiments as the COMPASS experiment at CERN even aim for
the exploration of the origin of the spin of fundamental particles, i.e. protons and
neutrons. So far it is not fully understood from where the spin of the nucleons
ultimately emerges (spin puzzle). But it is safe to say that the quarks only carry
part of the nucleon spin. It is assumed that other contributions come from the
polarisation of the gluons and from the angular momentum of the quarks and the
gluons, respectively [Fri07].

Quantum mechanics makes a clear distinction between particles, which possess
integer spin, so-called Bosons with spin s € {0,1,2, ...}, and particles with half-integer
spin, Fermions with s € {1/2,3/2,...}. Their total wave functions ¥ and Vg need to
be symmetric and anti-symmetric under permutation of two particles, respectively
[Sch00]. This causes that two Fermions of the same species cannot possess the
exact same quantum numbers and have the exact same wave function. This after
Pauli named principle prohibits for instance that even at absolute zero temperature
the conduction electrons in a metal join together in the energetic ground-state.
Instead, they fill up all energy levels up to the so-called Fermi-energy Er. Bosons
on the other hand can collapse into a common lowest quantum state and form a
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Figure 1.1: Magnet resonance image of the ankle of the author’s left foot, taken at
the Kantonsspital Baden AG in Switzerland.

so-called Bose-Einstein condensate. The latter phenomenon appears for example in
laser-cooled rubidium or sodium atoms [Dav95| and in superfluid *He (see section 4.1).

The present work is devoted to the spin of the neutron. Two experiments are presented,
in which the neutron serves, due to its electronically neutral character, as a very
sensitive probe for pseudomagnetic and magnetic interactions. The thesis is divided
into two main parts:

I.

II1.

Neutron Spin Precession in Samples of Polarised Nuclei:

An experiment with the aim to measure the spin-dependent (incoherent) scatter-
ing length of the neutron on the deuteron is described. The experiment has been
carried out in collaboration with the Sample Environment and Polarised Targets
Group of the Paul Scherrer Institute (PSI), H. Glattli from the CEA Saclay and
O. Zimmer from the Institut Laue-Langevin (ILL). The actual measurements
have been performed at the polarised cold neutron beam line FUNSPIN at the
spallation neutron source SINQ at PSI in Switzerland.

Neutron Spin Phase Imaging (NSPI):

This part introduces a novel neutron radiography technique, which is sensitive
to samples that cause a change of the neutron spin precession frequency. First
results of the method are presented, which were obtained during one week of
beam time at the small angle neutron scattering instrument SANS-I at PSI.



Part |.

Neutron Spin Precession in
Samples of Polarised Nuclei
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The first main part of the thesis focuses on the experiment with the aim to perform
an accurate measurement of the spin-dependent neutron scattering length b; 4 of the
deuteron, which was proposed in Ref. [Bra04].

In chapter 2 the motivation for the measurement is briefly explained. Chapter 3
presents the theoretical background of the scattering of a neutron on a single nucleus
and of the experiment, while chapter 4 summarises some basic knowledge of low
temperature physics. In chapters 5 and 6 the instrumental setup of the experiment
and the individual beam times and their findings are described in detail. Finally, the
results, possible improvements and future options are discussed in chapter 7.



2. Introduction

2.1. The Neutron-Deuteron Experiment

An accurate direct determination of the spin-dependent (incoherent) neutron
scattering length of the deuteron b;q is of great importance. Combining the value
with the well-known coherent neutron-deuteron scattering length bc 4 [Sch03] will
provide a new value of the doublet neutron-deuteron scattering length by q, which
represents a crucial input parameter for modern effective field theories of low-energy
interactions among nucleons (compare section 2.2). Presently, by 4 is known only with
5% accuracy from an indirect determination of b; 4 dating back to the 1970s [Dil71].
The goal of the nd-experiment is to achieve a relative accuracy of by q of about 1%,
which requires an improvement of the accuracy of b; q from presently 0.8% to better
than 0.13% (see section 3.2.7).

The here presented experiment was carried out at the cold, polarised neutron beam
line FUNSPIN at the spallation neutron source SINQ at the Paul Scherrer Institute in
Switzerland. Its aim was to determine b; 4 directly using the phenomenon of pseudo-
magnetic precession |Abr731, Bar65|: owing to the spin-dependent refractive index,
the spin of a neutron passing through a polarised target precesses around the axis of
nuclear polarisation with the precession angle ¢* being proportional to the bound in-
coherent scattering length of the nuclear species present in the sample. The precisely
known value of the proton incoherent scattering length b; ;, allows to adopt a method
proposed in Ref. [Bra04|, which relies on a relative measurement employing a sample
containing both protons and deuterons. This way the experimental difficulties associ-
ated with absolute measurements of neutron wavelength, number density and nuclear
polarisation, which would limit considerably the final accuracy, can be avoided.

The pseudomagnetic precession angle ¢* can be measured very accurately using Ram-
sey’s well-known atomic beam technique [Ramb6|, adapted to neutrons [Abr82|. Orig-
inally introduced as a molecular beam resonance method, Ramsey’s technique of sep-
arated oscillating fields has become a well-established tool in many areas of research.
It is sensitive to spin-dependent interactions of particles with external fields. For slow
neutrons the method is employed in various ways. Most longstanding is the search for
a non-vanishing electric dipole moment (EDM) of the neutron, which serves as a tool
to investigate CP violation beyond the CKM mechanism. Another application is the
above mentioned measurement of the spin-dependent, incoherent neutron scattering
length b; of atomic nuclides. The method was pioneered by a group from Saclay in
the 1970s and provided values for more than 30 nuclides with applications in neutron
scattering and for tests of nuclear models [Abr75, Abr82, Gla79, Mal81, Rou74].
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The accurate measurement of the spin-dependent neutron scattering length of the
deuteron requires that several experimental techniques and R&D-topics have to be
carefully addressed. This includes the following points, which are fully covered in the
present thesis:

e Set up of a neutron Ramsey apparatus, which has to run very stable (radio
frequency fields, magnetic fields etc.) to achieve a high accuracy in the deter-
mination of the pseudomagnetic precession angle.

e This includes a carefully prepared neutron beam in terms of polarisation, colli-
mation, wavelength selection etc.

e Design of a spin polarised nuclear target, i.e. a dilution refrigerator with several
special features as well as sample preparation and the study of sample materials.

e Provide areliable and highly sensitive system to measure the nuclear polarisation
of small samples.

2.2. Motivation of the Neutron-Deuteron Experiment

In this section we introduce the motivation of the presented neutron-deuteron ex-
periment, which originates from the demand for more accurate experimental input
parameters by theoretical nuclear physics and effective field theories, respectively.

2.2.1. The Nucleon-Nucleon Potential

Nucleons and nuclei prove an outstanding scientific challenge even after many decades
of nuclear physics [Gri05]. Nucleons themselves are composite objects and interact
with each other mainly via the strong interaction, while gravitation and electro-weak
interaction can be neglected on the same length scale of 107" m = 1 fm.! The range
of the interaction is very short and on the order of the radius of a nucleus. To study
the nucleon-nucleon interaction, one investigates not only bound few nucleon system,
namely the deuteron, triton and helium, but also elastic nucleon-nucleon scattering
at various energies. The measured cross-sections of these scattering processes can
be described theoretically by the so-called scattering phases §; of the corresponding
partial waves (compare partial wave erpansion in section 3.2.2). They describe the
phase shift between the scattered wave and the incoming wave and thus deliver in-
formation about the strength and the shape of the nucleon-nucleon potential. For
instance, an attractive (repulsive) potential results in a positive (negative) scattering
phase [Kam79, Pov01].

Fig. 2.1 shows qualitatively the radial dependence of a potential, which reproduces
the results of a scattering phase analysis. It has a characteristic short range repulsive
and a long range attractive nature. Since the repulsive part of the potential increases
rapidly at small distances, it is known as the hard core. The long range part of the

IThis is of course true for all hadrons, i.e. mesons and baryons.
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Figure 2.1: Sketch of the radial dependence of the nucleon-nucleon potential for [ = 0.
Taken from Ref. [Pov01].

potential (r > 4 fm) can be explained by the one-pion-exchange and the attributed
attractive Yukawa potential with the pion mass m, = 140 MeV/c%.2

However, the intermediate and short range behaviour of the potential is usually de-
scribed by phenomenological models, where the parameters of these models, usually
more than 30, are determined by fitting to experimental data. The most widely used
models are the Paris potential, the Argonne AV18 potential, the CD-Bonn potential
and the Nijmegen potentials. A dissatisfying aspect is that they cannot be derived
from fundamental principles and that although they lead to accurate descriptions of
particular processes, it is often not clear how related phenomena can be explained in
the same framework.

A more recent approach is the development of effective field theories, which provide a
consistent description of nucleon-nucleon and three-nucleon forces and allow pertur-
bative calculations of the interactions between nucleons.

2.2.2. From QCD to Effective Field Theories

Quantum Chromodynamics (QCD) is the theory of strong interaction. QCD describes
all hadrons as built out of point-like spin 1/2 particles: quarks and anti-quarks, where
the force between them is mediated by gluons. The dynamics of QCD is highly
non-linear because gluons as well as the quarks possess a colour charge and thus
interact amongst themselves. As a result, the strong interaction strength, which
is described by the strong coupling "constant" ags becomes weak or asymptotically
free at high energies, while it is large at energies below 1 GeV. The latter is known
as confinement and causes that at large distances the binding between the quarks
becomes infinitely large and that a single quark cannot be removed from a hadron
(compare also hadronisation).

Hence, at high energies, i.e. short distances, one can apply standard perturbation
theory to calculate hadronic properties directly from the dynamics of quarks and
gluons as agy < 1. However, at the energy scales of nuclear physics of less than 1 GeV,
i.e. distances of more than approximately 0.2 fm, the perturbative expansion breaks

2Due to Heisenberg’s uncertainty principle nucleons can emit and absorb virtual pions and other
mesons. According to the theory of Yukawa, these massive bosons mediate the interaction between
two nucleons, in analogy with the photons which mediate the electro-magnetic interaction.
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down because a5 becomes large. As a result, quarks and gluons are hidden from direct
observation; instead, hadrons and atomic nuclei are detected in experiments. These
effective low-energy degrees of freedom interact and are bound together by what can
be considered the "residual" QCD-interaction [Gri05].2 In the past few years, a new
and very promising strategy has been developed to describe this residual interaction
between the hadronic degrees of freedom by effective field theories (EFT) at low
energies. Thereby, these EFT’s require much less experimental input than traditional
potential models to reach comparable accuracies and they provide the possibility to
describe phenomena in a systematic way (compare Ref. [Bed03, Phi02| for reviews).
In general, an effective theory is an systematic approximation to some underlying
theory, which includes appropriate degrees of freedom to describe physical phenomena
occurring at a chosen energy, while ignoring substructures and degrees of freedom at
higher energies. Effective theories are largely used in many branches of physics where a
separation exists between high- and low-energy scales.*® Thereby, an effective theory
is not a model, since its systematic character allows to make predictions with reliable,
high accuracy. However, if this is to be true then a small parameter, such as the
coupling constant a of QED, must govern the systematical approximation scheme
[Phi02].

EFT’s are characterised by their dimensionless expansion parameter QgpT, on which
the ordering scheme is based. The parameter is defined by

typical excitation energy or mass scale of the process

QErrT = <1, (2.1)

AgFT

where Agpr is the so-called breakdown-scale of the theory beyond which the theory
cannot be applied anymore. Besides others, one successfully employs the following
two EFT’s in nuclear physics:

e The Chiral Effective Field Theory (xEFT), which can be interpreted as the low
energy version of QCD with the breakdown-scale of about 600 to 1000 MeV.
Hence, in YEFT the nucleons, the pions and the A(1232), as the lowest-lying
nucleon-resonance, form the degrees of freedom of the theory. All other mesons
and nucleon-resonances involve much higher energies and are thus integrated
out.

e The Pion-less Effective Field Theory (#EFT), which can be interpreted as the
low energy version or a special case of the YEFT [Bed02, Gri05, Phi02]. Its
breakdown-scale is of the order 100 MeV, i.e. approximately the pion mass.
7EFT contains only protons and neutrons as degrees of freedom and the only
appearing forces are point-like two- and more-nucleon interactions.

3Similar situations arise in other branches of physics, e.g. for neutral atoms: They can be bound in
molecules by the van-der-Waals force as a residual force of the more fundamental electro-magnetic
interactions between the more fundamental degrees of freedom, namely the electrons and nuclei.
Another example is given in classical mechanics: on the astronomical scale, it does not make sense
to describe the planets as made of 102° molecules. Instead, a point with the mass of the planet
becomes a more efficient description.

4Further examples are: Fermi’s theory of the S-decay and the BCS theory of superconductivity.

®A very intuitive example of an effective theory is given in Ref. [Phi02]: the gravitational potential
above the Earth’s surface.
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Although the restriction to low energies might seem severe, a wealth of pivotal physical
processes takes place in this range, which are important for astrophysical applications
and fundamental questions, e.g. big-bang nucleo-synthesis, stellar evolution, neutrino
astro-physics, parity violating effects in the standard model, the solar Hep-process
etc.b

Moreover, EFT’s provide an answer of finite accuracy because higher order corrections
are systematically calculable and suppressed in powers of Qgpr. Hence, the power
counting allows for an error estimate of the final result, with the natural size of all
neglected terms known to be of higher order. And relativistic effects, chiral dynamics
and external currents are included systematically.

2.2.3. Three-Nucleon Forces

Every description of low-energy nuclear physics which is not directly employing quarks
and gluons but different "effective" degrees of freedom will necessarily have to include
few-nucleon forces, namely forces which are mediated only when nucleons are within
one nucleonic radius of each other. One example is the "hard-core" nucleon-nucleon
force mentioned above. When three nucleons interact at very small distances, they
can interact with three-nucleon forces. Therefore, every theoretical description will
incorporate three-nucleon forces. Their strengths cannot be determined by two-body
observables, but have to be inferred from data taken on systems with at least three
nucleons. Clearly, these data must be as good as possible, so that the error associ-
ated with the experimental input is as small as possible. The binding energies of the
triton and *He are known with very high accuracy but do not suffice to constrain all
three-nucleon forces. Measuring highly accurate three-nucleon scattering lengths, as
undertaken in this thesis, provides therefore stringent constraints and crucial input
for nuclear theory.

For example, three-nucleon forces are introduced for conceptual reasons in #EFT
already at leading order to ensure that physical observables do not depend on the de-
tails of the short-distance physics chosen for the theoretical calculation [Gri06, Gri08].
Thereby, the strengths of the three-body forces have to be fixed by experimentally well-
determined input parameters. Best suited, due to the absence of the Coulomb force,
are the binding energy of the triton, which is known with an accuracy of 5x 1077, and
the doublet neutron-deuteron scattering length by q. The reason of the high sensitivity
of the latter to three-nucleon forces is the absence of Pauli blocking in the doublet
channel, since the incident neutron has its spin anti-parallel to the one bound in the
deuteron.”

Thereby, the #EFT can be in principle pushed to a quite high accuracy of below 1%,
i.e. high orders of expansion, because it is considerably simpler than potential models
or the more complex yEFT with pions. This allows for exploring processes at very
low energies with considerable less effort, and testing of the universal properties of
systems, i.e. how much of them can be explained with only scattering lengths and
effective ranges as input. However, this accuracy can only be attained if the experi-
mental input parameters are known with a sufficient precision. As already mentioned

5The Hep process is a weak-interaction reaction, which occurs in the sun: °He +p —
‘He + " + ve [Kub04].

"Hence, the triton binding energy is employed at leading order (LO), while one utilises b2.q at
next-to-next-to leading order (N?LO), as the second three-body datum.
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in section 2.1, at present the doublet nd-scattering length bs 4 is known only with 5%
accuracy, which is considerably worse than the theoretical uncertainty. This has moti-
vated the present development to determine this crucial quantity with high-accuracy
in the so-called neutron-deuteron experiment [Bra04].



3. Neutron Scattering and Ramsey's
Method

In this chapter the theoretical background of the nd-experiment is presented. Section
3.1 briefly summarises the properties and the production of neutrons, while section
3.2 describes the scattering of neutrons on nuclei and introduces scattering lengths,
the Fermi potential and the neutron refractive index. In the following section 3.3
an idealised Ramsey resonance apparatus is considered and simulated using quantum
mechanical time evolution operators. Finally, section 3.4 describes the principle of the
intended relative measurement of b; 4.

3.1. Neutrons

Neutrons are electronically neutral fermionic particles with spin 1/2. They are pro-
duced for research purposes in a nuclear fission process in a nuclear research reactor
(e.g. FRM 2 @ TU Miinchen) or at a spallation source (e.g. SINQ @ Paul Scherrer
Institute [Fis97]). These reactions produce high energetic neutrons of several MeV.
For most applications the velocities of the neutrons have to be reduced by means of
moderation in:

e Heavy water (D2O at 300 Kelvin - thermal neutrons - peak velocity of the
neutron Maxwell-Boltzmann distribution v, ~ 2200 m/s).

e Liquid deuterium (D at 25 Kelvin - cold neutrons - v, ~ 850 m/s).

e Solid deuterium or liquid *He below one Kelvin (super-thermal source - ultra
cold neutrons - velocities of down to 10 m/s), e.g. Ref. [Atc05, Zim07].

In all cases, the obtained neutrons are not polarised, that means that half of the
neutrons will have their spin parallel/anti-parallel to an externally applied magnetic
field By. Their polarisation P, is given by

N, - N_

PH=N++N_’

(3.1)
where N, (N_) denotes the number of neutrons with spin parallel (anti-parallel) to
By. Equ. (3.1) is of course valid for all spin 1/2 particles. The two spin states are
separated by the Zeeman energy

—

AEZ,n = iu?nl . EO = ’ynﬁBg s (32)
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where i, = y,hS is the magnetic moment of the neutron, which is oriented along its
spin § and 7, = —27 x 29.1647 MHz/T is the gyromagnetic ratio of the neutron.

A neutron beam can be polarised (P, # 0) by filtering neutrons of one spin-state. This
is usually done by scattering of the unpolarised neutron beam on magnetic multilayers
(polarising supermirror) [B6n99, Kri04, Pie083, Sch89]|, by spin-dependent absorption
in polarised *He-gas [Hei99] or by spin-dependent scattering on targets containing
polarised protons [Asw08, Zim99|.

3.2. Neutron Scattering on Nuclei

3.2.1. Solution of the Scattering Problem

We consider elastic scattering of a single neutron on a single nucleus with spin I
as presented in Fig. 3.1 in the centre of mass system.!'? The relative coordinate 7
describes the distance between the neutron and the nucleus. First, we will neglect
the spin of the neutron and of the nucleus. The interaction between the two particles
is purely strong interaction and is given by the potential V(). The range of the
interaction is of order fm = 107'® m, which is about five orders of magnitude smaller
than the de Broglie wavelength A of the neutron. The Schrodinger equation of the
system is given by:

R 2 27.2
100 =G V@0 = Gt (33)
(A+K) 0 = VAN (3.4)

m is the reduced mass of the system: m = mymy/(my + my), where my is the mass
of the nucleus and m, = 1.6726 x 10727 kg is the neutron mass. k is the modulus
of the relative wave vector, which is connected to the neutron wave vector EO in the
laboratory frame via:

ol

> mN > A
_ko'mN+mn_k0 (A+1) ’ (3:5)
where A is the mass ratio of the nucleus and the neutron, which can be approximated
by the number of nucleons in the nucleus. Therefore it holds that k ~ kg for A > 1.

Equ. (3.4) represents an inhomogeneous Helmholtz equation, which is solved using

its Green’s function presented in appendix A.1. The solution is given by:
m ik| 7= |
2mwh?

e

W) = T = I [ V(Y () (3.6)

|7—7"|
This equation can be interpreted as follows. The total wave consists of the incoming
plane wave and a scattered wave. In the second term, the amplitude of the incident
wave times the potential at 7 acts as a source for the scattered wave. The Green’s
function G(7,7") is the amplitude of the scattered wave at 7 due to the source 7.
Hence, the total scattered wave at 7 is given by the integral over all source points

[Bay69].

LA similar derivations of the scattering problem can be found in Ref. [Gol91, Sea89).
2Compare also chapter 6.4 in Ref. [Sch8§].
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Figure 3.1: Elastic scattering of a neutron on nucleus. The neutron with its initial

wave vector k is scattered under the angle 6 from the nucleus. The final wave vector
is k'.

For distance far away from the nucleus, i.e. |7] > ||, the solution can be approxi-
mated using |7 7| ~r— (7 r'/r), with 7 = |7| and v’ = |#|.3 It follows:

with: f(0) = —2:;12 deT’ V(F’)qp(f'),e—ilﬁﬁ

K = kL represents the wave vector of the scattered neutron in the direction of 7.
Hence, the solution given in Equ. (3.7) represents the sum of an in-coming plane
wave and an out-going spherical wave, which is weighted with the so-called scattering
amplitude f(6), where 6 is the angle between k and k.

We end up with a recursively defined wave function (¥) as a solution for the
Schrodinger equation. As already mentioned, the nuclear potential V(#) has a very
short range Ry and thergfgre vanishes at distances much shorter than A. Hence, the
—ik 7

exponential function e in the above formula can be replaced by unity:

m
2mh?

f = [d* V() (3.8)
The isotropic scattering corresponds to so-called s-wave scattering, with orbital mo-
mentum [ = 0. This can also be regarded in the sense that the angular momentum
transfer ik Ry = hRg/)\ is very small compared to A.

3Compare section A.2 in the appendix.
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3.2.2. Scattering Lengths

As the scattering potential V' (7) is assumed to be a central potential and independent
of the azimuthal angle, the scattering amplitude f(6) in Equ. (3.7) can be expressed
in Legendre polynomials (partial wave expansion) [Sea89]:

£(0) = ﬁ g(% +1) - (** M ~1) - Py(cos0) , (39)

where §;(k) is the phase shift (scattering phase) of the I-th partial wave and P;(cos6)
is the [-th Legendre polynomial. For s-wave scattering this expression reduces to:

f(0) = ﬁ (eQwO(k) - 1) ~ % (22'50(]‘5) + M + )

(3.10)
using Py(cosf) = 1 and the Taylor expansion of the exponential function. For low
energies, i.e. small k, it holds that &;(k)ock?*! [Sch88|. Hence, one can write §o(k) =
—ak, where the proportionality factor a has the dimension of a length and is therefore
called free scattering length. This yields

f(0) = —a +ia’k + O(k?) (3.11)

with a being complex: a = a’ —ia”. The imaginary part a’’ describes absorption
processes of the neutron. The optical theorem

Tuot = 05 + 7 = T [£(0)] (3.12)

relates the total cross-section oot to the imaginary part of the forward scattering
amplitude [New76|, where oy is the scattering cross-section and o, is the absorption
cross-section. Note, while a’ may be either positive or negative?, a” is always positive.
For almost all nuclei, except strongly absorbing ones, it also holds that a’/a” > 10°.
Inserting the result of Equ. (3.11) in the Equ. (3.12) leads to:

4
Gior =4 Jal? + “a"(1-20"k) (3.13)

The scattering cross-section of o free = 47 |a|2 corresponds to the scattering on a hard
sphere with a radius a [Lan74|. For all practical cases the absorption cross-section
can be reduced to o, free = %a’ ' as even for strong neutron absorbers like 5Li or 1B
the factor 2a”k is negligible compared to unity.

For the scattering of neutrons on rigidly bound nuclei (e.g. in a crystal or a molecule),
one often uses the so-called bound scattering length b, which is related to the free
scattering length in the following way:®

b:b'—ib":%az(AZl)a (3.14)

4There are only a few examples of nuclei with a negative scattering length, e.g. hydrogen 'H and
titanium *®Ti. o’ < 0 (a’ > 0) corresponds to a attractive (repulsive) interaction between the
neutron and the nucleus.

5This corresponds to a transformation from the centre of mass system to the laboratory frame
(compare chapter 2.3 in Ref. [Gol91]).
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Hence, the bound cross-sections are given by:

A+1)\?
Scattering: os pound ( I ) O free = 4T |b]? (3.15)
. i,
Absorption: o, bound k:_b (3.16)
0

Equ. (3.16) is usually called the 1/v-law, meaning that the absorption of a neutron
is inversely proportional to its velocity or its wave vector kg. Note, absorption
cross-sections are normally tabulated for thermal neutrons with A = 1.8 A or v = 2200
m/s.

3.2.3. Spin Dependent Scattering

To take the effect of the spins of the neutron and of the nucleus into account, one
introduces a spin-dependent part of the bound scattering length:

2b; Lo
b = b+ ——=5-1 (3.17)
\/I(I+1)
with: b = coherent, spin-independent scattering length
bi = incoherent, spin-dependent scattering length

§ is the spin of the neutron and I the spin of the nucleus, respectively. The total spin
of the system is J = [+ §+ I, with [ being the orbital momentum (here: [ = 0). Hence,
the total spin can either be I+ 1/2 or I —1/2 leading to the two scattering lengths b.:

1 1
J=I+§ - by = b.+ I+1bi (3.18)
1 I+1
J=I—§ - b = b.- T bi (3.19)
The inversion of these two equation yields:
1
bc = m [(I + ].)b+ + Ib_] (320)
\/I(I+1)
bi = ﬁ [b+ - b_] (321)

Also the scattering cross-section can be distinguished in a coherent and an incoherent
part:

Os,bound = Oc,bound 1 Oibound = 4T [lbcl2 + |b1|2] (322)
4dm
also: O pound Tl [T+ 1) 102+ T (b (3.23)

In table 3.1 the scattering lengths and the cross-sections of some light nuclei are
presented.
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I be [fm] bi [fm] Oc,bound 0i,bound Oa

YH || 1/2 | -3.7423(12) 25.217(6) 1.7599(11) | 79.91(4) 0.3326(7)

’H 1 6.674(6) 4.033(32) 5.597(10) 2.04(3) | 0.000519(7)

SH || 1/2 4.94(8) 0.00(37) 3.07(10) 0.00(2) 0

3He || 1/2 6.000(9) -2.365(20) 4.80(1) 1.53(1) 5333(7)
-11.483(2) | +i 2.568(3)

‘He || 0 3.26(3) 0 1.34(2) 0 0

OLi 1 2.0(1) -1.79(24) 0.51(5) 0.41(11) 940(4)
-10.261(1) | +10.257(11)

TLi || 3/2 | -2.22(1) -2.49(5) 0.619(6) 0.78(3) 0.0454(3)

BC |l 1/2 6.19(9) -0.52(9) 4.81(14) | 0.034(12) | 0.00137(4)

Table 3.1: Scattering lengths and cross-sections of light nuclei. The cross-sections
are given in barn=1072% m?=1072 cm? (taken from [Sea92| and [Ket04] for *He).

3.2.4. The Fermi Potential

As the potential in Equ. (3.8) is usually unknown, it is impossible to determine
the scattering length from first principles. Hence, Enrico Fermi introduced a pseudo
potential Vi, which in combination with the Born-ApprozimationS correctly describes
the scattering of the neutron on the nucleus:

27 h?

— (3.24)

Ve (7) = bo(r) ,

where 0(7) is the Dirac delta function (see appendix A.1). Vp(7) is called Fermi Po-
tential and depends only on one parameter, which can be determined experimentally.

Inserting Equ. (3.17) into Equ. (3.24) delivers the Fermi potential of a nucleus, which
2mh? [ 2b;
;—n 5(F=7) lbc 2 3.

is situated at 77; with the nuclear spin I;:
N
1
\/I(I+1)

Now we consider a solid with N equal nuclei, which are distributed homogeneously in
a volume V. Hence, the nuclear number density is p = N/V. The degree of nuclear
spin polarisation is given by P = (1:;)/[ , where (...) represents an average over all
nuclei. Therefore the resulting potential Vy averaged over the volume is:

_27rph2[ 2 [T _ 4]
VF— " Lbc+"}/Th I+1MHPJ

5The Born-Approximation assumes a weak interaction potential, which allows to substitute ()

ik

Ve (75775) (3.25)

(3.26)

under the integral by an unperturbed plane wave e
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Figure 3.2: Specular reflection of a neutron with an incident wave vector k on a

surface under the angle ¥. The momentum transfer is given by ¢'= K- k.

Hereby iy = ymhS was used, where f[i,, is the magnetic moment of the neutron and
o = —27 x 29.1647 MHz/T is the gyromagnetic ratio of the neutron.

Although one could continue with the whole expression given in Equ. (3.26), we will
consider the two parts separately in the following two sections, divided up in the
spin-independent potential V¢ . and the spin-dependent potential V.

3.2.5. Neutron Refractive Index and Total Reflection

The interaction of a neutron passing through a solid with the spin-independent po-
tential

21 h?
VF,C = My

- pbe (3.27)

can be expressed by the neutron refractive index n, analogue to the refractive index
in optics [Mai63]. The kinetic energy of neutrons with a de Broglie wavelength A is
Fyin = 4n?h2  Phys the refractive index can be written as

2mnpA2”
n* = 1-Vpc/Exn (3.28)
)\2
= 1-"pb (3.29)

The quantity 1 —n? is for all nuclear species of order 107 for cold neutrons and can
be approximated using the Taylor expansion (see appendix A.3):

)\2
nsl- %pbc (3.30)

Note, that the refractive index of neutrons is defined reciprocal compared to the index
of refraction of light, i.e. nyeutron = Umedium/vvacuum and Nlight = Uvacuum/vmediumy with
v being the group velocity of the neutrons and light, respectively.

We now consider the reflection of a neutron on a surface as depicted in Fig. 3.2. For
neutrons with a kinetic energy perpendicular to the surface which is lower than the
potential Vi ., we expect total reflection up to a critical angle 9. or up to a critical
momentum transfer q. = | |:

h2q2
Vi = 8mC

(3.31)
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Material || p [10%® m™3] | be [fm] | pbe [1070 A=2] | 1-n [107%] | Vi [neV] | 9 [
Be 12.3 7.74 9.5 1.52 247 0.099
Al 6.03 3.5 2.1 0.34 54.9 0.047
Si 5.19 4.15 2.2 0.34 55.9 0.047
Ni 9.14 10.3 9.4 1.50 244 0.0992

58Nji 9.14 14.4 13.2 2.09 335 0.117
Ti 5.66 -3.4 -1.9 -0.31 -50 -
Pb 3.30 9.4 3.1 0.49 80 0.057

H,O 3.35 -1.68 -0.6 -0.090 -14.6 -

D,O 3.35 19.14 6.4 1.02 167 0.082

Table 3.2: Number densities p, bound coherent scattering lengths b, and Fermi po-
tentials Vi . of some selected materials, taken from [Kle83]. Here, the refractive index
n and the critical angle 9. are tabulated for neutrons with a wavelength of 1 A.

The critical angle is given by cos ¥ = n, which yields:

U [rad] ~\/ p?bc)\ (3.32)

In table 3.2 some values for the refractive index and the Fermi potential are sum-
marised.
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3.2.6. Pseudomagnetic Precession

The spin-dependent potential

~

dmh
Vi z

’ Mnn

- pby - I+1MH'P ) (3.33)

can also be written in the following way, analogue to a magnetic interaction of the
neutron magnetic moment:

Vii = —fin-B* (3.34)

. = 4rh [ I =
with: B = _mn"}/n . pbl . mp (335)

Because of this similarity B* is called pseudomagnetic field” and the associated pre-
cession is called pseudomagnetic Larmor precession with the angular frequency:

. 4dmh [ I

For instance, the protons in solid polystyrene have a number density of about 0.08
mol/ml, which will create a pseudomagnetic field of approximately B} = 3.0 Teslax P,.
For deuterons with the same density this yields a field of about B} = 0.58 Tesla x Py.
The spin of a neutron with a wavelength A\, which passes through a nuclear polarised

target with a thickness d and a polarisation P, would therefore perform a precession
of:

. I

p*[rad] = 2d\pb;P - T+1 (3.37)
By measuring the angle ¢* one can in principle directly obtain the bound incoherent
scattering length b;, although the absolute determination of the number density, the
wavelength etc. will cause a limitation on the accuracy. As we will see later this can
be avoided by a relative measurement of two nuclear species in the same sample.
The precession angles caused by polarised protons, deuterons and '3C nuclear spins
are:

@5 ] = (1004.6+0.3)°-d [mm]- A [A]- P, [%] - pp [mol/ml]
o ] = (196.8+1.6)°-d [mm]- X [A]- Py [%] - pq [mol/ml]| (3.38)
&[] = (=20.7+3.6)°-d [mm]- X\ [A]- Po [%] - pc [mol/ml]

The errors are caused by the limited accuracy of the incoherent scattering lengths.

"The existence of a pseudomagnetic field was predicted by Barishevskii and Podgoretskii from an
analysis of the neutron optical properties of a polarised target [Bar65]. A resonance experiment
by Abragam et al. [Abr731] provided the first experimental demonstration using a sample of
dynamically polarised protons in lanthanum magnesium nitrate (LasMgs(NOg3)12-24H20). Later
pseudomagnetic precession detected with a Ramsey apparatus became a standard tool to deter-
mine incoherent scattering lengths (e.g. Ref. [Abr732|).
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3.2.7. Neutron-Deuteron Scattering Lengths

Applying Equ. (3.18) and (3.19) for the deuteron yields (using the data given in table
3.1):

1
bag = bea + \/; big = (9.53+0.02) fm (3.39)

j—p)
g
[oW
I

7 ba.d =bea—\/2 biqg=(0.97+0.05) fm (3.40)

=
A
I

where by q and b 4 are the so-called neutron-deuteron quadruplet and doublet scat-
tering length. The latter one is only known with a relative accuracy of about 5%.

In the latest measurement of the doublet scattering length [Dil71], b; 4 was determined
indirectly via the bound scattering cross-section and the coherent scattering length of
the deuteron, with the following results:®

Os, bound = (7.623 +£0.027) barn (3.41)
bed = (6.672+0.007) fm (3.42)
bog = (0.960.06) fm (3.43)

Recently a group from the National Institute of Standards and Technology (NIST)
achieved an improved measurement of b, q using a neutron interferometer [Sch03|:

beq = (6.665 +0.004) fm (3.44)

But without a new value for oy, bound Or biq this does yields almost no improvement
in the accuracy of by 4.

The goal of the here presented work was to achieve a better accuracy by measuring
bi q directly for the first time. To reach dby q/b2 q of less than 1%, one needs 6b; q/b; g4 <
0.13%, i.e. an improvement by about a factor 6 compared to the present value.

8For the determination of the scattering cross-section, Dilg et al. performed measurements on D20,
SiO2 and Si using epithermal neutrons. From these measurements they deduced the total cross-
sections of oxygen and the deuteron. The coherent scattering length of DO was determined by
means of mirror reflection using slow neutrons with a gravity refractometer.
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Figure 3.3: Ramsey’s resonance method of separated oscillating fields for cold neu-
trons at resonance condition. Polarised neutrons (N ) travel in z-direction through a
constant magnetic field By pointing in z-direction. The neutron spins precess freely
with their Larmor frequency wg = —, By across a distance L between two 7/2-resonance

spin flippers of the length [ where their spin gets turned by 90° each.

3.3. Theory of a Ramsey Apparatus

This section has been taken from Ref. [Pie082|. It recalls the basic features
of Ramsey’s method [Ramb6] and provides formulas for the dependence of the
observed signals from geometrical parameters, field strength and the width of
the neutron wavelength distribution (instrumental parameters). A sketch of the
Ramsey apparatus is shown in Fig. 3.3. A polarised neutron beam passes through
a static magnetic field By in which two phase-locked m/2-resonance spin flippers
are situated. Their fields gl oscillate perpendicularly to ﬁo (B1 < By), with an
angular frequency w close to the neutron Larmor frequency wg = =y, Bg. The spin
flippers have a length [ and are separated by a distance L. The field amplitude B is
adjusted to result in a 90° rotation of the neutron spin in each spin flipper at resonance.

We first consider the ideal case of a fully polarised (P, = 1) and perfectly mono-
chromatic beam with the wavelength A\g = %UO, where h is the Planck constant, vy
is the neutron velocity, and m, is the neutron mass. With the resonance condition
A = w -wy =0 exactly fulfilled, the first spin flipper rotates the neutron spin into the
plane perpendicular to By. The subsequent Larmor precession stays in phase with
the oscillating fields, and the second m/2-spin flipper thus completes the spin flip by
180°. For small deviations from A = 0 the spin will still be rotated by about 90° in
the first spin flipper, but subsequently run out of phase with the field in the second
flipper. If, for example, an additional phase shift of 180° occurs, the neutron spin will
be turned back in its initial direction. As a function of w, a characteristic wiggle
pattern results. A simulation of such a pattern, called Ramsey signal, is shown in Fig.
3.4. The corresponding equation Equ. (B.11), derived in the appendix B, gives the
probability W(A) for a 180° spin flip. It is also shown that the theoretical difference
A f between two frequencies, where the probability for a 180° flip has a maximum, is
given by

Af » h 1+4l K for L > 1 (3.45)
" mahoL m L » 10T ’ '

Further off resonance, one observes a damping of the amplitudes of the intensity
oscillations because of the decreasing efficiency of the spin flippers. A formula for the
"background resonance" part of the whole Ramsey signal is given in Equ. (B.14) and

9This is easily understood, if one considers the spin flip process in the reference frame rotating with
the angular frequency w.
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shown as a dashed line in Fig. 3.4 and 3.5. Its width depends on the time 7 the
neutron spends in the spin flippers and is found numerically'?,

112 4.43x 106
7[sl " Ao [A] -1 [mm]

FWHM [Hz] ~ (3.46)

So far we have not taken into account an additional precession angle ¢* of the
neutron spin between the spin flippers, such as caused by the pseudomagnetic field
of a nuclear polarised target. For a perfectly monochromatic beam it leads to a
corresponding phase shift of the oscillatory part of the Ramsey signal, keeping the
envelope of the wiggles unaffected.

Considering the case where the neutron beam has a wavelength distribution p(\),
things become more complicated due to the velocity dependence of *,

* * )\
©*(A) = @5 - N (3.47)

where ¢ is the precession angle of a neutron with wavelength A\g. The resulting
spread of ¢* around ¢, leads to a modification of the envelope of the Ramsey
signal, whereas the phase shift of the wiggles within the envelope is still given by
@ (for symmetric p(X)). The corresponding probability W’ for a 180° flip, given
in Equ. (B.12), also takes a non-perfect neutron polarisation P, into account.
Examples of Ramsey signals for a wavelength distribution AA/Ag = 0.06 are shown
in Fig. 3.5. As a result, the limited monochromacy of the beam imposes practi-
cal limits to the maximum phase shift, beyond which the wiggles become undetectable.

A perfectly homogeneous constant magnetic field By is not possible to provide. Indeed
it is only necessary that the average field along the neutron flight path L between the
spin flippers is equal to the field By ,¢ at the sites of the spin flippers,

1 p+L
(Bo) = 7 [ Bo(w)da = Boys , (3.48)

because the validity of this equation already assures that the neutron spins precess
on average in phase with the oscillatory fields of the spin flippers at A = 0. This
means that one has rather to cope with the stabilisation of the magnetic field than
with providing a very high homogeneity.

Y Calculated from Equ. (B.14) with W = 1/4.
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Figure 3.4: Simulated Ramsey resonance signal. Probability to detect a 180°-flipped
neutron (solid line) and the corresponding background resonance curve (dashed line).
Used simulation parameters: P, =1, A\o =5 A, 1 =10 mm, L = 80 mm - Af ~ 8.5
kHz, FWHM =~ 88.6 kHz.
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Figure 3.5: Simulated Ramsey signals with an assumed Gaussian wavelength dis-
tribution with AM Xy = 0.06 (respectively: /Ao = 0.026). The damped oscillations
move along the background resonance curve (dashed line) if the additional precession
angle increases. a) ¢ = 0°, b) g = 900°, ¢) ¢ = 1800° and d) ¢§ = 2700°. Further
simulation parameters: P, =1, Ao =5 A, [ = 10 mm, L = 80 mm.
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3.4. Relative Measurement of b; 4

As already mentioned in sections 2.1 and 3.2.6 the nd-experiment foresees to mea-
sure the spin-dependent neutron scattering length of the deuteron b; 4 relative to the
well-known scattering length of the proton b;, using a sample containing polarised
protons and deuterons. This avoids the experimental difficulties associated with ab-
solute measurements of the number density and nuclear polarisation.

In Ref. [Bra04] a formula was derived (Equ. (14)) for the case of three ideal measure-
ment situations: 1) The protons and the deuterons are polarised. 2) Only one spin
species is polarised with equal degree of polarisation as in the first situation. 3) The
nuclear spins in the sample are completely unpolarised.

These three conditions cannot be perfectly prepared. Therefore, the previous equation
has to be extended and additional terms have to be included to meet the experimental
circumstances. Still, we make two reasonable assumptions:

e We assume that the sample only contains protons and deuterons and no other
nuclei with spin-dependent scattering potentials, e.g. 3C. The effect of other
nuclear species can be easily corrected for and can be included in the following
formulas.

e The magnetic field caused by the electrons of the paramagnetic centres and by
the nuclear spins can be neglected (compare chapter C.1 in the appendix).

From Equ. (3.37) one can derive the pseudomagnetic precession angles of neutrons
with a wavelength X\, due to polarised protons and deuterons respectively, in a sample
with thickness d:

. 1

Ppk = 2d/\:0pbi,ppp,k\/; (3.49)
1

2d/\pdbi7dpd’k\/; (3.50)

The total neutron spin precession angle will therefore be: ¢ = cp;’ k+g0§’ i T®0, where ¢g
is an intrinsic phase shift of the Ramsey apparatus, which also includes the precession
angle due to the magnetic interaction with the paramagnetic centres.

To determine b; 4 one has to measure ¢;, at least for two different degrees of nuclear
polarisation, i.e. k€ {1,2}. We define the ratio R, of the additional phase shifts as:

*
Pd.k

$1 = o
Ry = 3.51
= $2— o (3:51)
Inserting Equ. (3.49) and (3.50) and solving for b; 4 yields:
2 By PpPp 1
bi.a = bi \/j 1-Ry- 222 b D ) 3.52
ATV 3 ( v Pp,1) (R¢',0dpd,2 - paFaa (3:52)

The missing product of the nuclear number density times the polarisation can be
determined by the NMR absorption signals of the two nuclear species (see section 5.3
and Ref. [Hau04]):

piPik = cj- T2~ , (3.53)
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where I; is the spin, g; is the g-factor! and Jj 1 is the area under the NMR absorption
signal of the nuclear species j € {p,d}. The factor ¢; includes constants and parameters
which describe the NMR setup, e.g. filling factor of the coil etc. Hence, both nuclear
species have to be measured with the same NMR setup at the same frequency, i.e.
at different magnetic fields, in order to achieve that c¢; cancels, when inserting Equ.
(3.53) in Equ. (3.52):12

2 . -
bia =-bip - \/% (g—d) : (—g¢ : jp’Q — jp’l) (3.54)
b 6 Jd2 —Jd

This means that one needs three phases (¢p, ¢1 and ¢2) from three Ramsey signals
and 4 NMR absorption signals for each relative measurement of b; 4. Actually the
zero-phase measurement requires two further NMR signals with J, 0 = Jq,0 = 0. Note,
that it is not a trivial task to achieve a totally unpolarised sample and to confirm
that the NMR signal is really zero. ¢q is determined best by a separate measurement
of several Ramsey signals for different sample temperatures with thermal equilibrium
nuclear polarisation and by extrapolation to zero polarisation (see section 6.3).
Hence, the phases and the NMR signals have to be measured with an accuracy better

than 1073, to reach the aimed precision of the spin-dependent scattering length of
better than 0.13%.

Equ. (3.54) can be approximated for the special cases:

* Pp2=0:

_ 1 (9a)? Jp1
bia = bip- \/g (%) . (_R—¢ e (3.55)
L] Pp,g =0 and Pd71 = Pd72:
_ 1 (gq)2 1 JIp1
bia = bip - \/; (%) T (_Jd’1 (3.56)

The later case corresponds to the derivation given in Ref.  [Bra04|, with
Ry=1=¢f /g,

The best sensitivity for the determination of b; q is thus obtained for R4 ~ 2, i.e. the
phase shift due to both isotopes is equal. Using Equ. (3.38), one finds this is the case
when the residual proton concentration in a deuterated sample is approximately 4%,
as at equal spin temperature it holds that P,/Pyq ~ 5 (compare section 5.4).

Further, Equ. (3.56) can be used to estimate the NMR absorption signals. For Ry » 2,
this leads to Jp1/Ja1 ~ 4.

HThe g-factor is defined as the ratio between the magnetic moment of the nucleus and the nuclear
magneton px = 0.505078 x 10726 Am?. This yields: g, = +2.79285 and gq = +0.85744. Compare
also table 5.1.

12We will see later that both signals will be measured at around 16 MHz, which corresponds to a
magnetic field of about 0.4 Tesla (2.5 Tesla) for the protons (deuterons).
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4. Some Basic Knowledge of Low
Temperature Physics

4.1. The Helium Isotopes: *He and *He

Helium appears in nature in two stable isotopes: He and *He. The natural abundance
of the first is only 0.00014%. “He is nowadays obtained from helium-rich natural gas
sources, whereas 3He is a byproduct of tritium manufacure in a nuclear reaction:

Li+n — 3T + 2He
T — 3He te o Tipp = 12.3 years

The liquefaction of He was first achieved in 1908 by H. Kamerlingh Onnes in Leiden.
A scheme of the used apparatus is presented in Fig. 4.1.

Fig. 4.2 illustrates the vapour pressures of the two helium isotopes as a function of
the temperature. Below the drawn lines the corresponding isotope is gaseous and
above liquid. In fact, such a diagram of a liquid, can be used for thermometry by
measuring the vapour pressure above the liquid. The solid phases of helium have
been omitted in the plot as they only appear at about 3He: 34 bar and *He: 25 bar
at T ~ 0 Kelvin, respectively. They can be found in complete phase-diagrams, for
example in [Pob92].

One of the easiest ways to reach low temperatures is to pump on the vapour of a liquid
helium bath (*He and *He evaporation cryostat!). The achievable cooling power Q
is proportional to the latent heat of evaporation Ly, of the gas and the amount of
particles per unit of time moved from the liquid to the vapour 7, which is proportional
to the vapour pressure pyap(1') at temperature 7"

QC(T) = h'Lvapocpvap(T)'Lvap (4'1)
Q(T) o " (4.2)

The last proportionality is given by the Clausius-Clapeyron equation? for the vapour
pressure of an ideal gas with the approximation of Ly, ~ constant. It expresses that
the cooling power depends exponentially on the inverse of the achievable temperature.
Actually Ly, itself depends on the temperature, nevertheless one can assume for lig-
uid helium an average latent heat of evaporation of 3He: 25 J/mol = 0.5 kJ/1 (liquid)
and “He: 85 J/mol = 2.6 kJ /1 (liquid). These values are one order of magnitude lower
than for liquid hydrogen and two orders of magnitude compared to liquid nitrogen

'An example for a continuously operating “He evaporation bath cryostat can be found in Ref.
[Del71].
2Compare appendix D.
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At 9.40 only a few em®. of liquid helium were left. Then the
work was stopped. Not only had the apparatus been taxed to the
uttermost during this experiment and its preparation, but the utmost
had also been demanded from my assistants.

Figure 4.1: Scheme of the *He liquefaction apparatus and citation of Kamerlingh
Onunes, both taken from [Kam08].
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Figure 4.2: Temperature dependence of the vapour pressure of the two helium iso-
topes [Pob92]. The dots at the end of the curves are the critical points. *He: 3.32
Kelvin, 1.16 bar and “He: 5.20 Kelvin, 2.28 bar. The boiling temperatures T3, at 1 bar
are >He: 3.19 Kelvin and “He: 4.21 Kelvin.
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Figure 4.3: Temperature dependence of the density of liquid *He and *He under their
own vapour pressure [Ker54, Ker57|. The density of *He reaches a maximum of about
0.1466 g/cm?® at the A-temperature Ty = 2.17 Kelvin.

[Ens00]. In practice attainable temperatures by pumping on a helium bath are ap-
proximately *He: 0.3-0.4 Kelvin and *He: 1.0 Kelvin.

Using the latent heat of evaporation, one can also determine how much will be evap-
orated when a bath of liquid is exposed to heat, e.g. due to thermal radiation. One
watt causes an evaporation of 7.5 1/h of liquid *He, 1.4 1/h of liquid *He or 0.023 1/h
of liquid nitrogen No. Hence, to obtain long refill cycles of cryostats or dewars it is
necessary to minimise the heat leak. This is done by means of an isolation vacuum,
by using materials with a low thermal conductivity, as for example stainless steel or
organic substances, and by avoiding thermal radiation. The latter is done by employ-
ing cooled radiation shields and baffles, e.g. highly polished metals or gold-plated
surfaces, to avoid direct sight between parts cooled to liquid helium and surfaces at
room temperature.

The radiation? of heat is described by the Stefan-Boltzmann equation:

€1€2

- -12 2 4 4
QRad [W]=567X10 A[Cm](Tl—TQ)m

7 (4.3)
where €; are the emissivities of the radiating and absorbing surfaces of size A.* For
black body radiation with €. = 1 and with 77 = 300 Kelvin, 75 ~ 0 Kelvin we find
Q/A ~ 50 mW /cm?. For T; = 100 Kelvin this reduces already to about 0.6 mW /cm?.
However, also the use of the gas enthalpy is essential to minimise liquid helium
consumption. The gas enthalpy of *He warming up from 4.2 Kelvin to 300 Kelvin
is about 200 kJ/1 (liquid), which is almost two orders of magnitude larger than the
latent heat. The gas enthalpy can be exploited by heat exchangers between the warm
gas that enters a cryostat and the cold outgoing gas that flows in opposite direction.

In Fig. 4.3 the density of the two helium isotopes is plotted as a function of the
temperature®. At about 2.17 Kelvin “He reaches a maximum density of approxi-
mately 0.147 g/cm?. This temperature is called A-point, as *He undergoes a second

3Planck’s law of black body radiation gives the spectrum of the radiation with the peak at the
wavelength: Apax ~ zszilﬁ ~ 51}% [Gre87].

4The emissivities strongly depend on the surfaces of the used materials. Typical values are: eay =
0.01 -0.03, €a1 =0.02 - 0.3 and €55 = 0.05 — 0.1 for stainless steel.

®The molar volumes of the helium isotopes at T~ 0 Kelvin and at saturated vapour pressure are:

3He: 0.0368 1/mol and *He: 0.0276 1/mol [Pob92].
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order phase transition (no latent heat), which causes a A-shaped divergence in the
specific heat capacity Cy(T') (see Fig. 4.4).6 This phase transition from the normal
fluid He I to the superfluid He II is a consequence of the spin 0 of the *He atom
(Bose-condensation). The transition temperature Ty lowers slightly with increasing
pressure - at the melting curve at about 30 bar it reduces to 1.77 Kelvin. Below the
Ty *He is often described with the two fluid model [Tis38|: at Ty only normal fluid
is present in He II. As the temperature is decreased, more and more normal fluid is
transformed into superfluid. Finally, below 0.5 Kelvin, He II consists almost totally of
superfluid. The superfluid has no entropy (S = 0) and no viscosity (n = 0). The latter
enables superfluid helium to flow through tiny capillaries and so-called superleaks.”
Another result of this special property is the thermo-mechanical effect, which says
that superfluid helium flows towards areas where the He II is heated to restore the
uniform mixture of normal and superfluid (fountain effect). This effect can also be
turned around: if two reservoirs of He II are connected via a superleak and the first
reservoir is put under pressure then only the superfluid helium can penetrate the
superleak, which causes a cooling in the second reservoir.

Another consequence of the superfluidity is the superfluid film flow, which allows
liquid “He to climb up the walls of a beaker against gravity. In a cryostat the liquid
can climb up the pumping line to a height where the temperature is high enough
to evaporate it. This causes two problems: firstly, this acts like a gas leak and
reduces the effective amount of helium atoms, which are pumped from the surface
of the liquid. Hence, it increases the lowest reachable vapour pressure and therefore
increases the temperature. This effect becomes worse with a larger cross-section of
the pumping line. Secondly, since the film is able to transport heat rather well, it
acts like an additional heat leak [Bet76].

In analogy with the critical current or the critical magnetic field of a superconductor,
superfluid helium has a critical velocity (Landau wvelocity). Above this certain
velocity of about 30 cm/s excitations occur in He II (rotons, phonons and collective
excitations), which cause that the liquid loses its superfluid properties (compare
section 5.4 in Ref. [McC92]).8

Also 3He has a superfluid phase, which appears at a temperature that is about
three orders of magnitude lower than in *He. This is due to the fact that *He is a
Fermion with spin 1/2 and its superfluidity can be seen analogue to the appearance
of superconductivity in metals (compare electron Cooper-pairs).

For the sake of completeness, it shall be briefly mentioned how the liquefaction of
gases is accomplished:

If a gas is caused to perform adiabatic (AQ = 0) external work it must cool down,
due to the first law of thermodynamics.” In practice, the gas is first isothermally
compressed, before its internal kinetic energy is converted in performing work, e.g.
against a turbine or piston, causing it to cool.

Another technique is the so-called Joule-Thompson isenthalpic (dH = 0) expansion,

A very good summary of behaviours at phase transitions can be found chapter 17 of [Gre87].

"Unfortunately, it can also flow through tiny holes in liquid helium cells or tubes, which are hard
to detect at room temperature (A-leaks).

8The critical velocity may vary by more than one order of magnitude, if it is considered in a capillary
instead of "bulk" helium [Wil67].

9Conservation of energy: dU = AQ + AW, i.e. the change in the internal energy dU of a closed
thermodynamic system is equal to the sum of the amount of heat AQ supplied to the system and
the work AW done on the system.
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Figure 4.4: Specific heat capacity Cyv(T') close to the A-temperature of liquid “He,
taken from [Buc61]. The divergence of the curve is caused by a vertical tangent of the
entropy at T, as Cy(T) = T% |y

which exploits the attractive interatomic forces of a real gas.'® This can be understood
in the sense that during the expansion the gas performs work against these forces. The
expansion can either cool or warm the gas depending on the initial pressure and the ini-
tial temperature of the gas (compare inversion curve and Joule- Thompson coefficient).
Moreover, the Joule-Thompson effect works only for gases below their characteristic
inversion temperature!! Ti,., which makes it necessary that for instance helium has
to be precooled by other means before this method can be applied for further cooling.
A cryostat, which employs the Joule-Thompson effect for the liquefaction of *He is
presented in Ref. [Wil72].

4.2. *He/*He Mixtures and Dilution Refrigerators

Dilute solutions of *He and *He are of crucial importance for low temperature tech-
nology. Their special properties provide the basis of dilution refrigerators, which are
considered the "easiest" possibility to reach steady temperatures in the millikelvin
range, down to 2 mK [Fro78, Ver87].

The phase-separation z3-T-diagram of liquid *He/*He mixtures is depicted in Fig. 4.5,
where 3 is the 3He concentration in the mixture. As we know already from section
4.1 “He undergoes a phase transition from He I to He II at the transition temperature
Ty. In the case of a mixture, Ty depends now on the amount of 3He. With increasing
23 the transition temperature decreases down until it reaches x3 = 67% and T = 0.87
Kelvin (A-line and tricritical point).

Below 0.87 Kelvin another characteristic of *He/4He mixtures occurs. The liquid
stops being a homogeneous mixture and separates into two phases with different 3He
contents and a visible interface between them (different optical refractive indices of
the phases). The phase with a high concentration z3. of 3He (3He rich phase) floats

10 An ideal gas does not interact and therefore does not cool or warm under Joule-Thompson expan-
sion. The van der Waals gas does, as it incorporates these forces in the term (p +(N/V)? a).
"The inversion temperatures of some gases: ‘He: 43 Kelvin, Ho: 204 Kelvin, Na: 607 Kelvin and

0O2: 893 Kelvin.
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Figure 4.5: Phase diagram of liquid *He/“He mixtures, taken from [Bet76].

on the dilute phase with only a small amount 34 (*He rich phase), due to the dif-
ferent densities. An example is indicated by the dashed horizontal line at 0.5 Kelvin
in Fig. 4.5: a mixture which is homogeneous above 0.87 Kelvin will separate into two
phases with z3 . ~ 90% and x3 4 ~ 22%. With decreasing temperature the two helium
isotopes do not totally separate, but reach finite values at 7'~ 0 Kelvin of z3 . = 100%
and z3q ~ 6.5% [Edw65.

This finite solubility of 2He in He is caused by the fact that a 3He atom has a lower
energy when placed in pure liquid *He than it would have in pure liquid 3He. This is
a result of three effects:

e 3He atoms with spin 1/2 obey Fermi statistics and are therefore correlated.
In Ref. [Sch00] it is shown that even non-interacting Fermions feel an effective
repulsion, if they have equal spin states due to the necessity of an anti-symmetric
wave function (ezchange-correlation hole and Pauli principle).

e In the diluted mixture, the He atoms behave like a free degenerate Fermi gas'?
in the liquid *He, with an effective mass'? m3 ~ 2.5-mg. The Pauli principle
causes that the energy levels of this Fermi gas are filled up till the Fermi energy
Frp, which is proportinal to (z3)%? [Kit04]. Hence, any additional *He atom
added to the mixture has to have an energy of at least Ep.

e On the other hand, *He atoms are Bosons and feel an attractive tendency as a
result of their symmetric wave function (Boson bunching).

12The corresponding Fermi temperature with z3 = 6.5% is approximately T = 0.38 Kelvin [Lou74],
which is very low compared to the Fermi temperature of electrons in a metal of about 10* Kelvin.

13The increased mass is caused by the “He atoms, which behave like a "massive vacuum" for the
3He atoms. At this low temperatures the “He "solvent" is totally superfluid and has zero entropy,
zero viscosity and no heat capacity - inert superfluid background.
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Figure 4.6: Scheme of a dilution refrigerator. The arrows indicate the flow direction
of the *He atoms.

Hence, it is energetically advantageous at certain temperatures and concentrations,
that *He atoms stay together in one phase and some of the 3He atoms mix in this phase
until the first two effects listed above balance each other. The latter is approximately
the case at 34 ~ 6.5%.

But why is this special behaviour of 3He/*He mixtures important? To answer this
question, we have to first understand how the cooling in a dilution refrigerator is
achieved [Lou74]. A very schematic picture of a dilution refrigerator is presented in
Fig. 4.6. The in-going helium gas is cooled by the counter flowing cold gas via several
heat exchangers. It condenses and separates in two phases in the mixing chamber.
In the still, which is at about 1 Kelvin, almost only *He atoms evaporate,'* due to
the different partial pressures of *He and “He in the mixture. The vapour in the
still is removed by pumping, which causes a *He concentration gradient, resulting in
an osmotic pressure gradient between still and mixing chamber. Hence, 3He atoms
penetrate the phase boundary in the mixing chamber and thereby cause cooling. This
can be interpreted as the "evaporation" of 3He atoms from the liquid to the "gas-like"
4He rich phase. The temperature of the still can be regulated by a heater to establish
a sufficient gas circulation rate.

We are therefore dealing with a kind of upside-down version of a 3He evaporation
cryostat mentioned in section 4.1. The important advantage is, that due to the finite
solubility the amount of "evaporated" *He atoms n3 does not decrease exponentially
but stays constant with temperature. In other words, the osmotic pressure gradient,

ME g. at a temperature of 0.7 Kelvin and a ®*He concentration of 1% in the still the partial pressures
are approximately *He: 0.080 mbar and *He: 0.003 mbar. Hence, in this case about 96% of the
vapour in the still is *He. Compare equation (3.3) in [Bet76].
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which can be seen as the analogous of the vapour pressure for an evaporation cryostat
[Bet76], does not become zero, but instead approaches a finite value of about 22 mbar
for T ~ 0 Kelvin [Ens00].15

The cooling power of an ideal dilution fridge (only 3He circulates which is cooled by
step heat exchangers) is explicitly derived in Ref. [Lou74]:

Qc(T) [W] = g [mol/s] - (96 T3y, ~12- Ti) (4.4)

ix

Qo(T) [W] ~ 84-n3 |mol/s| - T2, , (4.5)

where Tix and Ti are the temperatures in the mixing chamber and the temperature
of the last heat exchanger, respectively. In Equ. (4.5) it is assumed that Tiix ~ Thy.
Equ. (4.4) expresses that the cooling is proportional to the circulating 3He flow
n3, which is adjusted by means of a flow impedance (e.g. a needle valve) after the
condenser above the still and by the still heater. On the other hand, it also expresses
that the circulation introduces heat caused by the "warm" liquid coming from the last
heat exchanger.

From the conservation of energy it follows that the cooling power is equal to the sum
of the heat leak of the cryostat Qp and the externally applied heating power Qext:

QC(T) = th + Qext (4.6)

Therefore, by plotting the square of the mixing chamber temperature Triix as a
function of Qext, one can approximately determine the heat leak of a dilution cryostat
(see section 5.2.1).

As an example we want to compare the theoretical cooling powers of a dilution refrig-
erator and of evaporation cryostats:

For instance, we consider a pump that can handle 1000 m?/h, which corresponds to
approximately 10 mol/s at 1 bar. This pump can then establish a 3He gas flow of
about 1 mmol/s in a dilution refrigerator, if we assume a partial pressure of 3He of
0.1 mbar in the still. This yields a cooling power of approximately 0.8 mW (5 mW)
at a mixing chamber temperature of 100 mK (250 mK).

With the same pump one can reach a cooling power of about 0.5 mW (8 mW) at 300
mK (400 mK) with a 3He evaporation cryostat and about 0.3 W (0.7 W) at 1.1 K
(1.2 K) with a *He evaporation cryostat (using Equ. (4.1)).

15This holds for temperatures below 200 mK and z3.4 = 6.5% and z3sein < 2%.
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4.3. Thermal Conductivity

When designing low temperature apparatuses or cryostats, it is always essential to
consider proper materials in terms of heat transfer and thermal conductivity, respec-
tively. It is either necessary to couple two parts thermally as good as possible or to
have them well-isolated from each other. The thermal conductivity of basically all
materials depends very much on the temperature and can vary from room tempera-
ture to T' ~ 0 Kelvin by several orders of magnitude. The heat is carried by lattice
vibrations (phonons) and/or conduction electrons (in metals).

In general one can define the thermal conductivity x in analogy with Ohm’s law, by:

L Qtr

R=Z'E, (47)

where AT is the temperature difference and Qtr is the heat current transfered over a
uniform rod of length L and cross-section A. Hence, [k] = W m™ K71,

In this section we will only consider materials, which later will be of interest in the
cryostat used to measure the incoherent neutron-deuteron scattering length. For a
more detailed consideration on other materials consult Ref. [Lou74, Pob92|.

4.3.1. Thermal Conductivity of Liquid *He

The thermal conductivity of helium is of great importance in our neutron-deuteron
experiment, as the investigated sample is situated in a cell filled with liquid *He, which
is thermally anchored to the mixing chamber of the cryostat (see section 5.2).

In section 4.1 it was already mentioned, that the specific heat capacity Cy(T) of *He
diverges at 2.17 Kelvin and that below this phase transition temperature the liquid can
be described with the two fluid model. Above 1 Kelvin, He II can transport enormous
amounts of heat'® by an internal convection process of normal and superfluid helium
(thermo-mechanical effect). This flow is limited by the viscosity of the normal fluid,
which increases drastically towards lower temperatures (see Fig. 5.9a in [Ens00]).
Therefore, below about 0.6 Kelvin this process becomes negligible and the heat is
then carried through liquid *He only by longitudinal phonons [Lou74]. Hence, the
thermal conductivity kay, close to T~ 0 Kelvin is proportional to D - T° 3 where D is
the diameter of the helium column (compare Debye’s T3-law in [Kit04]).

Fig. 4.7 shows a plot of the thermal conductivity of pure liquid *He taken from
the publication of Abel and Wheatley [Abe68]. Note that the conductivity drops by
approximately two orders of magnitude going from 200 mK to 50 mK. The admixture
of small amounts of *He reduces the conductivity even further.

16This explains why liquid helium, which is cooled below Ty, immediately stops boiling. This is due
to the huge thermal conductivity, which prevents that temperature gradients in the liquid can
occur.
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Figure 4.7: Thermal conductivity of two dilute solutions of *He in *He (1.3% and
5.0%) and of pure *He. The data is taken from [Abe68] and was obtained with a
liquid helium column of 2.5 mm in diameter. Note that ergs/sec equals 1077 W. A
measurement of the thermal conductivity of pure liquid *He can be found in [Abe67].
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Figure 4.8: Thermal conductivities of various materials below 1 Kelvin, taken from
[LouT74].

4.3.2. Thermal Conductivity of Metals

Nowadays most cryogenic apparatuses are made from metal. Often thin stainless
steel is used because of its rigidity and the relatively bad thermal conductivity. On
the other hand, copper is used, if one favours a good thermal contact.

In metals both, the phonons and the conduction electrons, contribute to the thermal
conductivity. Usually, the electronic thermal conductivity xe in a metal is considerably
larger than the thermal conductivity of the phonons kpy. This is caused by the much
larger Fermi velocity of the electrons compared to the speed of sound of the lattice
vibrations. At temperatures far below the Debye temperature!” Kph is proportional
to T3 and below about 10 Kelvin k. is proportional to 7. At higher temperatures the
thermally excited phonons are limiting the thermal conductivity of the electrons due
to scattering processes.

For instance, at 100 mK the thermal conductivity of copper of approximately 0.1 W
K=! cm™ is almost three orders of magnitude larger than of stainless steel, while it is
only 5 times larger than the thermal conductivity of liquid *He. For the temperature
dependence of k below 1 Kelvin of these and other materials see Fig. 4.8.

"Debye temperatures of several metals: Cu: 343 Kelvin, Ag: 226 Kelvin, Au: 162 Kelvin, Al: 428
Kelvin and Ti: 428 Kelvin [Kit04].
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4.3.3. Kapitza Resistance

The term Kapitza resistance refers to the thermal boundary resistance between lig-
uid helium and a solid body. This resistance, which is caused by a so-called acoustic
mismatch between the two materials, becomes significant at temperatures well below
1 Kelvin. Its importance becomes clear if one considers the performance of heat ex-
changers in dilution refrigerators or as we will see later between the mixing chamber
and a target cell filled with liquid *He, which are coupled via a sintered silver heat
exchanger (see section 5.2.1).

A quantitative explanation of the Kapitza resistance is given in section 9.6 in Ref.
[Lou74]. The gist is that due to Snell’s law only a very small fraction of the longitu-
dinal phonons in liquid helium may enter into the solid (critical cone of incidenting
phonons).'® And this amount is even further reduced by the transmission coefficient,
which depends on the ratio of the acoustic impedances of the two materials. Therefore
the phonon mismatch is especially great in the case of a liquid helium/solid boundary,
due to the small density of the helium. The Kapitza thermal boundary resistivity is
defined similarly to Equ. (4.7) by:

A-AT
Q
and is proportional to 773, i.e. the boundary resistance increases strongly with de-

creasing temperature.

Experiments show that the Kapitza resistance is extremely sensitive to the surface
quality of the solid and that Ry is roughly the same for liquid *He, liquid *He and for
dilute mixtures of *He in “He on one side and for different solids (metals and insula-
tors) on the other [Lou74]. Hence, the simplest way to reduce the boundary resistivity

is to increase the size of the surface, which is usually accomplished by using sintered
metal sponges.

Ry = (4.8)

18 This is caused by the fact that the velocity of phonons in liquid helium of about 200 m/s is 20-25
times slower than in metals.
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The nd-experiment consists of three crucial parts, which will be dealt with in this
chapter:

1. The neutronic part with the Ramsey apparatus, which is optimised to deter-
mine phase shifts due to pseudomagnetic interaction with an absolute accuracy
of about +1°. This is achieved by a careful stabilisation of the whole system,
especially the radio frequency spin flippers and the magnetic field and by em-
ploying the so-called two beam method.

2. The frozen spin target, which consists of a dilution refrigerator with a high
cooling power for dynamic nuclear polarisation and a target cell that is thermally
anchored to the mixing chamber.

3. A highly sensitive nuclear magnetic resonance (NMR) setup to measure
the nuclear spin polarisation of the polarised target.

These parts have to work all simultaneously to perform the measurement of the spin-
dependent scattering length. They were constantly improved and changed during and
in between the seven beam times (see section 6.1). Here, the focus will be on the latest
versions of the parts, which corresponds to beam times six and seven. The individual
developments will be mentioned and explained in the cases where it is necessary for
the reader’s understanding.

5.1. The Neutron Ramsey Apparatus

5.1.1. The FUNSPIN Beam Line

The nd-experiment was carried out at the fundamental neutron physics beam line
FUNSPIN at PSI [Zej05]. Its polarised cold wavelength spectrum peaks at about 3.6
A and the integrated neutron flux is about 2.5 x 108 neutrons cm™2 s™' mA~!, where
mA refers to the proton current of the spallation source SINQ, which is typically
around 1.2 —-1.4 mA (compare Fig. 5.1). The wavelength averaged beam polarisation
is about 95% in the centre of the beam cross-section. The beam line features an
adiabatic resonance m-spin flipper with a high efficiency of close to 100%.
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Figure 5.1: Neutron wavelength spectrum of the FUNSPIN beam line, taken from
Ref. [Zej05].

5.1.2. Overview of the Ramsey Apparatus

A scheme of the neutron Ramsey apparatus is presented in Fig. 5.2. The white po-
larised cold neutron beam (N) is first collimated by several diaphragms and collimating
devices (only in beam time seven) and afterwards reflected by an angle of 2-6,, ~ 3° on
a neutron NiTi bandpass supermirror (M). This produces a gaussian-shaped neutron
wavelength spectrum with maximum at about 4 —5 A and a relative width AM\g of
approximately 6% (FWHM). Along the beam path two radio frequency (rf) 7/2-spin
flippers (F; and F9) are placed in the 48 mm wide gap between the pole pieces (P) of
an electromagnet, which provides the static field By ~ 2.5 Tesla.! The sample (S) is
placed between the 7/2-spin flippers, which are separated by a distance of about 80
mm.? The spin flippers are two matched resonant circuits for frequencies around 73
MHz, provided by a rf signal generator and two rf amplifiers. Their linear oscillating
fields Bi(t) = 2B cos(wt) and B{(t) = 2B} cos(wt + ¥¢) are perpendicular to the
static field and stabilised in phase and amplitude by a feedback loop (compare section
5.1.5). A field amplitude of about 1 mT is required for a m/2-flip, for which the rf
amplifiers have to deliver a power of several watts each. Therefore both rf coils of
the spin flippers have to be cooled with compressed air. Neutron polarisation analysis
is performed with a supermirror bender (A), which has an analysing power of about
90% for 4 A neutrons.® Finally, the neutrons are detected in a *He-gas detector (D).
Actually, two detectors are used as the initial neutron beam is separated in front of
the first spin flipper into two partial beams: the sample beam, which penetrates the
polarised target and the reference beamn, which passes by the target (compare two
beam method in section 5.1.9). Count rates are normalised to the incident flux by a
235U fission chamber (monitor detector) with a dead time of 2.4 us and an efficiency
of 1.5 x 1073, Due to the relatively low count rate in the monochromatic beam the
monitor is placed after the collimation and before the monochromator mirror in the
white beam (typically 103 counts s™1).

In the following sections the individual components of the Ramsey apparatus are
described. Another consideration of the setup can be found in Ref. [Pie082]. A
photograph of the entire setup of the nd-experiment is shown in Fig. 5.3.

IThis large magnetic field is required by the dynamic nuclear polarisation method employed to
polarise the sample (see section 5.4).

2This distance corresponds roughly to the diameter of the pole shoes.

3This has been measured at the neutron reflectometer Morpheus at SINQ at the Paul Scherrer
Institute.
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Figure 5.2: Scheme of the principle setup of the Ramsey apparatus. The white
polarised neutron beam (N) is first collimated (C) and then monochromised by specular
reflection on a monochromator mirror (M) under the angle 6,,. Afterwards it passes
two radio frequency 7/2-spin flippers (F: F; and F5) and the sample (S), which are
placed between the pole pieces of a magnet (P). Finally, the spins of the neutrons are
analysed (A) and the neutrons are detected (D). The origin of the coordinate system
is in centre between the pole pieces of the magnet.

5.1.3. Neutron Collimation

The beam collimation in front of the neutron monochromator mirror is of great im-
portance. Firstly, the horizontal collimation is necessary to provide that the width of
the neutron beam divergence distribution A6y is of the same magnitude as the peak
width of the reflectivity curve of the monochromator mirror (compare section 5.1.4),
ie.

A A
9—9h N q_oq ~ 6% hence: Al ~0.1° (5.1)

Secondly, the vertical collimation is crucial to separate the two partial beams well
from each other. The necessary collimation A#, is of the same order as Afy,.

While during the first six beam times collimation was achieved by using °Li and B4C
diaphragms, in the last beam time an advanced setup of two specially developed
Soller collimators has been used to provide larger beam cross-sections for the use of
larger targets.

These collimators, which are adjusted using controllable motorised stages, are
presented in Fig. F.1 and F.2. The horizontal collimator uses parallel aligned silicon
wafers coated on both sides with a 1 pm thick absorption layer of TiGd ("silicon
collimator"), whereas the vertical collimator uses thin aluminium sheets also coated
with TiGd ("aluminium collimator").* The wafers and the aluminium sheets have
a thickness of 0.4 mm and a rectangular shape with a length of 200 mm. They are
aligned parallel at intervals of 0.8 mm using aluminium plates with eroded slits.
The spacing between them causes that half of the passing neutrons travel in the 0.4
mm gaps, while the other penetrate through the 200 mm long wafers/sheets. This
obviously increases the total neutron transmission compared to standard Soller type
collimators using stacks of coated wafers [Kri00, Kri05, Cus01].

4The thickness of the coating ensures that the beam attenuation of the devices is sufficient for
neutron wavelengths of down to 1 A, i.e. the whole spectrum of a cold neutron source.
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Figure 5.3: Photograph of the nd-experiment at the FUNSPIN beam line, taken after
the third beam time in January 2006.
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Figure 5.4: Transmission rocking curves of the two neutron collimators for 5
A neutrons measured in steps of 0.01° the silicon collimator (filled circles) and the
aluminium collimator (white triangles).

The expected transmission of the two devices can be estimated using the absorption
cross-sections of silicon and aluminium given in Ref. [Sea92]. Considering a perfectly
parallel 5 A neutron beam, yields an ideal transmission averaged over the beam cross-
section of 81% for the silicon collimator and of 73% for the aluminium collimator.
The performance of the devices has been measured at the Narziss cold neutron reflec-
tometer at the spallation neutron source SINQ at the Paul Scherrer Institute. The
monochromator of the reflectometer provides a 5 A neutron beam with A\ = 1.5%.
The two collimating slits in front of the sample and the slit in front of the detector
were set to a height of 20 mm and to a width of 0.5 mm such that a horizontal beam
divergence of about 0.01° was achieved. The transmissions of the devices have been
determined by performing a scan over the rocking angle 6 (see Fig. 5.4). The plots
show two acceptance distributions with a FWHM and a peak transmission of 0.11°
and (80« 2)% for the silicon collimator and of 0.15° and (47 +2)% for the aluminium
collimator, respectively.’ The peak transmissions are normalised to the direct beam
and give the average value over the whole cross-sections of the devices, obtained
by a lateral scan at 8 = 0°. They have also been corrected taking the non-perfect
collimation of the incoming neutron beam into account.%

A comparison between the experimentally found peak transmissions and the expected
values given above shows that the mechanical setup of the silicon collimator works
very well, whereas the aluminium collimator cannot meet the expectations. This is
probably caused by the waviness of the aluminium sheets, which are far less rigid than
the wafers. Hence, the use of two silicon collimators would have been advantageous,
but was not possible due to lack of wafers and time.

A detailed description of the collimators can be found in Ref. [Pie093].

Independent from the method of collimation the resulting neutron beams are only
of several square millimeters in cross-section. Hence, careful alignment of the whole
Ramsey apparatus with a theodolite is indispensable, to ensure that the tiny beams
fully illuminate the whole target and reach the detectors without being absorbed in a
misadjusted aperture.

°The expected width of the distribution is given by arctan (g5gmm ) = 0.115°.
5The correction of the peak values is on a level of about 3.5% and is obtained by performing a
convolution of two triangular functions of different widths.
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Figure 5.5: Normalised reflectivity of the two NiTi-supermirror monochromators
measured at the cold neutron reflectometer Narziss at SINQ at the Paul Scherrer
Institute. (a) The whole normalised reflectivity curve as a function of the momentum
transfer ¢. (b) The peaks at 0.069 A~! with a relative FWHM Ag/qo of 6% (white
triangles) and 12% (filled circles) respectively and with a peak reflectivity of about
90% (horizontal line).

5.1.4. Neutron Monochromator

Two specially developed bandpass supermirrors with a length of 500 mm were pro-
duced to select a certain wavelength band of the incoming neutrons [Ay06]. The nickel
titanium multilayers of the supermirrors are arranged such that the reflectivity peaks
at ¢o = 0.069 A1, The FWHM of the peak is 6% and 12%, respectively, while the
peak reflectivity in the 6-20-scan was determined to be about 90% (compare Fig. 5.5).
The angle 6, and the reflected neutron wavelength Ay are linked via the relation:

4
o = q—g sin Oy (5.2)

Throughout all beam times, except the first one, the bandpass monochromator with
Aq/qo = 6% was used.

5.1.5. 7©/2-Spin Flippers
Electrical and Mechanical Setup

Each of the two 7/2-spin flippers consists of a matched radio frequency resonance
circuit presented in Fig. 5.6, which is built into a brass housing. The inductance of
the circuit, i.e. the coil, produces a rf field with the angular frequency w perpendicular
to the direction of the main magnetic field By. This rf field induces the spins of the
passing neutron beam to turn, if the resonance condition w = —v, By is fulfilled. The
process is similar to pulsed nuclear magnetic resonance, which is described in detail
in Ref. [S1i96] (compare also rotating frame).
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Figure 5.6: Scheme of the spin flipper resonance circuit. Ly, and Ry, are the induc-
tance and the ohmic resistance of the spin flipper coil. Cp, = 1...5 pF and Cy = 20...300
pF are the tunable capacitors and C¢ serves as a coupling capacity to obtain a signal
used for the feedback loop.

For the design of the spin flipper coils the following aspects needed to be considered:

e The size and the number of windings of the coil define the inductance. The size
must be large enough to accommodate two partial neutron beams, while the
inductance must be small enough to be able to tune the resonance circuit to the
neutron Larmor frequency of about 73 MHz at 2.5 Tesla.

e The longitudinal length [ of the coil in direction of the neutron beam affects the
width of the background resonance curve of the Ramsey signal (compare Equ.
(3.46) and section 5.1.8). It should be chosen as short as possible to obtain broad
and non-distorted Ramsey signals, which can be fitted /analysed more accurate.

e On the other hand, the needed rf power for a 7/2 flip is proportional to (I-\g)72,
leading for a few millimeter long coil and cold neutrons already to several watts
of power. Hence, cooling of the coils as well as a proper choice of the material
for the coil body and the windings is necessary.

Concerning the latter, we used silver coated copper wire and Macor® or PTFE for
the coil bodies. During the beam times, two types of coils have been used:

e In the beam times two until six, we employed solenoid coils with a inner diameter
of 11 mm and a nominal length of 7 mm, which produce a longitudinal rf field
(along the y-axis, compare Fig. 5.2). The needed rf power for each spin flipper
was about 5 W for 5 A neutrons. A picture of one of these coils is presented in
Fig. F.3. For more details see Ref. [Sch05].

In the first beam time a similar but slightly smaller coil was used [Pie04, Abr733].

e In beam time seven, we aimed for a larger neutron beam cross-section. There-
fore, flat box coils with the same length of 7 mm were chosen, which produce a
rf field along the x-axis. Their cross-section is large enough to accommodate a
neutron beam up to 20 x 10 mm?. The needed rf power was between 20-25 W
for 4.4 A neutrons. A picture of one of these coils is presented in Fig. F.4a.

Each spin flipper (housing) is mounted on a support, which allows to precisely and
reproducibly adjust the position of the flipper in all three dimensions (see Fig. F.4b).
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Feedback Loop and Stability

The relative phase ¥, and the individual rf field amplitudes B] and B} of the two
rf 7/2-spin flipper coils are stabilised using a feedback loop, which is shown in Fig.
5.7. The rf signal of a signal generator is split into two branches by a 3 dB-splitter
(Minicircuits® ZFSC-2-1). The signal in each branch passes an attenuator adjustable
by means of a DC voltage (Mz'nicz'rcuits® ZMAS-1). The signal in branch one is then
further attenuated to compensate the throughput loss of the controllable phase-shifter
in branch two. Both signals then serve as inputs for two +50 dB rf power amplifiers
feeding the matched resonant circuits of the spin flippers.

By capacitive coupling each spin flipper delivers a rf output signal. This allows us
on one hand to determine the amplitudes of the oscillating magnetic fields using rf
detector diodes. On the other hand the signal feeds a phase-detector, which produces a
DC voltage proportional to sin ¥.. The three DC voltages, from the two diodes and the
phase-detector, are permanently sampled by a data acquisition system, which controls
the input voltages of the adjustable phase-shifter and the adjustable attenuators by
means of a PID algorithm.

With this feedback loop the DC voltages corresponding to the field amplitudes (output
lines 1 and 2 in Fig. 5.7) can routinely be held stable within better than £0.2% for each
spin flipper, while the DC voltage corresponding to the relative phase (output line 3 in
Fig. 5.7) can be held zero within £10 mV. By observing the phase of the Ramsey signal
for systematically misadjusted settings for the amplitudes and the relative phase 9.y,
one can link these DC voltage stabilities to the phase stability of the Ramsey signal
(see section 5.1.9). This leads to a conservatively estimated phase stability of the
Ramsey signal, firstly of £0.1° as a result of the stabilisation of ¥J.¢, and secondly of
+0.1° for each spin flipper due to the stabilisation of the oscillating field amplitude.
This yields an overall stability of the Ramsey signal due to the spin flippers of about
+0.3°.

Spin Flipper Adjustment

At the beginning of an experiment, the resonance frequencies of the spin flippers
have to be tuned to the neutron Larmor frequency in the static field, wy = —yBp.
Subsequently the amplitudes of the oscillating fields B] and B{ need to be adjusted
separately such that each spin flipper turns the neutron spin by 7/2. This is done by
tuning the flipping ratio F R = N,/N_ to unity for one 7/2-spin flipper, while the other
m/2-spin flipper is turned off and vice versa (see Fig. 5.8). N, and N_ are the count
rates for the adiabatic w-spin flipper of the beam line switched on and off, respectively.
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Figure 5.7: Feedback loop of the two rf 7/2-spin flippers (F; and Fs). The loop
stabilises the relative phase as well as the individual amplitudes of both flippers. The
three output lines (1, 2 and 3) are continuously sampled by a data acquisition system
and are used as a feedback to control the adjustable phase-shifter and the adjustable

attenuators.
a b
4 ‘ , 4
L]
[ ]
g 3 g 3° °
© . ® ° i
x x ° ..
g 2 * 2 2 e, o*
Q. [ ) Q. () [ ]
oy . oy ., .
(TR ° . (TR e, o00°®
A A A A Ad
0 ‘ ‘ : 0 * ' ' ‘ ‘
0.40 0.60 0.80 1.00 7278 7279 7280 7281 7282 7283 7284
B, [a.ul] rf frequency [MHz]
Figure 5.8: Neutron flipping ratio measurements to adjust the rf field of one solenoid

7/2-spin flipper coil, with A\g = 5 A. (a) A scan of the oscillating field amplitude By
at a steady frequency of 72.815 MHz. (b) A scan of the rf frequency for a fixed field
amplitude By =0.8 [a.u.]. The frequency where the flipping ratio has a minimum, here
approximately 72.81 MHz, corresponds to the neutron Larmor frequency wy in the
steady magnetic field By at the position of the rf coil.



64 Experimental Setup and DNP

5.1.6. Magnetic Field

A profile of the static magnetic field By in the centre between the pole pieces along
the neutron flight axis is presented in Fig. 5.9a. It was obtained using a vector field
probe connected to a LakeShore 460 3-channel gaussmeter. The dips in the shape of
the profile are caused by the specially shaped pole pieces of the magnet and help to
fulfil the Ramsey condition given in Equ. (3.48). The spin flipper coils are located at
y ~ 240 mm and are separated by about 80 mm from each other.

Fig. 5.9b shows the deviation of the average field value as a function of the vertical
position z. A deviation of only 107 Tesla (1 Gauss) on a flight length of 80 mm
corresponds already to an additional phase shift of 100° for 5 A neutrons. This
obviously limits the size of the partial neutron beams in z-direction, as a too large
beam causes that the phase coherence of the neutron spins is lost and the Ramsey
signal smears out.

A similar field gradient is observed along the z-axis. In beam time seven, correction
coils were used to correct for this linear magnetic field gradient (compare section
6.1.7). Fig. F.5 shows a photograph of correction coils mounted on the pole pieces of
the magnet.

The magnetic field is continuously monitored by means of the proton resonance signal
of a commercial NMR probe’ operated at room temperature and placed in between
the pole pieces of the magnet close to the sample position. Fig. 5.10a shows a typical
histogram obtained during several hours of magnetic field stabilisation. The field of
2.5 Tesla can be kept constant within +1 pT using the monitored signal to regulate the
current in the magnet. As visible from the simulated data in Fig. 3.4 signal oscillations
have a period of Af ~ 8.5 kHz. The field stability stated before corresponds to an
uncertainty of the neutron Larmor frequency of +30 Hz. Hence the phase stability
due to the magnetic field is about +30 Hz/8.5 kHz x 360° ~ £1°.

5.1.7. Neutron Analyser and Detector

To analyse the spins of the neutrons a remanent neutron bender is used.® A neutron
bender consists of a stack of thin glass plates or wafers (substrate), which are sputtered
on the front side with a magnetic coating and on the backside with an absorbing
layer [Bon99, Kri04, Sen04]. The reflectivity of the magnetic coating is strongly spin-
dependent, i.e. only neutrons with spin parallel to the magnetisation of the coating
get reflected, while the others penetrate the substrate and get absorbed in the layer
on the backside. The glass plates/wafers are slightly bent such that there is no direct
sight through the bender and that any neutron which penetrates the bender has to
get reflected at least once. The outgoing beam is typically bent by a few degrees with
respect to the incoming neutron beam.

As detectors, we are employing two box shaped one inch high *He gas tubes, which
were stacked onto each other and shielded from scattered neutrons by 5 cm thick plates
of B4C plastic. Each detector is directly coupled to a Deztray preamplifier ACHP96
and is supplied with a voltage of 950 V. Fig. F.6 shows a picture of the detector box.

"http:/ /www.drusch.com.
8Swissneutronics: http://www.swissneutronics.ch.
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Figure 5.9: Magnetic field profile of the 2.5 Tesla magnet at 150 A. (a) Longitudinal
field scan along the neutron flight path axis y (compare coordinate system in Fig.
5.2) in the centre between the pole pieces at z = z = 0 and average field value 2.4925
Tesla (horizontal line). (b) Reduction of the average field as a function of the vertical
position x and parabolic fit.
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Figure 5.10: (a) Histogram of the deviation from the set value of the magnetic field
and gaussian fit (red curve). (b) Magnetic field at the sample position as a function of
the current provided by the magnet power supply.

5.1.8. Ramsey Frequency Scan

In Fig. 5.11a a typical Ramsey signal is shown, which was obtained with our setup
by sweeping the frequency of the w/2-spin flippers in steps of 0.5 kHz from 72.75 to
72.87 MHz. Contrary to the simulated data shown in section 3.3, the neutron spin
analyser in our setup absorbs the other spin component, which leads to an inversion
of the Ramsey signal.

The quality of the measured Ramsey signals, with a signal-to-noise ratio of about
6 in the centre of the resonance, is very well suited to achieve a high precision in
determining phase shifts. For that purpose it is more efficient to measure the centre
part of the resonance rather than to sweep over the whole resonance. This saves
measuring time without loss in precision. A scan of 21 data points with a frequency
step size of 0.5 kHz samples more than one oscillation of the Ramsey signal and
can be fitted using a simple sinusoidal fit, like presented in Fig. 5.11b. Instabilities
have a minor influence on the accuracy of the phase extraction, because although the
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Figure 5.11: (a) Typical Ramsey resonance signal (frequency scan) measured with
our setup without additional phase shift (¢* = 0°) and with A\g =5 A. The measuring
time for each data point was approximately 12 s. (b) Excerpt of the complete Ramsey
signal shown in (a). The sinusoidal fit (red curve) on the 21 data points delivers a
value of Af = (8.74 +0.03) kHz for the period and of ¢ = (-87.5 £ 0.4)° for the phase
with respect to 72.81 MHz.
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Figure 5.12: Effect of different spin flipper coils on the envelope of the Ramsey signals.
The red dashed lines are fits to the background resonance curve using a heuristic fit
function. (a) Solenoid coil with a length of 7 mm using 5 A neutrons. FWHM of the
background resonance is about 70 kHz. Af ~ 9.0 kHz. (b) L-shaped flat box coils of
the same length using 4.4 A neutrons. FWHM of the background resonance is about
160 kHz. Af ~10.6 kHz.
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individual data point might scatter statistically with +1°, for a whole set of 21 data

points this reduces by a factor /21, i.e. to a statistical uncertainty of only +0.2°.

Fig. 5.12 demonstrates the effect of the length of the spin flipper coils on the shape of
the the Ramsey signal. The Ramsey signal obtained with the solenoid coil of length
7 mm is presented in Fig. 5.12a. A comparison with simulated data reveals that the
period of the Ramsey oscillations of Af ~ 8.74 kHz is close to the expected value of
about 8.5 kHz, whereas the width of about 70 kHz of the background resonance curve
is much narrower than the FWHM of about 128 kHz expected according to Equ.
(3.46). This might be due to the fringe fields extending out of the coils along the
beam path, resulting in an effective coil length leg of about 12 mm. Fig 5.12b presents
a much broader Ramsey signal originating from beam time seven using the flat box
coils with the same length of 7 mm. Here, the width of the background resonance
of approximately 160 kHz corresponds to leg = 6.3 mm, which is close to the actual
value.

As already mentioned in section 5.1.5, the necessary power per spin flipper is approx-
imately 4 times larger for the flat box coils compared to the solenoid coils. This is in
good agreement with the fact that its effective length is about half.

5.1.9. Two Beam Method and Phase Stability

The accuracy of the phase measurement can be strongly improved, if one analyses
simultaneously two separate beams passing through the Ramsey apparatus. By sub-
traction of the phases measured for each of the beams, a common phase drift can
be efficiently removed, as it might for instance be caused by day-night temperature
changes in the experimental hall. Therefore, the already well collimated incident beam
is split into two partial beams, which are detected behind the spin analysing bender
by the two 3He-gas detectors: an upper beam passes through the sample, whereas a
lower beam serves as a reference passing by the sample. The splitting is achieved by
exchangeable apertures, which are mounted on the entrance of the first and on the
exit of the second spin flipper box. It turned out to be practicable to use 2 mm thick
square cadmium plates (30 x 30 mm?), which are slided in a frame mounted on the
spin flippers, to achieve reproducible results. Additionally, another beam aperture
made from sintered YLi powder is placed right in front of the sample inside the target
cell of the cryostat. Three apertures with different shapes have been used, which are
presented in Fig. 5.13. In the following the nomenclature introduced in the figure
capture will be used (o, 5 and x).

The mixing of the beams thus could be kept below 1%. Simulations show that in the
worst case of a 90° phase difference between the two beams, this would lead to a phase
shift of about 0.6° in the Ramsey signals of both partial beams, assuming they have
the same intensity. The beam mixing was measured by comparing the background
corrected count rate in the detector of one beam with and without covering its hole
in the first beam splitting diaphragm.

Employing this two-beam method a long measurement was performed to test the sta-
bility. We repeatedly measured Ramsey signals during almost 24 hours, like the one
shown in Fig. 5.11b. The individual phase of each beam and the phase difference
was then determined. Fig. 5.14 shows that indeed the phases of the individual beams
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a b C
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Figure 5.13: All three types of beam apertures used for beam shaping. (a) Dou-
ble circular aperture with the following notation (lengths are given in millimeters):
ag(ay,az,az). (b) Rectangular aperture: G (b1, b2) and (c¢) rectangular and circular
aperture: xx(c1,ca,c3,cq). The index k € {1,2,s} specifies whether the aperture is
mounted on spin flipper 1, 2 or in front of the sample.

exhibit a common drift, leading to a constant phase difference, which scatters around
the mean value by +0.36°, while the average length of the error bars, occurring only
from the sinusoidal fit, is 0.65°. The two jumps in the phase difference at the end of
the whole run, each of about 2°, were caused by an intentional drastic increase of the
oscillating field amplitude of the first spin flipper, first by 6% and then by 12%.

As expected, changes in the relative phase ¥t of the spin flippers lead to jumps in
the individual beam phases, but have no influence on the phase difference. This was
tested, while during the time from the third to the fifth hour the set value of the DC
voltage for the relative phase of the spin flippers was intentionally misadjusted three
times from 0 V to +0.5 V, -0.5 V and +1.0 V and finally back to 0 V (output line 3
in Fig. 5.7). More extensive studies showed that a change of this set value delivers
equal-sized phase shifts in both beams by (8.1+0.1)°/V. Note that the measured sta-
bility of £10 mV given in section 5.1.5 then corresponds to a stability of better than
+0.1°.

The absence of an effect in the phase difference plot demonstrates the power of the
two-beam method, which was already successfully employed in a measurement of the
incoherent scattering length of 3He [Zim02].
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5.1.10. Phase Shift Retrieval

In this section an example is presented, which shows how the pseudomagnetic preces-
sion angle ¢* due to polarised nuclear spins is actually determined.

The considered sample consists of deuterated polystyrene with a thickness of 1.2 mm
and a degree of deuteration of about 97% (sample #14, compare appendix E). Us-
ing the technique of dynamic nuclear polarisation® proton (deuteron) polarisations
of about 40% (20%) are achieved. Inserting these polarisation values and sam-
ple properties in Equ. (3.38) yields a pseudomagnetic phase shift of approximately
" =pp + py ~ 550+ 1650° = 2200° for 5 A neutrons.

Fig. 5.15a shows the corresponding Ramsey signals for the unpolarised and dynami-
cally polarised sample. The latter has a damped amplitude due to the large pseudo-
magnetic shift and possible polarisation inhomogeneities of the nuclei in the sample
[Bra061]. Due to asymmetric signal envelopes of the Ramsey oscillations at such large
phase shifts (compare simulations in Fig. 3.5), it can be advantageous not to apply a
simple sinusoidal fit as previously used in section 5.1.8, but the following function:

(@) =G+ Grsin (57 =) - (L4 G-+ 0WH) (53)

where (5 is the first order coefficient of an expansion describing the signal deformation.
Careful comparisons between the two fit functions (sinusoidal and ((w)) show that
the resulting value for the phase shift is equal within the errors of the fits, but that
x? is smaller for ¢(w) (here: X? <2).

Using the fit function given in Equ. (5.3) to fit the two signals in Fig. 5.15a delivers
two slightly different periods of the Ramsey oscillations: A funpol = 8.82 kHz and
Afpol = 8.89 kHz. In order to determine the phase shift, one therefore has to define
the period to a common fixed value A fgyeq prior to the fit of both signals. Fig. 5.15b
demonstrates that the relative phase shift of the sample beam A@gample = @sample,pol =
Psample,unpol 15 almost unaffected by the choice of A fgyeq and that the fit error becomes
minimal around A fgyeq = 8.85 kHz.

For the signals shown in Fig. 5.15a the relative phase shift is A@sample = (-29.2+0.6)°
for the sample beam and Apyer = (+10.7 £ 0.3)° for the reference beam (not shown),
which passes by the sample. The total pseudomagnetic phase shift is given by

Athotal =n x 360" + A(;Osample - A<Pref ) (54)

where n can either be determined by successive destruction of the nuclear polarisation
employing saturating radio frequency pulses or by nuclear polarisation decay (compare
Fig. 5.16 and Fig. 6.3b in section 6.1). In this case n = 6, which leads to Apiotal =
(2120.1 £ 0.7)°, where the relative accuracy of 4 x 107 is only due to the fit error.
Besides the fit, one has to take into account errors caused by the following sources:

e The phase stability of the Ramsey apparatus of £0.36° (see section 5.1.9).
e The beam separation/mixing, leading in the worst case to be +0.6° x 2 (also

section 5.1.9), where the factor two takes into account that the beam mixing
produces phase shifts in the sample and the reference beam.

9Compare later in section 5.4.
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Figure 5.15: a) Ramsey signals for an unpolarised sample (o) and a polarised sample
leading to a phase shifted and damped signal (o) with the corresponding fits using
Equ. (5.3) (red curves). b) Dependence of the relative phase shift in the sample beam
for different fixed values of the Ramsey oscillation period A fgyeq. The horizontal line
marks a relative phase shift of -29.2°.
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Figure 5.16: Example measurement to demonstrate the phase shift of the Ramsey
oscillation signal caused by successive destruction of the negative nuclear spin polar-
isation. The points of zero phase shift have been set arbitrarily. (a) Phase shift as
a function of the proton polarisation at constant deuteron polarisation (J4,16 = —0.10
[a.u.]) with linear fit (red line). (b) Phase shift as a function of the deuteron polarisa-
tion with totally destroyed proton polarisation.

e The nuclear polarisation relaxation during the measurement of the Ramsey sig-

nal, which in this case leads to a signal drift of about 18°/h (compare section
6.1.5 and 6.1.6). This yields an additional systematical error of about +1.5°, for
a measurement time of 10 minutes per Ramsey signal consisting of 21 points.
This error can be entirely attributed to the sample and is independent of the
Ramsey apparatus.

One thus obtains a total phase shift of Apiota = (2120.1 0.7 gt £ 0.4 gap £ 1.2 peam)”,

with three separate contributions to the error.

10 Hence, the relative accuracy of

the phase shift retrieval is approximately 1073, which just corresponds to the aimed
precision stated in section 3.4.

10 At this point we are only interested in the accuracy of the Ramsey apparatus and therefore omit
the signal drift error caused by the nuclear spin relaxation.
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5.2. The Frozen Spin Polarised Target

To observe the spin-dependent interaction of the neutron with a nucleus, it is neces-
sary that not only the neutron spins but also the nuclear spins are oriented. They
are localised in a so-called polarised target. Polarised targets are common tools in
high- and low-energy physics to investigate spin-dependent interactions with beams
of particles or nuclei. Polarised targets can either be gaseous or solid. The manner of
polarisation of the nuclear spins depends on the used target material.

In the nd-experiment we polarise the spins of the protons and deuterons in deuterated
organic substances (e.g. frozen alcohols, polystyrene etc. - see section 5.2.4) with
implemented paramagnetic centres by means of the so-called dynamic nuclear polari-
sation technique (DNP - see section 5.4). This technique utilises the fact that at low
temperatures and high magnetic fields the electrons of the paramagnetic centres are
polarised to almost 100%, due to their large gyromagnetic ratio. By irradiation of mi-
crowaves close to the electron paramagnetic resonance frequency (EPR) the electron
spin polarisation can be transfered to the nuclear spins.

When the DNP process, i.e. the irradiation of microwaves, is stopped the nuclear po-
larisation relaxes again to its low thermal equilibrium value. The characteristic time
T7 of this relaxation depends strongly on the ratio of the external magnetic field and
the sample temperature By/T. For large magnetic fields of about 2.5 Tesla and at di-
lution refrigerator temperatures, 77 can exceed 100 hours [Bra00]. Hence, the nuclear
polarisation can be considered constant or "frozen" on a time scale much shorter than
T1 — frozen spin target.

5.2.1. The Dilution Refrigerator

The dilution refrigerator for the nd-experiment has to fulfil the following necessary
requirements:

e The sample/target has to be at temperatures of about 100 mK to obtain nuclear
spin relaxation times long compared to the measuring time of a neutron Ramsey
signal.

e The sample must not be located in the mixing chamber of the dilution refriger-
ator as neutrons are strongly absorbed in liquid 3He.

e The cooling power must be large enough to allow to irradiate microwaves with
several milliwatts of power on the sample.

e The outer dimensions of the cryostat must fit between the pole pieces of the
magnet of the Ramsey setup, which are separated by a distance of about 48
mm.

A special refrigerator had to be designed and built, to meet these constraints. Its
shape and features were optimised for the nd-experiment, whereas the design of the
cryostat inserts follows previous dilution refrigerators developed and constructed by
the Sample Environment and Polarised Targets Group of PSI [Bra90].
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Cryostat

As already mentioned in Ref. [Bra90], the design of the presented cryostat and
the dilution insert is essentially based on the ideas of Roubeau and co-workers
[Rou76, Rou78]. A cutaway view of the cryostat for the nd-experiment ("nd-cryostat")
is presented in Fig. 5.17. It consists of a specially shaped aluminium vacuum vessel
with a cylindrical nose with a diameter of only 46 mm at the lower end. In its centre
a thin walled stainless steel tube ("centre tube" - upper part: 50 x 49 mm, lower part:
43 x 42 mm) is situated, where the dilution insert firmly fits into. Its upper part is
surrounded by an annular liquid He bath and cold helium vapour. The bath is refilled
automatically via a siphon in intervals of about 15-20 min. Thus, the liquid helium
level of the bath is kept stable in a range of +3 cm. By pumping through a needle
valve just above the bottom of the bath, the temperature of the lower part of the bath
is brought to 2.17 Kelvin, while the surface remains at 4.2 Kelvin.!* This configura-
tion allows to have a helium bath, which can be refilled from the top at about 1 bar
from a liquid helium dewar and to maintain a low enough temperature to condense
the 3He/*He mixture. In case of blocking of the needle valve, the 2 Kelvin pumping
tube can be easily removed, cleaned and reinstalled during continued operation of the
cryostat.

In the isolation vacuum of the cryostat, two vapour-cooled radiation shields are at-
tached to the neck of the helium bath and a third radiation shield is thermally anchored
to the centre tube at the height of the still. At the bottom of the tube a cylindri-
cal heat exchanger transfers the heat/cold from the mixing chamber to the mounted
target cell. “He is condensed into the cell via two capillaries'?, which are connected
to a gas vessel at room temperature. The capillaries are introduced in the cryostat
through the helium bath and are soldered to the lower part of the centre tube.

Also the cables for the NMR system pass through the helium bath. Connectors at the
bottom of the bath and at the top of the target cell ("spider", see Fig. F.8) allow to
feed the NMR signals through the isolation vacuum to the sample in the cell.
Another description of the target cell and the heat exchanger can be found in Ref.
[Bra092].

Dilution and Microwave Insert

A drawing of the cryostat inserts is presented in Fig. 5.18. The dilution insert
consists of a top flange with three o-rings, an upper gas-gas heat exchanger where
the incoming helium condenses, a flow impedance (needle valve), a lower liquid-liquid
heat exchanger with a secondary flow impedance and two step heat exchangers, and
a mixing chamber. The upper and lower heat exchangers have axial openings for the
microwave insert, which is described below.

The gas-gas heat exchanger is made out of three thin walled stainless steel tubes,
which are axially aligned: a through-going tube (28.6 x 27.8 mm) to guide the
microwave insert, the upper tube (43 x 42 mm) and a lower tube (38 x 37 mm). In
between the upper and the through-going tube five copper baffles are inserted. On
the outside of the upper tube a 10 m long capillary (3 x 2 mm) and on the outside

"This is due to the fact that the helium density has a maximum at 2.17 Kelvin (compare Fig. 4.3).
121.1x 0.5 mm filled with a wire of 0.4 mm in diameter, reaching a *He gas flow of 6 ml/min each at
1 bar pressure difference and 300 Kelvin.
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Figure 5.17: Scheme of the cryostat for the nd-experiment. See also Fig. F.7, F.8
and F.9 in the appendix. Illustration is not to scale.
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Figure 5.18: Cryostat inserts. Left: dilution insert, which fits in the centre tube of
the cryostat. Right: microwave insert with several brass baffles and a conical Vespel
plug. Compare Fig. F.10 and F.11 in the appendix. Illustration is not to scale.
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Figure 5.19: Detail of the lower part of the cryostat inserts. Compare Fig. F.11a.
Illustration is not to scale.

of the lower tube a 5 m long capillary (2 x 1 mm) are soldered, through which the
condensing gas is led downwards.

A detailed view of the liquid-liquid heat exchanger is shown in Fig. 5.19. It consists
of a spiralled capillary (1.1 x 0.5 mm, about 15-20 m long) placed in a helically
grooved Vespel bobbin with an outer diameter of 42 mm. Two sintered step heat
exchangers are situated at the end of the capillary. They are made from silver plated
stainless steel tubes, which were circularly bent. Silver powder has been sintered
inside and outside the tubes [Bra90].

Hence, the liquid helium in the capillary flows downwards through the step heat
exchangers into the mixing chamber and then upwards on the outside of the mixing
chamber, passing the spiralled capillary. Note that the dilution insert is surrounded
by the firmly fitting centre tube of the cryostat. The total amount of mixture is
adjusted in such a way that the liquid level is located at the 40 cm? space above the
Vespel plug, the still.'?

The microwave insert depicted in Fig. 5.18 consists of a small top flange with three
o-rings for hermetic sealing, which fits into the top flange of the dilution insert. Two
stainless steel tubes (upper part: 6.3 x6.0 mm and lower part: 4.0 x 3.5 mm) are used
as a microwave guide and as a mechanical support for several brass baffles. The lowest
baffle (still baffle) is preventing a helium film to flow up the through-going tube of the
dilution insert. On the lower part of the insert a Vespel plug with a 5° conus seals the

13The flow rate of helium gas through the entire system of capillaries of the dilution insert with
totally opened needle valve was measured to be 25 ml/min at room temperature and at a pressure
difference of 1 bar between the gas inlet and outlet.
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Figure 5.20: Cutaway view of the cylindrical heat exchanger between the mixing
chamber and the target cell.

Figure 5.21: Drawings of the heat exchanger made from a copper-stainless steel
friction-weld, without the sintered silver powder and the microwave guide.

axial hole in the liquid-liquid heat exchanger of the dilution insert.

The microwave guide is filled with a tightly fitting 30 cm long PTFE rod (" Teflon
spaghetti") to suppress film flow, which can cause a considerable heat input. On the
room temperature end of the insert the guide is sealed with a thin PTFE foil.

Heat Exchanger

The mixing chamber and the target cell are thermally connected by the already men-
tioned specially designed vertical, coaxial heat exchanger. It is made from a cylindrical
friction-weld from stainless steel (the flange part) and copper (the thermal part) with
silver powder sintered on both sides in annular, spark eroded groves: 20.6 g silver
powder on the mixing chamber side and 27.7 g on the target cell side [Bra092].!4

A conical socket is attached to the top of the heat exchanger, which serves to ac-
commodate the lower part of the microwave guide of the microwave insert. Hence,
the microwaves can be transfered from outside the refrigerator at room temperature
directly into the target cell to the sample, only passing through a sapphire window,
which separates the mixing chamber from the target cell.

Drawings of the heat exchanger are shown in Fig. 5.20 and 5.21, while a photograph
is presented in Fig. F.11c in the appendix.

MXRP5 flakes, CLAL, 13, rue de Montmorency, 75139 Paris (France).
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Cool Down Procedure

The following steps describe the cool down procedure of the nd-cryostat:

1.

10.

The dilution and the microwave inserts are inserted through the access at the
top of the cryostat into the centre tube and the centre tube is evacuated using
the pumping set described in section 5.2.3.

. A turbo pump provides a sufficient isolation vacuum (< 10~ mbar).

. The target cell is flushed with helium gas for 12 hours, to prevent blocking of

the capillaries during the cool down.

. A small amount of *He gas is admitted in the centre tube to provide thermal

contact between the inserts and the rest of the cryostat.

. The transfer of liquid “He into the helium bath can be started. It is filled for

the first time after about one hour and after approximately 24 hours the whole
system is thermalised to 4.2 Kelvin.

. The contact gas in the centre tube is pumped out and the pumping on the

helium bath can begin (2 Kelvin stage).

The condensation of the 3He/4He mixture and of the *He gas in the target cell
is started (compare Fig. 5.24).

. Circulation is started and the residual mixture is pumped into the system using

a hermetic auxiliary pump.

. The fraction of 3He in the mixture is adjusted by distillation, until the phase

boundary is at an optimal position in the mixing chamber.

Starting from room temperature, a base temperature of about 85 mK in the
mixing chamber can be reached within 30 hours.
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Target Cell and Sample Holder

In Fig. 5.22 the sample holder and the target cell are sketched. The sample holder
is made from a PTFE cylinder with a diameter of 16 mm and a length of about 40
mm. A slit in its face side allows to place a 2 mm thick °Li aperture directly in front
of the target ("target aperture"). The target is held by the sample frame, which also
serves as a support for the NMR coils. It is inserted from the side into a central slit
in the cylinder and is fixed to the sample holder by two tiny PFTE rods, such that
it is located approximately in the centre of a volume enclosed by a saddle coil. This
saddle coil consists of 2 x 2 windings and is used to destroy the nuclear polarisation
in the target. The sample holder is mounted to an aluminium microwave horn, which
itself is screwed to the end of the microwave guide.

The target cell, which encases the sample holder, is sealed with indium against the
isolation vacuum and is specially designed to conserve the maximum radial space. It
is made from an aluminium-stainless steel friction-weld with an inner (outer) diameter
of 18 mm (19 mm).

To correctly adjust the position of the sample between the pole pieces of the magnet,
the whole cryostat is mounted to a lifting apparatus (see Fig. F.9), which can be
adjusted with a precision of 0.1 mm in height. This is necessary, as the inside of the
cryostat is shrinking during the cool down by approximately 1.5 mm. This can be
seen on the neutron radiography images presented in Fig. 5.23. They show that the
position of the target aperture (xs(8,7,4,5) - compare Fig. 5.13) moves slightly up
when the cryostat temperature drops from 300 Kelvin to 4 Kelvin. In the images the
upper rectangular beam spot corresponds to the sample beam, while the lower circular
beam spot is the reference beam (compare section 5.1.9).

Condensation of “He into the Target Cell

In Fig. 5.24 the process of helium gas condensation into the target cell is displayed in
two time histograms. A 66 litre helium gas vessel is connected to the target cell via a
liquid nitrogen cooled cold trap to prevent blocking of the capillaries. After admitting
helium to condense the temperature in the cell immediately drops from 460 mK to
about 390 mK. This is caused by the cooling by a superfluid film as described in Ref.
[Bra96]. Afterwards the temperature gradually drops until after 5 hours the whole
cell is filled with liquid helium. The total amount of condensed *He corresponds to
1.3 mol.

The remaining temperature difference between mixing chamber and cell is approxi-
mately 25 mK, with T, ~ 85 mK and T ~ 110 mK. Note that firstly, the temperature
difference depends on the temperature, due to the thermal conductivity of liquid he-
lium® and secondly, the temperature in the mixing chamber is almost independent
whether the target cell is filled with helium or not.

Throughout calibrated ruthenium oxide thermometers were used.'6

15Compare section 4.3.1 and Fig. 4.7.
16 Scientific Instruments RO-600 series.
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Figure 5.22: (a) Cylindrical sample holder with sample aperture, sample frame and
a saddle coil. (b) Lower part of the nd-cryostat. The sample holder is mounted to the
end of the microwave guide. (c) The sample volume is closed with the target cell (also
microwave cavity). Compare Fig. F.13 in the appendix. Illustration is not to scale.

300 Kelvin 4 Kelvin

Figure 5.23: Neutron radiography of the target cell before and after the cool down
of the refrigerator taken in the seventh beam time. A neutron CCD-camera [Miih05]
was placed approximately 30 cm behind the nose of the cryostat. The exposure time
was about 2 min using 4.4 A neutrons. The vaguely visible horizontal lines are caused
by the coil windings of the spin flipper.
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Figure 5.24: (a) Time histogram of the temperature in the mixing chamber (red
curve) and in the target cell (black curve). After one our *He gas was admitted to the
cell. The ripples in the curves are caused by the refill cycle of the helium bath. (b)
Corresponding time histogram of the pressure in the helium gas vessel connected to
the cell and exponential fit (red curve) - decay time: (128 £ 7) min.

Cooling Power and Performance

The cooling power of the dilution refrigerator is given in Fig. 5.25a. The dilution
insert was tested with two different cryostats: the nd-cryostat presented in Fig. 5.17
and a laboratory cryostat without a target cell attached to the mixing chamber. In
the latter case the volume occupied by the heat exchanger was filled with a cylindrical
dummy made from PTFE. The reached base temperature for the laboratory cryostat
is 60 mK, whereas for the nd-cryostat it is about 85 mK. Both heating curves have
been taken for the same still power Qgin of 40 mW and approximately the same
gas flow of about 1.3 mmol/s (compare Fig. 5.26a). As a result, the temperature
dependent cooling powers Q.(T) are almost identical in both cases. This can be seen
by fitting the data points using Equ. (4.6) and assuming that Q.(T) is proportional
to the mixing chamber temperature squared!”:

(89+5) mW/K?. T2
(97 +5) mW/K* . T2

lab-cryostat:  Qo(T')
nd-cryostat:  Qc(T')

The heat leak Qp; on the other hand is twice as large for the nd-cryostat as for the
laboratory cryostat, most probably due to the attached target cell:

(0.38 +0.05) mW
(0.76 + 0.06) mW

lab-cryostat:  Qni

Il

nd-cryostat: Qi

17"The mixing chamber heater power Qmix corresponds to the externally applied heating power.
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Hence, at a mixing chamber temperature Ty, of 100 mK (135 mK) the cooling power
of the dilution insert using the nd-cryostat is 0.2 mW (1 mW). The corresponding
target cell temperatures T, are plotted in Fig. 5.25b.

In Fig. 5.26b the temperatures Ty, and 7. are presented as a function of the still
power for Qmix =0 mW and 1 mW. It shows that without additional heating in the
mixing chamber the temperatures do not depend on the still power, whereas the
cooling power rises with increasing Qstﬂ], i.e. increasing flow.

During the nd-experiment the target cell experiences heat inputs, e.g. rf heating by
the spin flippers situated close to the nose of the cryostat, rf heating by the NMR
coils in the cell and eddy current heating by ramping of the magnetic field during the
NMR cross-calibration (compare section 5.3).

To study the effect of these heat inputs on the achievable base temperatures a separate
heater is implemented in the cell. In Fig. 5.27 the mixing chamber and the target cell
temperatures are plotted as a function of the heater power chll- It shows that Ty,
almost stays constant over a large heating range, while 7T, immediately starts rising to
higher temperatures and reaches already 150 mK at a heater power of approximately
30 pW. This is clearly caused by the low thermal conductivity of the superfluid helium
in the target cell (see section 4.3).18

Ultimately, this limits of course the final accuracy of the determination of the inco-
herent scattering length b; 4, as the heating by the above stated sources reduces the
nuclear spin relaxation time T7.

18 Also the Kapitza resistance at these low temperatures contributes to the overall thermal resistance.
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Figure 5.25: Cooling power of the dilution refrigerator. (a) Mixing chamber heater
power Qmix as a function of the squared mixing chamber temperature using the nd-
cryostat with attached target cell (black dots) and using a laboratory cryostat without
target cell (red dots). The lines are linear fits to the data points. (b) Temperature in
the mixing chamber T;, (o) and in the target cell T, (o) as a function of Qmix.
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Figure 5.26: (a) Flow rate in the dilution insert as a function of the still power Qstiu
and linear fit (red line). (b) Temperature in the mixing chamber (o, A) and in the
target cell (o, A) as function of the still power Qstint for Qumix = 0 mW (circles) and 1
mW (triangles). All the data in (a) and (b) was obtained using the nd-cryostat.
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Figure 5.27: Mixing chamber (e) and target cell temperatures (o) as a function of the
target cell heater power Qcei. Note, this plot was actually measured using a previous
version of the above described dilution insert. However, the nd-cryostat with the same
target cell filled with liquid helium has been employed.
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5.2.2. The *He Evaporation Refrigerator used in the 39 Beam Time

In section 5.2.1 the dilution refrigerator for the nd-experiment was described, which
reaches base temperatures of the target of about 100 mK providing long relaxation
times of the nuclear polarisation. However, its drawback is that a sample exchange
is rather troublesome and may take several days, due to its complicated target cell
design. Therefore, a modified version of the cryostat was built including a “He evap-
oration insert, which allow to perform a sample exchange within about two hours,
i.e. take out the old sample, load a new sample and after two hours the refrigerator
reaches again its working temperature of about 1.1 Kelvin (see below).

This temperature is not suitable for the actual measurement of the incoherent scatter-
ing length (fast spin relaxation time), but allows to systematically examine whether
or not a certain sample material is promising in terms of polarisation homogeneity,
spin relaxation time and maximum achievable polarisation.

This refrigerator was used in the third beam time for the investigation of sample
materials (see section 6.1.3).

One Kelvin Cryostat

In Fig. 5.28 a slightly modified version of the nd-cryostat is presented. The main dif-
ference to the cryostat shown in Fig. 5.17, lies in the removed heat exchanger, spider
and target cell, which was mounted to the lower end of the centre tube. Instead the
tube is elongated with an aluminium-stainless steel friction-weld extension, which is
presented in Fig. F.14 in the appendix. This permits that one can directly insert a
target through the central access at the top of the cryostat using a sample insert.
Further, the innermost radiation shield has to be removed because of the space occu-
pied by the extension tube. This does not harm the performance of the refrigerator
as it is not required for the operation at 1 Kelvin.

The helium bath works identically as already described above for the dilution cryostat
and provides a temperature of about 2 Kelvin to condense the incoming “He gas.

Evaporation and Sample Insert

Fig. 5.29 shows a drawing of the inserts of the one Kelvin cryostat. The evaporation
insert is designed similarly to the dilution insert presented in Fig. 5.18, except that
the capillaries used for the upper gas-gas heat exchanger are shortened (5 m long
3 x 2 mm capillary and 2.5 m long 2 x 1 mm capillary) and the lower liquid-liquid
heat exchanger is omitted. The latter is replaced by a prolongation of the capillary,
which leads to a Vespel ring.

The sample insert or sample stick consists of a top flange with an attached long
stainless steel microwave guide with several baffles and a microwave horn and a
sample cavity mounted to its lower end. A conical Vespel plug fits in the Vespel ring
of the evaporation insert. This connection allows to transfer the condensed helium
from the evaporation insert to the sample insert and down to the cavity via two
capillaries (compare Fig. F.16). The Vespel plug has two holes of 4 mm in diameter,
such that pumping on the liquid helium in the extension tube of the cryostat is
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possible. Moreover, coaxial NMR cables and thermometer cables are fixed to the
sample insert and lead to the sample cavity to measure the sample polarisation and
temperature.

Sample Loading

To load a new sample the condensed helium is completely evaporated and pumped
back into the storage vessel (compare section 5.2.3). Then the sample insert can be
removed and the axial opening in the top flange of the evaporation insert is sealed
with a dummy plug. After placing the new sample in the cavity the plug can be
removed and the sample stick is inserted again. During these operations, helium gas
is flushed into the centre tube via a separate inlet, to avoid that air condenses in the
cold cryostat.
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Figure 5.28: Scheme of the modified nd-cryostat, which can be operated with the
evaporation insert in Fig. 5.29. Illustration is not to scale.
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Figure 5.30: Scheme of the gas handling system with the dilution refrigerator. The
pump system consists of: 1. Alcatel MIV 1000, 2. Leybold WS 252 and 3. Alcatel ADP
31. Pump 4 is a service pump to evacuate the pumping line and the cryostat (Alcatel
LS90S1). For the 2 Kelvin stage of the cryostat a Leybold S100F pump with a nominal
pumping speed of 110 m3/h is used. The pressures are measured using Pfeiffer pirani
gauges.

5.2.3. Gashandling System and Pumping Set

A scheme of the gas handling system of the dilution refrigerator is presented in Fig.
5.30. It includes three gas tanks for pure *He, pure *He and a 3He/“He mixture.
Once the correct ratio between 3He and *He and the right amount of total mixture
is established one only uses the mixture tank for condensation and distillation. For
our dilution refrigerator the total amount of mixture was about 100 litre (gas) at 920
mbar, which corresponds to about 4 mol of helium, with a 3He/4He ratio of about
0.3, i.e. 1 mol of 3He and 3 mol of *He.

After the mixture has been completely condensed into the cryostat, He is circulated
by means of a pump system. It consists of two roots blowers in series with nominal
pumping speed of 1000 m?/h and 250 m?/h backed up by a 40 m3/h hermetically
sealed dry pump. This pump system permits a flow of 1 mmol/s at a pumping pres-
sure of 0.1 mbar. The exhaust gas of the pumps is forced through one of the parallel
cold traps (CTy or CTy - containers filled with zeolite and cooled to liquid nitrogen
temperature), before it recondenses at a typical condensation pressure peong of 300-500
mbar.

The same gas handling system has also been used in combination with the ‘He evap-
oration refrigerator (see section 5.2.2).
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5.2.4. Sample Preparation

The samples for the frozen spin target are deuterated organic substances with imple-
mented paramagnetic centres (radicals). Their properties have been systematically
investigated using laboratory cryostats (polarisation, relaxation time etc.) and during
the third neutron beam time (homogeneity, Ramsey signal phase shift etc.). The stud-
ied sample materials can be divided into two groups: polystyrene samples, which are
solid at room temperature and frozen alcohol samples, which have to be kept under
liquid nitrogen temperatures. They are prepared in the following ways.

Deuterated Polystyrene Samples

The deuterated polystyrene samples are made from a mixture of normal non-
deuterated polystyrene (n-PS) and deuterated polystyrene (d-PS).1? The degree of
deuteration of the d-PS is typically about 99%. As paramagnetic centres deuterated
TEMPO? with a degree of deuteration of approximately 95% is used (see Fig. 5.31
for the chemical structures):

1. 5 wt.% of the desired amount of d-PS and n-PS is dissolved in deuterated toluene.
To speed up the dissolution process the mixture is heated to about 120°C on a
hotplate.

2. When the polystyrene is fully dissolved - this can take several hours - the glass
beaker with the mixture is taken away from the hotplate and TEMPO is added
to the liquid.

3. The liquid is poured onto flat glass surfaces and one waits until the toluene is
completely evaporated in a flue (about 12 hours).

4. One obtains thin plastic foils.

5. The foils are cut into small square pieces of about 14x14 mm?, which are stacked
and then warm pressed in a stainless steel press. The press is heated up to about
95°C in an oven (glass transition temperature of polystyrene) and is then taken
out of the oven and allowed to cool down naturally to room temperature. The
exact procedure and the necessary temperatures have been optimised by trial
and error.

6. Finally, a plastic platelet is obtained, which can be further processed, i.e. ma-
chined to the desired size and thickness (compare Fig. F.12a).

A description of the production process is also given in Ref. [Bra00]

9Polymerised using UV-light by ARMAR, AG (Déttigen): http://www.armar.ch.
202 2 6,6-Tetramethylpiperidine-1-oxyl.
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Figure 5.31: Left: chemical structure of TEMPO. Middle: polystyrene. Right:
EHBA-Cr(V).

Frozen Alcohol Samples

We were using frozen alcohol samples made from a mixtures of HoO and glycerol and
D»0O and d-glycerol, respectively. As paramagnetic centres TEMPO and EHBA-Cr(V)
have been employed.?! To cast frozen platelets, the water/alcohol mixture is injected
in a copper mould, which is cooled with liquid nitrogen (compare Fig. F.12b). A brief
description of the procedure is given in Ref. [Bra062].

The obvious drawback of the frozen alcohol samples is that they cannot be used as
targets when employing the dilution refrigerator described in section 5.2.1, due to the
fact that the sample loading in the target cell has to be done at room temperature.
Therefore, these samples have only been used during the third beam time with the
one Kelvin evaporation cryostat, which allows quick sample loading directly into the
cold cryostat.

2EHBA-Cr(V) is a complex of chromium (V) with 2-ethyl-2-hydroxybutanoic acid.
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5.3. Nuclear Magnetic Resonance

As already mentioned in section 3.4, the necessary accuracy for the relative measure-
ment of the nuclear spin polarisation should be in the order of 107 to determine the
incoherent scattering length b; ¢ with the aimed precision. The nuclear spin polarisa-
tion of a polarised target is most accurately measured using continuous wave nuclear
magnetic resonance (cw-NMR) employing a so-called Q-meter setup [Cou93, Cou04].22
In this section the principles of cw-NMR using a resonant and a non-resonant cable
circuit are explained. Also the NMR coil geometry of the frozen spin target, the data
treatment of the obtained NMR signals as well as the NMR cross-calibration are pre-
sented. Furthermore, tests are described with the goal to increase the signal-to-noise
ratio of the NMR signals using a commercially available rf preamplifier operated at
liquid helium temperatures.

5.3.1. CW-NMR using a Resonant Cable Circuit

A good description of how to determine the nuclear polarisation with cw-NMR is given
in Ref. |[Hau04] and references therein. The technique is based on the relationship
between the complex nuclear spin susceptibility x(w) = x'(w)—ix”(w) and the nuclear
polarisation P:

2h1 wo
P= (W)/;" —X"(W)dw (5.5)

where w is the angular frequency of the applied rf field, g is the g-factor of the nucleus
with spin I and py is the nuclear magneton and N is the number of spins. In table
5.1 the g-factors and the gyromagnetic ratios « of several nuclear species and of the
neutron and the electron are summarised.

The absorptive part x”(w) of the susceptibility, which is non-zero only in a small
frequency band around the nuclear Larmor frequency wg = —vBy, is measured by
inductive coupling between the nuclear spins of a sample and a surrounding coil,
resulting in a complex impedance

Z1(w) =iwLq(1l +4mnx(w)) , (5.6)

where L is the inductance and 7 is the filling factor of the coil [Abr831]. From Equ.
(5.6) it follows that x”(w) causes a frequency dependent additional real resistance,
which is best detected by using a constant current series LCR circuit connected to a
phase sensitive detector.

The conventional resonant cable circuit is presented in Fig. 5.32: a rf signal feeds a
series LCR resonant circuit via a constant current resistor R.. ~ 1 k2. All passive
elements, i.e. the damping resistor Rg ~ 10 €2 and the tuning capacitor Cq, of the
LCR circuit are at room temperature and connected to the sample coil via a coaxial
cable with a length n - \¢/2 (n € {1,2,3,...}), where A\t is the wavelength of the rf

22Pulse NMR cannot be applied due to the necessity to excite broad deuteron signals.
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or mclons || abundance | S | /27 DA/ TL | i
Electron e~ 1/2 -28024.95 -1838.28
Neutron n 1/2 -29.1639 -1.91304
Proton 'H 99.985 % | 1/2 1+42.5764 +2.79285
Deuteron 2H || 0.015 % 1 +6.5357 +0.85744
Helium 3He 0.013% | 1/2 -32.4351 -2.12762
Lithium SLi 7.5 % 1 +6.2660 +0.82205
Carbon 13C 1.10 % 1/2 +10.7081 +0.70241
Fluor 1F 100 % 1/2 1+40.0765 12.62887

Table 5.1: Magnetic resonance properties of the electron and important nuclei, taken
from Ref. [Lid98|. p is the magnetic moment and the nuclear magneton is given by
pn=0.505078x10726 Am?. The ratio p/ux is also known as the g-factor.
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RCC ~ D_
CQ
a
2 Fa

Figure 5.32: Resonant cable circuit for cw-NMR. A typical rf signal input power for
the Q-meter resonant cable circuit is about -7 dBm.
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signal in the cable.?> By modulating the rf frequency around the Larmor frequency
wp of the investigated nuclear spin species and measuring the real part of the voltage
over the LCR circuit, one obtains a so-called Q-curve.?*

An example of such a Q-curve of a sample with polarised protons is given in Fig.
5.33a. The black foreground curve taken at a field of about 2.5 Tesla has a prominent
proton absorption peak at 106.34 MHz with a FWHM of about 35 kHz (proton NMR
signal). The red background curve (baseline) is taken at a slightly lower magnetic
field. Hence, the proton absorption peak is shifted to lower frequencies and is no
longer visible in the parabolic Q-curve.

The shape of the Q-curve (voltage offset, depth) depends on the properties of the LCR
circuit, on the constant current resistor R.. and on the length of the coaxial cable:

e With increasing R the current in the LCR circuit decreases and thus the voltage
offset and the size of the NMR signal reduces.

e With increasing Rq the voltage offset increases, while the size of the NMR signal
reduces. The voltage offset and the signal size should not be too large, to avoid
saturation of the rf amplifiers and non-linear amplification of the NMR signal.

e A shorter coaxial cable, i.e. small n, causes a shallower Q-curve [Hau04]. A flat
baseline improves the accuracy of the NMR signal integral determination (see
below), especially when dealing with small signal sizes.

To avoid fluctuations of the shape of the Q-curve and thus of the NMR signal, one
has to ensure that the used resistors, capacitors and coaxial cables are not sensitive
to changes of the temperature (e.g. by refill of the helium bath) and the magnetic
field.?> As this is only achievable to a certain extent, one has to perform NMR
measurements under the same conditions if possible.

In Fig. 5.33b and 5.33c the further data treatment of the Q-curves is shown:
subtraction of the background curve from the foreground, polynomial fit of the
residual background (linear, parabolic or cubic) and determination of the area under
the proton peak (NMR signal integral).

Note, the cw-NMR technique allows to determine absolute values of nuclear polari-
sation by calibrating the obtained NMR signal integral with a known thermal equi-
librium polarisation signal (thermal equilibrium calibration — compare section 5.4.1),
although this is not necessary for the relative measurement of the incoherent neutron-
deuteron scattering length (see section 3.4).

ZFor a typical signal velocity in a coaxial cable of 2x 10® m/s, we obtain a wavelength A of 12.5 m
(1.9 m) for a rf frequency of 16 MHz (106 MHz).

24 Actually it would be advantageous to perform a magnetic field sweep instead of a rf frequency
modulation. Firstly, because complications due to frequency dependent behaviour of rf compo-
nents, e.g. frequency dependent gain of amplifiers etc., would cancel. And secondly, instead of a
Q-curve one would obtain a perfectly flat baseline (constant tuning).

25We used special low temperature resistors and capacitors: http://www.atceramics.com. Coaxial
cables: hitp://www.microtech.com (LN-3-30). Semi rigid cables: hitp://www.hubersuhner.ch and
http:/ /www.micro-coax.com.
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Figure 5.33: Proton NMR of a 110 mg d-PS sample with a degree of deuteration
of nominal 97% (sample #15, see appendix E). Number of coil windings: Njps = 4
(compare section 5.3.3). (a) Foreground Q-curve with proton absorption NMR signal
taken at 2.5 Tesla (black) and background Q-curve (red). Each curve is an average over
1000 sweeps with a width of 600 kHz and 512 data points. (b) Background subtracted
foreground curve (black) and parabolic fit using the data points besides the peak (red).
(¢) NMR signal after subtracting the parabolic fit. The integral value, i.e. the area
under the peak, is J, 106 = +0.39 [a.u.], which corresponds to proton polarisation of
about 50% (TE calibration).
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Figure 5.34: Non-resonant cable circuit. All passive components are at low tempera-
ture inside the cryostat. In this configuration two coaxial cables are needed. A typical
rf signal input power is about -1 dBm.

5.3.2. Low Temperature NMR or Non-Resonant Cable Circuit

A resonant cable circuit as described in the previous section has the drawback that the
coaxial cable belongs to the resonant circuit and thus the imaging of the modulated coil
impedance is not perfect, due to unwanted dispersion contributions. This problem can
be avoided by using the so-called non-resonant cable circuit presented in Fig. 5.34,
where all passive components are located inside the cryostat at low temperatures
in the vicinity of the sample coil (Low Temperature NMR — LT NMR). From this
configuration one can expect a better signal-to-noise ratio, a shallower baseline and
minimises the dispersion effects.
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Figure 5.35: Two NMR coils wound on the polarised sample/target (compare Fig.
6.5). The direction of the rf fields generated by the 16 MHz LT NMR coil (red coil)
and the 106 MHz coil (resonant cable circuit, green coil) are indicated by the arrows
and are both perpendicular to the external magnetic field By in z-direction.

5.3.3. NMR Coil Geometry of the Frozen Spin Target

For the nd-experiment we used two separate NMR systems integrated into the nd-
cryostat:

1. A resonant cable circuit system tuned to about 106 MHz, which is used to
monitor the proton polarisation at a field of 2.5 Tesla.

2. A LT NMR system tuned to about 16 MHz to measure the deuterons at 2.5
Tesla and the protons at about 0.38 Tesla.

The latter allows to measure both nuclear spin species at the same rf frequency like
demanded in section 3.4. Hence, the obtained proton and deuteron NMR signal
integrals correspond to the ones in Equ. (3.54). To avoid ramping of the magnetic
field during a Ramsey neutron measurement, the two proton NMR signals (16 MHz
and 106 MHz) are calibrated to each other off-line (see cross-calibration in section
5.3.5).

A scheme of how the NMR coils are wound on the sample is shown in Fig. 5.35. The
number of windings and the exact coil geometry varied between the different beam
times, but the field directions were always chosen identical. The coil belonging to the
LT NMR system has Nig windings and produces a rf field in z-direction. The coil
belonging to the resonant cable circuit has Nigg windings and produces a rf field in
y-direction, i.e. both rf fields are perpendicular to the external magnetic field.

Note, in Fig. 5.22 a third coil was presented (saddle coil). This coil also generates a
rf field in y-direction, which serves to depolarise the nuclear spins by irradiation of rf
pulses. The inductive coupling between this coil and the resonant cable coil can be
neglected, as the distance between each other is rather large.

A picture of the circuit board of the LT NMR system is depicted in Fig. F.17. It is
thermally anchored to the helium bath or the still radiation shield. The resonance
frequency of the LT NMR is adjusted by means of a tunable capacitor, which is in
parallel to a fixed special low temperature capacitor of about 100 pF. The tunable
capacitor is placed in the helium bath and can be remotely manipulated from outside
the cryostat using a long "screw driver". The tuning range is about +0.5 MHz.
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Figure 5.36: Proton NMR at about 0.38 Tesla. The Q-curve represents an average
over 400 sweeps (width 600 kHz, 512 data points). The signal integral of the proton
peak is Jp 16 = +1.90 [a.u.], which corresponds to a nuclear polarisation of about 49%
(TE calibration).
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Figure 5.37: Deuteron NMR at 2.5 Tesla. The Q-curve represents an average over
400 sweeps. The signal integral of the deuteron signal is Jq 16 = +0.67 [a.u.], which
corresponds to a nuclear polarisation of about 17% (peak ratio method).
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Figure 5.38: 13C NMR at 1.5 Tesla. The Q-curve represents an average over 4000
sweeps. The signal integral of the '3C peak is Jc,16 = —0.01 [a.u.], with Jp 106 = -0.43
[a.u.] (-55%) and Jq16 = -0.91 [a.u.] (-24%). Assuming equal spin temperatures of
the protons and '3C yields a polarisation of about -14% (compare section 5.4.4).
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Figure 5.39: Series of NMR signal integral measurements at 2.5 Tesla with linear fits
(red lines) using sample #15. (a) Deuterons. (b) Protons.

Fig. 5.36, 5.37 and 5.38 show Q-curves and NMR signals of protons, deuterons and
13C obtained with the 16 MHz LT NMR system. The used sample (sample #15 with
Nig = 10 and N = 4, see appendix E) was polarised positively in the case of the
protons and the deuterons and negatively for carbon. The data treatment is identical
to the one stated in section 5.3.1 for the resonant cable circuit.

The shape of the deuteron NMR signal deviates strongly from the peak shaped proton
signal. This is caused by the interaction of molecular electric gradient fields with
the quadrupole moment of the spin 1 of the deuteron, which causes an asymmetric
splitting of the three Zeeman energy levels. From the height of the two peaks of the
deuteron NMR signal one can roughly estimate the deuteron spin polarisation using
the following formula (peak ratio method):

r? -1
CrZar+1]

where r is the ratio of the peak heights [Ada99].

(5.7)

5.3.4. Accuracy of the NMR measurement

Important for the accurate measurement of the incoherent neutron scattering length
of the deuteron is to know, how precise one can determine the NMR signal integrals
and how much nuclear polarisation is lost due to the NMR measurement itself (signal
saturation).

Therefore a series of NMR signals of the protons and the deuterons were taken at
2.5 Tesla in intervals of 60 sec.26 The result is presented in Fig. 5.39, showing that
the signal integrals decay slowly with the number of measurements. Nevertheless,
the decay is considerably faster than if it would be caused only by the nuclear spin
relaxation (77 > 100 h, see section 5.4.2). Here, the loss per NMR measurement was
determined to be below 0.05% for both spin species, which is still tolerable for the
aimed measurement accuracy of bi7d.27

26In this case the NMR foreground signals were directly fitted with a polynomial function, without
subtracting a baseline signal.

2TEach measurement takes about 20 sec and consists of 2000 sweeps over the absorption signal with
input rf powers of -1 dBm (-7 dBm) for the 16 MHz (106 MHz) NMR system. These rf powers
are standard values for our Q-meter setups. Of course the loss per NMR measurement depends
on the number of sweeps, the rf power and the NMR coil design.
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The precision of the NMR measurement is given by the standard deviation of the fit
residuals, which are defined as the deviations of the individual data points from the fit.
In the presented case, one obtains an absolute accuracy for the proton signal integrals
of about 3 x 107 and for the deuterons of about 4.5 x 1073, which yields a relative
statistical accuracy of better than 1%, assuming reasonable NMR signal integrals.?®
This is almost one order of magnitude larger than it is necessary for the aimed precision
measurement of b; 4. An improvement of the precision of the NMR measurement is
difficult to accomplish, as the signal size is limited by the sample mass/size and the rf
power, which both cannot be further increased. The first one because of the magnetic
field inhomogeneity at larger neutron beam cross-sections (compare section 6.1.7) and
the latter due to signal saturation.

5.3.5. NMR Cross-Calibration
Procedure

It was already mentioned before that the proton NMR signal integrals of the two
NMR systems (16 MHz and 106 MHz) are correlated and can be "cross-calibrated"
to each other, as both are measuring the same protons. The procedure, which can be
performed without the neutron beam, allows to avoid ramping of the magnetic field
during the neutron Ramsey measurement. It is divided into the following steps:

1. At 2.5 Tesla a foreground proton NMR signal is taken with the 106 MHz system.

2. The field is ramped down to 0.38 Tesla. The ramping speed of the magnet power
supply can be adjusted to prevent large eddy current heating of the target cell,
but should be fast enough to avoid unnecessary nuclear relaxation.?”

3. During the ramping, Q-meter baseline curves are taken for both NMR systems.

4. When the power supply reached its preset current value, one waits for a certain
time 7y for the magnetic field to stabilise (typically about 15-30 sec).

5. Then the foreground proton NMR signal is taken with the 16 MHz system.

6. Wait another time 7y, to provide a symmetric measurement scheme.

7. Ramp up the magnetic field to 2.5 Tesla and start again with step number 1.
Usually the whole sequence takes about 10 minutes and is synchronised with
the helium refill cycle.

The total NMR cross-calibration procedure is fully automated, such that one can

perform systematic studies in terms of ramping speeds, temperature, waiting time 7y,
number of taken NMR signals etc. (see below).

28In absolute values this corresponds to a polarisation of 0.35% of the protons and 0.1% of the
deuterons for this sample (#15).

29We chose a ramping speed, such that the ramping took about 4 min, i.e. between 0-120 A with
0.5 A/s and above 120 A with 1 A/s (compare Fig. 5.10b).
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Figure 5.40: Temperature time histograms during a NMR cross-calibration with
Tx = 30 sec. (a) The magnetic field is swept 11 times from 2.5 Tesla to 0.38 Tesla and
back. The mixing chamber temperature is almost unaffected (red curve, T, = 88 — 94
mK), while the temperature in the target cell changes drastically as a result of the
induced eddy currents (black curve, T, = 122 — 155 mK ). (b) Detail from the time
histogram. The horizontal lines mark the moments, when the magnetic field reaches
0.38 Tesla and 2.5 Tesla, respectively. A whole cycle takes about 10 minutes. At low
field T, stays approximately 140 mK, due to rf heating from the 16 MHz LT NMR.

Example Measurement

As an example, we want to consider a cross-calibration performed on a positively
polarised d-PS sample (sample #15, see Fig. F.13a).

Fig. 5.40 shows the time histogram of the mixing chamber temperature Ty, and the
target cell temperature T, during 11 cross-calibration sequences. The ramping of
the magnetic field obviously heats the target cell and causes T, to rise from about
110 mK to above 150 mK, while T3, is almost unaffected. This is a result of the low
thermal conductivity of the superfluid helium in the target cell (compare Fig. 5.27).
Ideally the polarisation stays frozen during the cross-calibration sequence, however at
the lower magnetic field of 0.38 Tesla and at the induced higher sample temperature
the nuclear spin relaxation time reduces drastically from more than 100 hours to only
a few tens of minutes. Hence, the NMR signal integrals before and after the ramping
sequence are not identical, but a loss of nuclear polarisation is observed.

In Fig. 5.41 the NMR signal integrals of the protons and deuterons at low and high
magnetic field are plotted. They show that the signal sizes decrease exponentially
with the number of cross-calibration sequences (here: 7 = 30 sec):

Protons: Jpi6 — loss per sequence: (8.8+0.1) %
Jpio6 — loss per sequence: (8.7+0.1) %
Deuterons: Jai6 — loss per sequence: (10.8+0.2) %

As expected the loss per sequence of the protons is the same for both NMR systems
within the error of the fit. The loss of the deuterons is slightly larger as a result of
the shorter relaxation time T7.
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Figure 5.41: Example of a cross-calibration measurement with exponential decay
fits (red curves). The 16 MHz NMR signals are averaged over 3 x 400 sweeps and the
106 MHz NMR signals over 1000 sweeps. (a) NMR signal integrals taken at 2.5 Tesla:
protons Jp 106 (®) and deuterons Jq 16 (0). (b) Proton NMR signal integrals Jp, 16 taken
at 0.38 Tesla (A).

In Fig. 5.42 the proton signal integrals J, 16 at 0.38 Tesla are plotted as a function of
the signal integrals Jp 106 at 2.5 Tesla. The slope of the linear fit yields the so-called
cross-calibration coefficient ¢y, which is defined as:

Jp 16
= 2pl6 5.8
¢ JIp,106 (58)

Obviously ¢y turns out different if the high field signal integral is combined with the
low field signal integral before or after the magnetic field ramp. We thus obtain two
values for the cross-calibration coefficient. In the presented example: c¢x1 =5.2+0.1
(before) and c¢x 2 = 4.8 £0.1 (after). This leads to an average of ¢y = (5.0+0.2 +0.1),
with a relative error of +4% (syst.) and +2% (stat.), due to the nuclear polarisation
loss and the linear fits.

Of course these errors indicate the worst case and could be taken as a measure for
the maximum uncertainty of the NMR cross-calibration procedure. Nevertheless, the
exact systematic error of the method is hard to quantify without assumptions about
the rate of polarisation loss as a function of time. Also the loss is difficult to decrease
as the effective cooling power of the cryostat in the target cell is limited.
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Figure 5.42: Example of a cross-calibration of the two proton NMR systems (16
MHz and 106 MHz). J, 16 before (o) and after (o) the corresponding high field signal
plotted against Jp 106. The linear fits (red lines) through the data points cross very
precisely the origin, as should be the case.

Systematic Tests of the NMR Cross-Calibration

Systematic studies of the NMR cross-calibration have been performed. As the tem-
perature could not be further decreased, the focus was directed on the waiting time
7.2% A plot of the loss per sequence as a function of the total time at low field is
given in Fig. 5.43. The total time at low field corresponds to twice the waiting time
plus the time 7y, which it takes to measure the actual NMR signal. Note, the loss
caused by the NMR measurement itself can still be neglected compared to the waiting
and measuring time losses (see section 5.3.4). From the linear fit to the data points
one can determine the loss, which can be attributed to the ramping process itself. In
this case it yields (1.1 +0.4)%.

An exponential fit to the same data leads to a decay time of the NMR signal at 0.38
Tesla of about 20 min (7 » 140 mK, compare Fig. 5.40). This is in good agreement
with separately performed relaxation time measurements taken at two different tem-
peratures presented in Fig. 5.44a. The loss due to the ramping can thus be expressed
as an additional waiting time of about 15 sec at low field. This yields an effective
time at low field of about 60 sec for a reasonable cross-calibration measurement, with
< > 20 sec and Ty & 5 sec.

Using these values, one can estimate the loss per sequence, assuming a certain target
cell temperature and a relaxation time 77 at 0.38 Tesla, respectively:

T.~90-100 mK - Tj;~120 min — Expected loss: 1%
T.=110mK — T;=65min — Expected loss: 2%
T.=135mK - T;=29min - Expected loss: 4%

These estimations show that even if the cell temperature could be kept at low temper-
atures of about 100 mK during the cross-calibration, one would still have to expect
losses of about 1-2%. Hence, the systematic error due to the NMR cross-calibration
would be still almost one order of magnitude larger than necessary for the aimed
accuracy improvement of the incoherent scattering length b; 4.

30 Actually also studies on the ramping speed have been made, but did not lead to improved results
of the cell temperature.
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Figure 5.43: Loss of proton NMR signal integral per cross-calibration sequence as a
function of total waiting and measuring time at low field. The red line is the linear fit
to the data points, which intercepts the vertical axis at a loss of about 1%.
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Figure 5.44: (a) Proton spin relaxation at 0.38 Tesla and 110 mK (e) and 135 mK
(o). The exponential decay fits (red curves) yield relaxation times of T} = (65 + 1) min
at 110 mK and T} = (29 + 1) min at 135 mK (sample #15). (b) Proton spin relaxation
time 77 at 0.38 Tesla as a function of the sample temperature. Note, a different sample
was used than in (a): fully protonated PS with a nominal TEMPO concentration of
2.5 x 101 em™ (sample #0a).

In order to reach at least the same accuracy as the present value of b;q of about
0.8% [Dil71], a loss per sequence of less than 2% needs to be achieved, i.e. T should
be about 110 mK during the cross-calibration. This would require a much better
thermal contact between the mixing chamber and the target cell, which is hardly
realisable within the constraints of the present magnet setup.

Hence, the accuracy of the NMR cross-calibration and moreover the precise determi-
nation of the NMR signal integrals are presently limiting the total accuracy of the
measurement of the incoherent scattering length of the deuteron b; q (see section 7.1).
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Figure 5.45: Preamplifier test circuit for the LT NMR system. The part on the right
side of the dashed line could be kept outside of the cryostat at room temperature. This
would also decrease the number of necessary coaxial cables.

5.3.6. Tests with a RF Preamplifier at 4 Kelvin

In section 5.3.3 the deuteron NMR signals have been presented, which possess a
rather complicated shape. Moreover, their signal integral is at least two times smaller
than the corresponding proton signal at low field, despite almost full deuteration of
the polarised sample. Therefore, tests with a commercially available rf preamplifier
have been carried out at liquid helium temperatures, to test whether it is possible
to amplify the NMR signal already inside the cryostat to potentially increase the
signal-to-noise ratio.

In Fig. 5.45 the preamplifier circuit including the LT NMR circuit is drawn. A
InGaP amplifier (ERA-1+, DC-8 GHz, Mmicz'rcuits@)) with a nominal amplification
of +12 dB and a nominal operating temperature from -45°C to +85°C was used. The
amplifier is internally matched to 50 €2 and represents together with the capacitor Cy,
a high-pass 1f filter with a cut-off frequency of f. = (27 -C}, 50 Q)71. The resistor Ry
and Rs help to provide the amplifier with the necessary DC voltage of about 2-3 V
and Ry and C, represent a low-pass rf filter.

For the 16 MHz NMR system, C, was chosen to be 680 pF and R; = 470 Q and
Ry = 150 Q, with a DC voltage of about 15 V. This yields cut-off frequencies of 5
MHz for the high-pass and 1.5 MHz for the low-pass. A picture of the preamplifier
circuit board is shown in Fig. F.18 in the appendix.

The preamplifier circuit was successfully operated at 4 Kelvin, although with slightly
less amplification of about 1 dB and a higher DC voltage input of 16 V compared
to room temperature operation. It also withstood several successive cool downs and
warm ups.>! However, it was decided not to implement the preamplifier circuit board
in the cryostat, firstly because there was no visible improvement of the rf noise level
and secondly to avoid possible complications using the amplifier at high magnetic
fields.

31 Moreover, a low noise amplifier ZFL-500 (+24 dB) by Minicircuits® has been tested, which also
worked almost perfectly at these low temperatures.
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5.4. Dynamic Nuclear Polarisation and Spin Relaxation

The technique of dynamic nuclear polarisation (DNP) is well explained in the book
of Abragam and Goldman |[Abr82|. Further descriptions of the method are given
by Abragam [Abr78, Abr832|, Borghini [Bor68, Bor71|, Wenckebach [Wen74, Wen95]
and others. Recently DNP has become of immediate interest in biomedical magnetic
resonance, resulting in the first dedicated dynamic nuclear polarisation symposium
held in Nottingham (UK) in 2007 [Pro08].

In the following section, we thus want to repeat just briefly the main ideas of the DNP
technique.

5.4.1. Thermal Equilibrium Polarisation
The interaction of a spin f, i.e. its associated magnetic moment [ = yhf, with a
magnetic field By yields 21 + 1 Zeeman levels with the corresponding energies:

E,, =-m~yhBy , (5.9)

characterised by their magnetic quantum number m. In thermal equilibrium (TE) each
of these levels is populated with a probability, which is proportional to the Boltzmann
factor:

Ep,
exp (_kBTZ) , (5.10)

where kg is Boltzmann’s constant 1.3806 x 10723 J /K and Ty is the temperature of
an ensemble of identical spins (spin temperature). The polarisation P of this spin
ensemble is defined as:

Tan exp (—kg’fz )

P= (5.11)
Ev,
I- Tznexp (_kBTz)
This leads in the case of I =1/2 and I =1 to:3?
. . B vhBy
Spin 1/2: Py = tanh(2kBTZ) (5.12)
sinh (2280
Spin 1: P = #T;B) (5.13)
1+ cosh(ZBTg)

As the magnetic moment of a nucleus is typically three orders of magnitude smaller
than the Bohr magneton up, brute force polarisation of nuclear spins requires tem-
peratures in the millikelvin range and large magnetic fields of several Tesla (compare
Fig. 5.46). Moreover, the nuclear spin relaxation time may under these conditions
be excessively long, such that the spins do not relax in the energetically favoured
orientation on a reasonable time scale.

32Ref. [Gre87| gives a derivation of the entropy, magnetisation and heat capacity Cp from the
partition function and free energy of a system of non-interacting spins, respectively.
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Figure 5.46: Thermal equilibrium spin polarisation of protons (black), deuterons
(red) and electrons (blue) as a function of By/T7.

DNP is a technique, which allows to polarise nuclear spins in a solid under less re-
stricted conditions [Wen08|. Therefore the solid needs to contain a certain amount
of unpaired electron spins (paramagnetic centres or radicals). As the electron spins
have a much larger magnetic moment and a very short spin-lattice relaxation time
they easily reach polarisations of almost 100% at moderate temperatures of 1 Kelvin
and typical magnetic fieds of 2.5 or 3.5 Tesla. Exploiting the dipolar interaction be-
tween the nuclear and electron spins, the electron polarisation/spin entropy can be
transfered to the nuclear spin by irradiation of microwaves close to the electron para-
magnetic resonance (EPR) frequency.

In insulators, the main mechanism responsible for the polarisation transfer is either
the so-called (well-resolved) solid effect or thermal mizing, depending on whether the
concentration of unpaired electrons is low or high, i.e. the mutual interaction between
neighbouring electron spins can be neglected or not.

5.4.2. Spin Relaxation of Nuclear and Electron Spins

Before we consider the DNP mechanism, it is important to understand the relaxation
processes of the nuclear and electron spins in a diamagnetic solid.

At temperatures and fields used for DNP (below 1 Kelvin and above 1 Tesla) the
electron spin relaxation is causes by the so-called direct process, i.e. absorption or
emission of a single phonon of energy Aws, where wg is the electron Larmor frequency
of the spin in the magnetic field. In Ref. [Abr82| it is shown that the resulting
(longitudinal) electron spin-lattice relaxation time 77 . is proportional to:

hws
o< W - coth (— (5.14)

The 2kBT)

Hence, T e mainly depends on the shape of the phonon spectrum and the number of
phonons of energy hws per mode and is typically of the order 107! s.

In Equ. (5.14) it is assumed that the phonons are in thermal equilibrium with
the surrounding thermal bath. Often this is not the case and a so-called phonon
bottleneck occurs, which increases T4 and thus limits the nuclear spin polarisation
achievable with DNP. Then the spin relaxation process can be described as follows:
first the electron spins and the phonons reach a common temperature, while in a
second step the whole system relaxes towards the temperature of the bath.
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Figure 5.47: Nuclear spin relaxation at 2.5 Tesla and 110 mK. The NMR signal
integrals of the negatively polarised protons (e) and deuterons (o) have been measured
in intervals of 20 minutes. The exponential fits (red curves) yield T, = (395 +30) h
and Th g = (111 +1) h (sample #15).

In general, the nuclear spin relaxation time is several orders of magnitude longer than
the one of the electrons, as the direct process is suppressed due to the low density
of phonon states at the Zeeman energy Aw; of the nuclear spins. Instead the nuclear
spins relax via the dipolar interaction of a nuclear spin I with a neighbouring electron
spin § (paramagnetic impurities), which allows mutual spin flips and the associated
absorption or emission of a single phonon of energy h(ws + wr).??

As the dipolar interaction depends on the direction, we also obtain a nuclear spin re-
laxation time 77 x(7), which depends on the relative coordinate 7" between the electron
and the nucleus:

1 (3uoh’ye)2 sinfcos?d (1-P2) 1 (5.15)

Tin(r) \ 4w 76 B2 e
where P, is the thermal equilibrium polarisation of the electron spins. Hence, the
factor (1 — P?) in Equ. (5.15) expresses, that the number of flipping electron spins
decreases with increasing electron polarisation, which results in a strong temperature
and field dependence of the nuclear spin relaxation time.

So far we neglected the so-called transverse relazation times T, and TN, which
describe mutual flips among electrons spins and among nuclear spins, respectively.
This spin-spin interaction of the nuclear spins equalises nuclear polarisation gradients
very fast, as 17y > To N. Therefore T n(7) can be spatially averaged yielding a mean
nuclear relaxation time of 77 x ranging from 102 to 10% s (compare also spindiffusion

and diffusion barrier in Ref. [Abr82]).

Fig. 5.47 presents the measurement of the nuclear spin relaxation of protons and
deuterons at 110 mK and 2.5 Tesla in one of our samples using cw-NMR. The relax-
ation times T, and 17 q exceed 100 hours.3*

33These spin flips, often called flip-flip and flip-flop transitions, are only allowed by first order per-
turbation theory (compare scrambled state approach and section 5.4.3).

34The faster spin relaxation time of the deuterons compared to the protons is a result of their
quadrupole interaction.
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Figure 5.48: Eigenvalues of a nucleus-electron pair of spins 1/2 coupled by the dipolar
interaction (compare Fig. 6.2 in [Abr82|). The states |a), |b), |¢) and |d) are linear
combinations of the unperturbed states |++), |[+—), |—+) and |--), where the first sign
(4 or -) denotes the spin of the electron and the second sign the spin of the nucleus,

with p =1/1 - qq* » 1 and ¢ << 1. The dashed arrows represent the flip-flip and flip-flop
transitions, which are forbidden without the dipolar interaction.

5.4.3. The Well-Resolved Solid Effect

In the polarised target of the nd-experiment the well-resolved solid effect (SE) is not
responsible for the dynamic nuclear polarisation. Nevertheless, it is worth discussing
the SE, as it intuitively illustrates the general mechanisms of DNP.

Let us first consider an assembly of nuclear spins I = 1/2 with the nuclear Larmor
frequency wr embedded in a solid that contains a low concentration of paramagnetic
centres with spin s = 1/2 and the Larmor frequency ws. As the concentration
of the centres is low, the mutual interaction between the electron spins (electron
spin-spin interaction) can be neglected and we can assume for simplicity an isolated
electron-nucleus pair with the energy eigenvalues depicted in Fig. 5.48. Due to the
dipolar interaction between the two spins, new states are generated, which are linear
combinations of the unperturbed states. Moreover, former forbidden transitions
become allowed by first order perturbation theory (flip-flop transition: |b) < |c)
and flip-flip transition: |a) < |d) ).3® Further, it is assumed that the electronic
linewidth Aws is much smaller than the nuclear Larmor frequency and the transitions
of frequencies wg + wy and wy do not overlap and that a microwave field tuned to any
of them cannot drive either of the other two.36

At low temperatures and large magnetic fields the population probability for the
states |c¢) and |d) is much larger than for |a) and |b), since fuws > kgT. Assume now
that we force flip-flop transitions by irradiating microwaves with the frequency ws—wy
and that the strength of the source is such that the rate at which the transitions
occur is much greater than the nuclear spin relaxation rate 17 %\I Hence, the state
|b) gets populated, but due to the fast electron spin-lattice relaxation the electron

35For a detailed calculation of the states and the transition probabilities see also Ref. [Pie04].

36 Actually, this condition is violated in most substances where DNP is observed due to inhomogeneous
broadening of the linewidth caused by: the anisotropy of the electron g-factor, the hyperfine
coupling with neighbouring nuclei and the spin-spin interaction between electrons.
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Figure 5.49: Scheme of the spin diffusion process. A microwave induced flip-flop
process causes the simultaneous transition of a electron and a neighbouring nuclear
spin. The electron relaxes very fast in its initial direction and mutual spin flips between
nuclear spins transfer the polarisation into the sample.
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Figure 5.50: Enhancement of the proton polarisation by the solid effect in LMN:Nd
for three different microwave powers by Schmugge and Jeffries. Instead of changing the
microwave frequency the external magnetic field was shifted to cause either positive or
negative polarisation. Taken from Ref. [Abr82].

spin almost immediately flips back into its initial direction and we arrive at state
|d). This process thus corresponds to a pumping of the population probability from
state |c) to |d), which causes nuclear spins close to an electron spin to polarise.?”
Next the polarisation is transported further away by means of flip-flop transitions of
neighbouring nuclear spins. The process, which is called spin-diffusion, is depicted in
Fig. 5.49.

It is clearly seen that for DNP only a low concentration of paramagnetic centres
is necessary, as 11, < T~ and therefore one electron spin can serve to polarise
thousands of nuclear spins.

In Fig. 5.50 a classical example of the well-resolved solid effect is presented by the
observation of DNP in LMN:Nd [Sch65].38 The two peaks of the proton polarisation
enhancement are well-separated.

3T0Of course, the same holds for the irradiation of microwaves with the frequency ws +wr and forced
flip-flip transitions.
38Lanthanum magnesium nitrate doped with neodymium Nd3*.
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5.4.4. Thermal Mixing

A necessary condition for the validity of the theory of DNP by the solid effect, is
a low concentration of paramagnetic centres. If this condition is not fulfilled, the
electron spin-spin interaction is not negligible and electron flip-flops occur at a rate
of T i much faster than 17 é Hence, the picture of the isolated electron-nucleus pair
breaks down. Instead, we can consider the electron spins acting as a whole.

Thermal mixing now means that this system of interacing electron spins (also called
electron non-Zeeman reservoir or electron spin-spin system) is in good thermal
contact with the nuclear Zeeman system and both reach rapidly a common spin
temperature Ty, which can differ from the electron Zeeman spin temperature 7.9
This relaxation process is possible because of the broad EPR linewidth®, which
allows that two electron spins are able to perform a flip-flop transition, while at the
same time a nuclear spin is flipped (three spin process). Note, thermal mixing thus
even exists in the absence of microwave irradiation.

The gist of the DNP mechanism is now to cool the electron spin-spin system by
irradiation of microwaves close to the electron Larmor frequency wg, which is then
transfered via thermal mixing to the nuclear Zeeman system and thus induce nuclear
polarisation (compare Fig. 5.51 and Ref. [Gol08]).

The first experimental proof of the strong thermal coupling between the nuclear
Zeeman and the electron non-Zeeman reservoirs was given by Wenckebach and
co-workers in 1969 using a paramagnetic crystal of LMN:Nd [Wen69].

This was confirmed in 1974 by DeBoer and co-workers, who compared the Zeeman
spin temperatures of several nuclear species present in a deuterated ethandiol sample
throughout the whole duration of the DNP process (1H, 2H and '3C) [DeB74]. They
found that the spin temperatures deduced for each nuclear species turned out to be
equal at all time, while the ratios of the spin polarisations did not remain constant.
This is a natural consequence of the existance of a strong coupling between the
nuclear spin species mediated by the electron spin-spin system.

An example of a thermal equilibrium NMR signal and a polarised NMR signal of a
sample used for the nd-experiment is presented in Fig. 5.52.

39Rapidly means here on a time scale shorter than any other process affecting the two spin systems.
49The broadening of the EPR line, i.e. Aws > wr, is mainly caused by the g-factor anisotropy.
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Figure 5.51: The distribution of the population as a function of the energy. Due to
the electron spin-spin interactions, the Zeeman levels have a certain width fiwy,. (a)
In thermal equilibrium with the lattice the distribution can be described by one spin
temerpature, i.e. Tz = Ty. (b) During microwave irradiation at a frequency w the
spin system may be described by two spin temperatures, Tz and Ty. If w < wg the
populations become such that T > Ty > 0. (¢) As in (b) but for w > ws. Then Ty
may become negative. Compare also Ref. [DeB76].
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Figure 5.52: Comparison of the NMR signals from a sample with dynamically po-
larised protons (black curve: Jp 106 = 0.90 [a.u.], P, = 17%) and from the same sample
with TE proton polarisation at 1.1 Kelvin and 2.5 Tesla (red curve, average of 30
signals: Jj, 106 = 0.012 [a.u.], Py e = 0.23%). Using sample #10 (see appendix E).



6. Beam Times and Measurements

In this chapter the seven beam times of the nd-experiment will be summarised. They
have been carried out at the fundamental cold neutron physics beam line FUNSPIN
at the spallation source SINQ at the Paul Scherrer Institute. Firstly, each individual
beam time will be described with their most important measurements, while after-
wards two measurements of b; 4 from the beam times four and six will be presented.

6.1. Summaries of the Beam Times

6.1.1. First Beam Time (Summer 2004)

During the first beam time (June, 1* 2004 — July, 5*® 2004) the neutron Ramsey
apparatus was successfully commissioned and first Ramsey test measurements could
be performed: first measurements of a Ramsey pattern, stabilisation measurements,
test of the two beam method etc. The apparatus consisted entirely of components
used previously in Saclay in the 1970’s [Abr733]. Instead of a polarised nuclear spin
target, a small auxiliary coil was used to simulate the pseudomagnetic effect.

A detailed description of the first beam time and its results are given in Ref. [Pie04].

6.1.2. Second Beam Time (Summer 2005)

In the second beam time (June, 15* 2005 — September, 7th 2005) the neutron setup was
refined, resulting in improved Ramsey signals presented in Fig. 6.1. For comparison
also a typical Ramsey signal from the first beam time is shown. The frequency scans
exhibit now more wiggles, also their amplitude could be slightly increased and the
background resonance curve became broader. This allows to measure pseudomagnetic
phase shifts well beyond 1000°, which is necessary to reach the aimed phase measure-
ment accuracy.

These improvements are caused by the replacement of the previous neutron mono-
chromator mirror (AMX = 15%) by one of the specially designed mirrors presented
in section 5.1.4 (AMA =6%). Also the original m/2-spin flippers were substituted by
two new ones, which are now placed on a platform to adjust their position in all three
dimensions. Moreover, their solenoid rf coils have a larger diameter to accommodate
two neutron beams (implementation of the two beam method). More details on these
and other improvements (better collimation system, detector box with two 3He gas
tube detectors etc.) can be found in the diploma thesis by B.S. Schlimme [Sch05].
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Figure 6.1: Comparison of typical Ramsey frequency scans taken during the beam
times in (a) summer 2004 and in (b) summer 2005.
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Figure 6.2: First results obtained with polarised nuclear targets. The plots show
the centre of a complete Ramsey signal (see Fig. 6.1). The pseudomagnetic phase
shifts are accompanied by a strong damping of the signal amplitudes already for small
pseudomagnetic phase shifts, i.e. degrees of nuclear spin polarisation. (a) d-polystyrene
(sample #0b, see appendix E). (b) d-PS mixed with 10 wt.% p-terphenyl (sample #0c).
Thermal equilibrium polarisation (e), P, » 2.5% (o) and P, ~ 10% (V).

In this beam time, the polarised frozen spin target was employed for the first time.
As shown in Fig. 6.2, a phase shift of the Ramsey signal was observed due to the
pseudomagnetic neutron precession in the polarised nuclear target. Unfortunately,
the phase shift was accompanied by a severe damping of the signal. Both investigated
targets (d-PS and d-PS mixed with p-terphenyl) showed similar damping already at
a low degree of nuclear polarisation. An obvious reason for the origin of this effect
are inhomogeneities of the sample density and/or of the nuclear polarisation [Bra061].
Due to the utilisation of the dilution refrigerator described in section 5.2.1, it was not
possible to test more than two target materials during several weeks of beam time.
Hence, for the following beam time it was decided to modify the nd-cryostat and to
employ the *He evaporation inserts introduced in section 5.2.2, which allow for a quick
change of the samples.
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Figure 6.3: Pseudomagnetic phase shift and relaxation measurement using a 1.6 mm
thick d-PS sample (sample #9). (a) Ramsey signal at thermal equilibrium polarisation
(o) and at P, » 20% (o). The measuring time per data point is about 10 sec. (b)
Demonstration, that the observed phase shift is indeed about 1350°: measurements of
the neutron intensity at a fixed rf frequency, during the relaxation of the nuclear spin
polarisation at 1.1 Kelvin.

6.1.3. Third Beam Time (Winter 2005)

The third beam time (November, 14" 2005 — December, 22°¢ 2005) was dedicated
to conduct a systematic investigation of target materials and polarisation methods
(frequency modulated microwaves etc.) using a *He bath cryostat.! A series of 12
different samples (frozen alcohols and polystyrene — samples #1-#12, see appendix
E) has been tested. The best results in terms of nuclear polarisation homogeneity,
i.e. visibility of the Ramsey oscillations, and spin relaxation time were obtained with
a sample of the same material as used in the previous beam time, prepared by a
slightly modified procedure (longer baking of the d-PS foils at higher temperatures
— compare section 5.2.4). The Ramsey signals are now well visible even for a large
pseudomagnetic phase shift of about 1350° (see Fig. 6.3).

One of the investigated samples was a 14 x 14 x 3 mm? n-polystyrene slab with a
weight of 606 mg (sample #1). It was placed in the beam of the Ramsey apparatus
such that the neutrons see a target thickness of 3 mm. Fig. 6.4a shows several
Ramsey signals taken at different temperatures of the sample, i.e. different thermal
equilibrium polarisations (compare section 5.4.1). A temperature decrease causes
an increase of the proton spin polarisation, which shifts the Ramsey oscillations to
higher frequencies. The phase shifts of these oscillations could be determined with
an accuracy of £0.9°. In Fig. 6.4b these are plotted against the inverse temperature,
showing the expected linear behaviour with a slope of (115 £ 3 gtat + 8 syst)” K/mm,
which is close to the estimated value of 102° K/mm, which results from Equ. (3.38)
and (5.12). The systematical error is due to uncertainties of the neutron wavelength?
and of the nuclear number density at 1 Kelvin and is estimated to be about 7% in
total [Pie082].

!Please note, that the *He bath cryostat cannot provide the low temperature required to keep the
nuclear spin relaxation at an acceptable level for the actual measurement of b; q.

2The neutron wavelength was not measured, but just calculated from the reflectivity curve of the
monochromator mirror.
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Figure 6.4: (a) Ramsey signals measured with a 3 mm thick n-polystyrene sample
at four temperatures: Ty = 1.82 K (4), Ty = 1.50 K (V¥), Ty = 1.27 K (o) and Ty = 1.09
K (o). With decreasing temperature the proton polarisation increases, which leads
to a shift of the Ramsey oscillations to higher frequencies. (b) Phase shift due to the
decrease of the sample temperature and linear fit (red line). The phase shift of the data
point measured at Ty = 1.82 K has been arbitrarily set to 0°. Error bars: temperature
+1% and phase shift +0.9°.

Figure 6.5: Changes of the geometry of the polarised targets over the beam times.
(a) Sample from the fourth beam time with a size of about 14 x 7 x 1.2 mm? (sample
#13). The 16 MHz NMR coil is not yet wound on the sample. NMR coil windings:
Nig = 6 and Nygg = 2. (b) Sample from beam times five and six with a diameter of 5
mm and a thickness of 1.2 mm (sample #14). The 25 mg sample disc is made from
the sample platelet used in 2006. The NMR coils are now wound on a PTFE support
frame: Nijg = 8 and Njgg = 2. (c) Sample from the last beam time with a size of
10 x 8 x 1.3 mm? and a weight of 110 mg (sample #15). NMR coil windings: Ny = 10
and N106 =4.

6.1.4. Fourth Beam Time (Summer 2006)

During the fourth beam time (August, 21*" 2006 — September, 5% 2006) a first com-
plete run with measurements of Ramsey and NMR signals could be performed using
sample #13 presented in Fig. 6.5a. From these data we could determine first val-
ues for the incoherent scattering length b; g. The results are presented in section 6.2
showing large systematic errors, which are caused by polarisation inhomogeneities,
depolarisation of the nuclear spins?, the LT NMR system and the fact that the sam-
ple was much larger than the employed neutron beam with a diameter of about 3 mm
[Bra07].4

3The 106 MHz coil was used to destroy and measure the proton polarisation. Hence, it probably
occurred that we only depolarised the nuclei close to the windings and not the entire sample.
4Further, in this beam time the old Saclay magnet power supply broke down and had to be replaced.
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Figure 6.6: (a) In summer 2006 the 16 MHz NMR system showed large dispersion
contributions to the absorption signal (asymmetry, red arrow). Sample #13: Jp 16 =
-0.80 [a.u.], which corresponds to P, ~ —23%. (b) In winter 2006 the coaxial cables
have been exchanged (with 50 €2 impedance cables instead of the accidentally used 40
2 cables). Sample #14: J, 16 = -0.48 [a.u.], which corresponds to P, ~ -32%.

6.1.5. Fifth Beam Time (Winter 2006)

In the fifth beam time (November, 22°¢ 2006 — December, 22" 2006), we thus con-
centrated on the suppression of these systematic errors, by guaranteeing that the
measurements of the pseudomagnetic precession angle and the NMR signals are per-
formed as exactly as possible for the same sample of polarised nuclei. Firstly, we
changed the sample geometry, i.e. we used a sample with approximately the same size
as the neutron beam and redesigned the NMR coils to provide homogeneous sampling
of the nuclear polarisation (see Fig. 6.5b). The result of using such a small sample is
that the obtained NMR signals have a worse signal-to-noise ratio. Secondly, we imple-
mented a separate coil to homogeneously destroy the nuclear polarisation (saddle coil
with a volume of 20x 11 x7 mm?®). And thirdly, a problem with the 16 MHz LT NMR
system leading to a strong dispersion contribution in the NMR, absorption signal was
cured by using a different type of low temperature coaxial cable (compare Fig. 6.6).
With the dilution refrigerator a higher nuclear polarisation was achievable resulting in
pseudomagnetic precession angles of more than 2000°. As shown in Fig. 6.7, the Ram-
sey wiggles are still well visible and allow for a precise extraction of the phase shift. A
maximum visibility of the oscillations was obtained using maximum microwave power
and wide frequency modulation of +0.5% at a centre frequency of about 70 GHz with
a modulation frequency of typically 1 kHz.

Nevertheless, a scan of the sample with a beam of only 1.5 mm diameter showed
that the phase shift acquired by the neutrons passing through the sample was still
not perfectly homogeneous. As presented in Fig. 6.8, phase shifts differed by several
tens of degrees at three different sample positions (upper, middle and lower part of
the sample), when the sample was almost fully polarised. However, the situation was
much better compared with the second beam time, when the inhomogeneities had
been so large that the Ramsey signals had became invisible already at small nuclear
polarisations.
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Figure 6.7: Ramsey frequency scans, performed for three different degrees of nuclear
polarisation: unpolarised sample (o), P, ~» -30% and Py ~ —5% corresponding to a
phase shift of about -1080° (o) and P, » -55% and Py ~ —15% corresponding to a
phase shift of about -2400° (V).
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Figure 6.8: Ramsey scan on sample #14 using a neutron beam with a diameter
of about 3 mm (black curves). Ramsey frequency scan performed with a neutron
beam with a diameter of only 1.5 mm at three different positions through the sample
(red curves: upper (e), middle (¥) and lower part of the sample (o)) (a) With the
unpolarised sample, there is no visible phase shift spread between the three sample
positions. (b) Polarised sample with P, » -45% and Py ~ —11% corresponding to a
phase shift of about -1900°. The relative phase shift spread stays approximately within
+4%, which is of the same order as the width of the neutron wavelength distribution
AN .

Beam Times and Measurements



6.1 Summaries of the Beam Times 117

200
'0
100 34

Phase [°]

-100

-200

01 2 3 45 6 7 8 9 1M1
Time [h]

Figure 6.9: Phase shift of the Ramsey signal during the relaxation of the nuclear
polarisation at T, = 170 mK and 2.5 Tesla (sample beam (o) and reference beam (o)).
The total phase shift at the beginning of the measurement was about 2000° decaying
with approximately 35°/h. The nuclear relaxation times have been measured with
NMR: T1 , % 90 h and 77 4 ~ 40 h.
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Figure 6.10: Drifts in the neutron count rates of up to £10% in the sample beam (e)
and reference beam (o), caused by the refill cycle of the helium bath.

The main limitation in this beam time was a high base temperature of about 150-170
mK in the target cell, which was probably caused by a leak in the condensation line
of the dilution insert. As a result the nuclear spin relaxation was too fast for a rea-
sonable measurement of the pseudomagnetic phase shift, i.e. the nuclear polarisation
could not be considered frozen during a Ramsey measurement of 10-15 min. This is
demonstrated in Fig. 6.9, where the change of the pseudomagnetic phase shift was
measured as a function of time. Moreover, the loss per sequence was as large as 20%
during the field sweep of the NMR cross-calibration.

A second problem was due to the restricted sample size. The precise beam collima-
tion made the system more susceptible to shifts of the sample aperture with respect
to the neutron beam, e.g. caused by the refill cycle of the helium bath and associated
thermal contraction and expansion of the cryostat (see Fig. 6.10).
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Figure 6.11: Comparison of the deuteron NMR signals obtained in 2007 with sample
#14 and in 2008 with sample #15. (a) NMR foreground (black) and background
(red) in 2007. (b) The same measurement in 2008. The nuclear polarisation was
approximately the same in both years. (c¢) Direct comparison of the deuteron signals:
Ja,16 = 0.13 [a.u.] (2007, red) and Jq 16 = 0.67 [a.u.] (2008, black).

6.1.6. Sixth Beam Time (Summer 2007)

In the following beam time (April, 19" 2007 — June, 23" 2007) the problem with
the dilution insert could be solved, allowing us to achieve again sample temperatures
of 110 mK. This increased the nuclear spin relaxation time and reduced the phase
shift during the Ramsey frequency scans from previously 35°/h down to about 18°/h
at a similar degree of nuclear spin polarisation.® Moreover, as a result of a more
careful alignment and fixation of the cryostat with holding clamps, the drifts due to
the helium refill cycle could be completely suppressed.b

Using the same sample as in the previous beam time (sample #14), an improved
measurement of the incoherent neutron-deuteron scattering length compared to the
fourth beam time could be performed. The accuracy of the measurement of b; 4 was
directly limited by the size of the proton and deuteron NMR signals (see section 6.1.7).
Further details of this beam time and its results are presented in section 6.3.

6.1.7. Seventh Beam Time (Summer 2008)

The only way to improve the NMR signal size, as we are already using state of the
art cw-NMR techniques, is to increase the sample mass. This was the basic idea for
the last beam time (July, 25" 2008 — September, 15¢ 2008). In order to still fully
illuminate the target by the neutron beam, the Ramsey setup had to be modified
to accommodate a large neutron beam (collimation, new spin flippers etc.). The
larger beam allowed us to use a correspondingly larger sample (compare Fig. 6.5¢),
which increased the number of nuclei sampled by the NMR coils by more than a
factor 4. Also the filling factor and the number of coil windings could be increased,
where the latter leads to a higher Q-value of the resonance [Bra091]. In Fig. 6.11 the
deuteron NMR signals from 2007 and 2008 are compared showing a signal integral
improvement of more than a factor 5.

5The deuteron spin relaxation time during this measurement was T1,4 ~ 130 h. The proton relaxation
time could not be determined due to problems with the 106 MHz NMR system.

6 Attempts to keep the helium level constant by employing an additional pump on the helium exhaust
of the cryostat were not successful.
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Figure 6.12: Comparison of the Ramsey oscillations employing a rectangular neutron

beam (g = 4.4 A) with a cross-section of 8 x 7 mm?: without correction coils () and
with correction coils using a current of 5 A (o). The complete Ramsey frequency scan
was already presented in Fig. 5.12b.

For this beam time a batch of target samples, slabs of 97% deuterated polystyrene
doped with d-TEMPO ranging in concentration between 1.5 and 2.5 x 10" cm™
(samples #15-#18 in appendix E), has been prepared and DNP tests performed
in the laboratory cryostat (1 Kelvin, 3.5 Tesla). Sample #15 with 2 x 101 cm™
d-TEMPO was found to be the optimum with respect to maximum polarisation and
slow spin relaxation.

During the beam time it turned out that the field produced by the 2.5 Tesla magnet
was not homogeneous enough to employ a neutron beam with a cross-section of up
to 1 cm?, as the smearing of the Ramsey signals became too severe. However, we
obtained promising results using a pair of gradient correction coils’” mounted on the
pole pieces of the magnet, which considerably improved the visibility of the Ramsey
oscillations (see Fig. 6.12).

Using a CCD-camera instead of the 3He detectors allows to perform the newly de-
veloped neutron spin phase imaging technique [Pie081] and to measure a phase map
over the whole beam cross-section. Fig. 6.13 presents the phase maps obtained with
and without the correction coils, which clearly demonstrate the improvement in ho-
mogeneity when using the coils. The corresponding horizontal cuts through the phase
maps are given in Fig. 6.14a and exhibit a linear gradient, which becomes smaller
with increasing current.® At a current of approximately 7 A the gradient cancels
completely (extrapolation), but would require additional cooling of the coil windings.
Each coil has an ohmic resistance of 2 2, which yields a total power of 2 x 50 W at 5
A. At this current the coils can still be operated without providing further cooling.
Moreover, the additional magnetic field by the correction coils does not harm the
phase stability of the Ramsey apparatus. This was tested in a 17 hours measurement
(compare Fig. 6.15), which demonstrated a stability between the phases of the two
partial beams of £0.75°; i.e. still better than the necessary absolute accuracy of about
one degree (compare section 5.1).

TA set of split pair coils was used with opposite direction of the electric currents. Compare Fig. F.5
in the appendix.

8Note, the vertical cut through the spin phase map depicted in Fig. 6.14b shows the same parabolic
shape as the magnetic field in Fig. 5.9b.



120 Beam Times and Measurements

180°

Figure 6.13: Neutron spin phase maps/images over the beam cross-section measured
with a CCD-camera using a binning of 2 x 2 pixels [Miih05]. The distance between the
centre of the magnet and the camera was approximately 80 cm. (a) Without correction
coils. (b) With correction coils and a current of 5 A in each coil. The images have a

size of 50 x 90 pixels, which corresponds to about 13 x 23.5 mm?.
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Figure 6.14: (a) Horizontal cuts (along the magnetic field axis z) through the neutron
spin phase maps presented in Fig. 6.13 and linear fits (red lines): no correction coils
(e, gradient: 30°/mm) and with correction coils using a current of 5 A (o, gradient:
7.6°/mm). (b) Vertical cut (along the z-direction) through the phase map with a
correction coil current of 5 A and parabolic fit. The lower reference beam (upper
sample beam) is approximately situated at x = —-10... -5 mm (z = —1...6 mm).

Hence, with the refined Ramsey apparatus we are now able to measure phase shifts
employing large neutron beam cross-sections. Nevertheless, a measurement of b;q
could not be performed, as we were again suffering from problems concerning the
homogeneity of the nuclear spin polarisation of the sample. The disappearance of the
Ramsey oscillations might by caused by the following reasons:

e Probably the sample preparation/baking was again not perfect.

e The size of the sample is now larger than the wavelength of the microwaves.
Therefore the irradiated microwave power is probably not equally distributed
over the sample, which could generate a spatial variation of the polarisation.

e The sample has been chosen because of its long nuclear spin relaxation time,
which might be a reason for the polarisation inhomogeneity.

Due to lack of beam time, it was not possible to test another sample and with the
knowledge that the NMR cross-calibration will ultimately limit the achievable accu-
racy of b; 4, no further measurement request was justified under the present conditions.
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Figure 6.15: Demonstration of the phase stability of the Ramsey setup employing the
gradient correction coils with a current of 5 A. Plot (a) and (b) show the individual
phases of the upper (8 x 7 mm?) and the lower neutron beam (5 mm in diameter)
measured continuously over about 17 hours. Plot (c) shows the phase difference of the
two beams. The phase stability is about a factor two worse than reported without the
correction coils in section 5.1.9, but here the individual phase measurements have also
a lower precision of only +0.9° (before +0.65°).
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6.2. Measurement of b; 4 in Summer 2006

As stated in section 6.1.4, in the beam time of summer 2006 the first direct measure-
ment of the incoherent neutron-deuteron scattering length b; 4 was performed.

In section 3.4 the principle of the measurement was already briefly described. It
consists of three Ramsey frequency scans and the corresponding NMR signal mea-
surements with the nuclear spin sample in three different states:

1. the sample is unpolarised, measuring the so-called zero phase: ¢q

2. both spin species (protons and deuterons) in the sample are polarised, measuring

¢1 and

3. only the deuteron spins are polarised, i.e. the proton polarisation has been
completely destroyed by irradiation of rf fields, measuring ¢.”

The measuring scheme corresponds to the one described in Ref. [Bra04] and yields
the ratio Ry = (¢1 — ¢0)/(¢p2 — ¢0), which was previously defined in Equ. (3.51).

The relative accuracy of this ratio depends on the precision of the phase retrieval of the
individual Ramsey signals. For the fit of the Ramsey oscillations the function given in
Equ. (5.3) was used, resulting in an accuracy of about +2°, which already includes the
fit of the reference beam signal. Together with the stability of the Ramsey apparatus
(£0.5°), the error due to the mixing of the two partial beams (maximum £1°) and
the phase shift caused by the nuclear spin relaxation during a 15 min measurement
(about +2°), one obtains an absolute accuracy of the phase determination for ¢;
and ¢9 of +5.5° each (compare section 5.1.10). On the other hand, the accuracy of
the determination of the zero phase ¢g is mainly limited by the uncertainty of how
precisely the nuclear polarisation is actually zero, which is limited by the accuracy of
the NMR measurement. As an upper limit we get d¢g ~ +5°, which is estimated by
employing the NMR signal integral accuracy (see below) and Equ. (3.38).10 Using
standard error propagation and average phase shifts of ¢ ~ 700° and ¢9 ~ 350°, one
thus obtains a total relative accuracy of 0Ry/Ry = +2%.

Further, the absolute NMR signal integral accuracy of 3 x 107 combined with the
average values for the NMR signals at 2.5 Tesla of J;, 106 ~ 0.4 [a.u.] and Jg16 ~ 0.3
[a.u.], yields relative NMR accuracies of 0.8% and 1.0% for the protons and deuterons,
respectively. Due to large dispersion contributions in the 16 MHz LT NMR system,
especially for the deuteron signals (compare Fig. 6.16), an error of approximately
+5% is added to the uncertainty of the deuteron NMR. This error takes the strong
variation of the signal integral into account, obtained for different polynomial fits and
fit boundaries. It does not include the frequency dependent amplification, which can
lead to an additional error due to the distinctive shape of the deuteron NMR signal.
A summary of all the individual contributions to the error of b; 4 is presented in table
6.1, including the values for the cross-calibration of the proton NMR (see Fig. 6.17).

9This state is preferred compared to the one where the proton spins are kept polarised, as it is more
difficult to saturate the broad deuteron NMR signal.
10The signal integral accuracy of the NMR measurements is determined as explained in section 5.3.4.
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Neutron spin precession - phase retrieval

Fit accuracy +2°
Ramsey apparatus stability +0.5°
Phase shift (relaxation at T » 125 mK) +2°
Beam separation/mixture +1°
Sub-total: d¢y /¢y £5.5° / 700°  +0.8%
Sub-total: d¢a/ds +5.5° / 350° £1.5%
Zero phase determination: d¢g +5°
Total: (5R¢,/R¢ +2%
NMR-Accuracy
Proton (stat., 2000 sweeps) +3x102% /04  +0.8%
Deuteron (stat., 2000 sweeps) +3x1073 /0.3 +1.0%
Deuteron (dispersion - fit) 5%

Proton NMR cross-calibration
Statistical (linear fit) +0.6%
Systematical (polarisation loss) +11%

Total Error: db; q/bia
without syst. error of cross-calibration +7.5%
with syst. error of cross-calibration +14%

Table 6.1: Error budget in summer 2006 for typical pseudomagnetic phase shifts and
NMR signal integral values.
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Figure 6.16: The deuteron NMR signal shows a large dispersion contribution in the
beam time of summer 2006 (compare also Fig. 6.6). (a) Baseline subtracted NMR
signal (black, 2000 sweeps) and cubic fit (red). (b) Strongly deformed deuteron NMR
signal (Jq16 = —0.31 [a.u.]). Actually, at a negative spin polarisation, as presented
here, the low-frequency peak should be larger than the high-frequency peak and not
opposite. Further, below 16.18 MHz and above 16.48 MHz the signal should be zero.
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Figure 6.17: Data from the cross-calibration of the proton NMR: ¢, = (1.65+0.015pa¢+
0.184yst). The linear fits (red lines) through the data points cross very precisely the
origin.

As the error of the deuteron NMR, measurement is rather large, it is justified to ap-
proximate that the deuteron polarisation is the same before and after the destruction
of the proton polarisation. Further, we assume that the proton polarisation is com-
pletely zero after the rf saturation, as we cannot detect a remaining proton signal.
Hence, for the data analysis one can employ the simplified Equ. (3.56) in section 3.4.
The incoherent scattering length was determined for several different initial degrees of
nuclear polarisation (positive and negative DNP). The results for b; 4 are depicted in
Fig. 6.18, presenting two plots with the same data points but with different lengths of
the error bars, i.e. either neglecting or including the large systematic error of 11% from
the NMR cross-calibration. Nevertheless, this large uncertainty still cannot explain
the outliers at low degrees of nuclear polarisation, which deviate from the literature
value by almost a factor two.

As the most likely reason for these outliers, we suspect polarisation inhomogeneities,
mainly because the sample was much larger than the neutron beam (sample size: 14x7
mm?, neutron beam diameter: about 3 mm). And secondly, imperfect saturation be-
cause the proton polarisation was measured and destroyed with the same coil, as no
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Figure 6.18: Results from the measurement of the incoherent neutron-deuteron
scattering length in summer 2006 as a function of the initial deuteron polarisa-
tion Jg16. The three horizontal lines give the literature value with error bars of
bia = (4.033 £ 0.032) fm, for comparison [Dil71]. (a) Data points — neglecting the
systematical error of the NMR cross-calibration. (b) Data points — including the sys-
tematical error of 11%.

additional saturation coil was implemented in the setup yet. This could result in a
wrong measurement of the proton NMR signal integral, as the applied rf pulses might
only saturate the proton spins in the vicinity of the wire of the coil, but not entirely
over the whole sample (compare Fig. 6.5a).

6.3. Measurement of b; 4 in Summer 2007

The obvious solution to reduce the systematic error of the measurement, is to adjust
the size of the polarised sample to the size of the neutron beam. Therefore a disc
shaped sample with a diameter of 5 mm was employed in summer 2007 as presented
in section 6.1.5. This means that a 3 mm neutron beam illuminates about 40% of
the sample cross-section — in 2006 it was less than 10%. The consequence is of course
that the NMR signal integrals become much smaller, which reduces the signal-to-noise
ratio (compare Fig. 6.19) and increases the statistical error of the cross-calibration
(compare Fig. 6.20). On the other hand, the dispersion contribution to the absorption
signal is now negligible.

Moreover, the newly included separate saturation coil with a volume much larger than
the polarised target sample, provides a homogeneous destruction of the nuclear spin
polarisation over the whole sample and thus largely suppresses systematic effects.!!
Further, in this beam time the zero phase was directly determined by measuring
Ramsey oscillations at different thermal equilibrium polarisations above one Kelvin,
analogue to the measurement presented in Fig. 6.4a. By extrapolating to infinite
temperatures, the zero phase shift is obtained by a linear fit with an accuracy of £0.5°
(compare Fig. 6.21). In principle this zero phase needs to be further corrected for
the 13C polarisation and the magnetic field produced by the paramagnetic electron
spins (compare appendix C). Instead an additional error is added, leading to a total
uncertainty of the zero phase of §¢g = £2°.

" Target volume: 25 mm®. Saturation coil volume: 1500 mm?® (compare section 6.1.5).
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Figure 6.19: Example of a deuteron NMR signal with 2000 sweeps, showing the
worsened signal-to-noise ratio compared to 2006 (compare Fig. 6.16) due to the smaller
sample size (Jq16 = -0.11 [a.u.]).
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Figure 6.20: Data from the cross-calibration of the proton NMR: ¢, = (3.14+0.054p,¢+
0.184yst)-

Phase shift [°]

00 02 04 06 08 10 12
1/ Temperature [K]
Figure 6.21: Zero phase determination by measuring the phase of the Ramsey oscil-

lation as a function of the inverse temperature. The linear fit (red line) yields the zero
phase for T'— co with a precision of +0.5°.
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Neutron spin precession - phase retrieval

Fit accuracy +1.5°
Ramsey apparatus stability +0.5°
Phase shift (relaxation at T ~ 115 mK) +2°
Beam separation/mixture +1°
Sub-total: d¢1/d1 +5° / 1600° +0.3%
Sub-total: d¢a/do +5° / 800° +0.6%
Zero phase determination: d¢g +2°
Total: 0Ry/Ry +0.7%
NMR-Accuracy
Proton (stat., 1000 sweeps) +1.5x 1073 /0.1 +1.5%
Deuteron (stat., 2000 sweeps) +3x107 /0.1 +3%

Proton NMR cross-calibration
Statistical (linear fit) +1.5%
Systematical (polarisation loss) +6%

Total Error: db; q/bi,q
without syst. error of cross-calibration +4%
with syst. error of cross-calibration +8.5%

Table 6.2: Error budget in summer 2007 for typical pseudomagnetic phase shifts and
NMR signal integral values.
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Figure 6.22: Results from the measurement of the incoherent neutron-deuteron scat-
tering length in summer 2007 as a function of the initial deuteron polarisation Jy 6.
The three horizontal black lines give the literature value with error bars for compari-
son [Dil71]. The three horizontal red lines indicate the corresponding result from Equ.
(6.1). (a) Data points — neglecting the systematical error of the NMR cross-calibration.
(b) Data points — including the systematical error of 6%.

Table 6.2 gives a summary of the resulting individual contributions to the error of b; q
for typical pseudomagnetic phase shifts and NMR signal integrals. The total error
could be reduced by about a factor two compared to the previous measurement in
2006. However, the accuracy is still on an unsatisfactory level.

Fig. 6.22 presents the obtained values for the incoherent scattering length, again ne-
glecting and including the systematical error due to the cross-calibration, respectively.
Combining all seven data points yields (weighted mean):

bia = (3.73+0.05+0.06 + 0.28) fm , (6.1)

where the uncertainties are due to:

e the statistical error of the phase shift retrieval and the NMR, signal integral
measurements (i3.5%/ﬁ= +1.3%)

e the statistical error of the NMR cross-calibration (+1.5%) and
e the systematical error of the cross-calibration (+6%).

This result deviates by approximately 8% from the literature value given by Dilg et
al., but due to the large total error it is still in agreement with (4.033 + 0.032) fm.
However, the systematic uncertainty caused by the NMR cross-calibration describes
the upper limit and the real error might well be much smaller (compare section 5.3.5).
However, only 40% of the sample cross-section was illuminated by the neutron beam,
i.e. the neutrons see only a fraction of the polarised target, which is sampled by
NMR. To account for the discrepancy to the literature value, the NMR measurements
(protons or deuterons) would need to be sytematically off by 8% or the Ry ratio
determination by 4%.
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7.1. Conclusion

In the first part of the present thesis an experiment was described, which aims to mea-
sure directly the incoherent neutron-deuteron scattering length b; q for the first time.
A linear combination of b; 4 with the well-known coherent neutron-deuteron scattering
length b. 4 can provide a new value of the doublet neutron-deuteron scattering length
by 4, which is a crucial input parameter for modern effective field theories. The goal of
the experiment is to reduce the accuracy of by q from presently 5% below 1%, which
requires an improvement of the accuracy of b; 4 from 0.8% to better than 0.13%.
The experiment utilises the effect of pseudomagnetic precession of neutron spins in a
target containing polarised nuclear spins. The neutron spin precession angle is propor-
tional to the incoherent scattering length and is determined using Ramsey’s method
of separated oscillating fields adapted for cold neutrons.

A neutron Ramsey apparatus working at 2.5 Tesla, a specially designed dilution re-
frigerator and a sensitive NMR system have been developed and set up:

e The steady magnetic field and the rf fields of the 7/2-spin flippers of the neutron
Ramsey apparatus are stabilised by feedback loops. Further, the so-called two
beam method is employed, such that one can routinely achieve a phase shift
retrieval of the Ramsey oscillation patterns with an accuracy of £1° within about
10-15 minutes of measuring time. The maximum observable phase shift is limited
by the monochromacy of the neutron beam. With AN\ = 6% it is possible
to measure phase shifts of more than 2000°. This yields a relative accuracy of
better than 1073, which is sufficient for the aimed accuracy goal of biq-
Moreover, the use of correction coils allows for a beam cross-section of up to
almost 1 cm?.

e The dilution refrigerator is designed to fit between the pole pieces of the 2.5

Tesla magnet (distance: about 48 mm). The deuterated polystyrene sample is
situated in a separate target cell, which is filled with liquid *He and thermally
anchored to the mixing chamber. With the cryostat a base temperature of about
85 mK (105-110 mK) is reached in the mixing chamber (target cell).
The large cooling power of the cryostat (1 mW at about 135 mK) and an unique
heat exchanger configuration allows to irradiate microwaves directly into the
target cell. This is necessary to polarise the nuclear spins in the sample with the
dynamically nuclear polarisation process. At these low temperatures and large
magnetic fields, the relaxation time of the nuclear spin polarisation exceeds 100
hours, which is much longer than the measuring time of a neutron Ramsey signal
(frozen spin target).
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e The NMR system is used to measure the nuclear polarisation in the sample and

consists of two Q-meter setups: a non-resonant cable configuration at 16 MHz
and a resonant cable setup at 106 MHz. The first one is used to measure the
NMR signal integrals of the protons and the deuterons at a field of 0.38 Tesla
and 2.5 Tesla, respectively, while the second setup serves to monitor the proton
polarisation at high field. The absolute accuracy of the NMR signal integral
measurement is approximately of the order 3 x 1073, which yields a relative
precision of better than 1% for typical signal integrals.
For the determination of the incoherent scattering length b; q, it is necessary
to perform a so-called cross-calibration of the two proton NMR systems. The
procedure involves ramping of the external magnetic field to about 0.38 Tesla,
which causes an increase of the sample temperature (eddy current heating) and
further drastically decreases the already short nuclear spin relaxation time at
this low field. Hence, the resulting systematic error presently limits the accuracy
of the determination of b; 4.

Seven beam times of the nd-experiment have been carried out at the fundamental
cold neutron physics beam line FUNSPIN at the spallation source SINQ at the Paul
Scherrer Institute. For the first time, a direct measurement of b; q has been performed
(compare Equ. (6.1)), leading to a value for the doublet neutron-deuteron scattering
length of

by.q = (1.39 +0.07 + 0.08 + 0.40) fm |, (7.1)

where the errors are caused firstly, by the phase retrieval of the Ramsey frequency
scans and the NMR signal integral measurements, secondly, by the statistic error
of the NMR cross-calibration and lastly, by the systematic uncertainty of the cross-
calibration (upper limit). The fact that the sample is not fully illuminated by the
neutron beam can produce a further systematic uncertainty, which is not yet included
in these errors.

The result is in agreement with the value given by Dilg et al. [Dil71] but is considerably
less accurate (compare section 3.2.7). The main limitation is due to the NMR accuracy
and the NMR cross-calibration, which itself is limited by the relatively fast nuclear
spin relaxation at low fields.

An increase of the sample size by a factor five in the last beam time in 2008 improved
the NMR accuracy significantly. Unfortunately, the improvement was accompanied by
polarisation inhomogeneities, which caused the Ramsey signals to smear out already
at a low degree of nuclear polarisation. Hence, under the present conditions the result
given in Equ. (7.1) remains our best value attained for the doublet neutron-deuteron
scattering length b g.
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7.2. Outlook

The ultimate goal of the nd-experiment, to determine by 4 with an accuracy of better
than 1%, could not be reached during the work of the present thesis. Hence, the
following various ideas summarise possible future improvements of the experimental
setup.

Firstly, we want to consider the current accuracy limits of the method estimated for
a large sample (sample #15) and a large neutron beam cross-section, as it was used
in the last beam time:

The statistical errors (NMR, phase shift retrieval and cross-calibration) can all be
kept on a level of about 0.5% with the present setup. As presented in table 7.1, this
leads to a total statistical precision of about 1.3% for each individual measurement
of b4, which reduces further with the square root of the number of measurements
performed.

Neutron spin precession - phase retrieval

Fit accuracy +1.5°
Ramsey apparatus stability +0.5°
Phase shift (relaxation) +1.5°
Beam separation/mixture +0.5°
Sub-total: d¢1/dr +4° / 2000° +0.2%
Sub-total: d¢a/do +4° / 1000° +0.4%
Zero phase determination: d¢g +2°
Total: (5R¢/R¢ +0.5%
NMR-Accuracy
Proton (stat.) +2x 1073 /0.4 +0.5%
Deuteron (stat.) +3x107 /0.6 +0.5%

Proton NMR cross-calibration
Statistical (linear fit) +0.5%

Total Error: db; q/bia
without syst. error of cross-calibration +1.3%

Table 7.1: Estimated attainable error budget using the present Ramsey setup and
sample #15. The systematical error due to the NMR cross-calibration is neglected.
Further, it is assumed that the neutron beam illuminates the entire sample cross-
section.
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How could these errors be further reduced?

e A reduction of the neutron wavelength spread AM/)\g is advantageous to be able
to measure even larger phase shifts than 2000°, which will increase the accuracy
of the phase shift determination. Of course this will be accompanied by longer
measurement times due to a lower neutron flux.

e A higher neutron flux allows faster scanning of the Ramsey signals and thus
reduces the error caused by the relaxation of the nuclear spins during a frequency
scan.

e An improvement of the stability of the magnetic field and the rf spin flippers of
the Ramsey apparatus is very challenging, since the present phase stability is
already better than 0.5°. An option would be to decrease the distance between
the 7/2-spin flippers, which yields an increase of A f (see section 3.3). But this is
not possible with our apparatus, due to the size of the cryostat situated between
the spin flippers.

e Reducing the neutron wavelength Ag actually has the same effect, but requires
to increase the power of the rf fields, which can cause further rf heating of the
cryostat (compare section 5.1.5).

On the other hand, a shorter neutron wavelength provides that one can employ
thicker samples, which increases the NMR signal integrals. However, it is hard
to predict how homogeneously such thick samples would polarise.

e A further increase of the sample cross-section is not promising, as the size of the
neutron beam already reached its limit in terms of coherence of the neutron spin
precession. Moreover, a larger sample also implies the use of a huge saturation
coil to provide homogeneous destruction of the nuclear spin polarisation, but
the present coil already uses the maximum available space.

e The use of a position sensitive detector probably cannot help to overcome prob-
lems related to the polarisation inhomogeneities, as firstly the inhomogeneities
might well be oriented along the neutron flight path and not in the plane of the
sample. And secondly, the sample-detector distance is too long to provide a rea-
sonable geometric resolution. Moreover, the sensitivity of a CCD-camera is too
low, which yields very long measuring/exposure times compared to a 3He-gas
detector.

e As a normal conducting magnet is used in the present setup the steady magnetic
field is limited to 2.5 Tesla. In principle, it is possible to employ higher magnetic
fields employing a superconducting magnet system, e.g. 3.5 Tesla. This totally
new approach would require a redesign of the entire Ramsey apparatus, but
would increase the spin relaxation times especially during the cross-calibration.
However, initially one has to consider the possible problem of a slow ramping
speed, which might appear with superconducting coils.

Each one of the above ideas and suggestions provides an improvement of the statistical
uncertainty of the determination of b; g and needs to be considered in future beam
times of the nd-experiment.
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On the other hand, the main problem remains the systematical error of the cross-
calibration, which still dominates the total accuracy. The most obvious remedy
would be to decrease the base temperature of the dilution refrigerator. However, the
temperature limitation is not caused by the employed Roubeau type cryostat, which
can provide mixing chamber temperature of below 70 mK, but by the the thermal
conductivity of the superfluid *He in the target cell at these low temperatures. Hence,
the distance between the mixing chamber and the sample should be kept as short as
possible in a future cryostat design, to provide maximum thermal conductivity. In
the present setup such a design is hardly realisable due to the distance between the
pole pieces, which limits the available space.

A completely new approach would be to use a so-called polarised MIONP target.!
These targets reach a high degree of nuclear polarisation already at low magnetic fields
and modest temperatures (see for instance Ref. [Hen90, 1in00, Tak04, Ver90, Wak05]).
Moreover, they have the advantage of long nuclear spin relaxation times even at
low magnetic fields, as the paramagnetic centres are short-lived and created by
laser pulses. Unfortunately, so far there has been no MIONP target realised using a
deuterated sample.

As long as this problem is not solved, a new attempt with the present nd-apparatus
would not deliver a more accurate result of the doublet neutron-deuteron scattering
length by 4.

'Microwave induced optical nuclear polarisation.
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Part I1l.

Neutron Spin Phase Imaging
(NSPI)
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The second part of the thesis presents a "spin-off" project of the nd-experiment: Neu-
tron spin phase imaging (NSPI) [Pie081, Pie092]. This novel imaging technique also
uses the Ramsey principle. For the first time, quantitative imaging measurements of
magnetic objects and fields could be performed. The strength of the spin-dependent
interaction is detected by a change in the Larmor precession frequency of the neutron
spins. Hence, one obtains in addition to the normal attenuation radiography image a
so-called neutron spin phase image, which provides a two dimensional projection of
the magnetic field integrated over the neutron flight path.

Chapters 8 and 9 give an overview about the motivation and the experimental setup.
In chapter 10, first results obtained with the NSPI technique are presented.

Some of the following sections have been taken and modified from references written
and published by the thesis author and co-workers:

Section 9.1 has been taken from Ref. [Pie091].
Section 9.2 has been taken from Ref. [Pie083].
Sections 10.1 and 10.2 have been taken from Ref. |Pie092].



8. Neutron Radiography of Magnetic
Fields and Samples

Radiography and tomography with neutrons have become well established techniques
to image macroscopic objects of interest in various research disciplines [Ari08, Bar82].
Neutrons interact with the nuclei in matter via the strong interaction and therefore
deliver complementary information to X-rays, which are sensitive to the electron den-
sity distribution. Spatial resolutions of down to a few tens of micrometers can be
reached using state of the art techniques [Leh07, Tre08, Grii07]. So far in the history
of these techniques the property of the spin of the neutron and the associated mag-
netic momentum p, has been completely neglected.

As neutrons do not possess an electric charge, but a magnetic moment, they are
the ideal probes to investigate magnetic interactions. This is the basis of solid state
research of magnetic samples with polarised neutrons, e.g. examining transitions be-
tween different magnetic phases or magnetic excitations. These scattering techniques
are complementary to neutron radiography as they are probing the momentum space
and the energy transfer instead of the real space. The here presented radiography
technique combines a method well-known in neutron scattering |[Gol94, Rek02| with
a typical imaging setup.

8.1. Introduction to Neutron Spin Phase Imaging

Ramsey’s technique of separated oscillating fields is a method sensitive to spin-
dependent interactions of particles with external fields, detected as a spin precession
angle [Ramb50, Ram56] and is therefore similar to spin-echo techniques, e.g. pulsed
nuclear magnetic resonance [Sli96] or neutron spin-echo [Mez72].

It was already shown in the first main part of this thesis that Ramsey’s technique
adapted to neutrons can be employed to observe interactions between neutron spins
and magnetic or pseudomagnetic fields [Gl487, Pie082|. The neutron spin precession
angle ¢, due to magnetic interaction is given by

Om = m“Z“B ‘XA s=46.32rad- B [T]- A [A]- s [mm] , (8.1)

where A and m, are the neutron de Broglie wavelength and mass, s is the length of
the flight path in which the neutron spins sense a magnetic field B and h is Planck’s
constant.

The Ramsey apparatus presented in section 5.1 uses a 3He gas tube to detect the neu-
trons. Employing a position sensitive detector instead allows to locally determine the
spin precession angle, from which one obtains a two dimensional spin precession map
or neutron spin phase image (compare Fig. 8.1). This leads to a novel radiography
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Figure 8.1: Scheme of a NSPI setup. The spins of the incoming polarised neutron

beam are primarily oriented in z-direction along the steady magnetic field EO. They
pass two phase-locked 7/2-spin flipper coils, which produce a linear oscillating field in
z-direction with an angular frequency w. A sample with a spin-dependent potential
produces additional neutron spin precession, causing dephasing of the neutron spins.
The spin analyser lets only pass neutrons of one spin state, which get detected by the
two dimensional image detector.

technique, which was originally proposed and explained in Ref. [Pie081] — neutron
spin phase imaging. It can be used to quantitatively image macroscopic magnetic ob-
jects, i.e. ferromagnetic samples or magnetic fields, with a sub-millimeter resolution.
Thereby, its measurement principle is equivalent to the one described in sections 3.3
and 5.1.8.

A prototype of a NSPI Ramsey apparatus has been built and is presented in chapter 9.
First test measurements have been performed at the small angle scattering instrument
SANS-I at PSI to demonstrate the possibilities of the technique (compare chapter 10).

8.2. Other Approaches

Lately, a few groups came up with other approaches to perform neutron radiography
of magnetic fields and samples. Most of them do not use polarised neutrons, but
utilise the effect that neutrons experience a spin-dependent refractive index, when
passing through a magnetic field region. This causes phase shifts in the neutron wave
packet, which can be measured using a grating-based shearing interferometer [Pfe06|
or a double crystal diffractometer [Str07|. Both methods have in common that they
measure the induced refractive angle (USANS or Fresnel near field) and are therefore
only sensitive to phase-shift gradients and to magnetic field gradients, respectively.
Griinzweig et al. succeeded in imaging the magnetic domains in a ferromagnetic
FeSi sample employing a grating interferometer with a modified measuring method
(neutron dark field radiography) |Gri08].

Kardjilov et al. presented an approach, which uses polarised neutrons but determines
simply the change in the neutron spin projection caused by a magnetic sample
and thus needs further assumptions and input information to perform an image
reconstruction [Kar08|.

In contrast, the neutron spin phase imaging technique is also sensitive to homogeneous
magnetic fields and does not need further input or simulations, as it uses the full
information encoded in the neutron spin precession.



9. Instrumental Setup

9.1. The NSPI Setup

In this section the properties of the compact Ramsey apparatus used for the neutron
spin phase imaging technique will be described in detail.

A scheme of the 480 mm long apparatus is presented in Fig. 9.1. Despite its shortness,
the magnetic field homogeneity allows for large beam cross-sections of up to 20 x 20
mm?. The applied magnetic field at the sample position is variable and can be tuned
from about 4 to almost 32 mT without violating the Ramsey resonance condition.
The performance of the apparatus is demonstrated in systematic tests, which show a
phase stability of +1° and a sensitivity of about +7.5 x 1078 Tm.

9.1.1. The NSPI Ramsey Apparatus

The NSPI Ramsey apparatus consists of two 4 mm thick ferromagnetic steel plates
(a), which are connected at every corner by four blocks, each assembled from two
NdFeB/N35 permanent magnets® (b) and a sandwiched ferromagnetic steel block (c).
Each steel block is wound with a coil of 3x50 windings of 0.7 mm diameter copper wire,
which can be used to trim the magnetic field produced by the permanent magnets.
This yields a mean magnetic field of about 18 mT, corresponding to a neutron Larmor
frequency of about 530 kHz, in the centre of the 100 x 480 x 65 mm?® volume. The
magnetic field strength in z-direction along the neutron flight path has been measured
and is plotted in Fig. 9.2. It shows a plateau of By = (17.94 £0.04) mT from y = 180
mm to 300 mm, where the neutron spin precession takes place. Due to the trimming,
the field at both ends of the apparatus diverges from the field in the plateau region.
But this does not harm the functionality of the Ramsey apparatus, as there the field
only serves as a holding field for the neutron polarisation and the magnetisation of
the remanent transmission spin analysing device? (d), respectively.

The two radio frequency 7/2-spin flippers (e) are 24 x 10 x 23 mm?® box-shaped coils,
which are wound on a PFTE body with a 20x20 mm? window for neutrons. Each coil
consists of 9 turns of a 0.3 mm diameter bare copper wire with a pitch of 3 mm and
produces a linear oscillating field along the z-axis. They are connected in series and
form the inductance of a matched resonant circuit for frequencies around 790 kHz. The
circuit is driven far off resonance by a signal generator and a 250 W power amplifier
at about 550 kHz to profit from the almost flat power absorption spectra of the circuit
in the operating frequency range.® The distance between the 7/2-spin flippers can be

Lhttp: / /www.maurermagnetic. ch

2For a detailed description of the device see section 9.2.

3The forward and reflected power of the amplifier are 125 W and 113 W, respectively, which yields
an absorbed rf-power of about 12 W for both 7/2-spin flippers.
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Figure 9.1: Scheme of the Ramsey apparatus with the monochromatic polarised
neutron beam (n) coming from the left. (a) ferromagnetic steel plates (100 x 480 x 4
mm?), (b) permanent magnet blocks (15 x 40 x 8 mm?), (c) ferromagnetic steel blocks
(12x40x49 mm?) wound with copper wire serving as trim coils, (d) neutron polarisation
analyser, (e) radio frequency 7/2-spin flippers, (f) split pair coil (compensation coil),
(g) split pair coil (sample coil), (h) 4x20 mm? slit for sample positioning and (k) copper
tubes with cooling water soldered on copper plates, which are thermally anchored to
the steel plates. Drawing is not to scale.
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Figure 9.2: Plot of the magnetic field strength in z-direction along the neutron flight
path in the centre of the volume enclosed by the steel plates. The field was determined
for different currents in the sample coil and the compensation coil: Iy = I. = 0 A
(filled circles), Iy = -1, = =2 A (white circles), Iy = -1, = +1 A (filled triangles) and
I, = -1, = +3 A (white triangles). The vertical dashed line at y = 260 mm marks
the sample site. The two 10 mm thick 7/2-spin flippers can be freely positioned at
y =180...190 mm and y = 290...300 mm, respectively.



9.1 The NSPI Setup 141

adjusted between 100 and 120 mm to optimise for the Ramsey resonance condition.
To apply magnetic fields on a sample, which differ from the field provided by the
permanent magnets, it is necessary to compensate the additional field integral along
the neutron flight path by a compensation coil to fulfill the Ramsey condition. The
compensation coil (f) and the sample coil (g) are two identical rectangular split pair
coils consisting each of 2 x 150 windings of 0.7 mm diameter copper wire wound on an
aluminium body. The cross-sections of the windings have a size of 15 x 7.5 mm? and
are vertically separated by a 20 mm distance, which allows for a 20 x 20 mm? neutron
beam window. Each coil produces a magnetic field with a strength of about 4.4 mT /A
along the z-axis.* In the following the convention is used, that a positive (negative)
current in the coil strengthens (weakens) the steady field produced by the permanent
magnets. During the normal operation of the Ramsey apparatus the polarities of the
applied voltages are chosen such that the fields are pointing anti-parallel to each other,
as presented in Fig. 9.2. Furthermore, the plot shows that the magnetic field at the
position of the m/2-spin flippers stays almost constant, while the sample field can be
chosen freely over a large range. Hence, the field at the sample position (h) can be
varied from about 4 up to 32 mT. In principle lower or higher fields can be achieved
but produce depolarisation at the edges of the neutron beam, as the magnetic field
direction inverts due to the stronger field close to the coil windings. On the other
hand, a short-time inversion of the magnetic field above the coercivity over the whole
sample size can be used to demagnetise ferromagnetic samples.

A picture of the Ramsey apparatus is given in Fig. G.1 in the appendix, showing
the meandering water cooling tubes (k) soldered on copper plates. They stabilise the
temperature of the setup to 20°C and avoid unwanted phase drifts of the neutron spins
and the Ramsey patterns due to thermal expansions.

9.1.2. Systematic Performance Tests of the Apparatus

The performance of the Ramsey apparatus has been tested with the cold polarised
neutron reflectometer Narziss at the spallation neutron source SINQ at the Paul Scher-
rer Institute (see Fig. G.3 in the appendix). The monochromator of the reflectometer
provides a neutron beam with a wavelength spectrum which peaks at A\g = 5 A and
has a width AN g of 1.5%. The beam size is restricted by two cadmium diaphragms
in front of the apparatus, with rectangular holes of 1 mm width, 5 mm height and
a distance of 725 mm between each other. The collimation behind the sample only
restricts the height of the neutron beam (also 5 mm), but not its width.

Fig. 9.3 shows a typical Ramsey pattern obtained with the setup, by successively
scanning the m/2-spin-flipper frequency in steps of 1 kHz. Its period Af of about 7
kHz is in agreement with the theoretically expected value [Pie082]. The dip of the
envelope of the resonance signal at about 540 kHz is caused by the fringe fields of
the 7/2-spin flipper coils.® To reduce measurement time and to achieve a good signal-
to-noise ratio the frequency scans are typically restricted to the region close to 560
kHz and to only 11 points (from 555 to 565 kHz). These excerpts of the complete
Ramsey pattern are then fitted with a sinusoidal function, from which a phase angle
is obtained (neutron spin phase angle).

4This field strength was measured in the centre of the neutron beam window, with the coils placed
between the ferromagnetic steel plates.

>This can be confirmed by quantum mechanical simulations of the Ramsey apparatus using time-
evolution operators (compare appendix B).



142 Instrumental Setup

1000

800

600 (|

400

Neutron counts

200 '

0

500 520 540 560 580 600

rf frequency [kHz]

Figure 9.3: Scan of the neutron count rate as a function of the m/2-spin flipper
frequency, with Iy = I. = 0 A. The envelope of the resonance is plotted as a dashed
curve.

To test the stability of the apparatus we repeatedly performed such Ramsey frequency
scans and determined the phase angle, while keeping the magnetic field constant (see
section 5.1.9). The result of a long term measurement over 3.5 hours, which is much
longer than typical exposure times in neutron imaging, is shown in Fig. 9.4. This
delivers a phase stability of about +1.0° for 5 A neutrons. The sensitivity of a Ramsey
apparatus can be described as the minimal magnetic field path integral, which is still
detectable due to the limited phase stability. In our case this yields a sensitivity of
+7.5x 107 Tm.

Another important property of the apparatus is demonstrated in Fig. 9.5, which de-
scribes how well the initial value of the neutron spin phase angle is reproduced, after
the magnetic field at the sample position has been varied. It is checked by periodically
changing the current through the sample and the compensation coil, while Ramsey
frequency scans are taken continuously. The changes in the coil currents (I = —1I. =
-3.5A,-1.5A, 0 A, +1.5 A and +3.5 A) are clearly visible as jumps in the phase an-
gle. This is due to the fact that the two coils are not perfectly identical and therefore
deliver slightly different magnetic fields at equal currents. The effect can in principle
be canceled by a corresponding correction of the compensation coil current.® The
reproducibility over 8 hours was in average +3° and is therefore slightly larger than
the stability. This is caused by the hysteresis of the two steel plates, which enclose
the apparatus at the bottom and the top. Hence, the use of ferromagnetic materials
should be reduced as much as possible in future setups.

As a test of the functionality the neutron count rate at a fixed w/2-spin flipper fre-
quency is measured for different currents in the sample coil (see Fig. 9.6). As expected
the number of detected neutrons oscillates with the accumulated neutron spin preces-
sion due to the additional magnetic field. A broader wavelength spectrum causes a
smearing of the Ramsey pattern and therefore leads to a decrease in the signal-to-noise
ratio. Therefore the relative width of the wavelength distribution restricts the preces-
sion angle to a practical limit of approximately 180°-Ag/A\. Hence, the wavelength Ao
and the width of the spectrum have to be chosen correctly in relation to the sample
thickness and the expected additional spin precession.

SHere the correction would have been on the level of about 2%.
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Figure 9.4: Demonstration of the phase stability of the Ramsey apparatus with
I, =-I.=+2 A, which corresponds to a field at the sample position of about 27.5 mT.
The mean value of the neutron spin phase angle has been arbitrarily set to 0°. The
standard deviation (thin horizontal lines) is +1.0°, with a mean length of the statistical
error bars of the individual measurements of +0.8°.
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Figure 9.5: Test of reproducibility of the neutron spin phase by simultaneously
changing the currents in the sample and the compensation coil every 30 min. One
cycle consists of five magnetic field changes at the sample position: 2.5 mT, 11.5 mT,
18.5 mT, 25.5 mT and 34.5 mT, which correspond to the following mean neutron
spin phase angles: -73°, -35°, 0°, 45° and 132°. The mean length of the error bars is
approximately +2°.
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Figure 9.6: Neutron counts at a fixed 7/2-spin flipper frequency of 560 kHz as a func-
tion of the sample coil current. The plotted line describes a sinusoidal fit through the
measured points with a period of (227.3+0.2) mA, which corresponds to an additional
neutron spin precession of (1583.8 +1.4)°/A.
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9.2. A short-length Neutron Transmission Polariser

Now a polarisation device for cold neutrons is presented, which was especially devel-
oped for polarised neutron radiography, e.g. neutron spin phase imaging. It combines
the shortness and the large beam cross-section acceptance of a bender with the ad-
vantages of a transmission polarising cavity. Characterisations show a polarisation
efficiency of about 78% and a transmission of 44% for neutrons with a wavelength of
5 A (compare section 9.2.3). Its compact design with a length of only 160 mm makes
the device versatile and easily implementable for many purposes in neutron physics.
Some further details about the device can be found in Ref. [Pie083].

9.2.1. Standard Neutron Polarisers

Most neutron spin polarisation devices, except polarised solid proton targets
[Asw08, Zim99] and polarised He gas [Hei99], use the principle of spin-dependent
reflection of neutrons on a surface of ferromagnetic multilayers sputtered on float glass
or silicon wafers [B6n97, Kri04]. The obtainable critical momentum transfer g. for
total reflection of the preferred spin state can routinely reach up to 0.065 A~ (m =3,
where m denotes the ratio of g. of the multilayer and the critical momentum transfer
of natural Nickel). This leads for a single polarising mirror with a typical length of
500 mm to a maximum neutron beam width of about 10 mm for 5 A neutrons. One
either uses the reflected or transmitted beam for the further application, while the
other is stopped in an absorbing diaphragm behind the mirror.

Larger beam cross-sections can be polarised with neutron benders, which usually
absorb the transmitted beam already inside the device, in an absorbing coating on
the back side of each stacked polarising silicon wafer [Sch89, B6n99|. Their drawback
is that they can deform the beam spot and produce a striped reflected beam profile.
The reflected beam is typically bent by a few degrees with respect to the incoming
neutron beam.

Another polarisation device is the so-called polarising cavity, which uses coated
silicon wafers placed at a slightly tilted angle to the neutron beam direction (see for
instance Ref. [Kri92]). Hence one spin component is transmitted through the wafers,
while the other gets reflected and afterwards absorbed in the walls of the surrounding
neutron guide. This geometry has the advantage that it operates in transmission,
which makes it easier to implement in an already existing instrument. However, the
length of such a device is typically several meters, which prevents easy handling and
construction.

In the case of neutron radiography, it is preferable to have a very short sample-
detector distance to reach a high spatial resolution [Bar82|. This makes it necessary
to have a short spin-analyser capable of analysing large neutron beam cross-sections,
without bending the neutron beam and without producing a heavily striped image.
As already mentioned, polarised He gas can in principle be used to polarise relatively
large neutron beam cross-sections on a short distance. However, its nuclear spin
relaxation time is highly sensitive to magnetic field gradients, which makes it difficult
to use it in a magnetic environment [Hei95].
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Figure 9.7: Schematic top view of the multi N-shaped arrangement of the coated
silicon wafers with a distance of 2.7 mm. The 100 mm long absorbing wafers (grey
dotted lines) are aligned parallel, while the 150 mm long polarising wafers (thick black
lines) are tilted with an angle of 1.07° with respect to the neutron beam axis. This
arrangement causes that only one neutron spin state (down) can penetrate the device,
while the other (up) gets reflected on the polarising wafers and absorbed. Illustration
is not to scale.

9.2.2. Geometrical Arrangement of the Transmission Polariser

The here presented polarisation device consists of an arrangement of two kinds of
coated 0.3 mm thin silicon wafers. The first type has a rectangular shape of 150 x
40 mm? and is coated on both sides with a remanent m = 3 polarising multilayer
structure of FeCoV/TiNy [B6n99, Sen04|. The second type with a size of 100 x 40
mm? serves as an absorber for neutrons with the wrong spin state. This type is coated
on one side with an approximately 2.5 pm thick TiGd absorption layer and on the
back side with a thin TiGd anti-reflecting layer of about 0.15 pm. All coatings have
been made at the DC magnetron sputtering facility of the Paul Scherrer Institute.
These two types of wafers are arranged in a multi N-shaped geometry shown in Fig.
9.7, allowing only the neutrons of one spin state to pass the device, whereas the
neutrons of the other spin state are reflected and absorbed. In order to arrange and
to align the wafers, 0.3 mm wide and 6 mm deep slits were eroded in a 20 mm thick
aluminium base-plate, in which one can firmly slide the silicon wafers. A picture of
the device is shown in Fig. G.2 in the appendix. A similar polarising device has been
realised by another group for a radial geometry, but is about a factor 3 longer [Fal06].

Both types of wafers have been tested separately at the neutron reflectometer Narziss
at the Paul Scherrer Institute. The monochromator of the reflectometer provides a 5
A neutron beam with AN\ = 1.5%. The two collimating slits in front of the sample
were set to a height of 30 mm and to a width of 0.35 mm such that a horizontal
beam divergence of about 0.05° was achieved.” The collimation behind the sample
only restricts the height of the neutron beam (also 30 mm), but not its width.

The polarising wafers were placed in a vertical magnetic field of approximately 450
G provided by the sample magnet of the beam line. Fig. 9.8a and b present the
transmission rocking curve of one of the polarising wafers for both spin states and the
corresponding polarisation efficiency, showing a value of about (80+4)% at the critical
edge g. ~ 0.065 A-1. The systematic error is due to the imperfect polarisation of the

"The beam divergence was determined by a 26-scan of the direct beam and corresponds to the
FWHM of the measured intensity distribution.
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incoming beam, which is different for the spin up and the spin down state.® The dip
in the polarisation efficiency at ¢ ~ 0.056 A1 is due to problems during the sputtering
process of the multilayer system. From these measurements one can already estimate
some properties of the polarisation device, as for example the cut-off wavelengths and
the wavelength dependent transmission of the polarising wafers at a tilting angle of
1.07%:

e Below about 4 A and above 20 A the polarisation efficiency will drop to zero.

e The transmission of a single polarising wafer for an unpolarised neutron beam
shows the expected linear behaviour as a function of the neutron wavelength
A, as presented in Fig. 9.8c. The transmission for unpolarised 5 A neutrons is
about 48%.

In Fig. 9.9 the transmission rocking curve of an absorbing wafer is plotted, showing
that it is almost opaque for 5 A neutrons with incident angles 0 < 2.5°. The peak at
0 ~ 0° is caused by the direct beam, which passes by the wafer without penetrating
the absorption layer. The transmission of less than 1% at the working point of 6 ~ 2.2°
ensures that in the polarisation device the reflected beam of the polarising wafers will
get attenuated sufficiently for most applications.”

9.2.3. Performance Tests of the Polarisation Device

The performance of the transmission polariser has been tested with two neutron in-
struments - with the polarised neutron reflectometer Narziss and the polarised small
angle neutron scattering facility SANS-I [Asw08], both at the spallation neutron source
SINQ at the Paul Scherrer Institute.

The reflectometer was used to determine the spin-dependent transmission of the device
versus its transverse position x with respect to the incoming neutron beam. Therefore
the device was first aligned parallel to the beam by employing the specular reflection
of the first polarising wafer. The neutron beam was collimated as stated in section
9.2.2, resulting in an approximately 0.6 mm wide and 30 mm high beam at the device
position. The transversal position x was scanned in steps of 0.2 mm leading to the
data shown in Fig. 9.10a. The spikes in the intensity of the spin down component are
caused when scanning the finite width neutron beam over the 0.3 mm thin absorbing
wafers and are therefore about 1 mm wide. They are separated by the same distance
of 2.7 mm as the absorbing wafers in Fig. 9.7. The mean transmission for an unpo-
larised 5 A neutron beam can be found to be about 44%, which is slightly less than
the value of 48% without absorbing wafers in the beam, given in section 9.2.2. The
corresponding polarisation efficiency is presented in Fig. 9.10b and shows an almost
flat plateau over the whole cross-section of the device, leading to a mean polarisation
efficiency of about (78 +4)%.

8This is caused by the fact that one does not use a spin flipper, but switches the magnetisation of
the polariser of the beam line, to select between both spin states.

9The working point corresponds to twice the tilting angle of 1.07° of the polarising wafers, shown
in Fig. 9.7.
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Figure 9.8: (a) Transmission rocking curve of a single polarising wafer with a m =3
multilayer coating plotted versus ¢ for both spin states: spin up (filled circles) and spin
down (open circles). The applied magnetic field at the wafer position was about 450
G. (b) Polarisation efficiency of the wafer. The dip at ¢ ~ 0.056 A1 is due to problems
during the sputtering process of the multilayer system. (c) Calculated wavelength
dependent transmission for an unpolarised neutron beam through a single polarising
wafer at a tilting angle of 1.07°, using the data for both spin states shown in (a).
Additional A-dependent absorption has not been considered for this calculation.
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Figure 9.9: Transmission of a single absorbing wafer versus the rocking angle 6,
measured in steps of 0.05°. The transmission at the working point 6 ~ 2.2° is less than
1% for 5 A neutrons.
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Figure 9.10: (a) Transmitted intensities of the polarisation device for 5 A neutrons
versus its transversal position x with respect to the incoming beam for both spin states:
spin up (filled circles) and spin down (open circles). The intensities are normalised to
the direct beam. The mean transmitted intensity for an unpolarised neutron beam is
about 44%. (b) The corresponding polarisation efficiency. The horizontal line marks
the mean polarisation efficiency of about (78 £ 4)%, averaged over the active cross-
section of the device.
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Figure 9.11: Neutron radiography images of the centre of the polarisation device,
using the collimated neutron beam of the SANS-I instrument with Ay = 5 A. Each
image has a size of 340 x 175 pixels, which corresponds to an area of 44 x 23 mm?. (a)
and (b) show the dark-current corrected intensity images for spin up and spin down
neutrons, respectively. The exposure time for one image is about 6 minutes, which
equals to 7.5 x 10° counts on the monitor detector. (c) The resulting polarisation
efficiency.

An often used figure of merit ), which helps to compare polarisation devices, is
defined as Q = T'- P2, where T is the transmission and P is the polarisation efficiency
of the device. Using the above stated values, @) of this device is 0.27 + 0.03, which
is of the same size as the @Q of state of the art polarised 3He gas cells [And05, Bat05].1°

With a CCD-camera [Miih05|, commonly used for neutron radiography, one can di-
rectly perform a two dimensional measurement of the spin-dependent transmission
and the polarisation efficiency of the device. For this purpose a well collimated neu-
tron beam with a large diameter is needed, which is available at the SANS-I beam
line. With its 15 m long collimation length a beam divergence of about 0.2° can be
achieved, i.e. about a factor 4 larger than at the Narziss reflectometer.

The polarisation device was placed at the usual sample position of the instrument,
right in front of the neutron camera.'’ The incoming polarised neutron beam has a
triangular shaped wavelength distribution with AMAg ~ 10%, where g is the centre of
gravity of the wavelength distribution. \g is adjustable by means of a velocity selector
and the beam polarisation can be flipped by an adiabatic high frequency spin-flipper
with a flipping efficiency close to 100%. To take into account possible fluctuations of
the neutron flux, the exposure time of the camera was correlated to a monitor detector

10We considered a *He nuclear spin polarisation of about 80%.

"The pixel-size of the camera is 0.13 x 0.13 mm?.
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Figure 9.12: (a) Horizontal cut through the two dimensional polarisation efficiency
shown in Fig. 9.11c. The horizontal line marks the mean value of about 72%. (b)
The mean polarisation efficiency of the device averaged over an area of 18 x 18 mm?
for different neutron wavelengths Ag. Both plots have been corrected for an imperfect
neutron beam polarisation of 98% of the SANS-I instrument.

placed in the monochromatic beam.

Fig. 9.11 presents images for the spin-dependent transmission and the resulting two di-
mensional polarisation efficiency. In Fig. 9.11b one can clearly recognize the eight ver-
tical stripes with reduced transmitted intensity caused by the eight absorbing wafers
of the device. Nevertheless at the position of the stripes the neutron intensity for an
unpolarised beam is still approximately half of that at the residual polarising area.
Further, it is important to emphasize that the polarisation efficiency is never below
50% over the whole cross-section of the device. This is visible by a horizontal cut of
the polarisation efficiency of Fig. 9.11c, plotted in Fig. 9.12a. The plot is in accor-
dance with the graph shown in Fig. 9.10b, except that the higher beam divergence
produces more pronounced dips and also lowers the mean value to about 72%.12
Such images have been taken for different wavelengths A9 and the results are sum-
marised in Fig. 9.12b. As expected from the measurement of one single polar-
ising wafer, the polarisation efficiency rises with increasing Ag and reaches for 10
A approximately 95%.

12These dips also appear, if the polarisation device is not aligned perfectly parallel to the neutron
beam of the Narziss reflectometer.
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9.3. The NSPI Setup at SANS-I at PSI

For a first test measurement the compact NSPI Ramsey apparatus was set up at the
small angle scattering instrument SANS-I [Asw08] at the spallation neutron source
SINQ at the Paul Scherrer Institute (see Fig. G.4 in the appendix). The reasons for
choosing the SANS beam line are its following features:

e Its neutron wavelength spectrum is a triangular shaped distribution with a width
of AMMXy = 0.10. Ag is the centre of gravity of the spectrum, which can be
adjusted by means of a velocity selector from 4.5 A to 12 A.

e The 15 m long collimation system.
e The polarisation option with an implemented adiabatic neutron spin flipper.

The beam size was restricted by a 20 x 20 mm? aperture and the beam divergence was
measured to be 0.20°.13 The sample to detector distance is limited to 225 mm by the
length of the specially designed transmission spin analyser presented in section 9.2.
This yields a geometrical resolution of 0.8 mm (FWHM of the point spread function),
which is much larger than the pixel size of 0.13 x 0.13 mm? of the position sensitive
detector used [Miih05|. Hence, the detector did not limit the resolution of the NSPI
setup.

13The result for the beam divergence agrees well with the expected value, calculated assuming the
50 x 50 mm? aperture situated in front of the 15 m long collimation.
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10. Results and Conclusion

In this chapter the first results obtained with the NSPI setup during one week of
beam time at the SANS-I instrument are presented (compare section 9.3). They
show the feasibility of the NSPI technique in three example measurements using thin
ferromagnetic foils, a steel rod which produces a dipolar field and a small coil as a
sample. A fourth example demonstrates the possibility of imaging paramagnetic and
diamagnetic materials in a strong magnetic field of 2.5 Tesla, employing the Ramsey
apparatus presented in section 5.1.

10.1. Example I: Thin Steel Foils

To demonstrate the technique, measurements were performed on two different fer-
romagnetic precision steel foils with thicknesses of (20 £ 2) pm and (40 + 3) pm,
respectively.! The foils were oriented along the magnetic field EO perpendicular to
the penetrating neutron beam, leaving a gap of about 4 mm between them. Fig.
10.1a-d show radiography images of the foils for four different spin flipper frequencies,
where the 20 pm (40 pm) foil is situated on the left (right) side of the images. One can
clearly recognise a position dependent modulation of the detected neutron intensity
as a function of the spin flipper frequency. To illustrate this effect the intensities of
three areas at different positions of the image have been averaged and plotted in Fig.
10.1e. Besides the phase shifts of the modulated signals one also observes a damp-
ing of the amplitudes, mainly caused by the finite width of the neutron wavelength
spectrum [Pie082] and further by possible inhomogeneities of the magnetization of
the foils. However, the decrease of the signal offset delivers the standard neutron
attenuation image, i.e. the attenuation information of the sample is already included
in these measurements. Fitting such signals with a sinusoidal function and plotting
the phase values ¢(x, z) for each pixel, yields the so-called NSPI image. The phase
shift Ap(x, z) due to the sample is obtained by subtracting the NSPI image of the
empty beam from the one with the sample. The corresponding NSPI images of the
ferromagnetic foils and of the empty beam are both generated from a set of eleven
radiography images taken at different spin flipper frequencies from 545 to 555 kHz
with an exposure time of about one minute each. This yields a statistical accuracy of
the phase retrieval of about £5° for each pixel. The resulting phase shift image modulo
360° is shown in Fig. 10.2. Note that the phase shift due to a ferromagnetic sample
is always positive. To determine the exact phase shift one performs this measurement
for different neutron wavelengths Ay and plots the phase shift as a function of Ay,
which yields a line through the origin, as presented in Fig. 10.3a. From the slope of
the linear fit and the thickness of the foils one can determine the local magnetisation

For further specifications see: hitp://www.hs-folien. de.
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of the foils averaged along the neutron flight path. Equ. (8.1) leads for this example
to a local magnetisation pugM of (1.08 + 0.08 £ 0.11) Tesla for the 20 pum foil and
(1.81 £ 0.02 £ 0.14) Tesla for the 40 pm foil, where the errors are due to the linear fit
and the thickness tolerances of the foils, respectively. These results can be compared
with hysteresis curves of the shim steel foils taken with a physical property measure-
ment system (PPMS), which are presented in Fig. 10.3b.2 The magnetisations oM
are about 0.82 Tesla and 1.55 Tesla at an external magnetic field of 19 mT (compare
section 9.1). This is close to the values obtained with the NSPI technique. Possible
reasons for the differences between the two methods are firstly that the NSPI tech-
nique determines the magnetisation locally and the PPMS averages over the whole
sample. Secondly, the samples used for the PPMS have to be much smaller in size and
have usually a different shape due to geometrical restrictions of the setup, which can
cause deviations in the demagnetisation factors and the hysteresis curve. Lastly, in
the neutron measurement the steel foils touched the ferromagnetic steel plates of the
NSPI setup (like in an iron yoke) to reduce fringe fields of the sample and therefore
might have been magnetized close to the saturation magnetisations pgM;s of about
1.08 Tesla and 1.93 Tesla, respectively.

10.2. Example Il: Dipolar Magnetic Field by a Steel Rod

As a second example, a 9 mm long cylindrical ferromagnetic rod with a diameter of
2.2 mm was oriented parallel to the magnetic field and imaged as described before.
Fig. 10.4a presents one of the eleven radiography images used to generate the NSPI
image. In its centre, one can clearly recognise the strongly absorbing steel rod, which
causes a dipolar magnetic field in its vicinity. Dark pixels indicate a lowered neutron
intensity with respect to the empty beam image, due to a neutron spin phase shift
Ay of about 180° modulo 360°. At the position of the bright pixels no net phase shift
modulo 360° occurs, so there the intensity is of the same size as in the empty beam
image. Moreover the lines of equal neutron intensity correspond to the magnetic field
lines and show the typical dipolar shape. The NSPI image of the steel rod given in
Fig. 10.4b shows three further characteristic features:

e The strong magnetic fields inside and very near the rod cause large phase shifts
and therefore lead to a low S/N-ratio of the intensity modulation (compare Fig.
10.1e), due to the finite width of the wavelength distribution of the neutron
beam. Hence, phase retrieval inside the rod is not possible and results in noise
in the NSPI image.

e The phase jumps (black to white jumps) in the image indicate a spin precession
of more than 360°. Further, the decreasing distance between the individual
phase jumps implies that the field gradient increases with decreasing distance
to the rod, just like expected for a dipolar field.

e The image shows no phase shift along the angle of 52 + 2°, due to the angular
dependent term of the dipolar field: (3 cos?§ —1). Theoretically for a point like
dipole this angle would be 54.7°.

2Quantum Design: hitp://www.qdusa.com.
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Figure 10.1: Radiography images of ferromagnetic steel foils using neutrons of A\g = 6
A at different 7/2-spin flipper frequencies: (a) 547 kHz, (b) 549 kHz, (c) 551 kHz and
(d) 553 kHz. Each image has a size of 165 x 165 pixels, which corresponds to about
21.5x21.5 mm?. The vertical stripes with lowered intensity result from the geometry of
the transmission spin analyser. (e) Intensity modulation in three areas (averaged over
12 x 12 pixels) of the images as a function of the spin flipper frequency and sinusoidal
fits: gap (circle), 20 pum foil (square) and 40 pm foil (triangle).
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Figure 10.2: Resulting NSPI image of the two ferromagnetic steel foils.
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Figure 10.3: (a) Phase shift of the three areas (averaged over 12 x 12 pixels) of
the NSPI images as a function of the neutron wavelength Ag: gap (circle), 20 pm
foil (square) and 40 pm foil (triangle). The lines are the linear fits through the data
points. (b) Hysteresis curves of the two ferromagnetic steel foil materials measured
with a PPMS.
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Figure 10.4: (a) Radiography image of the 9 mm long steel rod normalized with an
empty beam image, taken at a m/2-spin flipper frequency of 550 kHz with neutrons of
Mo = 5 A. The size of the image is 21.5 x 21.5 mm?. (b) NSPI image generated from
a set of eleven individual images. The dashed lines mark the vertical magnetic field
direction and the axis along which the spin phase shift is zero due to the vanishing
dipolar field under the angle of 52 + 2°.
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10.3. Example Ill: The Magnetic Field produced by a Coil

In the following we are considering a very intuitive example, where the NSPI
technique is used to image the magnetic field produced by a small coil.

Fig. 10.5 presents a picture and a standard absorption neutron radiography image of
the 7 mm long coil.> In Fig. 10.6 the resulting neutron spin phase images at six dif-
ferent currents through the coil are presented. As expected, the phase shift inside the
coil increases with the current and changes sign when the magnetic field produced by
the coil is inverted. The observed phase shift as a function of the current is plotted to-
gether with a horizontal cut through one of the neutron spin phase images in Fig. 10.7.

5 mm

Figure 10.5: Photograph and absorption neutron radiography of a coil with 6 wind-
ings, a length of about 7 mm and an inner diameter of 3 mm made of 0.8 mm thick

insulated copper wire.
+2.0A +05A

+80°

+40°

OO

Figure 10.6: Neutron spin phase images of the magnetic field produced by the coil
presented in Fig. 10.5 using currents between -2 A and +2 A. The calibration bar on
the right gives the phase shift in degrees. Neutrons with a wavelength of Ao = 6 A and
AMXo = 10% have been used. All images have a size of about 20 x 20 mm?, which
corresponds to 150 x 150 pixels of the employed neutron camera.

-40°

-80°

3The absorption image is actually obtained from the NSPI data (offset of the Ramsey oscillation).
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Figure 10.7: (a) Horizontal cut through the neutron spin phase image of the coil
taken at a current of +2 A. The maximum phase shift in the centre of the coil is
approximately 110°. (b) Neutron spin phase shift in the centre of the coil as a function
of the coil current. The slope of the linear fit of (55.4 +0.3)°/A is in good agreement
with the expected value of about 52°/A (obtained using Equ. (8.1)), which neglects
the fringe fields.

10.4. Example IV: Test of Para- and Diamagnetic NSPI

The last example examines the possibility to image para- and diamagnetic materials
using the NSPI technique. In general, the magnetic neutron spin interaction with
para- and diamagnetic materials is a factor 107 weaker than with ferromagnetic
samples, due to their tiny magnetic susceptibility x.,. Hence, to observe a neutron
spin precession the applied external magnetic field needs to be in the order of several
Tesla to reach a sufficient magnetisation of the imaged object. The 2.5 Tesla field
of the Ramsey apparatus presented in section 5.1 will thus yield a magnetisation of
poM = xm - 2.5 T. With xy, = 107 this leads to uoM = 25 pT and to an additional
phase precession angle of about 0.3° per millimeter sample thickness for 5 A neutrons
(using Equ. (8.1)).

Reasonable sample materials need to be strongly para- or diamagnetic and possess a
good neutron transmittance. A list of possible materials is given in table 10.1. For a
first test we chose to image a 5 mm thick paramagnetic titanium block and a 30 mm
thick diamagnetic lead block (Fig. 10.8). We employed neutrons with a wavelength of
about 6.6 A (0 = 2.1°, compare section 5.1.4) and the neutron analyser described in
section 9.2. With the approximate divergence of 0.3° and a sample-detector distance
of about 55 cm, a geometrical resolution of about 1.5 mm was achieved.*

The titanium sample causes a phase shift of (+34+3)°, which is in good agreement with
the theoretical expected value of approximately +35°. This value already includes a
negative phase shift of pop = -3° due to the so-called optical neutron spin precession,
which is caused by the de-/acceleration of neutrons passing through a refracting sample
[Fra02].

On the other hand, a 30 mm long pure lead sample theoretically induces a phase shift
of ¢ = Qgia + Popt = —23° +27° = 4°. However, the measured phase shift of (=21 +5)°
is an indication that the used sample possesses a larger diamagnetic susceptibility

4The large sample-detector distance was necessary, as the CCD-chip of the neutron camera was not
working correctly in the vicinity of the strong magnetic field. If the chip had not been affected,
one could have reduced the distance to approximately 35 cm, yielding a geometrical resolution of
about 1 mm.
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Material || xm [107°] | density [g/ml] | 1/e-length [mm]
Aluminium +2.2 2.7 80
Titanium +18.0 4.5 8
Chromium +27.8 7.1 10
Vanadium +34.8 6.1 7
Manganese +87.1 7.5 3
DO -0.9 1.1 15
Copper -1.0 8.9 6
Lead -1.8 11.3 26
Silver -2.6 10.5 1
Antimony -6.8 6.7 17

Table 10.1: Properties of para- and diamagnetic materials. The so-called 1/e-length is
the theoretical thickness of a material that will attenuate a neutron beam to 1/e (about
0.37) of its incident intensity. Here it is calculated for neutrons with a wavelength of
5A

a b

n Ti 35°

B —
——-
—
— 00
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I —r

<>

5mm Pb -35°

—>
30 mm

Figure 10.8: NSPI of paramagnetic titanium (Ti) and diamagnetic lead (Pb) blocks.
(a) Sketch of the sample setup at the FUNSPIN beam line. The external magnetic
field of 2.5 Tesla is perpendicular to the plane of projection. The titanium block has
a height of 6 mm. (b) Neutron spin phase image with a size of 60 x 100 pixels, which
corresponds to about 15.5 x 26 mm? (a binning of 2 x 2 pixels was used).

than expected. This might be due to admixed antimony, which serves to increase the
hardness and mechanical strength in lead-antimony alloys.

In a further study the magnetic susceptibility of the lead sample needs to be measured
separately with an independent technique.
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10.5. Conclusion

The presented examples obtained with the novel neutron spin phase imaging tech-
nique show the feasibility of quantitative imaging of magnetic fields in- and outside
magnetic materials with a sub-millimeter resolution. This is fundamentally different
to another recently published approach [Kar08|, which only determines the degree of
beam depolarisation and therefore cannot deliver quantitative results about magnetic
fields.

Furthermore, the NSPI technique also permits to apply any external magnetic field
to the sample, which then for example allows to locally observe the magnetisation of
magnetic objects as a function of the external magnetic field. Next steps will be to
test other parameters, e.g. temperature, pressure and electric fields, and to perform
three dimensional tomographies of magnetic fields and samples. Hence, the technique
offers a wealth of new possibilities in real space condensed matter research.
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A. Green’'s Functions and
Approximations

A.1l. Green Function of the Helmholtz Equation

The inhomogeneous Helmholtz equation is given by (§2+l§2)h(77) = f(¥). The solution
h(7) is a sum of the solution of the homogeneous Helmholtz equation, where f(¥) =0
and of a second part which is obtained using the Green’s function G(7,7") of the
Helmholtz equation. The Green’s function fulfils:

(V2 + kDG(F, ) = 6(F-7) , (A1)

where 0(7) is the Dirac delta function, which is defined by:

0 =0
o) = {7 A2
S {+<><>, 7+0 (A.2)
[T e = 1 (A.3)
The Green’s function of Equ. (A.1) is:
1 @ikl
G(7,7) =~ (A4)

CAr|F-|

The solution of the homogeneous Helmholtz eqution is given by hg(7) = eiE'F, which
leads to the total solution of the inhomogeneous Helmholtz equation:

W) = T [T d G- f(7) (A.5)

- f) . (A.6)
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A.2. Approximation of |7— 7|

The approximation used in section 3.2.1 can be derived using ¥ = (z,y,z2), ¥ =
(@, y',2") and r = |F], ' = |7

7= 7]

Vi@=a)2+(y=y)?+ (z =) (A7)

\/ac2 +y? + 22+ a2 +y? + 22 = 2(xa’ +yy + 22) (A-8)

2+ 12 =27 i (A.9)

For r > r' it follows:

. r2 7
|F-7| = r- 1+7'_2_2 2 (A.10)
77’
e
v o (l- ) (A.12)
==
=] o~ - (A.13)
In Equ. (A.12) the Taylor expansion of the square root was employed.
A.3. Taylor Expansion
Taylor expansion of the function f(x) in the vicinity of xg:
n (k)
L@ = 3 L0 e, (A14)
k=0 :

with £ (20) being the k-th derivative of the function at z = z.



B. Simulation of the Ramsey apparatus
using time-evolution operators

The derivation given here differs slightly from that of N. Ramsey in [Ram50] and em-
ploys the method of the time-evolution operators!. Instead of solving the Schrodinger
equation to calculate the development of a state | ()} under the action of a Hamil-
tonian, which consists of a stationary and a time-dependent part

H@)=Hy+V(¢), (B.1)

one can derive the time-evolution operator of the system [Sak95], using the equation
of motion

m%ﬁ(t,to) =HU(t, o) , (B.2)

where [1(t)) = U(t, to) | (o)) and |¢(to)) is an arbitrary initial state. The general
solution of Equ. (B.2) is given by

U (t t) = exp (—% /. ﬁ(t')dt') . (B.3)

In our case we have a magnetic interaction of the magnetic moment of a spin 1/2
particle, the neutron, with a magnetic field B = (Bgz, By, B.), which can be written as
5 h _ = h B, B, -iB
H{(t) =—§vna-B=—§vn( B,+iB, -B. v ) ) (B.4)
where & is the vector of the Pauli matrices and =, is the gyromagnatic ratio of the
neutron. The Ramsey apparatus can be divided in three regions (see Fig. 3.3). In
the first (I) and the third (III) region a circular oscillating field with the amplitude
By flips the neutron spin by 7/2 into and out of the plane perpendicular to the steady
magnetic field Eg = (0,0, Bp). In the second (II) region the neutron spin precesses
freely in this plane with the Larmor frequency wp and inside the sample with the
shifted angular frequency wg + Aw*, respectively. The time each of the rf fields acts
on the neutron spin shall be denoted as 7 and the time the neutron spends between
the flippers as T'. ¢* is the wavelength dependent pseudomagnetic precession angle
due to the polarised nuclei in the sample as defined in Equ. (3.37).
To simplify the problem we consider our system in the reference frame rotating with
the angular frequency w, which is the frequency of the two rf fields [S1i96]|. One finds
then for these three regions the following effective fields

— 1
BLeff = % (_wla 07 A) (B5)
- 1
BH,eff = % (07 07 A) (B6)
- 1
BHLeff = % (—w1 COS 19, —W1 sin ?9, A) s (B?)

! An alternative derivation of this can be found in [Gol94].
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where A = w-wy and w1 = —, By and 19 is a fixed phase angle between the two circular
oscillating fields. These effective magnetic fields have to be inserted now in Equ. (B.3)
and (B.4). If one takes also the additional precession angle ¢* into account one finds
for the time-evolution operators setting to = 0

b - (CErERE SEat ) ey
—Z Q Sln COS > —ZQ Sln
A et 5 (TA+*) 0
Un(T,0) = ( 0 (D) ) (B.9)
Un(r,0) = ( o %1 tgéagr% zge-“;sm 92;7 ) ; (B.10)
-1 Q e’ S1n —-— COS 25 ZQ S11l ——

with = /A2 +w?. Without loss of generality we set ¢ = 0°, so that Ur(r,0) =

Uni(7,0). The probability W for a transition from a spin state |1) = ( (1) ) to [}) =

( (1) ) is given by

W = |(l |UHI'UH'UI| T)|2 = |(l |Utotal T)|2 (B.11)
= 4;21 sin? (227- [é sin % sin % — oS % cos wr

The condition for the spin flippers to induce 7/2 flips is wy = ©/(27).

Equ. (B.11) is identical to Equ. (12) in [Ram50]| and applies to only a single neutron
velocity and a fully polarised neutron beam. Since the times 7 and T are proportional
to the neutron wavelength one has to perform an average over the wavelength distri-
bution? p(\) of the neutrons and one also has to take the imperfection of the neutron
polarisation P, into account. Then one finds the probability W’ to detect the spin
state ||) behind the Ramsey apparatus as

=/;Qp()‘) [1 +2Pn |(J, |[7t0tal 1

)|2+1 P,

| (l | Utotal

)|2] d\.  (B12)

Additionally two approximations can be applied on Equ. (B.11). The first one con-
siders only frequencies very close to the resonance, so that wy > A:

(B.13)

TA + p* TA + * 2
5 - cos 5

W — [é sin
w1

From this, one can estimate the frequency distance A f between two oscillation max-
ima, using only the first order term of the Taylor expansion of the tan-function around
/2. The result is given in Equ. (3.45) in section 3.3.

The other important approximation delivers the shape of the background resonance
curve of the Ramsey signal (see Fig. 3.4), by substituting the fast oscillating terms
sin &;ﬁ and sin® % by their average values 0 and 1/2

2w L, Qr F(A)2 o QT 5 Q7|
Q

W—)W&n 7[ sin” —- + cos TJ . (B.14)

*Normalised wavelength distribution: [5”p(A\)dA =1



C. Corrections

C.1. Correction due to the Magnetisation of the Sample

Besides the strong interaction also the magnetic interaction contributes to the spin
precession of the neutron spin. Therefore, in this chapter we want to estimate the
size of the magnetic fields produced by the nuclear spins and the electron spins of the
paramagnetic centres in the polarised nuclear target.

Using magnetostatics |[Jac83] and neglecting demagnetisation effects due to the sample
geometry, i.e. assuming the worst case, we can estimate the total magnetisation of
the polarised sample by the following formula:

#OMtot = Ho- (Me + Mp + Md) (Cl)

1 1
fioh - (g “PeYet 5 PpYp by + Pd’Yde) (C.2)

where g = 47 x 1077 X—fn and the electron polarisation is assumed to be unity. The
number density of the electrons pe, i.e. the paramagnetic centres is typically of the
order 2x10' ¢cm™. Hence, with p, = 0.003 mol/cm3, pg = 0.08 mol/cm?, Py, max = 50%
and Py max = 20%, Equ. (C.2) leads to a maximum magnetisation of the sample of:

oMot ~ (=23 +2+5) x 107 Tesla (C.3)

The corresponding pseudomagnetic fields caused by the nuclear spins are Bf ~ 60 mT
for the protons and B} ~ 120 mT for the deuterons. This yields a relative correction
due to the magnetic interaction of less than 4 x 107 for each nuclear species, which is
more than a factor two smaller than our aimed accuracy goal.!

On the other hand, the electron magnetisation induces a phase shift of about -3° in
a sample with a thickness of 1 mm employing 5 A neutrons. But this phase shift
can be assumed to be constant, as the we are mainly considering temperatures of less
than 1 Kelvin, below which the electron polarisation is always above 90% (see Fig.
5.46). The only exception is the zero phase shift determination described in section
6.3, where one has to correct for this residual effect.

! Concerning the correction of the nuclear magnetic fields consult the appendix in Ref. [Zim02].
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C.2. Correction due to the Polarisation of 13C

Now we want to estimate the neutron spin precession angle in a polarised target due
to polarised 3C compared to protons and deuterons:

In the polarised target sample for the nd-experiment made from deuterated
polystyrene (CgHg and CgDg), the concentration ¢, (¢q) of the protons (deuterons) is
adjusted in the way that the phase shift due to both isotopes is approximately equal.
This leads to cq/cp ~ 25 — 30, taking the lower maximum polarisation of deuterons
compared to protons into account. The natural abundance of ¥C is about 1.1%.
Using Equ. (3.38), this yields a ratio of the phase shifts of:

: P
% N=0.22x107 — (C.4)
p P~ P
: P
PC v 11x1078. S (C.5)
3 caFa

With typical values for polarisations in such a sample, i.e. Po/P, ~ 1/4, Pc/Pyq ~ 1
and cp ~ 0.03, c¢q ~ 1, we end up with:

PC o 9x10%  and 28 n-1x 1073 (C.6)
Sop Spd

Hence, in deuterated polystyrene with the above given concentrations the neutron spin
precession due to the natural abundance of 13C is approximately 103 times smaller
than the spin precession caused by the protons and deuterons.



D. Clausius-Clapeyron Equation

An universal equation for the vapour pressure of a liquid, which is in equilibrium with
its own vapour shall be determined. For this equilibrium it holds that the temperature,
the pressure and the chemical potentials . of the liquid (1) and the gas (g) are equal:

T = Tg y P1 = Pg 5 Hc,l = He,g (D'l)

To maintain the equilibrium also the changes in the chemical potentials must be equal:

d:“/c,l = dﬂc,g (DQ)
Applying the Gibbs-Duhem relation: 0 = SdT — Vdp + Ndu. on the the previous
equation leads to [Gre87]:
dp _ S-S, AQ
dI' = Vi-Vy  T(Vi-V)

(D.3)

The last step employs the second law of thermodynamics.! With the latent heat of
evaporation Lya, = AQ/n, where n is the amount of matter in mol, it follows:

d_p B N Lyap
dT = T(Vi- Vy)

The above equations even hold for other transformations, not only liquid to gas, but
also the sublimation and the melting curve.

For example the horizontal melting curve in the p-T-diagram of helium implies that
the superfluid phase has already the lowest possible entropy and that it does not
further reduce when the helium becomes solid, i.e. AS =0 — dp/dT = 0.

Another example is the special behaviour of the melting curve of 3He, which is used
for Pomeranchuck’s solidification cooling. As dp/dT < 0 and V} > V; at about 30 bar
and below 320 mK, it follows that the entropy of the solid phase of *He is larger than
the one of the liquid, i.e. a latent heat has to be applied to go from the liquid to the
solid phase. Hence, under isentropic compression (dS = 0 - along the melting curve
in the p-T-diagram) the system can be cooled down to a minimum temperature of
about 2-5 mK. The first experimental realisation of cooling using this method can be
found in Ref. [Anu65, Joh69).

(D.4)

Applying Equ. (D.4) to an ideal gas with pV' = nRT and Vg > Vj, where R = 8.3145
J K~! mol™! is the gas constant, it follows:

dp L.,
PN ;g (D.5)
The solution of this differential equation is given by:
Lva
p(T)ece™ 71 oce T (D.6)

T .dS > AQ, where dS is the change of entropy and the equal sign holds for reversible processes.
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During the nd-expermient several samples and sample materials have

.

Figure E.1

been tested. Their major characteristics are listed in this table. Samples no. 1-12 have

the standard sample size of about 14 x 15 mm? with varying thicknesses.
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F. Photographs: nd-Experiment

(a) (b)

Figure F.1: Neutron collimators (each 200 mm long): (a) Silicon wafer collimator
(b) Aluminium collimator. For more details see Ref. [Pie093].

Figure F.2: Collimator mechanics with two controllable motorised stages (Vision
GmbH: http://www.optik-mechanik.de). Only the silicon collimator is mounted. B4C
plates and lead bricks with holes (about 11 x21 mm?) for the neutron beam are placed
before and after the collimators.
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(a) (b)

Figure F.3: (a) Opened 7/2-spin flipper (shielded brass case - size: 101.5 x 109 x 46
mm?). Variable capacitors are used to tune the resonance circuit to about 73 MHz
and to match it to 50 . (b) The rf coil with an outer diameter of 14 mm and a length
of 7 mm is consisting of 0.8 mm thick silver coated copper wire, which is wound on
a Macor® cylinder with a pitch of one turn per millimeter (see Ref. [Sch05]). The
hole for the neutron beam in the Macor® cylinder has a diameter of 11 mm. This
spin flipper and this coil was used from beam time two until six. The pictures show a
previous version with 10 windings and a length of 10 mm.

Figure F.4: (a) Same spin flipper as in Fig. F.3, but with the L-shaped box coil used
in beam time seven. The picture shows a version with copper wire, which was later

replaced by a 0.5 mm thick silver coated copper wire (box coil size: 7 x 14 x 22 mm?

with 11 windings with a pitch of one turn per 2 mm). Sheets of aluminium (thickness
= 2x0.4 mm) and PFTE (2x0.4 mm) were placed between the coil and the brass case
wall to reduce the irradiated rf power and the associated heating of the cryostat - later
the coils were further moved away from the walls by 6 mm to avoid spark-overs. (b)
Spin flipper platform, which allows to adjust the position of the flippers in all three
dimensions. Outside of the brass cases one can recognise the holding mechanisms for
the Cd-apertures.
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Figure F.5: Correction coils (red) with a diameter of about 25 cm are mounted on
the two pole pieces of the 2.5 Tesla magnet and fixed by three C-shaped aluminium
clamps (not by the yellow tape). They are separated by approximately 8 cm and have
each an ohmic resistance of about 2 2. Each of them produces a field of about 0.8
mT/A at the sample position.

Figure F.6: Opened detector box with two box shaped 3He gas tubes and preampli-
fiers.
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Figure F.7: Step by step assembly of the nd dilution cryostat. (a) From top to
bottom: cryostat vacuum tube (stainless steel: ) 43 x 42 mm) with soldered “He
capillaries and thermometer cables, heat exchanger (compare Fig. F.11), "spider"
with NMR and thermometer feed-throughs and target cell (aluminium-stainless steel
friction-weld: @ 19 x 18 mm). (b) Vacuum tube mounted to the upper part of the
cryostat. (c) Still heat shield (gold plated copper) and target cell with "spider" are
mounted. (d) Aluminium and copper (with aluminium foil) heat shields.

Figure F.8: The "spider" is mounted directly below the heat exchanger. It offers
several feed-throughs for thermometers and NMR.
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Figure F.9: Totally assembled cryostat with lifting apparatus.
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| .

Figure F.10: Cryostat inserts (compare Fig. 5.18). Left: microwave insert. Right:
dilution insert with a total length of approximately 96 cm (not including the parts on
the top of the insert, i.e. needle valve, gas inlet etc.).
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(d)

Figure F.11: (a) Lower parts of the cryostat inserts. Above: Vespel plug of the
microwave insert. Below: liquid-liquid heat exchanger with secondary impedance, still
and mixing chamber beaker made out of brass () 38.8 x 37.8 mm, height: 41 mm).
(b) Sintered silver heat exchanger situated after liquid-liquid heat exchanger. (c) Heat
exchanger between mixing chamber and target cell with microwave socket: copper-
stainless steel friction-weld (height: 47 mm and diameter of the copper cylinder: 28
mm). (d) Nose of the cryostat between the pole pieces of the magnet, which are
separated by a distance of about 48 mm.

(a)

Figure F.12: (a) Deuterated polystyrene platelets. The sample on the right has a
size of 14x14x1.6 mm3. (b) Handling of a frozen alcohol sample under liquid nitrogen.
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thermometer

() (d)

Figure F.13: (a) PTFE sample frame with two NMR coils (bare copper wire: 0
0.25 mm). Sample size: 10 x 8 x 1.3 mm?. (b) PTFE sample holder (¢) 16 mm) inside
the target cell. (c) °Li sample diaphragm with a thickness of 2 mm and x(8,7,4,5)
(compare Fig. 5.13). (d) Target cell made from an aluminium-stainless steel friction-
weld.

Figure F.14: Centre tube extension for the one Kelvin cryostat. The aluminium-
stainless steel friction-weld has an inner diameter of 23 mm and an outer diameter of
25 mm (only 24 mm at the lower end, where the neutrons penetrate the tube).
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Figure F.15: 1 Kelvin “*He evaporation cryostat inserts (compare Fig. 5.29). Above:
evaporation insert with a total length of approximately 97 cm. Below: microwave
insert with a total length of approximately 116 cm.

(a) (b)

Figure F.16: Details of the 1 Kelvin *He evaporation cryostat inserts. (a) Lower
parts of the cryostat inserts. Microwave insert with sample cavity (@ 21 mm, height:
31 mm). (b) Vespel plug for the transfer of liquid *He from the evaporation insert to
the microwave insert.

Figure F.17: (a) Tunable capacitor situated in the helium bath. The screw driver is
used to remotely adjust the capacitance. (b) Circuit board of the LT NMR, thermally
anchored to the helium bath. Later it was attached to the still shield.



182 Photographs: nd-Experiment

Figure F.18: Preamplifier circuit board for tests at 4 Kelvin using an ERA-1+
amplifier by Minicircuits®.



G. Photographs: Neutron Spin Phase
Imaging

Figure G.1: Photograph of the NSPI Ramsey apparatus.

Figure G.2: Picture of the neutron polarisation device with partialy removed alu-
minium housing with the outer dimensions: 160 x 58 x 64 mm?. Eight repetitions
of the N-shaped arrangement of the wafers were used to reach a polarisable beam

cross-section of maximum 22 x 34 mm?.



184 Photographs: Neutron Spin Phase Imaging

Figure G.3: For test purposes, the NSPI Ramsey apparatus has been set up at the
cold reflectometer Narziss at PSI.

Figure G.4: The NSPI Ramsey apparatus at the small angle neutron scattering
instrument SANS-I at PSI.
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